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100-year-old Haematologica images: bothriocephalus and pernicious anemia
Carlo L. Balduini

Ferrata-Storti Foundation, Pavia, Italy

E-mail: CARLO L. BALDUINI - carlo.balduini@unipv.it

doi:10.3324/haematol.2020.271148

For over 50 years from the description of the first
patients in 1887,1 pernicious anemia has been one of the
most mysterious and feared hematologic diseases.

Patients almost always died after a long disease course char-
acterized by a variable and complex clinical profile. A num-
ber of different treatment approaches, including drugs such

as arsenic preparations, radiotherapy, and even splenectomy,
had all proved unsuccessful. It was only in 1926 that a study
by Minot and Murphy2 radically changed the prognosis of
this disease. In a study of 45 pernicious anemia patients,
Minot and Murphy reported that a diet rich in liver, muscle
meat, eggs and milk had been able to cure all 45 of them.
This discovery not only changed patients' prognosis, but
also paved the way for a long series of research initiatives to
define the etiopathogenesis of pernicious anemia which ulti-
mately led (in 1948) to the identification and purification of
vitamin B12.3,4 

But back in 1931, the etiology of pernicious anemia had
still not been identified, although it was known that it fre-
quently affected subjects with bothriocephalus infestation.
Some authors suggested that there was a cause-and-effect
relationship between these two conditions, but the observa-
tion that most patients with this infestation do not develop
pernicious anemia convinced other clinicians that the associ-
ation was purely coincidental. Edoardo Storti, then a 22-year
old student of Adolfo Ferrata at the Department of Internal
Medicine of the University Hospital of Pavia, who was later
to become one of the most renowned Editors in Chief of
Haematologica, tried to resolve this uncertainty with a very
simple approach. He infected three dogs with the bothrio-
cephalus parasite and monitored their clinical and hemato-
logic status. After 4 months, two of the three animals devel-
oped severe organic wasting with marked macrocytic ane-
mia. Storti concluded that bothriocephalus was responsible
for their severe anemia, thus providing simple but convinc-
ing evidence in favor of the hypothesis that this tapeworm
can cause pernicious anemia. The cover of this issue of
Haematologica comes from one of the color tables that illus-
trated the paper reporting these results published in the
Journal in 1931.5
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Figure 1. Bone marrow (BM) smear from a dog with an experimental infestation
with bothriocephalus. Two of the three animals used in the experiment developed
severe macrocytic anemia with an abundance of BM erythroblasts. This beautiful
hand-drawn color plate depicts the BM characteristics of one of them.
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It is a privileged, but humbling, experience to assume the
role of Editor-in-Chief of the oldest hematology journal in
the world. Haematologica was first published a hundred

years ago in January 1920, and since the initial foundations
laid down by Adolfo Ferrata and Carlo Moreschi there has
been a succession of distinguished editors and deputy editors
who have taken the Journal through different generations in
the advancement of the science and clinical practice of hema-
tology. Since the Journal was first published in English in
1974, a line of distinguished editors have moved the journal
through to its current position at the forefront of its field;
these include Edoardo Storti, Edoardo Ascari, Mario
Cazzola, Robin Foà, Jan Cools and Luca Malcovati.  I am par-
ticularly grateful to Luca for the high scientific standards he
has set in place for the Journal and for personally helping me
prepare for my new role during these months of transition.
In addition, I could certainly not do this without the guid-
ance of Carlo Balduini, the Chairman of the Board of the
Ferrata Storti Foundation who is also the Deputy Editor of
the Journal, and who has spent countless hours educating me
on both the exalted history of the Journal and its current
thrust and focus.

Haematologica will continue to be a leading journal in the
field of hematology and will strive to further the excellence of
its publications. The Journal's first priority is to publish high
quality studies that are novel and that will have a high impact
in the international medical community. We will publish in
the area of clinical practice and will continue to focus on ran-
domized and non-randomized trials. Observational studies
and meta-analyses will be considered, but the priority will
always be for prospectively-designed studies that are likely to
impact on current practice.  In the area of basic research, we
will encourage a focus on genomic and other advanced bio-
logical research areas that will evolve from the basic science
to the translational areas. All articles submitted will undergo
rigorous peer review designed to ensure the best papers are
selected. As with all leading hematology journals, where a
rigorous prioritization is in place, some very good papers can-
not be published. In addition to regular articles, the Journal

will also publish review articles, editorials and perspectives;
these will usually be written on invitation but individual sub-
missions can also be considered. Letters to Haematologica are
high quality papers that will undergo the same standard of
peer review as other types of submissions. Letters describe a
novel or preliminary finding that is of major interest but not
mature enough to constitute a regular article.

As I look forward to embarking on this new adventure, I
am joined in partnership firstly by Jerald Radich who will be
the Deputy Editor and by a very dynamic group of associate
editors who will do the bulk of the peer review assignments
and assessments. New members of the Editorial Board will be
selected and it is hoped they will take an active part in
reviewing papers and exploring new areas in which to solicit
publications.

Haematologica remains committed to a rapid review proce-
dure and we are determined to further improve this. The new
website was introduced in September and is designed to facil-
itate the submission of articles as well as providing clear
guidelines to authors.  Readers are invited to experience these
new features, and suggestions and observations are always
welcome.

Since the recent worldwide onset of COVID-19, no area of
our lives has escaped with impunity. The pandemic has
affected authors, reviewers and editors alike. This, along with
the proliferation of new academic outlets in hematology,
both in print and digital, has presented unique challenges. We
at Haematologica are committed to face these. Although pri-
marily an on-line journal, print versions are available to
libraries and for discerning individuals. The artistic cover
pages from the Haematologica Atlas will continue to grace
many of the issues.

The mission that I and my colleagues face is a daunting one,
but one that we will meet head-on with enthusiasm, albeit
with some trepidation. With quiet confidence, together we
can meet the challenge.

Jacob M. Rowe
Jerusalem, Israel
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The constant production of red blood cells maintains
the hematologic homeostasis during steady state in
mammals.1 Under stress conditions, such as bleed-

ing or hemolysis, the increased perfusion pressure
enables the switch of steady erythropoiesis to stress ery-
thropoiesis. Research over the past few decades led to our
increased understanding of the molecular mechanisms in
stress erythropoiesis, especially in murine models.2

However, finding the stress erythroid progenitor cells for
detailed mechanistic investigation remains a demanding
task. In this issue of Haematologica, Singbrant et al.3 discov-
ered cell surface markers that could aid the identification
of these progenitors.

Bone marrow is the major organ that produces red
blood cells in adult mammals under steady state. During
stress erythropoiesis in mouse models, red cell produc-
tion switches to the spleen and liver. Accumulating evi-
dence demonstrated that bone morphogenetic protein 4
(BMP4) signaling, along with erythropoietin (Epo),
Hedgehog, stem cell factor (SCF), and hypoxia, play criti-
cal roles during stress erythropoiesis.4-8 These signaling
pathways ensure a rapid response of the hematopoietic
system to produce a large quantity of erythrocytes for tis-
sue hypoxia. The erythroid progenitors responsive for
stress erythropoiesis are burst-forming unit-erythroid
progenitors (BFU-E) found in murine spleens. Previous
reports have shown that these splenic stress BFU-E
express immature cell surface marker c-Kit and low levels
of erythroid markers CD71 and Ter119.9 Further efforts
were applied to expand the stress BFU-E population in
vitro using additional markers such as CD34 and CD133.10

However, this progenitor population is rather heteroge-
nous with a low percentage of cells being stress BFU-E. 

To identify and enrich the stress erythroid progenitors,
Singbrant et al.3 used an irradiation-induced anemia
mouse model to mimic stress erythropoiesis. The authors
previously showed that fetal erythroid BFU-E can be
identified with high purity as lineage-cKit+ and
CD71/CD24alowSca1-CD34- in mouse fetal liver.11 Since
adult stress erythropoiesis in murine models closely
resembles fetal erythropoiesis, the authors determined
whether splenic stress erythroid progenitors could also be
enriched using these and additional markers. This
approach led to the discovery that stress BFU-E could be
further enriched from Lineage-cKit+CD71/CD24alow cells
as CD150+CD9+Sca1-. More than 20% of these cells pro-
duced large BFU-E colonies, which represented over 100-
fold improvement of purity compared to previous meth-
ods. In addition to the identification of high purity stress
BFU-E, multi-potent stress progenitors (stress-MPP) that
give rise to stress BFU-E, and stress colony-forming unit-
erythroid progenitors (stress-CFU-E) were also identified
as CD150+CD9+Sca1+ and CD150+CD9-, respectively.

Using an elegant in vivo tracing technology with Kusabira
orange (KuO) mice, the authors further demonstrated
that stress-BFU-E and stress-CFU-E harbor a short-term
radio-protective capacity by providing a transient wave
of reconstitution in the peripheral blood and spleen.
Stress-MPP follow the short-term wave and provide the
multi-lineage reconstitution in the peripheral blood,
spleen, and bone marrow. 

Gene expressing profiling analyses further demonstrat-
ed that stress MPP and BFU-E in murine spleen express
target genes of BMP, which is consistent with its role in
stress erythropoiesis. The authors extended these find-
ings by showing that mice transplanted with BMP recep-
tor II deficient donor bone marrow cells had smaller
spleens and a significant reduction in spleen cells. BMP
receptor II deficient bone marrow cells also showed sig-
nificantly decreased potential to form stress BFU-E from
lineage-cKit+ progenitors. These stu dies confirmed the
critical role of BMP signaling in stress erythropoiesis in
murine models from a genetic approach.

Interestingly, the authors also found CD150+CD9+ BFU-
E progenitors in steady-state bone marrow but not the
spleen, demonstrating that these markers are useful to
identify BFU-E progenitors in both steady-state and stress
conditions. Previous studies indicated that steady BFU-E
migrate from the bone marrow to the spleen during stress
erythropoiesis to become stress BFU-E,12 while more
recent findings suggest that endogenous splenic stress
BFU-E during stress erythropoiesis are distinctive from
steady BFU-E.7 The CD150+CD9+ BFU-E progenitors
Singbrant et al.3 discovered in both steady state and stress
conditions would be helpful to resolve this contradiction
in future studies. 

Using RNA sequencing and gene set enrichment analy-
ses, the authors further revealed that steady- and stress-
BFU-E exhibited a large overlap in the transcriptome. The
diffe rences are mainly in genes associated with BMP and
glucocorticoid signaling, proliferation, maturation block,
and erythropoiesis that are highly expressed in stress
BFU-E in the spleen. The most downregulated genes in
stress BFU-E include those associated with myeloid cell
development and immune response. While the transcrip-
tional landscapes of steady- and stress-BFU-E are similar,
another interesting fin ding in this study is that there is
differential chromatin accessibility in the distal elements
in stress erythroid progenitors. Transcriptional regulators
CTCF and ERG are significantly enriched in open chro-
matin regions in stress-BFU-E, indica ting their potential
roles in regulating stress erythropoiesis. 

The findings by Singbrant et al.3 provide the field with
an important tool to isolate stress-BFU-E in mice. This
allows researchers to investigate stress erythropoiesis in a
variety of mouse model systems that mimic disease con-
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ditions with acute anemia. With the relatively more spe-
cific markers to enrich steady- and stress-BFU-E, a
detailed mechanistic investigation of erythroid lineage
commitment becomes more feasible. In this aspect,
Singbrant et al.3 found that in addition to genes down-
stream of BMP signaling, genes that are regulated by
Cbfa2t3 (also known as Eto2) were also upregulated in
stress erythroid progenitors. Cbfa2t3 is a trans criptional
co-repressor that maintains the primed state of erythroid
progenitors and is known to be involved in stress erythro-
poiesis.13,14 Future studies on how Cbfa2t3 regulates stress
erythropoiesis and whether the Cbfa2t3 trans criptional
corepressor complex cross talks with BMP signaling
would be interesting to pursue. 

One of the key remaining questions is whether these or
similar markers can be used to identify human stress ery-
throid progenitors. The field of stress erythropoiesis
relies heavily on mouse models. Several important differ-
ences are present between mouse and human. In mouse,
the nature of the hypercellular bone marrow provides
limited spaces for the expansion of an erythroid lineage
during stress, which forces the spleen to become a major
extramedullary erythropoiesis organ. However, this phe-
nomenon is not common in humans.15 Although studies
have shown that BMP signaling is also involved in human
stress erythropoiesis in vitro,10 it is unclear whether the

same is true in vivo. Exploration of markers and signaling
pathways in stress erythroid progenitors in human, or
other model systems such as rats, would be the necessary
next step.  
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The spread of the novel SARS-CoV-2 coronavirus
(COVID-19) has resulted in widespread lockdowns
and an unprecedented number of deaths globally.1,2

The pandemic has posed unique challenges to healthcare
providers involved in the care of individuals with chronic
conditions, balancing maintenance of necessary care with
appropriate precautions to reduce their exposure to infec-
tion. Patients with sickle cell disease (SCD) present multi-
ple challenges due to the complexity of their condition,
disease-rela ted comorbidities, and need for frequent med-
ical interventions. To date, there has been a paucity of
published data on how COVID-19 may impact morbidity
and mortality in SCD patients. 

In this edition of Haematologica, Charkravorthy and col-
leagues report associated outcomes in 10 UK patients
infected with SARS-CoV-2.3 All patients had hemoglobin
(Hb) SS di sease with pre-existing co-morbidities, despite
of this nine patients made a full recovery without receiv-
ing COVID-19 directed therapies. Five patients were hos-
pitalized and treated supportively; two patients who had
a cough and hypoxia received early preventive simple
transfusions; five patients were managed at home via
close telephone contact. Of the 10 patients, seven were
female (median age of 37 years); two received hydrox-
yurea therapy and seven received regular blood transfu-
sions (four exchange and three simple transfusions). Given
that COVID-19 is an acute infectious pneumonia, most
experts anticipated that SARS-CoV-2 infection would trig-
ger acute chest syndrome (ACS) yet only one patient who
died in this series had significant respiratory complica-
tions. The patient who died was a 54-year-old female
with severe asthma, alloimmunization, and a history of
delayed hemolytic transfusion reactions which prevented
routine transfusion. The patient had lymphopenia, throm-
bocytopenia and elevated C-reactive protein (CRP), which
have been identified as poor prognostic markers in
COVID-19 patients.4 The authors acknowledge that the
demographic and treatment characteristics of this cohort
may have influenced the observed outcomes. 

This edition also includes a report of 195 cases of sus-
pected or confirmed SARS-CoV-2 infection as captured by
10 regio nal centers in a real time survey over a 4-week

period in the UK.5 Patients with SCD represented the
majority of cases (n=166, 85.1%) with Hb SS disease as
the most common genotype (Hb SS 64.1%; Hb SC 15.4%;
other genotypes 5.6%) followed by thalassemia (n=26,
13.3%) and rare inheri ted anemias (n=3, 1.5%). While the
incidence of ACS in the SCD cohort was not specified, red
cell exchange was performed in 46 patients during the
course of infection. A total of eight SCD patients required
mechanical ventilatory support in the setting of respirato-
ry failure; 11 of 13 deaths attri buted to COVID-19
occurred in patients with SCD. A subset analysis of 76
hospitalized SCD patients with PCR confirmed SARS-
CoV-2 showed that the patient age was significantly asso-
ciated with mortality, with the most deaths occurring in
those aged 50 and older (n=4). The authors noted that
three patients aged 20-39 years in the subset succumbed
to COVID-19 although details regarding the comorbid
medical conditions were not provided. Unexpectedly,
mortality was higher in females and was not associated
with severity of dise ase but observed differences were
insignificant. The cases reported to date represent 1.2% of
the estimated 13,655 individuals with SCD per registry
data in England. There was a low incidence of infection in
children (n=20) and there were no pediatric deaths.
Definitive conclusions regarding COVID-19 mortality
rates in SCD cannot be drawn given inherent ascertain-
ment bias and missing data in the survey. 

The mild clinical course of COVID-19 in the King’s
College Hospital SCD patients3 was similarly encountered
in a case series of four patients from Chicago,6 all of
whom presented with acute pain. Of the four patients,
three received the usual supportive care but one patient, a
32-year-old male with Hb SS, developed ACS requiring
intubation and exchange transfusion. 

Two other centers reported COVID-19 pneumonia caus-
ing ACS in SCD patients. A 21-year-old male with Hb S/β0

thalassemia on hydroxyurea therapy presented with acute
chro nic left hip pain and subsequently developed a cough
with progressive hypoxia and evidence of new pulmonary
infiltrates during his hospital course.7 SARS-CoV-2 PCR
testing was positive during the second week of admission.
In addition to antibiotic therapy, the patient was initiated
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on hydroxychloroquine and received exchange transfusion
which reduced the Hb S level from 87.1% to 18.1%. He
made a full recovery and was discharged after 16 days in
the hospital. 

The Amsterdam University Medical Centers reported
two Hb SS patients who presented with typical acute sick-
le pain with no accompanying flu-like symptoms.8 A 24-
year-old male presented with acute thoracic pain in the
absence of fever or dyspnea; throat and nose swabs were
negative for SARS-CoV-2. Computed tomography (CT)
imaging revealed bilateral pulmonary infiltrates and the
patient received the presumptive diagnosis of a vaso-
occlusive crisis (VOC) complicated by ACS. He received
antibiotic therapy and was discharged home only to
return 24 hours later with increasing pain, dyspnea, and
fever. Repeat chest imaging demonstrated progression of
infiltrates but radiologic findings were not consistent with
COVID-19 pneumonia. A repeat PCR performed on a spu-
tum sample was positive for SARS-CoV-2. The patient
received appropriate supportive treatment and had an
uneventful recovery. Patient 2, a 20-year-old female pre-
sented with an acute pain crisis. She developed transient
hypoxia and subsequent SARS-CoV-2 testing was posi-
tive. Although CT imaging of the chest did not demon-
strate pulmonary abnormalities, she was hospitalized for
pain management and never developed respiratory symp-
toms or fever. We have not been informed if these patients
were on hydroxyurea or regular blood transfusion pro-
grams.

Although anecdotal, a few important themes emerge

from these cases – that COVID-19 might trigger a VOC
without the accompanying respiratory manifestations of
COVID-19, that ACS is not as common a complication as
feared, and that fever was notably absent at presentation
in some SCD patients,6-8 a feature also noted among 5,700
patients admitted with COVID-19 in New York City.9

Are patients with SCD at greater risk for serious illness
secondary to COVID-19?

Data from non-SCD cohorts have demonstrated that
advanced age and the presence of medical co-morbidities
including cardiovascular disease, hypertension, diabetes
mellitus, and pre-existing lung disease place individuals at
higher risk for developing severe complications as a result
of COVID-19, including catastrophic acute hypoxic respira-
tory failure.9,10 Critically ill patients can develop a cytokine
storm, progressive endothelial activation with associated
risk of micro- and macrothrombi, and disseminated
intravascular coagulation (DIC) resulting in multi-organ fail-
ure. Marked elevations in D-dimer and prothrombin with a
reduction in fibrinogen levels herald a worse prognosis and
heightened risk of death in COVID-19 patients.11

Patients with SCD, in particular older adults, often have
multiple comorbidities with progressive renal insufficiency,
hypertension, and chronic lung disease including pul-
monary hypertension.12 Viral infection can trigger acute
vaso-occlusive crises, including ACS which is associated
with high mortality rates.13 In this setting of multi-organ
dysfunction, in particular chronic lung damage, COVID-19
could easily trigger ACS and multi-organ failure.

Figure 1. Triage of managing individuals with Sickle cell disease in the COVID-19 pandemic. *Loss of smell (anosmia) and taste (ageusia) and change in taste (dys-
geusia) are emerging symptoms. GI symptoms (diarrhea, nausea, vomiting) with or without respiratory symptoms are reported in significant number of COVID-19
patients. **There has been conflicting evidence regarding the utility of antimalarial agents such as hydroxychloroquine17 and the decision to utilize such therapy should
take into account potential adverse effects such as ventricular arrythmias and QT prolongation common pre-existing conditions in SCD patients. Importantly, a large
majority of Sickle cell disease (SCD) patients are of African descent and are at risk of drug-induced hemolysis due to concomitant G6PD deficiency. Use of hydroxychloro-
quine has also been associated with significant methemoglobinemia in case reports.18 With the current lack of evidence on associated risks and complications, registries
to capture global information on COVID-19 SCD cases have been established: https://covidsicklecell.org/http://eurobloodnet.eu/news/99/covid-19-infection-and-red-
blood-cell-disorders. The sickle cell community can also obtain guidance on the management of individuals with SCD on the ASH website:
https://www.hematology.org/covid-19/covid-19-and-sickle-cell-disease. ACS: acute coronary syndrome; CBC: complete blood count; CT: computed tomography.
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Underlying endothelial dysfunction and abnormal expres-
sion of procoagulants such as tissue factor could also place
SCD patients at a greater risk of thromboinflammation and
thrombotic events if infected with SARS-CoV-2.14 Data
from the US have shown higher rates of symptomatic
infection requiring hospitalization and death in patients of
African American and Hispanic ethnicity highlighting racial
health disparities which impact the SCD community.15

Importantly, COVID-19 directed therapies such as anti-
malarial agents (hydroxychloroquine or chloroquine) may
confer additional risks and must be considered carefully
given conflicting data regarding effectiveness.16,17 One well
known adverse effect is methemoglobinemia, particularly
in individuals with concomitant G6PD deficiency. Over a 4-
week period in a single health system, eight COVID-19
patients who were treated with hydroxychloroquine devel-
oped methemoglobinemia which was significant in three
patients necessitating treatment with methylene blue.18 Of
note, 1 of the 3 patients who developed acute hemolysis
was found to have a new diagnosis of G6PD deficiency. In
this respect, hydroxychloroquine treatment presents addi-
tional risks in SCD patients in whom concomitant G6PD
deficiency is not uncommon; in addition to other adverse
cardiac effects including QT prolongation and ventricular
arrythmias. 

Strategies to optimize management of SCD patients
during the COVID-19 pandemic

Hematologists caring for SCD patients have transitioned
to telemedicine to reduce unnecessary exposure to SARS-
CoV-2 in healthcare settings. Given asymptomatic trans-
mission, healthcare providers should be vigilant in educa -
ting patients regarding social isolation practices in their geo-
graphic area, hand hygiene, and precautions when in public
settings. Patients should be encouraged to be adherent to
disease modifying therapies such as hydroxyurea to reduce
the frequency of VOC episodes requiring medical attention.
Laboratory monitoring for hydroxyurea and iron chelating
drugs may need to be done less frequently, and when feasi-
ble, medications should be mailed or delivered to the home.
Routine visits to the clinic or hospital should be avoided
unless phone triage indicates acute symptoms requiring
medical evaluation. Some individuals may be able to man-
age uncomplicated pain crises at home with optimization
of oral opioid regimens and close supervision from health-
care providers. Clinical teams should develop dedicated
care pathways including phone screening to assess for
COVID-19 symptoms prior to a scheduled visit, clinical
screening before physical entrance including temperature
measurement and symptom assessment, physical distanc-
ing in waiting areas, as well as treatment in COVID-19 free
clinical areas or isolation rooms. Cross-coverage of
providers in the inpatient and outpatient setting should be
limited and rotating clinical team schedules are encouraged
to reduce the asymptomatic spread of SARS-CoV-2. 

Strategies to decrease blood utilization in the setting
of blood shortages

In the pandemic setting, there is a risk of severe blood
shortages due not only to a decrease in donor participa-
tion but a decrease in personnel to collect and process
blood. Regular blood transfusion is standard therapy for

patients who have suffered an overt stroke as this offers
the greatest protection from recurrence of further strokes;
such patients should continue to receive transfusions in
the presence of adequate blood supply. Patients with
abnormal transcranial doppler (TCD) measurements may
be eligible for transition to hydroxyurea therapy as per
TWiTCH trial criteria for the prevention of a primary
stroke.19,20 In order to preempt the possibility of blood
supply interruption, it has been suggested that all children
on blood transfusion therapy for primary and secondary
stroke prevention should be started on low-dose hydro -
xyurea (HU) therapy (fixed 10 mg/kg/day).21 Dose escala-
tion of HU requires frequent laboratory monitoring of
peripheral blood counts which may be undesirable in
areas with high rates of community spread. DeBaun
emphasizes that there can only be advantages in initiating
low-dose HU therapy for patients on transfusion pro-
grams for stroke prevention – low-dose HU has a mini-
mal risk of myelosuppression, starting low-dose HU will
decrease the lag time for clinical benefits if transfusions
are suspended, and low-dose HU confers additional clini-
cal benefits, such as reducing the frequency of VOC and
ACS. Another approach to conserve blood during the
COVID-19 pandemic is to dose-escalate hydroxyurea as
this may reduce transfusion needs in SCD patients with a
history of stroke.22 Outside stroke prevention, transfusion
hemoglobin thresholds may be relaxed in patients with-
out cardiopulmonary comorbidities in the absence of
acute symptoms or organ dysfunction secondary to ane-
mia. Simple blood transfusions may be substituted for
exchange regimens and Hb S goals could also be relaxed
(e.g., Hb S of 40% instead of 30%).20 Routine pre-transfu-
sion laboratory work should be performed on the day of
a scheduled transfusion to reduce unnecessary exposure
to healthcare settings. Advanced planning for patients
with extensive alloimmunization is necessary given that
matched blood products may be difficult to source; trans-
fusion of the least incompatible blood product with ritu -
ximab prophylaxis may be considered in emergency situ-
ations due to life-threatening anemia.23 A triage of manag-
ing SCD patients in the COVID-19 pandemic setting is
proposed in Figure 1.

Conclusions
Many unknown factors remain when considering the

impact of COVID-19 in SCD patients. From published
case reports, it is not clear if SCD increases the risk of
SARS-CoV-2 infection. What is clear, is that fever is not
always a feature, acute pain is a common presentation
and COVID-19 can induce ACS but patients can recover
fully with adequate supportive care. Importantly, lifesa -
ving measures including mechanical ventilation should
not be withheld from patients with SCD in the midst of
this pandemic. 
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Precision oncology is expected to improve outcome of
patients with malignant diseases by taking into
account individual variability.1 This approach is

strictly linked to the availability of a targeted treatment
the efficacy of which depends on the presence of a molec-
ular alteration, i.e., a predictive biomarker. This concept
has been shown to be highly successful in well-defined
subgroups of patients and has led to the histology-agnos-
tic approval of drugs in solid tumors.2 Biomarker-stratified
treatment has become first-line treatment in several solid
tumors, such as non-small cell lung cancer. In many
hematopoietic malignancies, including B-cell lymphomas,
comparably higher cure rates and more treatment options
have led to a more prognosis-oriented stratification of
treatment. Here, prognostic biomarkers help to adjust
treatment intensity to a cohort risk assessment.3 Together
with improved prognostication of patients, a more refined
diagnosis also helps with better treatment allocation.

Therefore, diagnostic biomarkers will help with the iden-
tification of defined disease subgroups.4 This might also
correspond to differential outcome and/or response to
treatment, and can therefore overlap with predictive
and/or prognostic markers. 

However, despite numerous advances in the under-
standing of cancer heterogeneity, not all diagnostic or
prognostic stratifications will ultimately impact treatment
and a number of patients will eventually have disease
recurrence or progression. Therefore, the identification of
novel treatment strategies is urgently required. The devel-
opment of additional predictive biomarkers and corre-
sponding drugs promises to improve outcome and limit
toxicity. This advancement of precision oncology can be
achieved in at least two ways: (i) the identification of the
right treatment for given patients (as often tried in umbrel-
la or unstratified precision oncology trials);5 or (ii) the
identification of the right patient for a given treatment (as
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usually tried in basket trials).2

In this issue of Haematologica, Gaudio et al. show the
efficacy of an antibody drug conjugate (ADC) targeting
CD205 in lymphoma models.6 Importantly, the efficacy of
this new drug, MEN1309/OBT076, was significantly asso-
ciated with cell surface expression of the target CD205 in
B-cell lymphoma cell lines. Furthermore, cytotoxicity of
MEN1309/OBT076 was reduced with the introduction of
a competitive CD205 antibody. These findings underline
the dependence of drug efficacy on target availability, sug-
gesting the potential of CD205 expression as a predictive
biomarker. In an in vitro screen, MEN1309/OBT076 effica-
cy did not depend on B-cell lymphoma subtype. Together
with previous preclinical results in CD205-positive triple-
negative breast, pancreatic and bladder cancer cell lines
and xenografts,7 this creates a virtual preclinical basket
trial which now awaits clinical validation. 

However, several questions remain to be answered for
the clinical development of MEN1309/OBT076 in lym-
phoma. In addition to its predictive significance in preclin-
ical models (that, as we have said, still needs to be validat-
ed in clinical trials), the biological function of CD205 is
surprisingly unclear. Previous reports show that CD205 is
expressed on leukocytes, mainly dendritic cells and mono-
cytes8,9 with a role in endocytosis and the recognition of
apoptotic and necrotic cells.10,11 The role in lymphomagen-
esis remains even less understood. A fusion protein
involving CD205 was identified in Hodgkin lymphoma12

but also in normal dendritic cell maturation.10 However,
improved characterization of the biological role of this
protein remains vital to understanding its implications in
the clinic (as a prognostic biomarker in the identification
of adequate clinical settings for the introduction of a novel
drug) as well as a diagnostic biomarker. If CD205 helps in
defining a biologically distinct subgroup within lym-
phomas, this would be particularly relevant for the identi-

fication of rational combination partners, of which two,
venetoclax and rituximab, showed promising signals in
the study by Gaudio et al.6 However, the broad expression
of the antigen with a moderate to intense CD205 expres-
sion in 20-50% of tested lymphoma samples, and an over-
all expression of the antigen in more than 70% of samples,
makes it unlikely that CD205 adequately reflects lym-
phoma heterogeneity, and stability of CD205 protein
expression needs to be validated. Stable expression of the
antigen is probably linked to continued efficacy of the
drug, following the successful examples of other ADC
such as brentuximab vedotin (targeting CD30),13

polatuzumab vedotin (targeting CD79b),14 or trastuzumab
emtansine (targeting HER2).15 Efficacy of trastuzumab
emtansine could still be demonstrated despite previous
HER2-directed therapies and retreatment with brentux-
imab vedotin showed responses in the majority of
patients that had relapsed after initial response to the
same drug.16 In the work by Gaudio et al.,6 a rechallenge
with MEN1309/OBT076 was also sufficient to induce
remission in the only xenograft model with tumor
regrowth after a first dose of the ADC. These and other
data support the further development of ADC as powerful
tools for the targeted delivery of cytotoxic drugs.
Interestingly, neither resistance to CD30-directed ADC or
to HER2-directed ADC seems to be mediated by a loss of
target antigen expression but rather by dysfunctional
intracellular metabolism of the payload.17,18 Again, the con-
tinued expression of CD205 even under therapeutic pres-
sure remains to be determined and is probably linked to
its biological role. Expression of the antigen is also impor-
tant to predict toxicities in human trials. Even though pre-
vious work has not identified relevant toxicities in
cynomolgus monkeys,7 potential risks to humans will also
depend on disease characteristics and are still  to be deter-
mined in ongoing clinical trials. 

Figure 1. On- and off-target toxicities from antibody-drug conjugates (ADC) within the lymphoma microenvironment. (A) Schematic ADC, consisting of an antibody, a
linker and the cytotoxic payload. Endocytosis of the ADC and linker cleavage will release the payload, resulting in cytotoxic effects. (B) On- and off-target cytotoxic effects
from payload release with or without ADC internalization in a tumor microenvironment with abundant but heterogeneous expression of the target antigen. Payloads might
be cleaved without endocytosis and/or permeate cell membranes to be taken up by bystander cells, thus facilitating drug efficacy even in tumor cells without adequate
antigen expression. Toxic effects from microtubule-targeted compounds like maytansine on non-proliferating cells are typically reduced as compared to highly prolifer-
ating malignant cells (blue) with activated cell cycle checkpoints.
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Since CD205 is broadly expressed in lymphoma cells
and leukocytes, target antigen expression can be expected
in most tumors and/or their microenvironment. Since
MEN1309/OBT076 is designed with a cleavable linker,
payload release does not necessarily depend on ADC
endocytosis, thus facilitating bystander killing and off-tar-
get toxicity.19 In the case of a broadly CD205 expressing
tumor microenvironment, an adequate on-tumor efficacy
could therefore be expected even without adequate on-
target effects and ubiquitous antigen expression on lym-
phoma cells (Figure 1). In this case, the novel ADC could
rather act as a more sophisticated chemotherapy-delivery
system and CD205 expression will not allow adequate
patient selection. Even in this case, the drug might still
prove useful in lymphoma therapy alone or in combina-
tion. However, the integration of this novel agent into cur-
rent treatment schedules might become more difficult.

In conclusion, the work by Gaudio et al.6 shows the
activity of the anti-CD205 ADC MEN1309/OBT076 in
preclinical CD205-positive lymphoma models that war-
rants further clinical investigation. The development of a
biomarker-drug combination allows for a targeted applica-
tion of this drug in clinical trials. However, additional pre-
clinical and translational work is required to shed light on
the role of CD205 in lymphomagenesis. This is important
for the rational development of this treatment as
monotherapy, but also, and in particular, as a part of com-
bination therapy. ADC continue to be important compo-
nents of tumor therapy that could sometimes find a place
between precision oncology and refined chemotherapy.
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The management of immune thrombocytopenia
(ITP) has evolved over the course of the past twen-
ty-five years as new treatments have emerged

(Figure 1). Despite such advances, splenectomy remains a
viable choice. In this edition of Haematologica, Avila et al.
provide long-term outcomes of pediatric patients with
ITP who underwent splenectomy. Using data derived
from the Splenectomy Registry of the Intercontinental
Cooperative ITP Study (ICIS) group, an update of out-
comes of patients with primary ITP who underwent
splenectomy treatment between 1997 and 2017 was ana-
lyzed.1 Findings from this study provide important and
relevant information regarding splenectomy as an effec-
tive treatment option for ITP, which in certain contexts
may have improved outcomes.

Immune thrombocytopenia was first described even
prior to the identification of platelets as a component of
blood. Various conditions associated with purpura were
described from the 11th to the 17th century.2,3 However, it
was only in 1735 that Paul Gottleib Werlhof reported the
first classical case of ITP4 in a teenage girl with cutaneous
and overt mucosal bleeding symptoms following an
infectious disease. This led to the eponym of “Werlhof’s
Disease”, which was previously used to describe ITP.3

Over time, as microscopy technology progressed,
platelets were discovered. Shortly after Bizzozero’s dis-
covery of the association between presence and function
of platelets in 1881, our understanding of the pathophys-
iology of thrombocytopenia grew during the late 1880s.5

Hypotheses began to emerge regarding the pathophys-
iology of ITP, with respect to a state of either poor
platelet production versus a process of peripheral platelet
destruction. In the early 1900s, Marino inoculated guinea
pigs with rabbit platelets producing antiplatelet antibod-
ies, this simulated ITP in humans suggesting an immune-
mediated destructive cause.6 Years later, in 1916, Paul
Kaznelson extrapolated the pathophysiology of immune-
mediated hemolytic anemia to ITP and suggested that
platelet destruction occurred in the spleen. This led to the
first successful splenectomy in a 36-year-old woman with
presumed chronic ITP, improving her platelet count from
2x109/L to 500x109/L.7,8 Finally, in 1950 Dr. Harrington
injected himself with blood from a woman with ITP; his
platelet count immediately dropped, recovering five days
later. This experiment was the first to support the con-
cept of an anti-platelet factor in the blood.9 Over the
course of the following hundred years, knowledge of the
pathophysiology of ITP has continued to expand to
embrace a comprehensive recognition of the complex
interactions in the immune system, in turn leading to a
variety of novel treatment modalities.2,3 Despite these
advances, splenectomy has continued to stand the test of

time since it was first performed in 1916, remaining a
beneficial option for this condition.

Treatment guidelines for ITP were first established
through the British Paediatric Haematology Group in
1992, soon followed by American Society of Hematology
(ASH) guidelines in 1996. These initial guidelines out-
lined expert consensus-based practice standards for the
evaluation and treatment of children and adults with
ITP.10,11 Subsequently, revisions of the ASH guidelines
were published in 2011, and most recently in late 2019
applying more rigorous evidence-based methodology.12,13

Recommendations for secondary treatment for primary
ITP in the original guidelines were limited to splenecto-
my. There were minimal data on the use of splenectomy
in children, with one study demonstrating a 72% rate of
complete remission.14 Evidence of adverse effects was
also insufficient, and non-specific to ITP. Both early
guidelines encouraged delaying splenectomy until chil-
dren had had ITP for at least 12 months and also reserved
splenectomy for children with bleeding symptoms. The
ASH 1996 guidelines further suggested that patients have
a platelet count <10x109/L (ages 3-12 years), or 10-
30x109/L with bleeding symptoms (ages 8-12 years).10

The next significant breakthrough in the treatment for
ITP occurred with rituximab. Rituximab, a monoclonal
CD20 antibody, was first used for the treatment of B-cell
lymphomas in the 1980s. The first report of its use for
autoimmune disease was published in 1998, and, in 2001,
Stasi et al. reported on the first prospective trial of ritux-
imab in adult patients with chronic ITP (n=25).15,16 It was
not until 2006, however, that the first trial was conducted
in children.17 With this new advent of successful non-sur-
gical treatment, the 2011 ASH guidelines suggested the
use of rituximab or high-dose dexamethasone as initial
treatments for persistent, chronic or refractory children
while it was suggested that splenectomy be used after
other measures had failed, and again be delayed to at
least 12 months of disease with persistence with bleeding
symptoms or need for improved quality of life
(HRQoL).12 The most recent advancement in the treat-
ment of ITP has been the development of the throm-
bopoietin receptor agonists (TPO-RA) following recogni-
tion of impaired thrombopoiesis and megakaryocyte
apoptosis in ITP patients.18,19 Both eltrombopag and romi-
plostim are now approved for children with persistent or
chronic ITP who have insufficient response to corticos-
teroids, immunoglobulins, or splenectomy. The most
recent ASH guidelines recommended both the use of
TPO-RA and rituximab prior to splenectomy, based only
on single arm prospective studies. The pooled evidence
demonstrated a 91% response rate to splenectomy after
one month, and a 77% durable response, which was



superior to both alternative treatments. However, given
the moderate undesirable effects associated with splenec-
tomy, including fatal sepsis and lifelong susceptibility to
bacterial infection, TPO-RA and rituximab were pre-
ferred.13

With the decline in the number of splenectomies per-
formed in children with ITP, despite potential data sup-
porting superior efficacy to alternative therapies and
guidelines favoring newer more novel therapies, Avila et
al. used the ICIS Splenectomy Registry to evaluate long-
term outcomes in 239 children with ITP.1 Analysis dura-
tion was a median of 25 months and included assess-
ments for response and bleeding events. Interestingly,
26% of patients had splenectomies performed in the
acute or persistent phase of diagnosis, which is outside
the commonly recommended window per guidelines.
Minimal adverse events occurred in the peri-operative
window with 5% having intra-abdominal bleeding, 10%
with fever, and no deaths or reports of sepsis. Of the
patients followed for ≥6 months (n=168), 11% had
admissions for fever and 2.7% for sepsis. Response was
notable for 93% of patients achieving complete remission
(CR: ≥60% of platelet counts ≥1 month post splenectomy
≥100x109/L) or remission (R: ≥60% of platelet counts ≥1
month post splenectomy ≥30x109/L). Refractoriness was
seen in only 1.7% of children; however, this outcome
could have been influenced by use of subsequent treat-
ment. Predictors to achieve CR included older age of the

patient at the time of diagnosis, older age of the patient at
the time of splenectomy, higher platelet counts in the first
month following splenectomy, and a negative correlation
with use of prior second-line therapy(ies).

These findings provide robust data in a large cohort of
children who have undergone splenectomy for ITP, in
particular with regard to the reported findings of an over
90% CR/R rate, with minimal adverse effects in the peri-
operative period. Age in terms of a predictor for respon-
siveness is also a novel finding for children. As suggested
by the authors, this is perhaps related to the pathophysi-
ology of the disease in teenagers being similar to young
adults, who also have improved responsiveness to
splenectomy. Although the evidence provided in this
study represent novel data in support of consideration of
splenectomy as opposed to other forms of second-line
therapy, a number of questions remain unanswered. The
reason behind the selection of splenectomy and clinical
decision-making was not collected, in particular regarding
the indication of treatment, e.g., treatment due to bleed-
ing symptoms, disease chronicity, or other HRQoL met-
rics. Splenectomy also remains the treatment of choice
for emergent management of life-threatening bleeding
which may be represented by a handful of cases who
underwent splenectomy early in the course of their ITP in
this cohort. Furthermore, the availability of alternative
treatments was variable over the course of cohort enroll-
ment (1997-2017), which possibly influenced selection of
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Figure 1. History of discovery and therapies for immune thrombocytopenia (ITP). FDA: US Food and Drug Administration.



splenectomy as treatment. The disease phase was also
not defined in relation to outcomes. Additional limita-
tions include potential selection bias related to the affilia-
tion with the registry. In addition, the follow-up of the
patients was limited to 25 months due to patient reten-
tion. It would be important to understand more long-
term outcomes (i.e., decades) regarding relapse of disease
in adulthood, as well as infectious risk. It may never be
possible to conduct randomized trials; however, longitu-
dinal tracking of patients requiring second-line therapy
provides the opportunity for indirect comparison.
Application of patient-related outcomes in prospective
trials may also help to capture factors that matter to
patients besides platelet count and help in decision-mak-
ing. 

Despite the unanswered questions and known limita-
tions associated with a registry, the work by Avila et al.
provides insight into the long-term outcomes associated
with splenectomy in children with ITP. The authors are to
be commended for the long-term follow-up and collec-
tion of data on a rare group of patients. These data give
rise to an important consideration of the safe use of
splenectomy to achieve remission in the majority of
patients who have undergone this procedure, in spite of
the decreasing numbers of patients over time in favor of
therapies with presumably fewer life-long side-effects. 
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Immune thrombotic thrombocytopenic purpura (iTTP)
is an acute, rare life-threatening condition associated
with antibodies to ADAMTS13, resulting in severe

enzyme deficiency, failure of von Willebrand factor
(VWF) cleavage, excess platelet-VWF binding and
microthrombi formation, resulting in multi-organ dam-
age. iTTP is an immune-mediated condition and antibod-
ies to ADAMTS13 are polyclonal.1,2 Despite this, and as
replicated by a number of groups, nearly 100% of
patients demonstrate a specific target region of antibody
binding to the spacer domain in the N terminal region of
the metalloprotease, ADAMTS13.3-7 Antibodies can be
detected in other ADAMTS 13 domains, typically the
TSP 2-8 regions or CUB domains, but to a lesser degree
than spacer domain antibodies. Furthermore, spacer anti-
bodies are more likely to inhibit ADAMT13 enzyme
activity, as opposed to antibodies in the C terminal region
of ADAMTS13, which result in increased ADAMTS13
clearance.8

It has been suggested that a possible therapeutic strate-
gy for iTTP would be an ADAMTS13 variant that would
prevent antibody binding within the pathogenic region of
the spacer domain. As iTTP is a polyclonal antibody
response, more than one epitope may need to be consid-
ered.

In the current issue of Haematologica, Graça and col-
leagues present a detailed description of the influence of
the epitope (R568/F592/R660/Y661/Y665 [RFRYY]),9

within the spacer domain, the predominant site for
autoantibody binding. The capacity for ADAMTS13 to
cleave VWF with full-length mutants was reduced in
varying amounts. The impact of the variants on autoanti-
body binding was assessed and compared to that of wild-
type ADAMTS13. The comprehensive narrative con-
cludes that non-conservative and alanine modifications
of residues RFRYY, within exosite 3 of the spacer domain,
were superior in preventing autoantibody binding.
Importantly, selected ADAMTS13 variants maintained
VWF cleavage mediated by the metalloprotease.

The spacer domain, comprising 130 amino acids, is
between a cysteine-rich region and the TSP-2 repeat
domain. The region is important and has two major
effects. First, the binding to VWF, which is critical in
ADAMTS13-mediated cleavage. The importance of spac-
er domain-mediated cleavage is verified by the resulting
proteolytic activity involving the MDTCS compared to
MDTC variants. Second, exosite 3, within the spacer
domain, contains a cluster of hydrophobic residues. This
specific exosite is critical in binding to the A2 region of
VWF, but it is also the major epitope for ADAMTS13
autoantibodies.

Residues making up exosite 3 in the spacer domain of
ADAMTS13 include Arg660, Tyr661, Tyr665,7 Arg568

and Phe592.10 Conservative substitution variants involve
replacement of an amino acid within these residues but
achieving comparable biochemical properties. A further
effect of manipulation of this region is a gain-of-function
ADAMTS13 variant. The effect of the gain-of-function
variant, previously described,  is resistance to
ADAMTS13 autoantibodies and increased ADAMTS13
activity.11 Other variants have been developed, such as
alanine modifications, which resulted in reduced
ADAMTS13 autoantibody binding but also diminished
ADAMTS13 cleavage of VWF. 

In their study published in this issue of Haematologica,
Graça and colleagues generated 42 ADAMTS13 variants,
introduced into a full-length ADAMTS13 spacer exosite 3
region. The variants included the gain-of-function frag-
ment, truncated wild-type MDTCS and MDTSC 5x Ala
variants as well as conservative, semi-conservative and
non-conservative substitutions with asparagine and ala-
nine amino acids. Initially, samples from patients were
examined for autoantibody binding against these devel-
oped variants, which were compared to wild-type
ADAMTS13. Concurrently, each variant was analyzed
for its ability to cleave VWF. 

Results re-confirmed the predominant binding of
ADAMTS13 autoantibodies to the exosite 3 region of the
spacer, but antibody binding to the CUB and TSP 2-8
domains was also detected. The ability of the selection of
variant ADAMTS13 to resist ADAMTS13 antibody was
explored.

The conservative mutants had comparable autoanti-
body binding, but semi-conservative variants had
reduced antibody binding compared to the wild-type
spacer domain of ADAMTS13. Variants containing ala-
nine and, to a lesser extent, asparagine were the most
successful at preventing ADAMTS13 antibody binding.
The gain-of-function mutation only achieved a small
reduction in autoantibody binding. However, the 5x Ala
full-length mutant (AAAAA) had the best effect in pre-
venting autoantibody binding. Therefore, replacing the
spacer epitope with asparagine or alanine amino acids
had the greatest influence in averting ADAMTS13 anti-
bodies from binding. The variants were compared to
wild-type ADAMTS 13, assessing their ability to cleave
VWF. In all the cases, cleavage of VWF was reduced in
comparison to the wild-type protein. However, the great-
est cleavage was noted in those with conservative and
some of the semi-conservative mutants. Single alanine
and asparagine changes were associated with the highest
ADAMTS13 cleavage activity (Figure 1). VWF cleavage
was further confirmed using recombinant VWF in multi-
meric gels. In general, mutations associated with the low-
est ADAMTS13 cleavage activity demonstrated greater
antibody resistance. 



The three aromatic residues rather than the two argi-
nine residues of exosite 3 in the spacer domain appear to
have greater importance in ADAMTS 13 antibody bind-
ing. The greatest influence was noted with cumulative
mutations of the aromatic residues, demonstrating the
maximum effect in preventing ADAMTS13 autoantibody
binding, which is achieved by re-presenting epitope
loops, lowering the surface charge and reducing surface
size.9

Current therapy for TTP aims to replace ADAMTS13,
via plasma exchange and immunosuppression to remove
autoantibodies to ADAMTS13. The main therapeutic
modalities used are steroids and rituximab. Their role in
reducing IgG antibody levels has been well described in
both the treatment of acute TTP12 and as prophylaxis,13,14

usually resulting in normalization of ADAMTS13 activi-
ty. The importance of the work by Graca et al. is the
detailed demonstration and confirmation that develop-
ment of ADAMTS13 variants could be used to overcome
the antibody response in iTTP, preventing autoantibodies
to ADAMTS13 from binding to exosite 3 of the spacer
domain but ensuring residual ADAMTS13 cleavage activ-
ity. There may be a role for these variants in future care
of patients, conquering the immunological consequence
of ADAMTS13 antibodies.
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factor cleavage. The effect of wild-type (WT) ADAMTS13, with 100% ADAMTS13 autoantibody binding involving the amino acid configuration RFRRY, compared to
the most productive variants  (RARAA and AAAAA), which can reduce ADAMTS13 autoantibody binding but still retain von Willebrand factor (VWF) cleavage activity.  
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Von Willebrand factor (VWF) is a large and complex
multimeric glycoprotein essential for initiation of
hemostasis after vascular injury. VWF is the media-

tor of platelet adhesion to the subendothelial collagen
matrix and of platelet aggregation, especially at high shear
rates of blood flow present in the microcirculation and
stenotic arteries.1 Platelet adhesion involves specific
sequences of the A1 domain of VWF (VWF-A1) and the
platelet receptor glycoprotein Ib (GPIb).1 The adhesive
properties of VWF are proportional to both the size of its
multimers and their shear-induced unfolding, which
respectively determine the number of available VWF-A1
and their swift from a cryptic to an exposed status able to
bind platelet GPIb.2 Physiologically, in order to prevent the
spontaneous binding of VWF to platelets, VWF multimeric
distribution is regulated by a specific-cleaving protease,
ADAMTS13 (a disintegrin and metalloproteinase with
thrombospondin type 1 repeats, member 13).3 A defect in
VWF (related to genetic mutations of VWF) causes a bleed-
ing disorder named von Willebrand disease (VWD) while
an excess of ultralarge multimers of VWF (UL VWF) (due to
a severe deficiency in ADAMTS13 mostly mediated by
specific auto-antibodies) causes a thrombotic microan-
giopathy called thrombotic thrombocytopenic purpura
(TTP).4 In addition, the interaction of VWF-A1 with platelet
GPIb also contributes to arterial thrombosis present in ath-
erosclerotic cardiovascular disease (ACD).5 Consequently,
inhibiting the binding of VWF to GPIb by specifically tar-
geting VWF-A1, is a rational approach to decrease both
arterial and microvascular thrombosis by preventing the
formation of further VWF- and platelet-rich thrombi2 in
both acute ACD5 and acute TTP3, respectively. 

In the 1990-2000s, two classes of anti-VWF-A1 therapeu-
tic agents were developed for this purpose. On one hand, a
humanized single-variable domain immunoglobulin
(Nanobody®)6,7 has recently been approved and commer-
cialized as caplacizumab (Cablivi TM) by Ablynx, a Sanofi
company (Sanofi-Aventis, Paris, France) for the treatment
of acute acquired TTP in adults, on the basis of positive
results in phase II and III trials.8,9 On the other hand, several
aptamers, consisting of single-stranded DNA or RNA

oligonucleotides with a specific and stable three-dimen-
sional shape able to recognize their target with high affinity
and specificity, were developed and tested in animal mod-
els.10-12 However, only the historical anti-VWF-A1 aptamer,
ARC1779, developed by Archemix (Cambridge, MA,
USA), was investigated in ACD13-16 and TTP17-21 including
limited phase II studies.16,19-21

In this issue of Haematologica, Sakai K and colleagues22

present the in vitro characterization of a recently developed
novel aptamer to VWF-A1, TAGX-0004,23 using an elegant
and extensive structural and functional investigation in
both static and dynamic conditions (platelet aggregation,
shear stress-induced platelet thrombus formation, study of
binding to both wild-type VWF-A1 and 16 alanine-scan-
ning VWF-A1 mutants using an electrophoresis mobility
shift assay and surface plasmon resonance, and graphic
analysis of three-dimensional (3D) structure models of
VWF-A1). The authors show that, in vitro, TAGX-0004 is
able to inhibit the binding of VWF-A1 to platelet GPIb bet-
ter than the historical aptamer ARC1779 and as well as the
Nanobody® caplacizumab. TAGX-0004 is thus presented as
a new potential therapeutic option not only in acute TTP
but also in various VWF-mediated thrombotic disorders
such as acute coronary syndrome (ACS) and cerebral infarc-
tion. 

In terms of the biochemical properties, the comparison of
TAGX-0004 with ARC1779 is solid because those aptamers
were used as both monovalent entities with no polyethyl-
ene glycol (PEG). The significantly higher affinity of TAGX-
0004 for VWF-A1 compared to ARC1779 is likely related to
the presence of Ds, an artificial hydrophobic base, able to
directly interact with a specific residue (F1366) within
VWF-A1. Also, interestingly, the amino acid residues of
VWF-A1 identified as binding sites for TAGX-0004 and
ARC1779 by the current study did not totally overlap and
some slight differences with the originally mapping of
VWF-A1 binding sites for ARC1172/ARC1179 performed
by Huang and colleagues24 were also observed. Regarding
the similar in vitro affinity for VWF-A1 measured for both
TAGX-0004 and caplacizumab, the authors mention that
direct comparison of an affinity of monovalent entity with



an avidity of bivalent entity is not straightforward, imply-
ing that this result should be considered with caution. Also,
this study identified only a partial overlap of VWF-A1 bind-
ing sites for TAGX-0004 and caplacizumab, including how-
ever crucial amino acid residues (i.e., R1395 and R1399)
found to be in common to all three: TAGX-0004, ARC1779
and caplacizumab. 

To better consider preclinical and clinical trials’ perspec-
tives of this new anti-VWF-A1 aptamer, the historical back-
ground of both ARC1779 and caplacizumab is certainly
important to recall. Since 2007, ARC1779 has been demon-
strated to be efficient in vivo in a primate model14 and to pro-
duce dose- and concentration-dependent inhibition of VWF
activity and platelet function in a first-in-human evaluation
led in healthy volunteers.10 In addition, proof-of-concept of
ARC1779 was provided in patients with VWD type 2B,25 a
genetic model of hyperadhesive VWF in which the mutated
VWF-A1 exhibits a hyper-affinity for platelet GPIb leading
to spontaneous binding to platelets and sometimes to
thrombocytopenia. In ex vivo studies, ARC1779 effectively
inhibited VWF activity in plasma samples of both TTP
patients18 and ACS patients.13,15 Some clini cal experiences

were first reported in three studies involving a total of 11
TTP patients.17,19,20 Then, two randomized, double-blind,
placebo-controlled phase II studies were initiated in carotid
endarterectomy16 and in acute TTP21 but both of them
underwent premature closure due to cessation of funding.
The first study16 was led in 36 patients and reported that
intravenous ARC1779 reduced cerebral embolization post-
carotid endarterectomy with however, a higher rate of per-
operative bleeding complications in patients requiring sur-
gery. The second study21 led in only seven TTP patients,
showed that intravenous ARC1779 (loading dose followed
by daily infusion performed after each therapeutic plasma
exchange [TPE]) induced a suppression of VWF activity cor-
related to the plasma concentration of ARC1779, apparent-
ly decreased the number of TPE to achieve a normal platelet
count and was well tolerated with no bleeding complica-
tions. Despite of the latter promising results in TTP, no
ARC1779 trial has been published since 2012. The capla-
cizumab story is significantly different. However, originally,
caplacizumab was under development for the prevention of
thrombosis in ACS patients undergoing percutaneous coro-
nary intervention6 but the development for this indication
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Figure 1. Von Willebrand factor–related
pathophysiology for arterial and microvas-
cular thrombosis in acute thrombotic
thrombocytopenic purpura and atheroscle-
rotic cardiovascular disease, and mecha-
nisms for thrombus prevention by
aptamers and antibodies to VWF A1
domain. VWF: von Willebrand factor; UL:
ultralarge; ADAMTS13: a disintegrin and
metalloproteinase with thrombospondin
type 1 repeats, member 13; GPIb: glycopro-
tein Ib.



was discontinued in favor of TTP. After proof-of-concept in
a pre-clinical baboon model of acquired TTP7 in 2012, capla-
cizumab rapidly emerged as a new strategy of first-line
treatment of acute TTP in association with TPE and
immunomodulating agents.26,27 Caplacizumab was evaluat-
ed in two major multicenter, randomized, double-blind,
placebo-controlled phase II8 and phase III9 trials involving 36
and 72 TTP patients and published in 2016 and 2019,
respectively: intravenous and subcutaneous caplacizumab
showed superiority to placebo in terms of reduction of mor-
tality, reduction of time to platelet recovery allowing an ear-
lier stop of TPE, prevention of formation of further
microthrombi and protection of organs from ischemia.8,9

Bleeding adverse event were common, affecting roughly
half of the patients, but mostly mild or moderate and thus
self-limited or resolved.8,9 Caplacizumab approval for acute
TTP was obtained in 2018 in the EU and in 2019 in the US. 

Here, the authors open the door to the new anti-VWF-
A1 aptamer as a promising molecule for future preclinical
and clinical trials devoted to VWF-mediated thrombotic
disorders, either the frequent ACD or the rare TTP.22 They
emphasize that TAGX-0004 may get an antidote as
already developed for other aptamers11,28 which may be a
great advantage to control adverse bleeding events and
thus to improve its main safety concern. In ischemic
stroke and myocardial infarction, TAGX-0004 may be a
rival of current antithrombotic and thrombolytic agents
which are irreversible and associated with a significant
risk of haemorrhage.5 In addition, in contrast to
antiplatelet drugs which bypass platelet adhesion and
inhibit only platelet aggregation, TAGX-0004 is able to
prevent the initial step of thrombus formation by inhibit-
ing platelet adhesion and, as a consequence, also platelet
aggregation. In acute TTP, TAGX-0004 may appear as a
rival of caplacizumab. However, considering the complex-
ity of TTP as a rare and life-threatening disease, several
questions require specific attention during preclinical and
clinical studies. First, acute TTP management relies on a
mandatory concomitant use of first-line multiple targeted
therapies26,27 i.e., TPE and future recombinant ADAMTS13
as the replacement therapy for severely deficient
ADAMTS13, steroids and rituximab as immunomodula-
tors against anti-ADAMTS13 autoantibodies and now
caplacizumab as an inhibitor of VWF-A1 preventing the
adhesion of UL VWF to platelets. Thus, potential interac-
tions of aptamers with ADAMTS13-replacing products
and immunomodulators are unknown so far. Second,
whether TAGX-0004 is able, like caplacizumab, to form a
complex with VWF which clearance leads to a partial
decrease of VWF antigen and coagulation factor VIII ben-
eficial for the thrombotic atmosphere of TTP, is also
unknown. Third, the superiority of TAGX-0004 to capla-
cizumab in terms of the bleeding risk remains to be fur-
ther investigated as i) caplacizumab-associated bleeding
events are mostly moderate and easily resolved,8,9 and ii)
the potential TAGX-0004 antidote constitutes an extra
drug that may exhibit specific adverse events. Fourth,
even if the in vivo half-life of TAGX-0004 is upgraded by a
mini-hairpin DNA structure conferring resistance to
degradation by nucleases,22 it has to be compatible with a
daily regimen adjusted to TPE. Fifth, as aptamers also have
the capacity to be used as diagnostic reagents (their com-

bined therapeutics and diagnostics potential being sum-
marized as “theranostic”),28 the potential interference of
TAGX-0004 with ADAMTS13 biologic assays crucial for
therapy-driven monitoring in acute TTP28, should also be
a point of attention. 

Today, aptamer technology remains one step behind
the humanized monoclonal antibody research and devel-
opment, mostly because antibodies biotech industry’s
financial investment has been highly prioritized for the
last three decades. In 2020, only one aptamer targeted to
vascular endothelial growth factor (Macugen/Pegaptanib
sodium) has gained approval by the US Food and Drug
Aminsitration for patients with age-related macular
degeneration and few aptamers have successfully entered
clinical trials for different therapeutic indications.28

However, considering their advantages over antibodies
(low price, small size, easy production) together with the
efforts made to overcome their limitations (improvement
of stability, target affinity, in vivo retention and corrective
approaches to potential unmethylated 2’-deoxycytidine-
phosphate-2’-guanine toxicity),28 aptamers begin to slow-
ly penetrate niche markets and bring promising therapeu-
tic perspectives. 
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Introduction

Myelodysplastic syndromes (MDS) are chronic bone marrow (BM) disorders char-
acterized by peripheral blood cytopenias, predominantly in older persons with an
average age at diagnosis of 75 years.1,2 The natural history of MDS is heterogeneous,
ranging from indolent conditions to forms similar to acute myeloid leukemia (AML).
In 1997, an International Prognostic Scoring System (IPSS) was established based on
the percentage of BM blasts, number of cytopenias and cytogenetic characteristics.3

In 2012, this prognostic scoring system was refined (IPSS-R) to include better catego-
rization of cytopenias, blast cell percentage and an improved risk stratification of the
cytogenetic risk groups.4 Generally, MDS are divided into two prognostic groups:
lower-risk MDS (LR-MDS) with patients from the (very) low risk or intermediate risk
groups, and higher-risk MDS (HR-MDS) with patients from the (very) poor risk
groups, as defined within the IPSS-R.2

The majority of patients with MDS (75%) have LR-MDS, which was the focus of
the European LeukemiaNet MDS (EUMDS) Registry until 2017. The EUMDS
Registry is a pragmatic, observational study, which has collected prospectively longi-



tudinal data from more than 2,738 patients with MDS,
including 2,498 LR-MDS patients with a median age of 75
years, and a follow-up of up to 11 years, in 16 European
countries plus Israel from 148 active sites (progress report as
of March 1st 2020). Progression to HR-MDS/AML has
occurred in 314 LR-MDS patients (13%), and 910 patients
(33%) had died at time of last report. Data quality control,
including monitoring of both clinical performance and data
collection, has been implemented since the initiation of the
EUMDS Registry. New prognostic indicators in LR-MDS
have been identified as part of the MDS-RIGHT project
(https://mds-europe.eu/right) funded by Horizon 2020, which
started in May 2015 with an overarching aim of defining
and implementing more (cost)-effective and safer interven-
tions in LR-MDS.

Symptoms of anemia, the most common cytopenia in LR-
MDS, accompanied by infectious or bleeding complications
predominate in LR-MDS.5 About 25% of these patients
develop AML, but most patients die from complications
related to progressive BM failure and worsening cytopenias,
and from their negative interaction with the extra-hemato-
logic comorbidities presented by those patients of advanced
age.6,7 Patients with LR-MDS are characterized by a notable
reduction in health related quality of life (HRQoL).8,9

Moderate to severe anemia in older individuals (>60 years)
leads to increased mortality both in patients with LR-MDS
and in the general population.10,11 Likewise, anemia repre-
sents an unfavorable prognosticator in possible pre-MDS
conditions at advanced age.12 Improving response prediction
will contribute to more effective and targeted use of the
available health care interventions (HCI).13

According to the available evidence- and consensus-
based therapeutic guidelines, current therapeutic interven-
tions in LR-MDS include red blood cell transfusion (RBCT),
erythropoietin stimulating agents (ESA), lenalidomide, and
iron chelation therapy (ICT).11 For ESA, a predictive model
has identified a group of patients characterized by serum
erythropoietin (EPO) levels <500 mU/mL and a transfusion
need of <2 units RBC/month with a favorable response
compared to patients with higher EPO levels and/or higher
numbers of RBCT/month.14 Treatment with lenalidomide is
only recommended for a small subgroup of patients with
partial loss of chromosome 5 (5q-) and RBCT-dependent
anemia.15,16

The most frequently applied outcome parameter in this
LR-MDS patient population is overall survival (OS).
Analysis of the EUMDS Registry data showed that the cur-
rently available risk scoring systems, including the IPSS-R,
have a better prognostic capacity for disease progression to
AML as compared with OS.2 We estimated that 58% of
deaths in this population are not related to disease progres-
sion, but are attributable to non-leukemic death.2,17 A high
proportion of patients with LR-MDS have a median sur-
vival of up to 5-10 years, meaning that clinical trials, the
design of which identifies survival as a primary endpoint,
may result in a potentially biased assessment of the effec-
tiveness and evidence on the appropriate use of the avail-
able interventions. Therefore, we have explored additional
relevant outcome parameters in a Delphi survey, which
could be used to circumvent the limited value of survival as
primary endpoint in LR-MDS.18 

Additional evidence is required to extend the existing
prognostic and therapeutic response indicators in the older
LR-MDS population, and to identify meaningful biological
and clinical endpoints, including patient-reported outcome

measures and other patient-related factors. These new end-
points may provide information on the effectiveness of the
available therapeutic interventions early in the natural his-
tory of the disease. These early indicators of treatment
response may drive a more effective use of those interven-
tions currently made.

Recent studies conducted on the large population of
patients with LR-MDS included in the EUMDS Registry
during its first 10 years of activity allowed validation of
RBCT requirement and HRQoL as independent and mean-
ingful outcome indicators and reliable measures of response
to interventions, supporting their integration in the MDS-
Core Outcome Set (COS) in this patient population.18 In
addition, prospective studies based on the unbiased dataset
of the EUMDS Registry allowed identification of early
response determinants for targeted use of treatment modal-
ities, including ESA, lenalidomide, and ICT.

Novel outcome indicators and meaningful early
clinical endpoints in patients with lower-risk
myelodysplastic syndromes

Kinetics of blood counts decrease is an independent
outcome indicator in lower-risk myelodysplastic syn-
dromes

The prognosis of LR-MDS is heterogeneous.2 Early iden-
tification of patients at risk of rapid progression should rely
on universal, affordable and non-invasive tools to gain
acceptance in an older population often managed in com-
munity care centers. All current MDS prognostic scores rely
on steady-state assessments of cytopenias, i.e., hemoglobin
(Hb)-levels, neutrophil or platelet counts on the day of ini-
tial assessment.19 Time-dependent prognostic scores require
repeated BM examinations, raising acceptability issues in
this older patient population. To circumvent this limitation,
we analyzed the prognostic role of the kinetics of cytope-
nias during the first visit interval (6 months) following diag-
nosis in LR-MDS patients prospectively included in the
EUMDS registry.20 We performed a landmark analysis at the
second visit, at around 6 months from diagnosis, to apply
simple prognostic criteria in general clinical practice.

The results showed that a relative drop in platelets >25%
at the 6-month landmark predicted shorter 5-year OS; 22%
versus 49% in patients with platelet drop ≤ 25% (P<10-4),
regardless of baseline IPSS-R or absolute platelet counts.
Conversely, relative neutrophil drop >25% had no signifi-
cant impact on OS. Subsequently, a classifier was built
based on RBCT-dependency and relative platelet drop
>25% at landmark. Patients with none (62%), either one of
the two criteria (27%) or both criteria (11%) had 5-year OS
of 53.3%, 32.7% and 9.0%, respectively (P<10-4) (Figure 1).
Sensitivity analyses confirmed the applicability of this sim-
ple classifier even when follow-up visits were planned at
any time during the first ten months after diagnosis, thus
capturing most situations encountered in daily practice.20

Red blood cell transfusion requirement is an independ-
ent outcome indicator and freedom from transfusion a
meaningful clinical endpoint in patients with lower-risk
myelodysplastic syndromes

In order to extend existing outcome parameters in the
older LR-MDS population,21 RBCT administration in the
LR-MDS patients enrolled in the EUMDS Registry was
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evaluated with the aim of estimating the prognostic impact
of regular RBCT and to validate RBCT-free survival as an
early clinical endpoint in this patient population. The refer-
ence endpoint was progression-free survival (PFS), because
both progression and death indicate the end of a relatively
stable phase of LR-MDS.

A cohort of 1,267 patients with all relevant data available
was included in this analysis. The patients were subdivided
for the landmark analysis into four groups: no transfusions,
>0 to <0.75 units/month (low transfusion dose), 0.75-1.75
units/month (mid transfusion dose) and >1.75 units/month
(high transfusion dose). The greatest effect, compared to
the non-transfused patients, occurred in patients receiving
transfusions at low dose densities, since the impaired out-
come of the mid and high transfusion density group was
similar (Figure 2). In multivariable analysis, RBCT dose den-
sity retained statistical significance at P<10-4.

Since treatment with ESA, lenalidomide and iron chela-
tors may improve erythropoiesis and reduce the need for
RBCT, these variables were included in the regression

model. This analysis resulted in an effect for the dose den-
sity similar to the previous analyses at P<10-4.21 However,
the dose density effect continues to increase beyond one
unit per month after correction for the three interventions
(ESA, iron chelation and lenalidomide) up until a dose of six
units per month (Figure 3). The relative log ratios on PFS of
this analysis clearly showed that the deleterious effect of
transfusions already occurred at a very low transfusion bur-
den (<3 units per 16 weeks as defined in the revised
International Working Group, IWG) report, confirming the
outcome of the landmark analysis (see above). It is impor-
tant to realize that patients with a transfusion dose of 1-2
units per 16 weeks are considered to be untransfused in the
recently revised IWG report, but are recommended to be
studied in future clinical trials.21

Relevance of patient-reported outcomes in lower-risk
myelodysplastic syndromes 

Health related quality of life is an important patient-
reported outcome (PRO). It provides specific information on
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Figure 1. Kaplan-Meier plots of overall survival from land-
mark according to the 6-month European LeukemiaNet
MDS (EUMDS) classifier based on platelet drop >25% and
red blood cell transfusion (RBCT)-dependency at landmark.
Black: no criteria (no platelet drop >25% or RBCT-dependen-
cy at landmark); red: either one of the two criteria; green:
both criteria.

Figure 2. Kaplan-Meier plots of progression-
free survival (PFS) according to  transfusion
status at the landmark of visit 3 (1 year
after registration). Kaplan -Meier plot of PFS
of patients receiving no transfusions (red
line) or transfusions at a  low dose density:
from >0 to <0.75 units per month (green
line); mid dose density:  0.75-1.75 units per
month (purple line); high dose density >1.75
units per month  (blue line).



older patients with chronic diseases that might not be
reflected in the level of physical activity and relevant labora-
tory parameters, including Hb levels.22 Preliminary data in
HR-MDS patients suggest that these limitations may predict
an unfavorable clinical outcome.8 However, definitive data
on HRQoL in LR-MDS are rare. This EUMDS Registry proj-
ect investigated the HRQoL-profile of LR-MDS patients at
time of diagnosis as compared with age- and sex-matched
reference groups from the general population.23 HRQoL was
measured by the EuroQol-5 dimension (EQ-5D) score at the
time of study enrolment.24,25 Population norms were used to
assess the relative HRQoL of patients in comparison to
those of the average person in the community.26

A significant proportion of MDS patients reported mod-
erate or severe problems in the dimensions pain/discomfort
(50%), mobility (41%), anxiety/depression (38%), and
usual activities (36%). Clinically meaningful restrictions in
the EQ-5D index, EQ-Visual Analog Scale (VAS) were
observed significantly more often in older patients and in
those with a high co-morbidity burden, low Hb levels or
RBCT need (P<10-3). Relative to the EQ-5D index and EQ-
VAS scores in the reference group, HRQoL was significantly
lower for groups of patients with MDS who were older,
female, or had increased comorbidities, low Hb-levels or
RBCT dependence.23

Restrictions in distinct dimensions of the EQ-5D were
also observed when compared with European reference
populations, but this effect might (partly) be explained by
the anemia in the MDS cohort, since older anemic patients
in the general population also have a decreased HRQoL.11

Low Hb levels and RBCT need were associated both with
a decreased EQ-5D index and a decreased EQ-VAS after
adjustment for co-variables in this EUMDS-Registry study,
further supporting the use of RBCT requirement as an indi-
cator of loss of effectiveness of interventions and worsening
outcome. In addition, transfusion-free survival appeared to
be a meaningful clinical endpoint in patients with lower-
risk MDS, as shown in the transfusion study.21 These find-
ings have important implications for every-day clinical
practice and the design of clinical endpoints. 

Novel treatment-response indicators in lower
risk myelodysplastic syndromes 

Early initiation of treatment with erythropoietin stimulat-
ing agents is an important response indicator and signif-
icantly delays the onset of red blood cell transfusion
dependency in patients with lower-risk myelodysplastic
syndromes

Anemia of patients with LR-MDS and RBCT dependency
have been associated with reduced HRQoL in several
prospective trials27,28 and with reduced survival in retrospec-
tive registry reports.10 Current guidelines recommend ESA
as first-line treatment for LR-MDS patients with sympto-
matic anemia.13 In recent studies, overall response rates var-
ied between 38% and 66%, with a median response dura-
tion of around 20 months.29 Retrospective analyses of large
multi-center cohorts from different countries compared sur-
vival in patients treated with ESA within clinical studies
with untreated patients. Survival was markedly better in
the group exposed to ESA with no difference in AML trans-
formation.30,31

Within the EUMDS registry, the effects of ESA treatment
on outcomes were explored amongst 1,696 unselected
patients with anemia.32 To overcome potential confounding
by non-random allocation of ESA treatment, proportional
hazards regression models comparing time-to-event out-
comes in treated and untreated patients were weighted by
stabilized inverse probability of treatment weights based
on the propensity of a patient to receive ESA treatment.
Only patients with comparable propensity scores were
included in the analyses to estimate the effects of ESA treat-
ment on outcomes. The relationship between the effects of
ESA and pre-ESA treatment transfusion status was explored
using this model. A non-significant beneficial effect of ESA
treatment on OS was estimated from the weighted regres-
sion model comparing patients with comparable propensi-
ty scores (hazard ratio [HR] 0.82, 95% confidence interval
[CI]: 0.65-1.04; P=0.09). A non-significant estimate of a ben-
eficial effect of ESA treatment on progression to AML or
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Figure 3. Influence of dose
density on progression-free
survival (PFS) in a multivariate
regression model adjusted for
treatment with either erythro-
poiesis-stimulating agent, iron
chelation or lenalidomide.
Dose density: average number
of transfusions per month, cal-
culated from start of transfu-
sion until date of analysis.



high-risk MDS was observed (HR 0.88, CI: 0.63-1.22;
P=0.44). Exploration of the relationship between ESA treat-
ment and pre-treatment transfusion status revealed a larger
estimated effect of ESA on survival amongst patients who
had not received RBCT prior to starting ESA treatment (HR
0.71, 95%CI: 0.49-1.03; P=0.07) than amongst patients who
had received prior RBCT (HR 0.93, 95%CI: 0.70-1.26;
P=0.67). 

Responding patients had a better prognosis, in terms of a
lower risk for death (HR 0.65, 95%CI: 0.45-0.893; P=0.018).
The effect of response on time to first post-ESA treatment
transfusion was significant after stratification by pre-treat-
ment transfusion experience. Importantly, and irrespective
of response status, patients who received RBCT before
starting ESA had a shorter time to their first post-treatment
transfusion (median 6.1 vs. 23.3 months for non-transfused
patients; HR 2.4, 95%CI: 1.75-3.31; P<10-4).

This large observational study showed that the response
rate to ESA, as well as the capacity of these agents to signif-
icantly delay the onset of a regular RBCT need, is most pro-
nounced in RBCT-naïve patients, suggesting that RBCT-
naïve patients are more responsive. These results identify
early initiation of ESA treatment as a relevant treatment
response indicator, and suggest that ESA should be recom-
mended as first-line treatment in LR-MDS patients with
symptomatic anemia before starting regular RBCT. 

Labile plasma iron levels and non-transferrin bound iron
are early and clinically relevant indicators of iron toxicity
and impact of iron chelation therapy on outcome in
patients with lower-risk myelodysplastic syndromes
receiving red blood cell transfusion

The majority of LR-MDS patients become RBCT
dependent over time. With an expected survival of up to 12
years, these patients are prone to long-term accumulation
of iron due to RBCT.33 Iron overload may also occur in a
fraction of MDS patients who do not receive RBCT, result-
ing from the stimulation of intestinal iron absorption, medi-
ated through suppression of hepcidin production by inef-
fective erythropoiesis.34 The toxic effects of iron overload in
other iron loading diseases are well known, but the conse-
quences in MDS remain to be elucidated. To this end, we
evaluated erythroid marrow activity, hepcidin levels, and
body iron status, including non-transferrin bound iron
(NTBI) and labile plasma iron (LPI) levels over time in LR-
MDS patients and their relation with disease subtype and
RBCT history within the EUMDS Registry.35

Detectable NTBI already occurred in all patient groups at
registration, with highest levels in patients with MDS and
ring sideroblasts (MDS-RS). The median LPI levels were
below the level of detection in all patient groups at registra-
tion, except in transfusion dependent (TD) MDS-RS
patients.35 Hepcidin levels increased with the number of
transfused units, but in contrast, hepcidin levels significant-
ly decreased over time in transfusion independent (TI)
MDS-RS patients. Serum transferrin (sTfR) levels increased
significantly over time in both TI and TD MDS-RS patients
(P-values from 0.01 to <10-3). Both elevated NTBI and LPI
levels showed a threshold effect with transferrin saturation
(TSAT) rates of >70% and >80%, respectively. Elevated LPI
levels occurred almost exclusively in patients with MDS-RS
and/or patients, who had received RBCT. Once LPI levels
are increased, survival time decreases, with greatest impact
in patients who are TD (adjusted HR, 4.03, 95%CI: 0.95-
17.06; P=0.06). 

This study among LR-MDS patients showed that both
treatment with RBCT and presence of ring sideroblasts
increased the occurrence of the toxic iron species NTBI and
LPI in serum. These data suggest that body iron accumula-
tion and toxic iron species (NTBI and LPI) occur mainly in
MDS-RS patients along the axis of ineffective erythro-
poiesis, characterized by elevated sTfR, low hepcidin, and
increased iron levels, in some MDS subtypes, irrespective of
receiving RBCT. Transfusional parenchymal iron overload,
reflected by the combination of high serum ferritin levels,
as well as direct iron toxicity, reflected by the presence of
NTBI and LPI, was noted more frequently in MDS patients
with ring sideroblasts compared to patients without ring
sideroblasts. These data show that elevated LPI levels were
associated with decreased survival both in the overall pop-
ulation of this study and in the patient groups subdivided
by RBCT status. This implies that the widely used param-
eter TSAT cannot serve as a parameter to predict survival;
however, TSAT rates can be used as a pre-screening marker
to identify patients who are at risk of developing elevated
LPI levels and associated poor prognosis. Finally, we could
demonstrate in a limited number of patients treated with
iron chelators that LPI levels decreased below detectable
levels. This study suggested that NTBI and LPI may serve as
early indicators of iron toxicity and as a measure for the
effectiveness of iron chelation therapy in patients with
lower risk MDS. 

Iron overload due to RBCT is associated with increased
morbidity and mortality in patients with LR-MDS.36 Several
studies have reported beneficial effects of ICT on survival
and other clinical outcomes in MDS patients with iron over-
load.37,38 However, valid data on the effect of ICT are limited
since most studies are executed in small, selected patient
groups or suffer from serious methodological problems
such as confounding by indication.38 Performing a random-
ized, controlled trial (RCT) for this research question is
awkward, and patients included in RCT may not reflect the
general LR-MDS patients, who are usually patients of
advanced age with multiple chronic, complex comorbidi-
ties. In addition to the possible beneficial effects of ICT on
survival, increasing evidence indicates hematologic
improvement in patients during ICT.39 Following improve-
ment in cytopenias, transfusion independency is achieved
in a minority of chelated patients.40,41

Results from a study conducted within the EUMDS reg-
istry on 490 non-chelated and 199 chelated patients using
ICT as a time-dependent variable showed that the hazard
ratio for OS was 0.50 (95%CI: 0.34-0.74) after adjusting for
relevant confounding factors. Restriction of the analysis to
150 patients who were initially treated with deferasirox
resulted in the adjusted HR for OS of 0.38 (95%CI: 0.24-
0.60), while patients who were initially treated with defer-
oxamine had  inferior OS compared to deferasirox treated
patients (adjusted HR: 2.46, 95%CI: 1.12-5.41). The
propensity-score analysis matching for all relevant vari-
ables, and a multivariate Cox proportional hazard model
restricted to the deferasirox treated patients resulted in the
adjusted HR for OS of 0.34 (95%CI: 0.22-0.53). An ery-
throid response occurred in 77 chelated patients: 61 patients
had a reduction in transfusion density, and 16 patients who
did not have a reduction in transfusion density became
transfusion independent during at least one visit interval. 

The TELESTO trial42 is the only prospective, randomized,
placebo-controlled study of ICT in MDS patients compar-
ing deferasirox with a placebo-control group. This study
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evaluated the event-free survival (EFS) (a composite out-
come, including non-fatal events related to cardiac and liver
function, and transformation to AML or death) and safety
of deferasirox versus placebo in low and intermediate-1-risk
MDS patients. This trial demonstrated an EFS risk reduc-
tion of 36.4% in the deferasirox arm (P=0.015), but the
median OS in the deferasirox-treated arm did not differ (HR
0.83, 95%CI: 0.54-1.28; P=0.200) when compared with
placebo. The results of the TELESTO study are in line with
the EUMDS study, but the patients included may not rep-
resent ‘real life’ older MDS patients with multiple comor-
bidities, as reflected by the mean age of 61 years of the
patients included in TELESTO study compared to the mean
age of 70 years of the chelated patients in the EUMDS
Registry study. Furthermore, low accrual rates and the
cross-over to ICT after cessation of the placebo affected the
statistical power of the TELESTO study.

Summary and concluding remarks

Available evidence suggests that in most patients with
LR-MDS the risk of death is not related to disease progres-
sion but is mainly attributable to non-leukemic death.2,17 In
addition, a proportion of these patients have prolonged sur-
vival that precludes the design of clinical trials adopting OS
as a primary endpoint. These challenges have resulted in
potentially biased assessment of the effectiveness and
appropriate use of the available interventions in this patient
population. The EUMDS Registry has identified novel
meaningful outcome indicators and clinical endpoints, and
reliable measures of response to HCI (Figure 4).

The results of our analysis indicate that RBCT density is
strongly associated with a decreased OS, even at relatively

low dose densities. In addition, we observed that an early
decrease in platelet count is an independent adverse prog-
nostic indicator in LR-MDS, and combining relative platelet
drop and transfusion dependency allows early identifica-
tion of patients at risk of rapid progression, and may guide
early therapeutic interventions, including allogeneic
hematopoietic stem cell transplantation or experimental
interventions. Taken together, these results indicate that
regular RBCT requirement, early platelet count kinetics,
and restriction in HRQoL are early independent and mean-
ingful outcome indicators, and reliable measures of effec-
tiveness of therapeutic interventions, evaluated in this set of
studies. These findings support the integration of RBCT
requirement and HRQoL in the general core outcome sets
and in response criteria in patients with LR-MDS, and have
important implications for clinical practice and the design of
clinical endpoints. Our results strongly support the adop-
tion of freedom from transfusion as a meaningful clinical
endpoint in patients with LR-MDS.

Anemia is the main determinant of therapeutic interven-
tion in patients with LR-MDS, and ESA are recommended
as first-line treatment for patients with symptomatic ane-
mia.10 The observational studies within the EUMDS
Registry showed that the response rate, as well as the
capacity of these agents to delay the onset of a regular
RBCT need, is most pronounced in RBCT-naïve patients.
These results identified early initiation of treatment with
ESA as a major treatment response indicator, and indicate
that ESA should be recommended in LR-MDS patients
with symptomatic anemia before starting regular RBCT.
After the onset of RBCT dependency, patients with LR-
MDS are prone to long-term accumulation of iron.1,43 The
EUMDS Registry studies provided evidence that elevated
LPI levels are associated with reduced survival in RBCT
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Figure 4. Overview of novel out-
come indicators and clinical end-
points identified  in the European
LeukemiaNet myelodysplastic
syndromes (EUMDS) Registry.
ESA: erythropoietin stimulating
agents; LPI: labile plasma iron;
NTBI: non-transferrin bound iron;
TSAT: transferrin saturation;
HRQoL: health  related quality of
life.



dependent patients, whereas iron chelation therapy nor-
malizes LPI levels. These findings suggest that NTBI and
LPI may serve as early indicators of iron toxicity and a
means to measure the effectiveness of iron chelation ther-
apy in patients with LR-MDS. However, qualified NTBI
and LPI are only currently available in specialized labora-
tories.44

Large observational cohorts with detailed clinical and
laboratory data, like the EUMDS cohort, are the ideal
framework in which to identify well defined MDS sub-
types that may benefit from novel targeted treatments. An
example of such a subtype is MDS with loss of parts of
chromosome 5, namely del5q; these patients have a rela-
tively favorable outcome on lenalidomide treatment. In
order to identify homogeneous subsets of patients within
MDS, preliminary evidence has suggested that recently
identified mutations in splicing factors may recognize dis-
tinct disease entities within myeloid neoplasms.45 Splicing
modulators are now in pre-clinical testing, and are very
likely to lead to the introduction of effective drugs for spe-
cific groups of MDS patients. Luspatercept, a specific
inhibitor of growth and differentiation factor-11, a mem-
ber of the transforming growth factor β superfamily,
induced substantial improvement of anemia, especially in
patients with ring sideroblasts.46 Characterization of indi-
vidual cases by new genetic markers (one of the main
objectives of the MDS-RIGHT project) will allow refined
classification of patients into biological subgroups that are
expected to respond differently to therapeutic interven-
tions to guide discontinuation of those interventions that
are less effective or less cost-effective.

The main question is whether RCT data and retrospective
cohort data in selected tertiary care centers are representa-
tive of the 'real world' data of the older patients with LR-
MDS in the general population. A careful comparison of the
'real world' data and the RCT data will be needed in order
to provide a clear answer to these questions. Meanwhile,
the current analyses of data collected over 10 years in the
EUMDS Registry provides relevant and important informa-
tion which could help assess prognosis and response to stan-
dard interventions in this older patient group.
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The last decade has witnessed great advances in our understanding
of the genetic and biological basis of childhood acute lymphoblastic
leukemia (ALL), the development of experimental models to probe

mechanisms and evaluate new therapies, and the development of more
efficacious treatment stratification. Genomic analyses have revolution-
ized our understanding of the molecular taxonomy of ALL, and these
advances have led the push to implement genome and transcriptome
characterization in the clinical management of ALL to facilitate more
accurate risk-stratification and, in some cases, targeted therapy. Although
mutation- or pathway-directed targeted therapy (e.g., using tyrosine
kinase inhibitors to treat Philadelphia chromosome [Ph]-positive and Ph-
like B-cell-ALL) is currently available for only a minority of children with
ALL, many of the newly identified molecular alterations have led to the
exploration of approaches targeting deregulated cell pathways. The effi-
cacy of cellular or humoral immunotherapy has been demonstrated with
the success of chimeric antigen receptor T-cell therapy and the bispecific
engager blinatumomab in treating advanced disease. This review
describes key advances in our understanding of the biology of ALL and
optimal approaches to risk-stratification and therapy, and it suggests key
areas for basic and clinical research.

Pediatric acute lymphoblastic leukemia
Hiroto Inaba1,2 and Charles G. Mullighan2,3
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ABSTRACT

Introduction

Contemporary childhood ALL studies have shown improved 5-year overall sur-
vival (OS) rates exceeding 90% (Table 1).1-9 However, OS for the St. Jude Total
Therapy Study XVI (94.3%) was similar to that for the Total Therapy Study XV
(93.5%) (Figure 1).9 Therefore, with the conventional approach, the chemotherapy
intensity has been raised to the limit of tolerance, and further improvements in out-
comes and reduction of adverse effects will require novel therapeutic approaches.
Historically, genetic factors identified by conventional karyotyping have been used
to diagnose ALL and to risk-stratify children with the disease. However, the alter-
ations thus identified, including hyper- and hypodiploidy and several chromosomal
rearrangements, did not establish the basis of ALL in a substantial minority of chil-
dren; nor did they satisfactorily reveal the nature of the genetic alterations driving
leukemogenesis. Genomic studies have now clarified the subclassification of ALL
and have demonstrated a close interplay between inherited and somatic genetic
alterations in the biology of ALL. Many of these alterations have important impli-
cations for diagnosis and risk-stratification of ALL and for the use and development
of novel and targeted approaches. 

Heritable susceptibility to acute lymphoblastic leukemia
Several lines of evidence indicate that there is a genetic predisposition to acute

lymphoblastic leukemia (ALL), at least in a subset of cases. This evidence includes
the existence of: (i) rare constitutional syndromes with increased risk for ALL; (ii)
familial cancer syndromes; (iii) non-coding DNA polymorphisms that subtly influ-
ence the risk of ALL; and (iv) genes harboring germline non-silent variants pre-
sumed to confer a risk of sporadic ALL. Constitutional syndromes such as Down
syndrome and ataxia-telangiectasia are associated with increased risk of B-cell-ALL
(with CRLF2 rearrangement) and T-cell-ALL, respectively. Familial cancer syn-
dromes such as Li-Fraumeni syndrome, constitutional mismatch repair deficiency
syndrome, or DNA repair syndromes (e.g., Nijmegen breakage) have an increased



incidence of malignancy in general. Familial predisposition
specific to leukemia is uncommon but has resulted in the
identification of predisposing non-silent variants that are
also observed in sporadic ALL cases, including TP53
germline mutations and low hypodiploid B-ALL, ETV6
variants and hyperdiploid ALL, and PAX5 mutations and
B-ALL with dicentric/isochromosome 9.10-13 These suscep-

tibility genes are targets of somatic mutation in ALL: ETV6
and PAX5 are rearranged, amplified/deleted, and mutated
in B-ALL,14,15 as is TP53 in hypodiploid ALL.10 Germline
variants of IKZF1 are observed in familial B-ALL and
immunodeficiency,16,17 and somatic IKZF1 alterations are
enriched in Philadelphia chromosome (Ph)-positive, Ph-
like, and DUX4-rearranged B-ALL.18-20 RUNX1 germline

Table 1A. Treatment results for acute lymphoblastic leukemia in major pediatric clinical trials.
Study                    Years         Subtype      Age          Patients             Steroid               MTX           Cranial       Complete              Cumulative                Death in                 Event-free                  Overall
                           of study                           (y)                (n)                  during             (g/m2           irradiation    remission               incidence                remission                  survival                    survival
                                                                                                            induction          /dose)                                (%)                    of relapse                  (5y, %)                     (5y, %)                     (5y, %)
                                                                                                         (mg/m2/day)                                                                             (5y, %)                     (SE or                      (SE or                      (SE or
                                                                                                                                                                                                       (SE or 95% CI)             95% CI)                   95% CI)                   95% CI)

AIEOP/BFM    2000-2006     B and T      1-17              3720                Pred 60                  5                HR/T        Pred: 97.8          Pred: 15.6 (0.8)            Pred: 1.7                  Pred: 80.8                Pred: 90.5
ALL 2000                                                                     (randomized      (1867 pts)                                 /CNS3       Dex: 97.8           Dex: 10.8 (0.7)             Dex: 2.3                       (0.9)                          (0.7)
                                                                                               pts)                 /Dex 10                                                       (P=1.00)               (P<0.001)                (P=0.24)                  Dex: 83.9                 Dex: 90.3 
                                                                                                                      (1853 pts)                                                                                                                                                                 (0.9)                          (0.7)
                                                                                                                            [R]                                                                                                                                                                  (P=0.024)                (P=0.61)
COG                  2004-2011       B, HR        1-30              2979                 Pred 60         HD-MTX 5       SER/               NA                      HD-MTX:                 HD-MTX:                 75.3 (1.1)                 85.0 (0.9)
AALL0232                                                                                                   (427 pts)/      (1282 pts)/      CNS3                                            136 pts                      24 pts                     HD-MTX:                 HD-MTX: 
                                                                                                                         Dex 10             C-MTX                                                                C-MTX:                     C-MTX:                   79.6 (1.6)                 88.9 (1.2) 
                                                                                                                       (424 pts)       (1291 pts)                                                             183 pts                      25 pts                      C-MTX:                     C-MTX: 
                                                                                                                            [R]                   [R]                                                                                                     (P=0.90)                 75.2 (1.7)                 86.1 (1.4)
                                                                                                                    (aged 1-9 y)                                                                                                                                                          (P=0.008)               (P=0.025)
COG                  2005-2010       B, SR         1-9               5377                   Dex 6             0.1 (and         CNS3             98.0                124 of 3992 pts       25 of 3992 pts                 88.96                          95.54
AALL0331                                                                                                                             escalating)                                                               who                          who                         (0.46)                        (0.31)
                                                                                                                                                    with or                                                             continued               continued                     (6y)                           (6y)
                                                                                                                                                   without                                                                  post-                         post-                                                                  
                                                                                                                                              asparaginase                                                        induction               induction                                                            
COG                  2007-2014           T            1-30              1562                 Pred 60         HD-MTX 5      IR/HR             NA                      HD-MTX:                 HD-MTX:                      83.8                           89.5
AALL0434                                                                                                                              (512 pts)/                                                               59 pts                       11 pts                   (81.2-86.4)              (87.4-91.7)
                                                                                                                                                    C-MTX                                                                C-MTX:                    C-MTX:                   (5y DFS)                  HD-MTX: 
                                                                                                                                                  (519 pts)                                                                32 pts                        8 pts                      HD-MTX:                       89.4 
                                                                                                                                                       [R]                                                                                                                                            85.3                    (85.7-93.2)
                                                                                                                                                                                                                                                                                                     (81.0-89.5)                  C-MTX: 
                                                                                                                                                                                                                                                                                                    C-MTX: 91.5                    93.7 
                                                                                                                                                                                                                                                                                                     (88.1-94.8)               (90.8-96.6)
                                                                                                                                                                                                                                                                                                      (P=0.005)               (P=0.036)
DFCI ALL         2005-2010     B and T      1-18               551                  Pred 40                  5            CNS3/T/B         95.5                 51 of 551 total              2 of 551                  85 (82-88)               91 (88-93)
Consortium                                                                                                                                               with WBC                                  41 of 463 pts                  total                      (5y DFS)                   PEG: 96
Protocol                                                                                                                                                     ≥100k/VHR                                  randomized                                                   PEG: 90                    (93-98)
05-001                                                                                                                                                                                                               PEG: 20 of 232                                                 (86-94)                  Native: 94
                                                                                                                                                                                                                          Native: 21 of 231                                              Native:                    (89-96)
                                                                                                                                                                                                                                                                                                      89 (85-93)                 (P=0.30)
                                                                                                                                                                                                                                                                                                       (P=0.58)                           
DCOG              2004-2012     B and T      1-18               778                  Pred 60                  5          >3y and HR       98.0                      8.3 (1.0)                        2.6                        87.0 (1.2)                 91.9 (1.0)
ALL10                                                                                                                                                          who do not                                                                                                                                                       
                                                                                                                                                                     receive HCT                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                   
MRC UK           2003-2011     B and T      1-24              3126                   Dex 6         0.02 (SR/IR),    CNS3             98.9                            8.8                              2.7                             87.3                            91.6
ALL 2003                                                                                                                             C-MTX (HR)    (until                                          (7.8-9.8)                  (2.1-3.3)                 (86.1-88.5)               (90.6-92.6)
                                                                                                                                                                            2009)                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                   
NOPHO           2008-2014     B and T      1-45              1509                 Pred 60                  5                None             91.2                        10 (1)                        3 (0)                        85 (1)                       91 (1)
ALL2008                                                                                                      or Dex 10                                                                                                                                                                                                         
                                                                                                                 (T/WBC≥100k)                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                   
SJCRH              2007-2017     B and T      0-18               598                  Pred 40         2.5 (LR), 5      None             98.7                            6.6                              2.7                             88.2                            94.1
Total XVI                                                                                                                                (SR/HR)                                                              (4.4-8.7)                  (1.4-4.0)                 (84.9-91.5)               (91.7-96.5)
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mutations can lead to both T-ALL and AML, and ETV6
variants predispose carriers to B-ALL and myelodyspla-
sia.21,22 

Genome-wide association studies (GWAS) have identi-
fied non-coding variants in at least 13 loci associated with
ALL. The relative risk associated with each variant is typ-
ically low (corresponding to an increase of up to 1.5- or 2-
fold) but cumulatively, they may result in an increase of up
to 10-fold in ALL risk. Risk variants are frequently at/near
hematopoietic transcription factor or tumor suppressor
genes, including ARID5B, BAK1, CDKN2A/CDKN2B,
BMI1-PIP4K2A, CEBPE, ELK3, ERG, GATA3, IGF2BP1,
IKZF1, IKZF3, USP7, and LHPP.23-25 Several variants dis-
play ancestry and ALL subtype-specific associations, such
as those of GATA3 with Hispanics and Ph-like B-ALL, ERG
with African Americans and TCF3-PBX1 B-ALL, and
USP7 with African Americans and T-ALL with TAL1
deregulation.26-28

Finally, germline genomic analysis has identified addi-
tional susceptibility variants in sporadic hyperdiploid B-
ALL (NBN, ETV6, FLT3, SH2B3, and CREBBP), Down syn-
drome-associated B-ALL (IKZF1, NBN, RTEL1), and T-ALL
(Fanconi-BRCA pathway mutations).29-31

Prenatal origin of leukemia
Several lines of investigation indicate that a subset of

childhood leukemia cases arise before birth.32,33

Chromosomal translocations, particularly ETV6-RUNX1
(TEL-AML1) may be detected at birth in blood spots and
cord blood years before the clinical onset of leukemia, pro-
viding support for a multi-step process of leukemogenesis.
This is supported by genomic analyses of monozygotic,
monochorionic twins concordant for leukemia, showing
genetic identity of initiating lesions and discordance for
secondary genetic alterations indicating inter-twin,
intrauterine transmission of leukemia.33,34 Evidence for in
utero origin is strongest for KMT2A-rearranged and ETV6-
RUNX1 ALL. Anecdotal evidence supports in utero origin
for other subtypes of B-ALL, including hyperdiploid and
ZNF384-rearranged leukemia.35

Genetics of B-cell acute lymphoblastic leukemia 
B-cell acute lymphoblastic leukemia (B-ALL) is the most

common form of ALL, comprising >20 subtypes of vari-
able prevalence according to age that are associated with
distinct gene expression profiles and are driven by three
main types of initiating genetic alteration: chromosomal
aneuploidy, rearrangements that deregulate oncogenes or
encode chimeric transcription factors, and point muta-
tions (Table 2 and Figure 2). Each subtype typically has
co-occurring genetic alterations that perturb lymphoid
development, cell-cycle regulation, and kinase signaling
and chromatin regulation, and the genes involved and
their frequency of involvement vary between subtypes.36

High hyperdiploidy (>50 chromosomes) is present in
up to 30% of childhood ALL and is associated with muta-
tions in the Ras pathway, chromatin modifiers such as
CREBBP, and favorable outcomes.37 Low hypodiploidy
(31-39 chromosomes) is present in approximately 1% of
children with ALL but in >10% of adults. It is character-
ized by the deletion of IKZF2 and by near-universal TP53
mutations, which are inherited in approximately half the
cases.10 Near haploidy (24-30 chromosomes) is present in
approximately 2% of pediatric ALL and is associated
with Ras mutations (particularly NF1) and deletions of
IKZF3. Both low-hypodiploid and near-haploid ALL are
associated with unfavorable outcomes. The prevalence of
hypodiploidy may be underestimated because of the phe-
nomenon of “masked” hypodiploidy, in which the
hypodiploid genome is duplicated, leading to a hyper-
diploid modal chromosome number.10,38 Distinguishing
masked-hypodiploid ALL from high-hyperdiploid ALL is
important in view of the genetic (germline TP53 alter-
ations) and prognostic implications. Masked
hypodiploidy may be suspected by the patterns of chro-
mosomal gain (commonly diploid and tetrasomic chro-
mosomes, rather than trisomies in high-hyperdiploid
ALL) and may be formally confirmed by flow cytometric
analysis of the DNA index, which commonly shows
peaks for both non-masked and masked clones, and by
techniques that assess loss of heterozygosity, such as SNP

Table 1B. Major findings in the study reports.
Study                                      Years of study           

AIEOP/BFM ALL 2000                      2000-2006                  Dexamethasone in induction resulted in less relapse but more treatment-related mortality than did prednisone. 
                                                                                                  There was no survival benefit with dexamethasone except for T-ALL patients with good prednisone response.
COG AALL0232                                  2004-2011                  5-y EFS and OS were better with HD-MTX than with C-MTX. Patients aged 1-9 y who received dexamethasone and
                                                                                                  HD-MTX had better outcomes than those in other groups.
COG AALL0331                                  2005-2010                  SR patients had excellent outcomes. Adding intensified consolidation did not improve outcomes in patients with 
                                                                                                  SR-average disease. 
COG AALL0434                                  2007-2014                  5-y DFS and OS were better with C-MTX than with HD-MTX.
DFCI ALL Consortium                    2005-2010                  IV PEG-asparaginase had similar toxicity and efficacy and resulted in less anxiety when compared with IM native 
Protocol 05-001                                                                     E. coli asparaginase. 
DCOG ALL10                                     2004-2012                  MRD-based therapy reduction and intensification were successful.
MRC UK ALL 2003                            2003-2011                  MRD-based therapy reduction and intensification were successful.
NOPHO ALL2008                              2008-2014                  Pediatric-based protocol is tolerable and effective for young adults.
SJCRH Total XVI                                2007-2017                  Additional intrathecal therapy during early induction improved CNS control (any CNS relapse at 5-y: 1.5%).
AIEOP/BFM: Associazione Italiana di Ematologia e Oncologia Pediatrica/Berlin-Frankfurt-Münster; ALL: acute lymphoblastic leukemia; B: B-lineage; CI: confidence interval; CNS: central nervous sys-
tem; C-MTX: Capizzi methotrexate; COG: Children’s Oncology Group; DCOG: Dutch Childhood Oncology Group; Dex: dexamethasone; DFCI: Dana-Farber Cancer Institute; DFS: disease-free-survival;
EFS: event-free survival; HD-MTX: high-dose methotrexate; HCT: hematopoietic cell transplantation; HR: high-risk; IM: intramuscular; IR: intermediate-risk; IV: intravenous;  k. × 103/µL; LR: low-risk; MRC
UK: Medical Research Council United Kingdom; MRD: minimal residual disease; MTX: methotrexate; n: number; NA: not available; NOPHO: Nordic Society of Pediatric Hematology and Oncology;
OS: overall survival; PEG: polyethylene glycol; Pred: prednisolone; pts: patients; R: randomization; SE: standard error; SER: slow early response; SJCRH: St. Jude Children’s Research Hospital; SR: stan-
dard-risk; T: T-lineage; WBC: white blood cell; y: year.

H. Inaba and C.G. Mullighan

2526 haematologica | 2020; 105(11)



arrays. In addition, the transcriptomic profiles and co-
occurring genetic alterations (e.g., Ras pathway and
CREBBP alterations) of near-haploid and high-hyper-
diploid ALL are similar, suggesting a common origin for
these entities.15 ALL with intrachromosomal amplifica-
tion of chromosome 21 (iAMP21) is most common in
older children and is associated with poor prognosis,
which has been improved with intensive treatment.39

Of the subtypes characterized by translocations, the
most common in childhood B-ALL is t(12;21)(p13;q22)
encoding ETV6-RUNX1, which is typically cryptic on
cytogenetic analysis and is associated with favorable
prognosis. The t(1;19)(q23;p13) translocation and variants
encode TCF3-PBX1,40 which is more common in African
Americans and is associated with more frequent central
nervous system (CNS) relapse and inferior outcomes with
older,41 but not contemporary, treatment regimens.9 The
t(9;22)(q34;q11.2) translocation results in the formation of
the Philadelphia chromosome that encodes BCR-ABL1
and is found in a subset of childhood ALL that was also
associated with unfavorable outcomes, although the
prognosis has now been improved with combined
chemotherapy and tyrosine kinase inhibition.42

Rearrangement of KMT2A (MLL) at 11q23 to >80 part-
ners, most commonly t(4;11)(q21;q23) encoding KMT2A-
AFF1, is common in infant ALL and is associated with a
dismal prognosis. 

Genomic analyses, particularly transcriptome sequenc-
ing, have identified multiple new subtypes not evident on
cytogenetic analysis because of cryptic and/or diverse
rearrangements or sequence mutations acting as driver
lesions. ETV6-RUNX1–like ALL is characterized by a

gene expression profile and immunophenotype (CD27+,
CD44 low/negative) similar to that of ETV6-RUNX1
ALL.43,44 Such patients harbor alternate gene fusions or
copy number alterations in ETS-family transcription fac-
tors (ETV6, ERG, FLI1), IKZF1, or TCF3. ETV6-RUNX1–
like ALL occurs almost exclusively in children (represent-
ing ~3% of pediatric ALL) and is associated with relative-
ly favorable prognosis.15

Translocation of DUX4, encoding a double-homeobox
transcription factor, to the immunoglobulin heavy-chain
locus (IGH) is also cytogenetically cryptic and is found in
5-10% of B-ALL. The translocation results in overexpres-
sion of DUX4 protein lacking the C-terminal domain.
This truncated protein binds an intragenic region of the
ETS-family transcription factor ERG (ETS-related gene),
resulting in profound transcriptional deregulation of ERG.
This in turn commonly results in expression of a C-termi-
nal ERG protein fragment and/or ERG deletion. DUX4-
rearranged B-ALL has a distinctive gene expression profile
and immunophenotype (CD2±, CD371+), and despite the
deletion of IKZF1 (otherwise an adverse prognostic factor
in ALL) in approximately 40% of cases, the outcome is
typically excellent.20,45

ZNF384 rearrangement defines a distinct group of acute
leukemias that may manifest as B-ALL (often with aber-
rant myeloid marker expression) or B/myeloid mixed-
phenotype acute leukemia (MPAL; MPO-positive
leukemia). ZNF384 rearrangement is observed in 6% of
childhood B-ALL and in 48% of childhood (but notably
not adult) B/myeloid MPAL.15,46-48 ZNF384-like cases, often
with ZNF362 rearrangements, are also observed. Both
ZNF384 and ZNF362 encode C2H2-type zinc-finger tran-
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Figure 1. Change in overall survival of pediatric patients treated on the historical St. Jude Total Therapy studies. 



scription factors and are rearranged with genes encoding
N-terminal transcription factors (e.g., TAF15 and TCF3) or
chromatin modifiers (most commonly EP300, but also
CREBBP, SMARCA2, and ARID1B).47 ZNF384-rearranged
leukemia is associated with elevated FLT3 expression,
and there are anecdotal reports of profound responses to
FLT3 inhibition.49 The lineage-ambiguous phenotype of
ZNF384-rearranged leukemia may shift during the dis-
ease course and may result in loss of CD19 expression
and failure of chimeric antigen receptor T-cell therapy.50

MEF2D (myocyte enhancer factor 2D)-rearranged ALL
(occurring in 4% of children and up to 10% of adults with
ALL) has a distinct immunophenotype (CD10−, CD38+),
an older age of diagnosis (median: 14-15 years), and a
poor prognosis.51-53 The rearrangements result in increased
HDAC9 expression and sensitivity to histone deacetylase
inhibitor treatment.51

NUTM1 (nuclear protein in testis midline carcinoma
family 1) rearrangements are observed in 1-2% of child-
hood B-ALL, with fusion to genes encoding various tran-
scription factors and epigenetic regulators (e.g., ACIN1,
BRD9, CUX1, IKZF1, SLC12A6, and ZNF618) that drive
aberrant NUTM1 expression.15,47 In all fusions, the NUT
domain is retained, and this is hypothesized to lead to
global changes in chromatin acetylation and to sensitivity
to histone deacetylase inhibitors or bromodomain
inhibitors. ALL with NUTM1 rearrangements has an
excellent prognosis.

Other transcription factor-driven subtypes of B-cell
acute lymphoblastic leukemia 

Two B-ALL subtypes have distinct alterations of the
lymphoid transcription factor PAX5. PAX5-altered
(PAX5alt) B-ALL accounts for 10% of childhood B-ALL,
with cases featuring diverse PAX5 alterations, including
rearrangements (most commonly with ETV6 or NOL4L),
sequence mutations or intragenic amplification,54 and an
intermediate prognosis.15,47 PAX5 P80R B-ALL accounts for
approximately 2% of childhood B-ALL, with cases featur-
ing universal P80R mutation and deletion/mutation of the
remaining allele,15,47,55 mutations in Ras and JAK2 signaling
genes, and an intermediate to favorable prognosis.15,55 A
single heterozygous mutation in IKZF1 (N159Y) defines a
novel subtype of ALL (representing <1% of cases) with
IKZF1 nuclear mislocalization, enhanced intercellular
adhesion,56 and expression of genes involved in oncogen-
esis (YAP1), chromatin remodeling (SALL1), and JAK-
STAT signaling.15,47 The IGH-CEBPE fusion and ZEB2
H1038R mutation are common, but not universal, events
in a transcriptionally distinct form of leukemia observed
in approximately 1% of cases. 

Kinase-driven subtypes
Of therapeutic relevance are the two kinase-driven sub-

types: Philadelphia chromosome-positive (Ph+ or BCR-
ABL1+) and Philadelphia chromosome-like (Ph-like or
BCR-ABL1-like) ALL. Their frequency increases with age,57
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Figure 2. Distribution of B-cell acute lymphoblastic leukemia (B-ALL) subtypes within each age group. SR: standard risk; HR: high risk; WBC: white blood cell count;
AYA: adolescent and young adult.
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Table 2. Genetic alterations, age distribution, clinical features, and genetic-based therapy in pediatric B- and T-acute lymphoblastic leukemia.
Category                             Age                                         Description                                                                             Potential therapeutic implications

B-cell precursor acute lymphoblastic leukemia                

Hyperdiploidy with more      Children >> adults                     Excellent prognosis; mutations in Ras signaling pathway           Reduction of intensity
than 50 chromosomes                                                                    and histone modifiers                                                                          
Near-haploid                            Children-adults                            24-31 chromosomes; poor prognosis; Ras-activating                   BCL2 inhibitors
                                                                                                              mutations; inactivation of IKZF3

Low hypodiploid                      Children < adults                        32-39 chromosomes; poor prognosis; TP53 mutations                BCL2 inhibitors
                                                                                                              (somatic and germline)                                                                       
iAMP21                                       Older children                             Complex alterations of chromosome 21; requires                       Intensification of therapy
                                                                                                              high-risk therapy for good outcomes                                               
t(12;21)(p13;q22)                   Children >> adults                     Excellent prognosis; cryptic rearrangement that is                     Reduction of intensity
encoding ETV6-RUNX1                                                                    detectable by FISH                                                                                
ETV6-RUNX1–like                   Children > adults                        Absence of ETV6-RUNX1 fusion; mutations in both ETV6           Reduction of intensity
                                                                                                              and IKZF1                                                                                                 
t(1;19)(q23;p13)                     Children-adults                            Increased incidence in African Americans; favorable
encoding TCF3-PBX1                                                                       prognosis                                                                                                 
t(9;22)(q34;q11.2)                  Children << adults                     Historically poor prognosis, improved with tyrosine kinase       ABL1 inhibitors, FAK inhibitors, rexinoids, 
encoding BCR-ABL1                                                                        inhibitors; common deletions of IKZF1                                           BCL2 inhibitors
Ph-like                                       Children < adults                        Kinase-activating lesions; poor outcome; potentially                  ABL1 inhibitors, JAK inhibitors, PI3K
                                                                                                              amenable to kinase inhibition                                                            inhibitors, BCL2 inhibitors
CRLF2 rearranged                  Children < adults                        Common in Down syndrome and Ph-like ALL; associated          JAK inhibitors, BCL2 inhibitors
(IGH-CRLF2; P2RY8-                                                                        with IKZF1 deletion and JAK1/2 mutation
CRLF2)                                                                                                                                                                                                                 
KMT2A (MLL)                          Infants >> children-adults       Common in infant ALL; dismal prognosis; few co-operating      DOT1L inhibitors, menin inhibitors, 
rearranged                                                                                        mutations, commonly in RAS signaling pathway                             proteasome inhibitors, HDAC inhibitors, 
                                                                                                                                                                                                                                 BCL2 inhibitors
DUX4 rearranged and            Children-adults                            Distinct gene expression profile; most have focal ERG              Reduction of intensity
ERG deregulated                                                                              deletions and favorable outcome despite IKZF1 alterations     
MEF2D rearranged                 Children-adults                            Distinct gene expression profile; potential sensitivity                HDAC inhibitors
                                                                                                              to HDAC inhibition                                                                                 
ZNF384 rearranged                Children                                         Pro-B ALL phenotype; expression of myeloid markers;              FLT3 inhibitors
                                                                                                              increased expression of FLT3                                                            
PAX5alt                                       Children > adults                        PAX5 fusions, mutation, or amplifications; 
                                                                                                              intermediate prognosis                                                                        
PAX5 P80R                                 Children < adults                        Frequent signaling pathway alterations                                           Kinase inhibitors
IKZF1 N159Y                             Children-adults                            Rare; unknown prognosis                                                                    FAK inhibitors, rexinoids
NUTM1 rearranged                Children                                         Exclusively in children; rare; excellent prognosis                        HDAC inhibitors, bromodomain inhibitors
t(17;19)(q22;p13)                   Children-adults                            Rare; dismal prognosis                                                                         BCL2 inhibitors
encoding TCF3-HLF                
BCL2/MYC rearranged           Children << adults                     Poor prognosis                                                                                       

T-lineage acute lymphoblastic leukemia                            

TAL1 deregulation                   Children-adults                            Enrichment of mutation in PI3K signaling pathway                      PI3K inhibitors, nelarabine, BCL2 inhibitors
TLX3 deregulation                   Children-adults                            Poor prognosis; frequent co-operating mutation                         Nelarabine, BCL2 inhibitors
                                                                                                              in ubiquitination and ribosomal genes
HOXA deregulation                 Children-adults                            Frequent mutations in JAK-STAT pathway, KMT2A                        JAK inhibitors, nelarabine, BCL2 inhibitors
                                                                                                              rearrangements                                                                                     
TLX1 deregulation                   Children > adults                        Favorable prognosis                                                                              Nelarabine, BCL2 inhibitors
LMO2/LYL1 deregulation       Children-adults                            Poor prognosis; enriched for ETP-ALL, frequent                          JAK inhibitors, nelarabine, BCL2 inhibitors
                                                                                                              co-operating mutation in JAK-/STAT                                                 
NKX2-1 deregulation              Children-adults                            Frequent co-operating mutation in ribosomal genes                   Nelarabine, BCL2 inhibitors
NUP214-ABL1 with 9q34        Children-adults                            Neutral prognosis, in contrast to kinase driven B-ALL;               ABL1 inhibitors, nelarabine, BCL2 
amplification                                                                                     potentially amenable to tyrosine kinase inhibition                       inhibitors
Early T-cell precursor ALL    Children-adults                            Poor prognosis; genetically heterogeneous with mutations      JAK inhibitors, BCL2 inhibitors
                                                                                                              in hematopoietic regulators, cytokine and Ras signaling, 
                                                                                                              and epigenetic modifiers                                                                     
FISH: fluorescence in situ hybridization; ALL: acute lymphoblastic leukemia; HDAC: histone deacetylase.



and they account for 25% and 20%, respectively, of adult
ALL. The prevalence of BCR-ABL1 ALL rises progressively
from <20% of ALL in adults younger than 25 years to
more than half of adults aged 50-60 years, whereas the
prevalence of Ph-like ALL peaks in young adulthood, and
this subtype is observed in up to 25% of adults.
Alterations of B-lineage transcription factor genes, partic-
ularly IKZF1, are a hallmark of BCR-ABL1 ALL18 and are a
key determinant of lymphoid lineage and resistance to
therapy.56 IKZF1 alterations are associated with poor out-
come in ALL overall,19 particularly because of the high
prevalence in BCR-ABL1 and Ph-like ALL; however, they
are not associated with poor outcome in DUX4-
rearranged ALL. This has led to the definition of “IKZF1-
plus” as a marker of poor outcome in ALL, being defined
by the presence of alterations in IKZF1 and CDKN2A/B,
PAX5, or pseudoautosomal region 1 (PAR1, as a surrogate
for CRLF2 rearrangement), but not ERG (as a surrogate for
DUX4-rearranged ALL), commonly detected by multiplex
ligation-dependent probe amplification (MLPA).58

Although used for risk-stratification in several clinical tri-
als, the utility of this approach is limited by the inability
of MLPA to identify all cases with key high-risk (CRLF2
rearrangement) and favorable-risk (DUX4 rearrangements)
that co-occur with IKZF1 alterations. 

Ph-like ALL has a similar transcriptional profile to Ph-
positive ALL but is BCR-ABL1 negative.19,59 It is genetically
heterogeneous with multiple rearrangements (e.g., of
CRLF2, ABL-class genes, JAK-STAT signaling genes,
FGFR1, and/or NTRK3), copy number alterations, and
sequence mutations that activate tyrosine kinase or
cytokine receptor signaling (Figure 3). Ph-like ALL is asso-
ciated with elevated minimal residual disease (MRD) levels
and/or high rates of treatment failure. The diverse genetic
alterations characteristic of Ph-like ALL and its responsive-
ness to tyrosine kinase inhibitors (at least for ABL-class and
NTRK3-rearranged ALL) have spurred the use of RNA-
sequencing approaches to identify such alterations at diag-
nosis and direct patients to targeted therapy.36

Genetic basis of T-cell acute lymphoblastic leukemia 
Childhood T-cell acute lymphoblastic leukemia is char-

acterized by recurrent alterations in ten pathways, but in
most cases, three pathways are deregulated: expression of
T-lineage transcription factors, NOTCH1/MYC signaling,
and cell-cycle control. Gene expression profiling enables
classification of >90% of T-ALL into core subgroups
defined by deregulation of T-ALL transcription factors as a
result of rearrangement with T-cell receptor enhancers,
structural variants, or enhancer mutations of TAL1, TAL2,
TLX1, TLX, HOXA, LMO1/LMO2, LMO2/LYL1, or
NKX2-1 (Table 2).60-62 A more recently described mecha-
nism of deregulation is through small insertion/deletion
mutations upstream of TAL1, which lead to a new binding
motif for MYB or TCF1/TCF2 and subsequent changes in
TAL1 expression.62,63 A similar mechanism has been
described for other oncogenes in T-ALL, including
LMO2.64 Additional transcription factor genes, including
ETV6, RUNX1, and GATA3, are altered by deletion or
sequence mutation but are not subtype-defining.65-67 The
second core transcriptional pathway mutation found in
most T-ALL cases is aberrant activation of NOTCH1, a
critical transcription factor for T-cell development.68

Constitutive NOTCH1 activity, caused by activating
NOTCH1 mutations (in >75% of cases) and/or inhibitor

mutations in the negative regulator FBXW7 (in 25% of
cases), promotes uncontrolled cell growth, partly through
increased MYC expression.69-71 The third core alteration
observed in pediatric T-ALL is deletion of tumor suppres-
sor loci, primarily CDKN2A/CDKN2B (in 80% of cases)
and, less commonly, CDKN1B, RB1, or CCND3.62,72

In addition to the aforementioned core alterations, T-
ALL frequently involves derangement of additional tran-
scriptional regulators (MYB, LEF1, and BCL11B), riboso-
mal function, ubiquitination through loss-of-function
USP7 mutations, RNA processing, signaling pathways,
and epigenetic modifiers such as PHF6, KDM6A, and
genes of polycomb repressive complex 2 (EED, SUZ12,
and EZH2).62 The signaling pathway most commonly acti-
vated is PI3K-AKT, through loss of negative regulation by
PTEN.73 JAK-STAT pathway activation can occur through
gain-of-function mutations in IL7R, JAK1, JAK3, or
STAT5B or through loss-of-function alterations in the JAK-
STAT regulators PTPN2 and SH2B3,74,75 whereas muta-
tions in RAS-MAPK signaling are less common, except in
early T-cell precursor (ETP) ALL. Kinase rearrangements
are observed in a minority of cases, particularly the
NUP214-ABL1 rearrangement.76

Genetics of relapse
The subclonal complexity of ALL is now well estab-

lished, and the clonal dynamics during therapy and at
relapse have been examined through genomic sequencing
and single-cell analysis.77,78 Chimeric fusions, when present,
are often clonal leukemia-initiating lesions that are typically
retained throughout disease progression. Alterations of sig-
naling pathway lesions (FLT3, KRAS, NRAS) are often sub-
clonal and are frequently lost or gained between diagnosis
and relapse.79

In B-ALL, mutations in genes such as the histone acetyl
transferase gene CREBBP, the histone methyltransferase
gene SETD2, and the steroid receptor genes NR3C1 and
NR3C2 are enriched at relapse.80-83 At diagnosis, minor
relapse-initiating subclones can exhibit inherent resistance
to chemotherapy, even before secondary mutation acquisi-
tion.84 Other relapse-specific mutations in PRPS1, PRSP2,
NT5C2, or MSH6, each influencing thiopurine metabolism,
may emerge only during therapy, being driven by selective
therapeutic pressure.81,83,85,86 These mutations confer
chemotherapy resistance and might have implications for
disease monitoring and therapeutic decisions.85,86 Inherited
genomic variants in specific ethnic/racial groups also con-
tribute to relapse risk as a result of differential drug metab-
olism or acquisition of distinct somatic mutations.87-89

Monitoring the dynamics of mutation clearance during
induction therapy or monitoring for the emergence of
relapse-associated mutations might identify patients who
will benefit from early modification of therapy.

Mixed-phenotype acute leukemia 
Mixed-phenotype acute leukemia (MPAL) is uncom-

mon, representing only 2-5% of pediatric acute
leukemia.48 The 2016 World Health Organization (WHO)
classification defines MPAL as acute leukemia expressing
a combination of antigens not restricted to a single lineage
with the following categories: B/myeloid, not otherwise
specified (NOS) and T/myeloid, NOS, in addition to two
genetic subgroups of MPAL: that with
t(9;22)(q34.1;q11.2), BCR-ABL1; and that with
t(v;11q23.3), KMT2A-rearranged.90 Genetic characteriza-

H. Inaba and C.G. Mullighan

2530 haematologica | 2020; 105(11)



tion of pediatric MPAL revealed that rearrangement of
ZNF384 is common in B/myeloid MPAL and biallelic WT1
alterations are common in T/myeloid MPAL, which
shares genomic features with ETP ALL.48 Such genetic
alterations are consistent with the results of a retrospec-
tive multinational study showing that ALL-type therapy is
more effective than AML- or combined-type treatment in
patients with MPAL.91 Furthermore, the immunopheno-
typic heterogeneity within MPAL populations is not driv-
en by distinct genomic subclones. Such a phenotypic fate
results from the acquisition of mutations in early
hematopoietic progenitors with preserved myeloid and
lymphoid potentials, and individual phenotypic subpopu-
lations can reconstitute the immunophenotypic diversity.48

Risk assignment for treatment
Age (infant or ≥10 years), white blood cell (WBC)

count at diagnosis (≥50x109/L), central nervous system
(CNS) involvement, T-cell immunophenotype, race
(Hispanic or black), and male sex have been considered
clinical adverse prognostic factors (Table 3). Furthermore,
certain somatic genetic alterations are significantly asso-
ciated with outcome and can partly explain the clinical
factors.15 For example, patients with hyperdiploidy (>50
chromosomes or DNA index ≥1.16) and ETV6-RUNX1
have a better prognosis and are commonly young chil-
dren with low WBC counts. Conversely, patients with
hypodiploidy (<44 chromosomes), Ph-positive or Ph-like
ALL, KMT2A, MEF2D, or BCL2/MYC rearrangements, or

TCF3-HLF have worse prognoses and are more com-
monly adolescents or adults with higher WBC counts
and/or CNS involvement.36,92 Hispanic patients have
greater incidences of Ph-like ALL with CRLF2 fusions.
Infant leukemia is strongly associated with KMT2A
rearrangements. 

Early response to chemotherapy in terms of MRD is
another important prognostic factor.93,94 MRD can be
measured by flow cytometry for leukemia-specific aber-
rant immunophenotypes or by polymerase chain reac-
tion (PCR) for unique immunoglobulin and T-cell recep-
tor genes or fusion transcripts. Next-generation sequenc-
ing is more sensitive than flow cytometry or PCR for
MRD detection,95 but the superiority of this methodolo-
gy for clinical application needs to be confirmed in larger
studies. The relapse risk at a given MRD level differs
between genetic subtypes.93,94 Patients with favorable
genetic subtypes clear MRD faster than those with high-
risk genetics and T-ALL. Although patients with high-
risk genetic features remain at risk for relapse even with
undetectable or very low level (e.g., <0.01%) MRD at the
end of induction, low-level MRD can be overcome in
patients with low-risk features by subsequent treatment.
Current treatment protocols incorporate clinical factors,
leukemia genetics, and MRD for risk-stratification.

Treatment
Treatment of ALL comprises three phases: remission

induction, consolidation (or intensification), and mainte-
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Figure 3. Kinase pathways deregulated in Philadelphia chromosome (Ph)-like acute lymphoblastic leukemia (ALL). The diverse signaling alterations observed in
Ph-like ALL are grouped into JAK-STAT activating lesions (most commonly CRLF2 rearrangement, but also JAK mutation and rearrangement, IL7R mutation, truncat-
ing rearrangements of EPOR, and SH2B3 deletion/mutation), rearrangements involving ABL-class tyrosine kinases; rearrangements of genes encoding other kinas-
es (FGFR1, NTRK3, FLT3), and Ras pathway mutations. Ras pathway mutations are not restricted to Ph-like ALL and are observed in other subtypes of leukemia
(e.g., hyperdiploid ALL, PAX5 P80R ALL). They are also observed as co-mutations in a proportion of cases with CRLF2 rearrangements. These alterations typically
activate the logical downstream signaling pathway, as well as other pathways that serve as additional avenues for therapeutic intervention (e.g., PI3K, BCL2).



nance (or continuation), and lasts for 2-2.5 years. Most
conventional chemotherapeutic agents were developed
before 1970, and the optimal dosages and schedules for
combination chemotherapy were developed with dose
adjustments based on tolerability, response evaluation
with MRD, and individualized pharmacodynamic and
pharmacogenomic studies, but with limited use of the
biological features of ALL cells obtained through genomic
analyses. Allogeneic hematopoietic cell transplantation
(HCT) has been used for patients at very high risk. In the
last decade, molecularly targeted agents and immunother-
apy have emerged as novel therapeutic strategies.

Survivors treated before 1990 experienced late effects
in multiple organ systems (e.g., reproductive, neurologi-
cal, or gastrointestinal effects or infections), but those
treated on more recent protocols have experienced pre-
dominantly musculoskeletal effects, possibly due to more
intensive use of dexamethasone and asparaginase.96 In
addition, cranial radiotherapy-induced hypothalamic dys-
function has given way to impaired glucose metabolism
and obesity as the use of radiotherapy has been reduced.
The recent pattern of late effects could be managed by
prevention or intervention as well as by rational reduc-
tion of conventional chemotherapy combined with mol-
ecularly targeted therapy and immunotherapy. 

Remission-induction therapy
Remission-induction therapy consists of three drugs

(glucocorticoid [prednisone or dexamethasone], vin-
cristine, and asparaginase) or four drugs (the 3 aforemen-
tioned drugs plus anthracycline) administered over 4-6
weeks and induces complete remission (CR) in approxi-
mately 98% of pediatric patients. 

Compared to prednisone, dexamethasone has a longer
half-life and better CNS penetration, which improves
CNS disease control.97 In randomized studies comparing
prednisone and dexamethasone, patients who received

dexamethasone had better event-free survival (EFS) than
did those who received prednisone at a prednisone-to-
dexamethasone dose ratio of <7 (Table 1).1,97 However,
OS was similar in both arms, except in one study that
found dexamethasone beneficial in patients with T-ALL
who had a good prednisone-prophase response.1

Furthermore, dexamethasone is associated with more fre-
quent adverse effects, such as infection, bone fracture,
osteonecrosis, mood/behavior problems, and myopathy.
When the dose ratio was >7, there was no difference in
outcomes with the two glucocorticoids.97 Therefore, the
dose, schedule, and type of glucocorticoid are determined
based on the patient’s age, relapse risk, and treatment
phase. Bacterial infection can be reduced with prophylac-
tic antibiotics, such as levofloxacin during neutropenia.98,99

Alternate-week dexamethasone administration, as
opposed to a continuous schedule, can reduce the risk of
osteonecrosis.100 Adding hydrocortisone to dexametha-
sone can reduce neuropsychological adverse effects, pos-
sibly by reducing the cortisol depletion in the cerebral
mineralocorticoid receptors.101

Vincristine does not typically cause significant myelo-
suppression and is given weekly during induction therapy
and as monthly or tri-monthly pulses with glucocorti-
coids during continuation at doses of 1.5-2.0 mg/m2.
However, its adverse effects include peripheral sensory
and motor neuropathy, and the dose is typically capped at
2.0 mg. A GWAS in children with ALL revealed that a
polymorphism within the promoter region of CEP72 was
associated with increased incidence and severity of vin-
cristine-related peripheral neuropathy.102

In many countries, polyethylene glycol (PEG)-
Escherichia coli L-asparaginase (pegaspargase) has replaced
native E. coli L-asparaginase, compared with which pegas-
pargase has a longer half-life and a lower incidence of
hypersensitivity. Compared with intramuscular native E.
coli L-asparaginase, intravenous pegaspargase was similar-
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Table 3. Risk factors in pediatric acute lymphoblastic leukemia
Factor                                                                Better                                                                      Worse

Patient and clinical characteristics                                                                                                                          
Age at diagnosis                                                        1 to <10 years                                                                       <1 year or ≥10 years
Sex                                                                               Female                                                                                    Male
Race                                                                             Caucasian, Asian                                                                   African American, Hispanic
Down syndrome                                                        No                                                                                            Yes
WBC counts at diagnosis                                        <50 × 109/L                                                                            ≥50 × 109/L
CNS involvement at diagnosis                               CNS 1                                                                                      CNS 2 and CNS 3, traumatic tap with blasts
Testicular involvement                                            No                                                                                            Yes
Immunophenotype                                                   B-ALL                                                                                      T-ALL

                                                                                                                                                                                          
Cytogenetic and genetics                                            
                                                                                           High hyperdiploidy (51-65 chromosomes)                    Hypodiploidy (<44 chromosomes)
                                                                                           ETV6-RUNX1: t(12;21)(p13.2;q22.1)                                 KMT2A rearrangement: t(v;11q23.3)
                                                                                           NUMT1 rearrangement                                                      BCR-ABL1: t(9;22)(q34.1;q11.2) (Ph+)
                                                                                                                                                                                             BCR-ABL1-like (Ph-like)
                                                                                                                                                                                            TCF3-HLF: t(17;19)(q22;p13)
                                                                                                                                                                                             MEF2D rearrangement
                                                                                                                                                                                             Intrachromosomal amplification of chromosome 21 (iAMP21)
                                                                                                                                                                                             BCL2 or MYC rearrangements
Minimal residual disease                                            
                                                                                           Negative                                                                                 Positive
                                                                                           Continuously decreasing and becoming negative        Increasing and/or persistently positive while monitored 

WBC: white blood cell; CNS: central nervous system; ALL: acute lymphoblastic leukemia; Ph: Philadelphia chromosome.



ly efficacious, no more toxic, and associated with
decreased patient anxiety at administration (Table 1).5

Although pegaspargase is typically used at 1000 IU/m2 to
2500 IU/m2, a therapeutic drug monitoring study showed
trough levels of asparaginase activity of >100 IU/L even
with administration at 450 IU/m2 every two weeks.103

Interestingly, the incidence of asparaginase-related toxici-
ties (e.g., pancreatitis, central neurotoxicity, and throm-
bosis) was not associated with asparaginase activity lev-
els except in the case of liver toxicities. In a randomized
study to assign non-high-risk patients to either ten con-
tinuous doses (2-week intervals) or three intermittent
doses (6-week intervals) of intramuscular pegaspargase
(1000 IU/m2), after receiving five doses every two weeks,
asparaginase-related toxicities (hypersensitivity,
osteonecrosis, pancreatitis, and thromboembolism) were
significantly reduced in the latter group without compro-
mising disease-free survival (DFS), suggesting that pro-
longed continuous administration of pegaspargase might
not be necessary in the context of multiagent chemother-
apy.104 Most allergic reactions to pegaspargase occur after
two or three doses, and are mediated by the PEG moiety
and not by the L-asparaginase, possibly because of the
patients’ exposure to other PEG-containing products,
such as laxatives and tablet coatings, before the diagnosis
of ALL.105 Although adding rituximab to ALL therapy
decreased the allergic reaction to native E. coli L-asparagi-
nase and improved the outcome in adults with CD20-
positive Ph-negative ALL,106 the efficacy of rituximab on
PEG-related allergy is unknown. Discontinuation of
planned asparaginase doses is associated with worse
prognosis in high-risk patients.107 In cases of allergy to
pegaspargase or native E. coli asparaginase, Erwinia
asparaginase (Erwinase) is considered an acceptable alter-
native. However, Erwinase is more expensive, is intermit-
tently unavailable, and requires frequent administration
because of its short half-life.108 Universal premedication
with diphenhydramine and an H2-blocker can decrease
the incidence of allergic reactions,109 and drug desensitiza-
tion in patients with previous and persistent anti-PEG
antibodies is feasible.110

Consolidation (intensification) therapy
Induction with the 3- or 4-drug regimen (the IA phase)

is followed by consolidation (the IB phase) with
cyclophosphamide, cytarabine, and mercaptopurine. In
patients with B-ALL, 5-year EFS was 92.3% for those
with negative MRD at the end of both the IA phase (day
33) and the IB phase (day 78), which was better than the
5-year EFS for those with positive MRD at one or both
time points but at a level of <10−3 on day 78 (77.6%) and
for those with positive MRD at a level of ≥10−3 on day 78
(50.1%).111 Interestingly, the MRD level on day 33 in
patients with T-ALL was not relevant if MRD was nega-
tive on day 78, suggesting the importance of the IB phase
in T-ALL.112 Similarly, in ETP ALL, which is often associ-
ated with poor early response to 4-drug induction, IB-
phase consolidation is effective at reducing MRD,113 and
outcomes were comparable among patients with ETP,
near-ETP, and non-ETP ALL in the Children’s Oncology
Group AALL0434 study.114

Methotrexate is crucial for controlling systemic
leukemia and also CNS and testicular disease.
Methotrexate is administered as a high dose (2-5 g/m2)
plus leucovorin rescue, together with 6-mercaptopurine,

or as escalating intermediate doses of methotrexate (100-
300 mg/m2) without leucovorin rescue followed by
asparaginase (the Capizzi regimen). In randomized stud-
ies, high-dose methotrexate was superior to the Capizzi
methotrexate regimen in patients with high-risk B-ALL
(Table 1).2 Interestingly, in patients with T-ALL, Capizzi
methotrexate was associated with better outcomes than
high-dose methotrexate (Table 1).4 However, approxi-
mately 90% of the patients received cranial irradiation,
and those in the high-dose methotrexate arm underwent
irradiation five months later than those in the Capizzi
regimen arm. As cranial irradiation can control both CNS
and systemic relapses, this difference in timing of irradia-
tion might have contributed to the different outcomes. 

In a randomized trial of nelarabine in patients with
intermediate- or high-risk T-ALL, the 5-year DFS and
CNS relapse (isolated and combined) rates were signifi-
cantly better in patients who received nelarabine than in
those who did not (88.2% vs. 82.1% and 1.3% vs. 6.9%,
respectively).115 

Consolidation therapy is followed by reinduction
(delayed intensification) therapy, which consists of med-
ication similar to that used during the IA and IB phases
and is a critical component of ALL therapy in both stan-
dard-risk and high-risk patients. Reducing the duration
and chemotherapy doses of delayed intensification led to
an increased incidence of relapse in standard-risk
patients, especially those who did not have ETV6-
RUNX1-positive ALL or were aged ≥7 years at diagno-
sis.116

Maintenance therapy
Maintenance therapy typically lasts ≥1 year and consists

of daily mercaptopurine and weekly methotrexate with or
without vincristine and steroid pulses. One study found
that completing maintenance therapy at one year after
diagnosis resulted in a high relapse rate (38.8±2.8% at 12
years after diagnosis), although this approach cured more
than half of the children with ALL, and some genetic sub-
groups, such as TCF3-PBX1 and ETV6-RUNX1, were
associated with excellent DFS.117

There is interpatient variability in mercaptopurine toler-
ance. Inherited heterozygous or homozygous deficiency
of thiopurine methyltransferase (TPMT) leads to higher
levels of active thiopurine metabolites and excess hemato-
logic toxicities, which are more common in patients of
European descent.88 For patients with East Asian or Native
American ancestry, germline variants of NUDT15, which
encodes a nucleoside diphosphatase, reduce degradation
of active thiopurine nucleotide metabolites and were
strongly associated with mercaptopurine intolerance.88

Therefore, thiopurine dosing adjustments based on TPMT
and NUDT15 genotypes are recommended.118 

Adherence of <95% to planned daily mercaptopurine
doses is associated with a 2.7-fold increase in incidence of
relapse compared with that seen when adherence is
≥95%.119 Confirming adherence by directly asking
patients or by measuring their erythrocyte thioguanine
nucleotide levels is important, especially for patients with
persistently high WBC counts or absolute neutrophil
counts, although self-reporting can overestimate the true
intake in non-compliant patients. Patients were previous-
ly instructed to take mercaptopurine in the evening and
without food/dairy products, but these restrictions did
not affect outcomes or erythrocyte thioguanine
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nucleotide levels as long as daily doses were administered
at the same time of day.120

Central nervous system-directed therapy
Because of the high risk of late neurocognitive sequelae,

endocrinopathy, and secondary cancers, cranial irradiation
has been largely replaced by intrathecal chemotherapy, in
addition to systemic chemotherapy that has CNS effects
(e.g., dexamethasone, high-dose methotrexate, and
asparaginase). In an international meta-analysis, cranial
irradiation decreased the incidence of isolated CNS
relapse in patients with overt CNS involvement at diagno-
sis (CNS 3) but the cumulative incidences of any event and
the OS were similar to those in patients who did not
receive cranial irradiation.121

The St. Jude Total XVI study used intensified intrathecal
therapy during induction therapy and obtained a remark-
able reduction in 5-year cumulative isolated and combined
CNS relapses to 1.3% and 1.5%, respectively, without cra-
nial irradiation (Table 1).9 In addition to CNS 3 at diagno-
sis, CNS 2 status (<5 WBC/mL and blasts) at diagnosis is
associated with worse outcomes and greater risk of CNS
relapse, and augmented intrathecal chemotherapy is
required.122 Traumatic lumbar puncture at diagnosis can
introduce circulating ALL blasts into the cerebrospinal
fluid (CSF) and is also associated with worse outcomes.
Delaying the first intrathecal therapy until circulating
blasts had disappeared improved the control of CNS dis-
ease.123

Acute lymphoblastic leukemia blasts are typically
detected in CSF by morphologic evaluation of cytospin
samples. Flow cytometric analysis of CSF improved ALL
blast detection, and positive results were associated with
a higher incidence of any relapse,124 although another
study failed to show such an association.125

Molecularly targeted agents
With the increased understanding of genetic alterations

in ALL, approaches targeting the driving genetic mutation
and/or the associated signaling pathway are emerging
(Table 2). Such an approach is attractive as it can augment
or replace conventional chemotherapy with fewer off-tar-
get effects. In pediatric Ph-positive ALL, adding an ABL1
tyrosine kinase inhibitor, imatinib mesylate (340
mg/m2/day), to intensive post-induction chemotherapy
resulted in outcomes similar to those in patients who
received HCT.126 Newer generations of tyrosine kinase
inhibitors are available, and a randomized study showed
that pediatric patients who received chemotherapy with
80 mg/m2/day of dasatinib, a dual ABL/SRC inhibitor
with more potent activity against BCR-ABL1 and better
CNS penetration than imatinib, had better EFS, OS, and
CNS disease control when compared to patients who
received imatinib (300 mg/m2/day).127 Ponatinib has
potent activity in both wild-type and mutant BCR-ABL1
ALL, including cells harboring the gatekeeper ABL1 T315I
mutation. Combination chemotherapy with ponatinib
and hyperfractionated cyclophosphamide, vincristine,
doxorubicin, and dexamethasone (hyper-CVAD) alternat-
ing with high-dose methotrexate and cytarabine resulted
in excellent 2-year EFS in adults with newly diagnosed
Ph-positive ALL.128 Because of the potential adverse
effects, such as thrombosis and pancreatitis, the safety of
ponatinib in combination with pediatric regimens should
be evaluated. 

For patients with Ph-like ALL and ABL-class gene
fusions (ABL1, ABL2, CSF1R, LYN, PDGFRA, or PDGFRB),
ABL1 inhibitors can be combined with chemotherapy.129,130

For those patients with alterations that activate the JAK-
STAT signaling pathway, such as rearrangements or a
mutation of CRLF2 (IGH-CRLF2, P2RY8-CRLF2, or CRLF2
F232C), rearrangements of JAK2, EPOR, or TYK2, or
mutations/deletions of IL7R, SH2B3, JAK1, JAK3, TYK2,
or IL2RB, clinical trials of a JAK inhibitor, ruxolitinib, are
ongoing. 

Venetoclax inhibits the anti-apoptotic regulator BCL-2.
Deregulated cell death pathways contribute to treatment
failure in ALL.131 Preclinical studies have identified activi-
ties of venetoclax against high-risk leukemias such as ETP
ALL, KMT2A-rearranged ALL, TCF3-HLF-positive ALL,
and hypodiploid ALL (Table 2).132,133 Proteasome and
mTOR inhibitors have shown efficacy in relapsed
ALL.134,135 DOT1L, bromodomain, menin, and histone
deacetylate inhibitors have shown promise in preclinical
studies as therapies targeting unique molecular character-
istics of KMT2A-rearranged ALL.136

Immunotherapy
Immunotherapy can be given as antibody-based thera-

py (e.g., blinatumomab or inotuzumab ozogamicin) or T-
cell-based therapy (chimeric antigen receptor T [CAR T]
cells, e.g., tisagenlecleucel), which have improved the
response rate and outcomes in patients with
relapsed/refractory B-ALL (Figure 4).137 Antibodies (e.g.,
daratumumab directed against CD38) and CAR T cells
(e.g., targeting CD1a, CD5, and CD7) against T-ALL are
also under investigation. 

Blinatumomab has two different single-chain Fv frag-
ments: one binds the CD3 antigen and activates T-cell cyto-
toxicity, and the other binds the B-cell antigen CD19, which
is expressed on most B-ALL cells.138-140 In a randomized study
of adults with refractory/relapsed B-ALL, patients who
received blinatumomab had a better complete remission
rate and survival than those who received the standard-of-
care chemotherapy,138 and blinatumomab was effective in
eradicating MRD.139 Patients aged 1-30 years with interme-
diate- or high-risk relapsed B-ALL were randomized to
receive either two blocks of intensive chemotherapy or two
4-week blocks of blinatumomab after receiving re-induction
chemotherapy.140 The blinatumomab arm had better 2-year
DFS, OS, and MRD clearance and lower incidences of febrile
neutropenia, infection, and sepsis when compared with the
chemotherapy arm. Cytokine release syndrome and neuro-
toxicity are adverse effects of blinatumomab, and their inci-
dence and severity can be reduced by decreasing the disease
burden before treatment. 

Inotuzumab ozogamicin is a humanized anti-CD22
monoclonal antibody conjugated to calicheamicin.141-143 A
randomized study in adults with refractory/relapsed B-
ALL showed that patients who received inotuzumab had
a better remission rate and survival than did patients who
received standard chemotherapy.141 In a pediatric ino-
tuzumab compassionate-use program, complete remis-
sion was seen in 67% of 51 children with relapsed/refrac-
tory ALL.142 Inotuzumab is associated with sinusoidal
obstruction syndrome, especially after HCT.141-143

Fractionated use of low-dose inotuzumab and a longer
interval between inotuzumab treatment and HCT can
reduce the incidence of this syndrome. 

Chimeric antigen receptor T cells express a synthetic
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receptor consisting of a single-chain variant fragment
(scFv) domain directed against a B-lineage–associated anti-
gen (e.g., CD19 and CD22) and intracellular signaling
domains such as 4-1BB or CD28 with CD3ζ.144 A study of
CD19 CAR T cells in children and young adults with
relapsed/refractory B-ALL showed a complete remission
rate of 81% with 12-month EFS and OS of 50% and 76%,
respectively.144 CAR T cells can migrate to extramedullary
sites such as the CNS and testes; therefore, they can be
considered not only for patients with isolated bone mar-
row relapses but also for those with isolated or combined
extramedullary relapses.145 The persistence of CAR T cells
and B-cell aplasia are important factors in long-term remis-
sion unless there is loss of the target antigen.145,146

Therefore, CAR T cells have been developed that can tar-
get other antigens (e.g., CD22 or the thymic stromal lym-
phopoietin receptor) or simultaneously target dual anti-
gens (e.g., CD19/CD22).146 As with blinatumomab,
cytokine release syndrome and neurotoxicity are major
adverse effects. Tocilizumab (an anti-IL-6 receptor anti-
body) and/or steroid have been used to ameliorate these
effects, and early intervention in patients who are devel-
oping signs of cytokine release syndrome is effective with-
out compromising the anti-leukemia potency of CAR T
cells.147 Although CAR T cells can be curative by them-
selves, some consider them as a bridging therapy to sub-
sequent HCT.148

To monitor MRD and antigen escape, the leukemia pop-
ulation should be characterized by multiparametric flow
cytometry without using the targeted antigen prior to

immunotherapy.146 Alternatively, PCR or next-generation
sequencing methods can be used.

Future perspectives

Comprehensive sequencing and integrative genome-
wide analyses have profoundly refined the taxonomy of
ALL, resulting in the identification of new entities with
prognostic and therapeutic significance. There are dis-
tinct gene expression patterns in ALL caused by a wide
range of genetic alterations that converge on specific
pathways. Identifying these pathways is crucial for ther-
apeutic targeting and demands the incorporation of gene
expression approaches into the clinical diagnostic work-
up of ALL. Mutation-agnostic approaches, such as drug
sensitivity testing of panels of chemotherapeutic agents
ex vivo and functional genomic screens, also offer the
promise of identifying new therapeutic vulnerabilities
and efficacious combinations.149 Such intervention would
lead to new therapeutic strategies incorporating individ-
ualized mutation-directed targeted therapy,
immunotherapy, and reduced-intensity conventional
chemotherapy or a chemotherapy-free regimen, which
would ultimately improve patient survival and reduce
adverse effects.
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Although allogeneic hematopoietic stem cell transplantation is an
important therapy for many hematologic and non-hematologic dis-
eases, acute graft-versus-host disease (aGvHD) is a major obstacle to

its success. The pathogenesis of aGvHD is divided into three distinct phases
which occur largely as the result of interactions between infused donor T
cells and numerous cell types of both hematopoietic and non-hematopoietic
origin. In light of the disease’s immensely complex biology, epigenetics has
emerged as a framework with which to examine aGvHD. This review
focuses on new findings that clarify the roles that specific epigenetic regula-
tors play in T-cell-mediated aGvHD development and discusses how their
modulation could disrupt that process with beneficial effects. DNA methyl-
transferases, histone methyltransferases and histone deacetylases are the
most closely studied regulators across aGvHD priming, induction and effec-
tor phases and have been manipulated using drugs and other methods in
both murine models and clinical trials, with varying degrees of success.
Antigen-presenting cells, effector T cells and memory T cells, among others,
are targeted and affected by these regulators in different ways. Finally, our
review highlights new directions for study and potential novel targets for
modulation to abrogate aGvHD.

New insights into the basic biology of acute
graft-versus-host-disease
Alicia Li,1 Ciril Abraham,1 Ying Wang1,2 and Yi Zhang1,2

1Fels Institute for Cancer Research & Molecular Biology and 2Department of Microbiology
and Immunology, Lewis Katz School of Medicine, Temple University, Philadelphia, PA, USA

ABSTRACT

Introduction

The success of allogeneic hematopoietic stem cell transplantation (allo-HSCT) is
significantly hampered by acute graft-versus-host disease (aGvHD), which is caused
by donor T cells that recognize and react to histocompatibility differences between
the donor and host. It occurs in sequential priming, induction and effector phases
(Figure 1).1 During priming, preparative irradiation and chemotherapeutic regimens
for allo-HSCT can damage the patient’s tissues, leading to release of damage-asso-
ciated molecular patterns (DAMP) and pathogen-associated molecular patterns
(PAMP), as well as activation of host antigen-presenting cells (APC) such as dendrit-
ic cells.1-6 Activated APC, including hematopoietic and non-hematopoietic cells,
upregulate antigen-presenting molecules and costimulatory molecules to prime
transplanted donor T cells.1-7 During induction, T-cell receptors on donor T cells
react to alloantigens presented by host APC and undergo robust proliferation and
differentiation into effector T cells that produce pro-inflammatory cytokines such
as tumor necrosis factor (TNF)-a, interferon (IFN)-γ and interleukin (IL)-17.1 Upon
persistent exposure to host alloantigens, most of these effector cells (~90%) under-
go apoptotic contraction, but a proportion survive and become memory T cells.8-10

The final effector phase is characterized by infiltration of alloreactive effector cells
into aGvHD target organs.1 Tissues already damaged by preparative treatments
produce chemokines, recruiting T cells to their vicinity.1,11 The effector T cells rec-
ognize and react to host alloantigens, mediating host tissue injury. The damaged
host tissues recruit more alloreactive T cells and other types of inflammatory cells
(e.g., monocytes/macrophages and granulocytes), leading to feed-forward amplifi-
cation and continuation of aGvHD (Figure 1).1,2,4 Chronic GvHD may arise follow-
ing or independently of aGvHD, but due to the conditions’ differing pathogeneses
and clinical manifestations, chronic GvHD will not be discussed in this review. 

Because aGvHD is T-cell-mediated, significant progress has been made in under-
standing how alloreactive T cells are induced and sustained. APC may be primed



to produce special cytokines (e.g., IL-12, IL-23) and Notch
ligands (e.g., Delta-like 1 and 4; DLL1 and DLL4) which
instruct antigen-activated T cells to differentiate into dis-
tinct lineages of GvHD-mediating effector T cells.5,12-15

Other groups have reviewed these topics elegantly, so we
focus on a related area of investigation: understanding
how extracellular stimuli are converted to gene programs
that promote or abrogate alloreactive T-cell development
and responses, and leveraging them to reduce aGvHD. 

Epigenetic modifications are one such mechanism.
Epigenetics refers to heritable molecular determinants of
phenotype that are independent of DNA sequence. Major
contributors include DNA methylation on cytosine
nucleotides, histone modification and chromatin struc-
ture. Proteins governing these modifications have loosely
been termed epigenetic regulators.16 This review will dis-
cuss advances in our understanding of epigenetic regula-
tion, either by direct effects or via interactions with other
molecules, of alloreactive T-cell responses and these
responses’ roles in aGvHD; we identify the roles that spe-
cific regulators play and interventions targeting these reg-

ulators for aGvHD prevention and treatment (Table 1). We
also acknowledge the contributions of non-hematopoietic
cells to the development of aGvHD, whether via their
own function or their impact on T cells.

Epigenetic effects on and sensitization of 
antigen-presenting cells  

To allow for proper engraftment, allo-HSCT patients
may undergo conditioning regimens before donor T cells
are infused. Consequently, DAMP from injured cells,
PAMP from gut bacteria and pro-inflammatory cytokines
are released, priming APC.1 In the setting of murine allo-
HSCT, non-hematopoietic APC, alongside professional
hematopoietic APC, are also known to prime alloreactive
T cells.2,6,17 Upon activation following tissue damage, APC
upregulate major histocompatibility complex class II and
costimulatory molecules (e.g., CD40, CD80, CD86) and
secrete cytokines (e.g., IL-4, IL-12, IL-23, DLL1, DLL4),
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Figure 1. Role of epigenetic regulators in the development of acute graft-versus-host-disease. Acute graft-versus-host disease (aGvHD) develops through three
sequential phases: priming, induction and effector. In some cases, following prophylactic treatment and conditioning, the integrity of the intestinal epithelium
becomes compromised and leads to the release of damage-associated molecular patterns (DAMP) and pathogen-associated molecular patterns (PAMP). These mol-
ecules result in the activation of hematopoietic and non-hematopoietic antigen-presenting cells (APC). Subsequent APC interactions lead to the activation, differen-
tiation and proliferation of T cells. The different subsets of T cells play numerous roles in the pathogenesis of aGvHD. Th1, Th2, Th17, and the cytotoxic T cells interact
with target organs to promote tissue damage. In the intestines, intestinal stem cells are notably damaged, impairing tissue regeneration capabilities, contributing to
the feed-forward cascade of aGvHD. Epigenetic regulators play a role in each of the three phases allowing for the possibility of therapeutic interventions. HDAC: his-
tone deacetylase; IL: interleukin; DLL: delta-like; IFN: interferon; TNF: tumor necrosis factor; DNMT: DNA methyltransferases



shaping T-cell responses.5,12-15 Immunosuppressive mole-
cules such as IL-10, indoleamine-2,3-dioxygenase (IDO)
and programmed death ligand 1 (PD-L1) may be upregu-
lated to repress alloreactive T-cell responses, shifting them
to become tolerogenic.18-21 Epigenetic regulators convert
these signals into the aforementioned markers and mole-
cules.

Histone deacetylases’ multiple functions in the 
sensitization of hematopoietic antigen-presenting cells

Two classes of enzyme regulate histone acetylation sta-
tus: histone acetyltransferases (HAT) and histone
deacetyl ases (HDAC). HAT acetylate histone lysine sub-
strates and open compacted chromatin, allowing tran-
scription factors to access DNA.22 HDAC decrease histone
lysine tail acetyl ation, repressing gene transcription.16

Epigenetic studies of hematopoietic APC sensitization
have primarily focused on the impact of HDAC (Figure 1). 

One of the first studies anchoring epigenetics to
aGvHD, helmed by Reddy and colleagues, brought to
light the role of histone acetylation in aGvHD.23 HDAC
are important for APC production of pro-inflammatory
cytokines and immunosuppressive molecules.20,23

Preclinical studies have shown that in vivo administration
of the pan-HDAC inhibitor suberoylanilide hydroxamic
acid (SAHA) reduced aGvHD.23 SAHA treatment did not
impair T-cell responses to host antigens, but significantly
decreased the production of inflammatory cytokines,
TNF-a, IL-1 and IFN-γ, by APC. Subsequent studies con-
firmed that treatment with SAHA resulted in a marked
decrease in pro-inflammatory cytokines (e.g., TNF-a, IL-

12, IL-6) in APC, which are important in promoting allore-
active T-cell responses.20 SAHA inhibited IL-6 production
in dendritic cells stimulated by variable toll-like receptor
(TLR) agonists (e.g., TLR2, TLR3, TLR4 and TLR9). In
lipopolysaccharide-stimulated dendritic cells, SAHA treat-
ment induced high-level expression of IDO to suppress
alloreactive T-cell responses.20

Villagra et al. highlighted the importance of HDAC11 in
repressing the negative regulation that murine APC exert-
ed on T-cell responses.18 Using chromatin immunoprecipi-
tation, researchers determined that upon overexpression
of HDAC11 in APC, there was decreased acetylation of
histone 4 (H4) at the distal Il10 promoter. This was asso-
ciated with decreased IL-10 transcription upon
lipopolysaccharide stimulation. In contrast, HDAC11
knockdown using shRNA had the opposite effect, result-
ing in the induction of IL-10 expression. Accordingly,
silencing HDAC11 expression in APC impaired antigen-
specific T-cell responses, whereas overexpression of
HDAC11 in APC caused tolerant CD4+ T cells to transi-
tion to an immunogenic phenotype.18

HDAC6 is a positive regulator of tolerogenic APC.
Normally, HDAC6 forms a complex with signal transduc-
er and activator of transcription (STAT) 3 that is recruited
to the Il10 promoter. Silencing HDAC6 resulted in
decreased STAT3 phosphorylation and reduced IL-10 pro-
duction.19 The opposing effects of HDAC11 and HDAC6
in regulating IL-10, a cytokine that can tip the balance
between reactivity and tolerance in dendritic cells,18,19

underline the importance of understanding how individ-
ual HDAC regulate APC function. More specific HDAC
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Table 1. Preclinical studies of acute graft-versus-host disease investigating epigenetic mechanisms.
Enzyme                                        Cells                         Key findings

EZH2                               CD8+/CD4+ T cells                   Ezh2 KO impairs proliferation, differentiation and expansion; it reduces aGvHD but preserves 
                                                                                                       GvL.28 Ezh2 inhibition with DZNep inhibits ongoing GvHD but preserves the GvL effect.30

                                                    CD8+/CD4+ T cells                   Administration of the EZH2 inhibitor GSK126, which specifically reduces H3K27me3 
                                                                                                       without affecting  the protein, failed to prevent aGvHD in mice. In contrast, targeting
                                                                                                       T-cell EZH2  protein by inhibiting HSP90 reduced aGvHD in mice undergoing allo-HSCT.33

                                                         CD8+ T cells                        EZH2 controls CD8+ T memory precursor formation and antitumor activity.32

                                                                    
DNMT                                      CD8+/CD4+ T cells                   Inhibition impairs activation, expansion, and secretion of cytokines.43

                                                                Treg                               Inhibition by Aza increased Treg frequency through hypomethylation of Foxp3.42, 43, 67

HDAC (Pan)                          CD8+/CD4+ T cells                   Pan-inhibition using SAHA results in reduced proliferative and cytotoxic activity of 
                                                                                                       anti-CD3 activated T cells.34

HDAC6                                          CD8+ T cells                        Inhibition of HDAC6 impairs CD8+ T-cell proliferation and function in a GvHD-like model.38

HDAC11                                  CD8+/CD4+ T cells                   KO of Hdac11 increased T-cell proliferation rates and effector function resulting in 
                                                                                                       more rapid and potent aGvHD.36

SIRT3                                       CD8+/CD4+ T cells                   Loss of Sirt3 results in decreased aGvHD severity due to decreased activation and 
                                                                                                       production of ROS while maintaining GvT.40

HDAC (Pan)                                      APC                               Pan-inhibition of HDAC with SAHA reduced aGvHD, resulting in a drastic decrease in 
                                                                                                       pro-inflammatory cytokine expression and induced high level expression of IDO to suppress 
                                                                                                       alloreactive T cells.20, 23

HDAC (Pan)                                       IEC                                Butyrate treatment reduced GvHD severity, improved IEC junction integrity and reduced 
                                                                                                       IEC apoptosis. In addition, the decrease in H4 acetylation, butyrate transporter and receptor 
                                                                                                       levels due to allo-HSCT inflammation were reversed.90

EZH2: enhancer of zeste homolog 2; KO: knockout; aGvHD: acute graft-versus-host-disease; GvL:graft-versus-leukemia; H3K27me3: histone 3 lysine 27 trimethylation; HSP90: heat
shock protein 90; allo-HSCT: allogeneic hematopoietic stem cell transplantation; DNMT: DNA methyltransferases; Treg: regulatory T cell; Aza: 5-azacytidine; HDAC: histone deacety-
lase; SAHA: suberoylanilide hydroxamic acid; ROS: reactive oxygen species; GvT: graft-versus-tumor; IDO: indoleanime-2,3-deoxygenase; APC: antigen-presenting cell; IEC: intes-
tinal epithelial cell; H4: histone 4



inhibitors, rather than pan-HDAC inhibitors, may be
appropriate targets for further study.

Sensitization of non-hematopoietic cells
Emerging evidence indicates the importance of non-

hematopoietic cells in aGvHD.17 Koyama et al. demon-
strated that antigen presentation from non-hematopoietic
cells could induce lethal aGvHD independently of T-cell
interactions with hematopoietic APC.2 Microbiota in the
gastrointestinal tract can secrete IL-12 to induce major
histocompatibility complex class II upregulation on intes-
tinal epithelial cells (IEC), initiating lethal aGvHD.6 In
addition, fibroblastic stromal cells in the lymph nodes
have been shown to drive aGvHD through the presenta-
tion of Delta-like Notch ligands, DLL1 and DLL4 specifi-
cally.5 Inhibition of the Notch ligands and receptors con-
ferred protection against GvHD in murine models.5

However, we have a limited understanding of the epige-
netic effects these non-hematopoietic cells have on
aGvHD. In the light of these striking findings, this repre-
sents an important avenue for future investigation.  

Epigenetic control of alloreactive T cells 

Upon encountering allogeneic host APC, infused donor
T cells are activated and undergo robust proliferation and
differentiation into effector T cells (Figure 1), which
include IFN-γ-producing CD4+ Th1 cells, IL-4-producing
CD4+ Th2 cells, IL-17-producing CD4+ Th17 cells and
cytotoxic CD8+ T cells.1 Effector T cells mediate tissue
injury during aGvHD. Alloantigen-sensitized donor T
cells can also become memory T cells that mediate per-
sistent host tissue injury. Over the past two decades,
much research has been undertaken to understand the
molecular mechanisms that control the generation and
maintenance of alloreactive effector and memory T cells
during the induction phase of aGvHD.

Epigenetic programming of effector T-cell responses 
EZH2

Enhancer of zeste homolog 2 (EZH2) is a histone
methyltransferase that catalyzes histone 3 lysine 27
trimethylation (H3K27me3), which primarily silences
genes,24 and is a core component of the polycomb repres-
sive complex-2 (PRC2).24 Evidence suggests that EZH2 is
involved in Th1 and Th2 polarization25 as well as the pro-
liferation and differentiation of hematopoietic stem cells.26

EZH2 is also involved in cancer development and progres-
sion,24 which has stimulated efforts to develop methods of
inhibiting the enzyme. 

EZH2 plays an essential role in T-cell immune respons-
es. Studies by our group27-30 and others31 have demonstrat-
ed the functional relevance of EZH2 in regulating antigen-
driven T-cell responses. Using experimental murine mod-
els, we discovered EZH2’s role in regulating allogeneic T-
cell proliferation, differentiation and function.27,28

Conditional loss of Ezh2 in donor T cells inhibited aGvHD
in mice. Although EZH2-deficient T cells could be activat-
ed and underwent initial proliferation, their ability to
undergo continual proliferation and expansion became
defective during the later stage of aGvHD induction.28

Unexpectedly, as a gene silencer, EZH2 was required to
promote the expression of transcription factors T-bet and
STAT4, which are critical for effector differentiation.27

Subsequent studies revealed that EZH2 regulation of tran-
scription factor expression and function depends on the
differentiation stage of antigen-driven T cells.32 Ezh2
knockout in T cells impaired their differentiation into IFN-
γ-producing effector cells.28 However, Ezh2 ablation, EZH2
protein inhibition and EZH2 protein destabilization all did
not affect graft-versus-leukemia activity, leading to
improved overall survival in recipients.28,30,33 Thus, target-
ing EZH2 may represent an effective therapeutic strategy
for aGvHD prevention and treatment. 

HDAC1, HDAC6 and HDAC11
HDAC are important for regulating the proliferative

and cytotoxic capabilities of activated T cells.
Pharmacological inhibition of HDAC by SAHA has been
shown to suppress T-cell-receptor-mediated T-cell prolif-
eration through the induction of apoptosis.34 Hdac1
knockout in a murine allergic asthma model showed a
significant increase in airway inflammation and Th2
cytokine production.35 Upon Hdac1 deletion, in vitro stud-
ies noted an enhanced induction of Th1 and Th2 cells.35

Thus, HDAC1 plays a negative regulatory role for the
functions of Th1 and Th2 subsets.

In T cells, HDAC11 may suppress the graft-versus-host
reaction. Hdac11 knockout resulted in increased T-cell pro-
liferation and release of pro-inflammatory cytokines asso-
ciated with upregulation of eomesodermin (EOMES) and
T-bet which are important in effector differentiation.36

Indeed, decreased expression of HDAC11 exacerbated
aGvHD in mice.36

HDAC6 can deacetylate non-histone proteins such as
heat shock protein 90 (HSP90).37 Acetylation disrupts
HSP90’s chaperone function and inhibits LCK phosphory-
lation.38 In a GvHD-like model involving OT-I T-cell trans-
plants to K14-mnOVA mice, control mice developed
mucosal and skin lesions, while inhibition of HDAC6
using a specific inhibitor, ACY-1215, prevented similar
lesions from forming for 14 days after transplantation.
This protective effect was accompanied by dramatically
decreased production of CD8+ effector T cells that secret-
ed high levels of IL-2 and IFN-γ.38 Further studies of these
HDAC should be conducted in GvHD models to defini-
tively validate their roles in driving or mitigating aGvHD. 

SIRT3
SIRT3 is a mitochondrial HDAC that regulates meta-

bolic enzyme acetylation.39 SIRT3 is expressed in meta-
bolically stressed cells such as alloreactive T cells.40 Loss
of SIRT3 in donor T cells led to decreased GvHD severity
in mice. The protective effect associated with Sirt3 dele-
tion was associated with a reduction in reactive oxygen
species and decreased activation and expression of
chemokine receptor CXCR3.40

DNMT 
Because DNA methyltransferases (DNMT) – DNMT1,

DNMT3A, DNMT3B and DNMT3L – can enact global
transcription suppression, they have been widely studied
in the context of immunity. DNMT1 is the principal
enzyme that maintains methylation across DNA replica-
tion.41 DNMT3A and DNMT3B contribute to methylation
maintenance and are also responsible for de novo DNA
methylation.41 DNMT inhibitors such as 5-azacytidine
(Aza) have been shown to impair T-cell activation, expan-
sion and cytokine release early in culture via downregula-
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tion of cell cycle- and cytokine-related genes.42 Sánchez-
Abarca et al. treated mice undergoing allo-HSCT with Aza
and found that early treatment prevented aGvHD develop-
ment without increasing regulatory T cells (Treg);
researchers speculated that this was likely due to Aza inhi-
bition of T-cell expansion, which had been demonstrated
in vitro.42 In a humanized murine allo-HSCT, xenogeneic
GvHD model, Aza treatment was also noted to decrease
the frequency of IFN-γ-secreting CD4+ human T cells and
granzyme B- and perforin 1-secreting CD8+ human T
cells in vivo.43 Using Dnmt3a conditional knockout mice, a
recent study by Youngblood et al. revealed the impor-
tance of DNMT3A in the regulation of T-cell
exhaustion.44 Moving forward, similar genetic approach-
es will be useful in understanding the precise mecha-
nisms of the effect of DNMT inhibition on aGvHD.

Epigenetic programming of alloreactive memory T cells
A hallmark of aGvHD is cytopathic injury mediated by

persistent alloreactive effector T cells, which can occur
within weeks and persist for years after transplanta-
tion.1,7-9,29 Data from our8,9,29 studies suggest that memory
T cells that develop during aGvHD sustain alloreactive
effector cells.8,9,29 These alloantigen-sensitized memory T
cells differ from naturally-occurring T cells because the
ability of memory T cells to mediate aGvHD is limited
by their T-cell receptor repertoires.45 Memory T cells are
generated during the primary immune response from
proliferating T cells upon APC activation.46 After re-
encountering antigens, they undergo rapid and robust
proliferation and elaboration of effector function. They
have stem cell-like self-renewal properties, are distin-
guishable from both naïve and effector T cells and are
resistant to existing immunosuppressive agents.47,48 In
fact, whether or not their resilience contributes to the
low response rates to current aGvHD therapies (~40%) is
the subject of ongoing debate.1, 7-9

EZH2
EZH2 is required for the development of memory pre-

cursors early after antigenic priming, for the maturation
of memory T cells and for the recall response of mature
memory T cells.32 EZH2 deficiency in activated CD8+ T
cells caused significant skewing toward central memory
precursors and drastically increased the relative propor-
tion of terminally differentiated effector cells that were
unable to contribute to further expansion.32 EZH2
repressed the expression of Blimp-1, ID2 and EOMES,
which promote effector differentiation, and promoted
and sustained expression of ID3, a gatekeeper critical for
memory formation and survival.32 Given EZH2’s crucial
roles in the regulation of alloreactive T cells, EZH2-medi-
ated memory formation may be responsible for the gen-
eration and maintenance of alloreactive memory T cells
during aGvHD.

Other regulators 
Histone methyltransferase SUV39H1 may play a role

in repressing memory genes. Upon infection with Listeria
monocytogenes, SUV39H1-defective CD8+ T cells demon-
strated enhanced “long-term memory reprogramming,”
allowing them to persist in mice.49 The Mixed-Lineage
Leukemia gene encodes histone lysine methyltransferase
2A and may be a regulator of memory Th2 cells.50 Protein
arginine methyltransferase 5 (PRMT5) has also been

implicated as a supporter of memory T-cell reactivation;
its inhibition suppressed memory Th1 responses in
experimental autoimmune encephalitis.51 We anticipate
continued studies of these epigenetic regulators that con-
sider their relevance to aGvHD.

Epigenetic regulation of regulatory T cells 

Treg with CD4+CD25+FOXP3+ phenotype can suppress
immune responses via cytokine- and contact-dependent
mechanisms.1,52 Stable Forkhead box P3 (FOXP3) expres-
sion has been considered a critical determinant of Treg
identity and activity, but some suggest this characteriza-
tion may be incomplete, pointing to the importance of
independent epigenetic alterations.53 Natural Treg
(nTreg) and induced Tregs (iTreg) are the most closely-
studied Treg subsets in aGvHD; nTreg develop within
the thymus while iTreg arise from activated CD4+ T cells
in the periphery.54 Because they can repress T-cell prolif-
eration and survival, Treg have been established as an
important cell population in reducing aGvHD.55,56 Indeed,
infusion of nTreg into allo-HSCT mice abrogated
aGvHD lethality,57 and iTreg have been shown to sup-
press aGvHD in allogeneic models.58,59 While nTreg use
has achieved preliminarily promising results in clinical
trials,56 the potential of iTreg is less clear. Each has disad-
vantages; there are few nTreg in the peripheral blood and
their use requires ex vivo expansion.60 On the other hand,
iTreg, with unstable FOXP3 expression, are often unable
to maintain a suppressive phenotype.61-63

DNMT 
Researchers have attempted to stabilize FOXP3

expression by maintaining demethylation of the Foxp3
locus.64,65 As DNMT are involved in maintaining methy-
lation, they are thought to contribute to Foxp3 suppres-
sion. Indeed, without demethylation of a CpG island in
the Foxp3 locus, cells’ FOXP3 expression and suppressive
ability are limited.66 The use of DNMT inhibitors to sus-
tain Treg stability and abrogate aGvHD has achieved
some success. 

Choi et al. showed that treatment with the DNMT
inhibitors decitabine and Aza induced Treg from
CD4+CD25- cells.67 Transplantation of decitabine- and
Aza-treated cells into mice undergoing allo-HSCT
reduced clinical aGvHD and improved survival.67

Directly treating mice with Aza after allo-HSCT resulted
in similar effects. Interestingly, these suppressive effects
of iTreg were found to be maintained even in Foxp3
knockout cells, suggesting that their anti-GvHD activity
may be downstream or independent of FOXP3 expres-
sion.67 In a humanized murine allo-HSCT, xenogeneic
GvHD model, in vivo Aza treatment was associated with
longer survival and lower xenogeneic GvHD scores.43

Researchers suggested that Aza treatment induced Il2
promoter hypomethylation, leading to increased IL-2
expression and augmented Treg proliferation.43

EZH2 
EZH2 is known to co-localize with FOXP368 and has

also been implicated in the maintenance of Treg identity
after activation.69 Tumes et al. noted that iTreg differenti-
ation is impaired without EZH2.31 Ablation of Ezh2 led to
autoimmunity associated with a faulty FOXP3-depen-
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dent gene expression program in activated Treg.69 Ezh2
deletion in in vivo murine Treg reprogrammed them to
express an effector phenotype that could potentially be
unfavorable for aGvHD.70 In vitro pharmacological EZH2
inhibition also impaired iTreg differentiation, resulting in
a significantly decreased frequency of iTreg.70 Human
iTreg treated with the same inhibitor were unable to
maintain suppressive activity.70 However, since inhibi-
tion of EZH2 potently suppressed persistence and expan-
sion of effector T cells, the impact of pharmacological
inhibition of EZH2 on Treg is likely context-dependent. 

HDAC
Akimova et al. established that human Treg express a

unique combination of HDAC compared to effector T
cells, and that treatment with several different HDAC
inhibitors augmented the suppressive function of Treg in
vitro.71 Specific HDAC have been implicated in modulat-
ing Treg function, including HDAC3 (for both nTreg and
iTreg),72 HDAC9 and HDAC6. Inhibition of HDAC9 had
a positive effect on FOXP3 expression and nTreg genera-
tion.73 Deletion of Hdac6 or Sirt1 resulted in similar
increases in FOXP3 expression and augmented nTreg
function.74 Interestingly, combined pharmacological inhi-
bition of HDAC6 and SIRT1 had a synergistic effect on
increasing nTreg function in vivo in mice. It is likely that
the two enzymes share mechanisms in their effect via the
deacetylation of FOXP3.74 However, because these stud-
ies were not conducted in the context of GvHD, their
results should be taken as an indication for GvHD study
in the future. 

In the gut, butyrate and other short-chain fatty acids
(SCFA) produced by commensal bacteria may also assist
with the induction and maintenance of Treg in the
periphery.75,76 Possessing more Lachnospiraceae- and
Ruminococcaceae-family bacteria, which belong to the
class Clostridia, was correlated with greater H3 acetyla-
tion, a greater Treg/Th17 cell ratio and greater protection
against aGvHD.77 Members of the Clostridia class produce
SCFA that comprise colonocytes’ primary energy
source.78 The SCFA butyrate has notable HDAC inhibito-
ry activity.79 Butyrate delivery via drinking water
increased peripheral Treg in mice treated with broad-
spectrum antibiotics.75 Notably, this increase did not
occur in mice deficient in the conserved non-coding
sequence (CNS) 1 enhancer, which is part of the Foxp3
locus. Treg isolated from these mice exhibited improved
suppressor function in vitro compared to antibiotic-treated
mice that did not receive butyrate. Treating CD4+ T cells
with butyrate during non-specific activation in vitro was
also able to induce Treg, so researchers examined the
effect of the treatment on Foxp3 locus deacetylation.
Butyrate-treated naïve CD4+FOXP3- T cells that were
non-specifically activated for 3 days showed significant
increases in Foxp3 promoter and CNS 1, 2 and 3 acetyla-
tion at H3K27.75

Furusawa et al. noted that feeding mice with butyrylat-
ed high-amylose maize starches significantly increased
differentiation of colonic Treg; these Treg were able to
suppress chronic intestinal inflammation brought on by
adoptive transfer of CD4+CD45RBhi cells into Rag1−/−

mice.76 Through chromatin immunoprecipitation analy-
sis, researchers verified that butyrate treatment increased
global acetylation levels, but also acetylation at histone
H3 at (i) the Foxp3 promotor region and CNS3 prior to

FOXP3 induction and (ii) CNS1 over the course of Treg
differentiation.76 Though not directly related to aGvHD,
these are important findings pertaining to gut inflamma-
tion that should provide direction for further study. 

Other regulators
Endothelial cell dysfunction, specifically the loss of

endothelial cell-derived thrombomodulin, has been asso-
ciated with steroid-refractory aGvHD.80 Ranjan et al.
showed that thrombomodulin is essential for the gener-
ation of protease-activated protein C; incubation of
human T cells with activated protein C prior to their
transplantation into humanized mice increased Treg fre-
quency and improved xenogeneic GvHD compared to
non-incubated human T cells.80 This activity was specu-
lated to take place via an epigenetic pathway that has yet
to be investigated.

Epigenetic programs that influence tissue injury
and regeneration during acute graft-versus-host
disease 

The effector phase is characterized by migration and
infiltration of alloreactive effector cells into aGvHD target
organs and cytotoxic attack (Figure 1). Areas surrounding
tissue commonly affected by aGvHD produce
chemokines (e.g., CXCL9 and CXCL10) that recruit effec-
tor T cells.1,11 The cells recognize major histocompatibility
complex and/or minor histocompatibility antigen mis-
matches and attack tissue via a cytotoxic response medi-
ated by cell-surface factors and cytokines. Alloreactive
effector T cells attack tissue through mechanisms that
include Fas-Fas ligand interactions, perforin- and
granzyme-mediated killing and TNF-a induction of cell
death.1

Concurrently, tissue regeneration from both cytotoxic
damage and potentially pre-allo-HSCT conditioning com-
mences. Intestinal stem cells (ISC) are crucial for the
regeneration of the intestinal epithelium after injury.
However, ISC are also a target of effector T cells during
aGvHD, causing the intestinal epithelium to be trapped in
a cycle of repeated damage. Interestingly, IL-22 plays a
central role in protecting the intestinal epithelium and
ISC.81,82 During aGvHD, IL-23-responsive intestinal lym-
phoid cells produce and secrete IL-22. However, intestinal
lymphoid cells are also targeted and eliminated during
disease progression, leading to IL-22 deficiency and fur-
ther ISC damage.81 Regeneration can be boosted through
Wnt pathway stimulation using the Wnt agonist R-
Spondin1.83 Treatment with R-Spondin1 before allo-
HSCT expanded ISC and treatment after transplant
enhanced surviving ISC proliferation, allowing for fortifi-
cation of the intestinal lumen and aGvHD inhibition.83 

Little is known about epigenetic regulation of the Wnt
pathway-dependent and IL-22-mediated regeneration
processes in the context of GvHD. Recent studies have
suggested that BMI1, a polycomb repressive complex-1
(PRC1) component important for hematopoietic stem cell
renewal, is expressed in the ISC and progenitor compart-
ments.84 PRC1 is known to enact its function in gene
silencing via recognition of H3K27me3.85 Bmi1 knockout
resulted in reduced ISC proliferation and significant
increases in cell cycle regulators p16INK4a and p19ARF84.84
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BMI1 contributes to ISC self-renewal, which is co-regu-
lated by the Wnt pathway and Notch. The interaction
between BMI1 and the Wnt pathway in regulating stem
cell self-renewal has been validated in a separate study.86

Yeste et al. noted that STAT3 regulates Il22 promoter
accessibility.87 When STAT3-deficient CD4+ T cells were
activated in the presence of IL-21, which normally
induces Il22 transcription, IL-22 production was signifi-
cantly decreased. STAT3-deficient cells also showed
decreases in H3 and H4 acetylation, decreases in
H3K4me3 and increases in H3K9me3 and H3K27me3 at
the Il22 promoter. This could involve a number of epige-
netic regulators, including histone methyltransferases
(e.g., G9A, SUV39H1, EZH2) and enzymes that modify
histone acetylation.87

Recent studies have also implicated the microbiome in
aGvHD development and exacerbation. The inflammatory
conditions associated with aGvHD, as well as pre-trans-
plant preparatory regimens, can harm commensal bacteria
populations and compromise the normal functioning of
gastrointestinal cells, which in turn result in more severe
aGvHD.88-90 For instance, aGvHD inflammation was associ-
ated with a loss of SCFA-producing bacteria in the
Clostridiales order in both humans and mice.89 Mathewson
et al. showed that the levels of the HDAC inhibitor
butyrate in IEC were significantly decreased after exposure
to allo-HSCT inflammation; this led to decreased histone
H4 acetylation and decreased expression of the butyrate
transporter and receptor, SLC5A8 and GPR43, respectively,
in IEC.90 Increasing intragastric butyrate levels restored H4
acetylation, decreased GvHD severity and improved IEC
junction integrity.90 Butyrate treatment was also associated
with significantly less IEC apoptosis; among other effects,
treatment led to lower expression of pro-apoptotic pro-
teins, higher expression of the anti-apoptotic protein BCL-
2 and higher expression of junctional proteins occludin and
JAM.90 The promoter regions of Bcl220 (encoding BCL-2)
and Fllr (encoding JAM) were noted to be directly associat-
ed with H4 acetylation.90 Though the study did not discuss
these changes’ impact on recipient physiology, it is plausi-
ble that increased IEC junction integrity and decreased
apoptosis prevented immune cell infiltration and
PAMP/DAMP from escaping the gut, reducing the severity
of the aGvHD.

Deeper examination of this aspect of aGvHD biology

and its associated pathways is crucial because it repre-
sents a less commonly pursued paradigm in aGvHD treat-
ment: fostering recovery of damaged tissues (Figure 1).91

Pharmacological modulation of acute 
graft-versus-host disease by targeting 
epigenetic pathways 

Development of epigenetic therapy is a particularly
active area of cancer research because of such therapies’
potential to selectively target chromatin-modifying
enzyme-mediated disease mechanisms.16 Epigenetic ther-
apy may produce fewer adverse effects than conventional
cytotoxic chemotherapies and may influence response to
immunotherapy in various cancers. This logic applies to
the search for drugs which modify epigenetic mecha-
nisms controlling alloreactive T-cell responses to reduce
aGvHD while preserving graft-versus-leukemia activity
(Table 2). 

HDAC inhibitors 
In two clinical trials, patients receiving related and

unrelated donor HSCT were treated with the pan-HDAC
inhibitor vorinostat (SAHA) after myeloablative condi-
tioning to determine the drug’s efficacy at preventing
aGvHD. Clinical trials showed a cumulative incidence of
grade II-IV aGvHD of 22% by day 100.92,93 Correlative
tests on vorinostat-treated patients’ blood samples
showed a significant reduction in IL-6.93 Overall, treat-
ment with vorinostat was deemed a safe and efficacious
strategy for preventing GvHD. Treatment with the pan-
HDAC inhibitor panobinostat, in conjunction with corti-
costeroids, was also recently investigated for the mitiga-
tion of ongoing GvHD.94 Treatment had an approximate-
ly 40% response rate, and these responses were noted
across grades II and III GvHD in different organ systems.
The results are inconclusive because the trial lacked suffi-
cient power, but are nevertheless promising.94

DNMT inhibitors
Clinically, Aza and decitabine have been used in the con-

text of allo-HSCT for the express purpose of reducing the
disease burden before transplantation and as maintenance
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Table 2. Selected clinical trials of epigenetic inhibitors in acute graft-versus-host disease. 
Drug                                                     Main Conclusion

Vorinostat (SAHA)                            HDAC inhibition with vorinostat in combination with standard prophylaxis resulted in reduced incidence 
                                                                          of severe aGvHD. Phase I/II trial.92

                                                                          
                                                                          HDAC inhibition with vorinostat was safe and efficacious in unrelated donor allo-HSCT patients receiving 
                                                                          myeloablative conditioning and methotrexate. Results showed a low cumulative incidence of severe aGvHD.
                                                                          Phase II trial.93

Panobinostat                                    HDAC inhibition with panobinostat in addition to glucocorticoids as primary therapy for aGvHD was deemed safe. 
                                                                          However, the study did not have sufficient power to address efficacy. Phase I/II trial.94

5-Azacytidine                                               DMNT inhibition by Aza after donor lymphocyte infusion as salvage therapy was well tolerated and no patients 
                                                                          developed  grade III-IV aGvHD. Phase I trial.95

                                                                          DMNT inhibition by Aza after allogenic stem cell transplantation increased circulating Treg in patients. 
                                                                          Phase I/II trials.96

SAHA: suberoylanilide hydroxamic acid; HDAC: histone deacetylase; aGVHD: acute graft-versus-host-disease; allo-HSCT: allogeneic hematopoietic stem cell transplantation; Aza:
5-azacytidine; DNMT: DNA methyltransferase; Treg: regulatory T cell



and salvage therapy.99 In studies using Aza or decitabine
treatment in the setting of blood cancers or myelodysplas-
tic syndromes to reduce disease burden before transplanta-
tion, there were no significant findings with regard to
aGvHD.98,99 DNMT inhibitor treatment after allo-HSCT
has typically been a component of salvage or maintenance
therapy and has had some success in mitigating aGvHD.
Ghobadi et al. treated patients with Aza after donor lym-
phocyte infusion; no patients developed severe aGvHD
(III-IV) and there was no aGvHD-caused mortality.95

Similarly, Schroeder et al. provided Aza treatment along-
side donor lymphocyte infusion upon patients’ relapse and
saw a 3.2-fold increase in Treg and a 1.9-fold increase in
Treg frequency after four cycles of Aza treatment in
patients who relapsed early after allo-HSCT.96 Goodyear et
al. found that although the incidence of aGvHD was lower
in treatment groups than in control groups, Treg increases
in post-transplant acute myeloid leukemia patients were
only observed within the first 3 months of treatment.97

These results suggest that early treatment may be required
for a beneficial effect on aGvHD.

Because of its comparative success, it may be fruitful for
future clinical trials to expand on the post-transplant, early
HDAC inhibitor treatment paradigm. Of note, DNMT
inhibitors were not typically used for aGvHD prevention,
so patients often received other treatments (e.g.,
methotrexate) which were not standardized across studies. 

EZH2 inhibitors
In vivo administration of GSK126 failed to reduce

aGvHD and did not affect the development of alloreac-
tive effector T cells in preclinical studies.33 This is in con-
trast to observations that EZH2 deficiency led to aGvHD
blockade in various murine allo-HSCT models.28 The
mechanism of action of EZH2 in mediating aGvHD
induction is therefore likely independent of its canonical
target H3K27me3.33 Notably, EZH2 protein depletion by
DZNep led to arrest of ongoing GvHD in experimental
mice,30 indicating that targeting EZH2 may lead to new
strategies to treat ongoing GvHD.

An interaction between HSP90 and EZH2 has also been
shown to be vital for the stability and function of EZH2.33

A lack of HSP90 marks EZH2 for ubiquitination via the
proteasome. Treatment of activated T cells with the HSP90
inhibitor AUY922 significantly decreased EZH2 protein
levels while leaving histone methylation intact. HSP90
inhibitor treatment significantly decreased alloreactive T-
cell responses and aGvHD in mice, affirming EZH2’s
involvement in aGvHD pathogenesis and the non-canoni-
cal hypothesis.33

The Food and Drug Administration has approved the
EZH2 inhibitor tazemetostat specifically for the treat-
ment of epithelioid sarcoma. We anticipate that this
inhibitor may be used to target alloreactive memory T
cells to reduce aGvHD in the future.

Future directions

As the epigenetics of aGvHD biology is a young area of
study, there is much room for further investigation, both
in elucidating mechanisms surrounding the action of
known enzymes and in exploring the roles of new regu-
lators documented here and beyond. Nevertheless, enor-
mous progress has been made through the identification
of critical enzymes and mechanisms. Next steps will be to
further map how their pathways intersect amid the mul-
titude of cell types and interactions that comprise
aGvHD. Some epigenetic regulators (e.g., EZH2 and
HDAC6) have points of commonality in their mecha-
nisms of action (via HSP90).19,33,37 Advances will illuminate
these locations of confluence such that more effective,
integrated therapies may be developed. Additionally, a
single regulator (e.g., HDAC11) may have beneficial or
detrimental effects at different stages of cell development;
understanding these situations will be vital for treatment.
Also bringing promise for epigenetic intervention are
those aspects of aGvHD pathogenesis that are T-cell-
independent, such as microbiome injury.

Different tissues, hematopoietic and non-hematopoiet-
ic, have distinct roles in mediating aGvHD
immunopathology. Further investigation of the epigenet-
ics surrounding the role of non-hematopoietic APC
would likely be beneficial for the field. In addition, tissue-
intrinsic mechanisms that contribute to inhibition of
aGvHD have been somewhat overlooked. These include
those controlling tissue regeneration,81-83 and those modu-
lating tissue-resident APC, which are critical for local
aGvHD induction.100 Furthermore, aGvHD blocks periph-
eral tolerance of host-reactive T cells by elimination of
lymph node fibroblastic reticular cells that induce T-cell
tolerance in the gut.101 Thus, future studies should also
investigate the epigenetic mechanisms that regulate tis-
sue regeneration and regulation of the graft-versus-host
reaction, as suggested by Reddy and colleagues.91
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Acute graft-versus-host disease (aGvHD) is induced by immunocompe-
tent alloreactive T lymphocytes in the donor graft responding to
polymorphic and non-polymorphic host antigens and causing inflam-

mation in primarily the skin, gastrointestinal tract and liver. aGvHD remains
an important toxicity of allogeneic transplantation, and the search for better
prophylactic and therapeutic strategies is critical to improve transplant out-
comes. In this review, we discuss the significant translational and clinical
advances in the field which have evolved based on a better understanding of
transplant immunology. Prophylactic advances have been primarily focused
on the depletion of T lymphocytes and modulation of T-cell activation, pro-
liferation, effector and regulatory functions. Therapeutic strategies beyond
corticosteroids have focused on inhibiting key cytokine pathways, lympho-
cyte trafficking, and immunologic tolerance. We also briefly discuss impor-
tant future trends in the field, the role of the intestinal microbiome and dys-
biosis, as well as prognostic biomarkers for aGvHD which may improve
stratification-based application of preventive and therapeutic strategies.   

Translational and clinical advances in acute
graft-versus-host disease
Mahasweta Gooptu and John Koreth 
Dana-Farber Cancer Institute, Boston, MA, USA

ABSTRACT

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) remains one of the most
important curative modalities for marrow failure and various advanced/aggressive
hematologic malignancies. Acute graft-versus-host disease (aGvHD) remains an impor-
tant HSCT toxicity with significant associated morbidity and mortality. aGvHD clinical
manifestations typically involve skin (rash), upper (nausea, anorexia) or lower (diarrhea,
abdominal pain) gastrointestinal (GI) tract, or liver dysfunction (elevated bilirubin,
transaminases).1 Its pathology is typically induced by immunocompetent effector T
lymphocytes responding to donor/recipient polymorphic and non-polymorphic anti-
gens on host tissues, with activation, inflammation and eventual cytolytic activity. 

Despite advances in HSCT, such as high resolution HLA genotyping and the rou-
tine use of calcineurin-inhibitor (CNI)-based prophylaxis, aGvHD incidence remains
in the 30-35% range with HLA-matched donors. While aGvHD outcomes have
improved (largely due to advances in supportive care, e.g., infectious disease inter-
ventions), patients with severe and steroid-refractory (SR) aGvHD still have impaired
survival, estimated to be in the 5-30% range.

aGvHD control is a cornerstone of successful transplantation. Effective interven-
tions should not cause excessive toxicity, impair the curative graft-versus-leukemia
(GvL) effect of allotransplantation, or contribute to graft failure. In this review, we
summarize aGvHD pathogenesis and discuss novel advances in the prevention and
treatment of aGvHD that have evolved as our understanding of pathogenesis has
grown. In addition, we highlight areas of burgeoning interest in the field: microbiota
dysbiosis, and the development of aGvHD biomarkers.

Biology of acute graft-versus-host disease

In an early model of aGvHD, Antin and Ferrara described a three-step process com-
prising: (i) host tissue injury due to the conditioning regimen, with the production of
inflammatory cytokines; (ii) stimulation and proliferation of effector T lymphocytes
(Teff); and, finally, (iii) recruitment and activation of additional mononuclear effectors
and amplification of a ‘cytokine storm’.2 This basic model has stood the test of time,
although it has been refined thanks to a deeper and more sophisticated understand-



ing of transplant biology, briefly outlined below. 
In the initial host tissue injury phase, exogenous and

endogenous antigens classified as sterile damage-associated
molecular patterns (DAMP; e.g., uric acid, ATP, heparan sul-
fate, HMGB-1 or IL-33) and pathogen-associated molecular
patterns (PAMP; e.g., bacterial lipopolysaccharides) interact
with antigen-presenting cells (APC) in the innate and adap-
tive immune systems, with activation of cytokine cascades
(IL-1, IL-6, TNF-a, etc.) that set the stage for T-cell priming
and expansion.1

The second phase involves Teff trafficking (mediated by
L-selectin, CCR7, etc.) to lymphoid organs and host tissues.
CD8+ and CD4+ Teff cells homing to the gut express high
levels of integrin β7 (a4β7) which bind corresponding host
tissue ligands. At their destination, Teff activation via APC-
mediated host tissue:TCR interaction is initiated. This step,
modulated by anti- versus co-stimulatory pathways and
cytokine cascades, finally leads to the third phase, self-
potentiating Teff cell proliferation and activation causing
tissue damage via direct cellular cytotoxicity and indirectly
via release of soluble mediators (TNF-a, IFN-γ, IL-1 and
nitric oxide).3 The canonical NOTCH pathway is involved
in regulating GvHD pathogenesis4 and using humanized
monoclonal antibodies, it was shown that Notch-deprived
T cells (with predominant roles for NOTCH1 and Dll-4)
produce less inflammatory cytokines but proliferate nor-
mally, with a preferential increase in regulatory T cells
(Tregs), without compromising GvL.5 Selective NOTCH
blockade offers potential for clinical translation.

Such immune activation is opposed by anti-inflamma-
tory Tregs, a T-cell subset important in immunologic tol-
erance, in part via release of anti-inflammatory cytokines
such as IL-10 and TGF-β.6 Additionally, the balance of
effector T-helper (Th) type 1 (IL-2, INF-γ) and type 2 (IL-
4, IL-10) cytokine responses may govern the ultimate out-
comes of inflammation since type 2 cytokines can inhibit
potent proinflammatory type 1cytokines, and a Th1 to
Th2 shift could be beneficial in aGvHD.7 A distinct subset
of CD4+ cells (characterized by production of IL-17A and
F, IL-21 and IL-22) called Th17 cells has also been identi-
fied, which in murine models migrate to GvHD target
organs causing severe pulmonary and GI lesions and
GvHD lethality,8 and may play a critical role in GvHD
pathogenesis9 antagonistic to Tregs. Invariant natural
killer T (iNKT) cells (discussed below) are another cellular
subset with putative immunoregulatory functions, in part
via an increase in Treg numbers and IL-4 secretion, that
may be important in GvHD pathophysiology. 

Here we discuss novel advances in the prevention and
therapy of aGvHD built on the understanding of these
concepts.

Acute graft-versus-host disease prevention 

Established determinants of acute graft-versus-host
disease

The well-established impact of conditioning regimen
intensity, donor-recipient HLA-mismatch and graft source
(bone marrow [BM], peripheral blood stem cell [PBSC]) on
aGvHD outcomes is briefly discussed below.

Conditioning regimen intensity - the impact of conditioning
intensity on aGvHD is primarily due to tissue damage-
induced DAMP/PAMP release (see above). In general, mye-
loablative conditioning (MAC) (particularly total body irra-

diation [TBI])-containing regimens are associated with
higher aGvHD rates, an effect more pronounced with PBSC
grafts.10 Non-myeloablative (NMA) and reduced-intensity
conditioning (RIC) transplants have been associated with
lower aGvHD rates11,12 than MAC, and even the newer
reduced-toxicity regimens (e.g., ablative busulfan/fludara-
bine) as per a large randomized controlled trial (RCT).13

There has, therefore, been a shift towards minimizing TBI
except when absolutely necessary (e.g., acute lymphoblas-
tic leukemia).

Novel therapeutic targeting of DAMP/PAMP:immune
cell interactions are being investigated. For example, ATP (a
DAMP) interacts with APC to activate inflammatory
STAT1 signaling. Interruption of this pathway reduced
GvHD in murine models14 although translation into clinical
practice is still awaited.

Donor-recipient human leukocyte antigen (HLA)-mismatch -
HLA-mismatch is an aGvHD risk factor. Large registry stud-
ies document increased aGvHD rates (including severe
aGvHD grades III-IV) and impaired survival for 1-2 locus
HLA-mismatch versus 8 of 8 HLA-matched MAC and RIC
HSCT.15,16 With the advent of post-transplant cyclophos-
phamide (PTCy)-based regimens, the effect of HLA-mis-
match may be less deleterious. PTCy was initially intro-
duced in haploidentical (haplo) HSCT, but in a trial of
matched and single-antigen mismatched unrelated donors
(MUD, MMUD) it was found superior to standard CNI-
based prophylaxis (discussed below).17 The role of PTCy in
single-antigen MMUD HSCT is being further explored,
with one study showing better rates of acute and chronic
GvHD, non-relapse mortality (NRM), and relapse with
PTCy compared to anti-thymocyte globulin (ATG).18 Many
centers are adopting a PTCy-based platform for
MUD/MMUD HSCT.

Graft source - while unmanipulated donor BM grafts
were initially used in transplantation, there is now a sec-
ular trend towards use of PBSC grafts, due to logistical
reasons and donor preference. In a large meta-analysis
comparing the two graft sources, there was no difference
in overall aGvHD rates, although severe grade III-IV
aGvHD and chronic severe GvHD was lower with BM.
However, relapse in that analysis appeared higher with
BM grafts leading to impaired disease-free survival (DFS)
and overall survival (OS) in late stage disease.19 In a phase
III RCT of MUD PBSC versus BM HSCT, OS was similar
(albeit with relatively short follow-up) with no differ-
ences in aGvHD or relapse, but  chronic GvHD rates were
lower with BM.20 Hence BM is arguably the better graft
source, although the effect on relapse needs longer term
follow-up. Cord blood transplants have resulted in similar
rates of aGvHD as conventional sources although with
lower rates of cGvHD.21 It should be mentioned that
many GvHD prophylaxis regimens have been tested in
association with specific stem cell sources making the
interpretation of these data difficult.

Innovations in acute graft-versus-host disease
prophylaxis

Since the cardinal events in aGvHD etiopathogenesis
involve T-cell trafficking, interaction with host antigens and
activation to cause tissue injury, the cornerstone of aGvHD
prevention remains depletion or modulation of donor T
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lymphocytes. 
Since the 1990s, standard of care (SOC) aGvHD prophy-

laxis has incorporated a CNI (e.g., tacrolimus [Tac],
cyclosporine [CyA]) plus another agent (e.g., methotrexate
[MTX]), mycophenolate mofetil [MMF], sirolimus
[Siro]).22,23 CNI inhibit alloreactive T-cell proliferation and
activation. However, even with CNI-based platforms, rates
of grade II-IV aGvHD are 30-40%, with 10-15% severe
grade III-IV aGvHD. Furthermore, CNI are associated with
various toxicities (e.g., renal dysfunction, thrombotic
microangiopathy [TMA]) which can add to transplant-relat-
ed mortality (TRM). Hence novel prophylactic therapies
with improved efficacy and less toxicity are of great interest
in transplantation. Recent advances in aGvHD prevention,
some of which are challenging the established CNI-based
platform, are discussed below.

In vivo T-cell depletion/modulation
Anti-thymocyte globulin - ATG is the polyclonal purified

IgG fraction of sera from horses or rabbits immunized
with human thymocytes or T-cell lines. In vivo T-cell
depletion (TCD) with ATG has been extensively evaluat-
ed to reduce the incidence of acute and chronic GvHD
with HLA-matched as well as cord blood and haploHSCT. 

In the CNI-era, four RCT evaluated CNI/MTX prophy-
laxis ± ATG.24 In the first, using horse ATG, a reduction in
aGvHD was offset by higher rates of infection with no
difference in NRM or OS; however, there was a reduction
in severe chronic GvHD.25,26 In the second, using rabbit
ATG,27,28 and the third, mainly using PBSC grafts, there
was no effect on aGvHD, with a reduction in cGvHD.29

These studies concluded that reduction in severe cGvHD
with no deleterious effect on OS is a true ATG effect;
however, aGvHD was not reduced. More recently, an
RCT evaluated Tac/MTX ± anti T-lymphocyte globulin
(ATLG) in MAC MUD HSCT, with a significant reduction
in grade II-IV aGvHD and moderate/severe cGvHD.
However, NRM and OS was impaired in the ATLG arm.30

A higher dose of ATLG in the trial may have contributed
to increased infections and mortality. 

In pioneering studies by Storek et al., persistence of ther-
apeutic ATG levels on days +7 and +28 were found to
reduce acute and chronic GvHD.31 There is also evidence
that excessive persistence or dosing of ATG may have
immunosuppressive toxicity with increased NRM and
relapse. Individualized ATG dosing, based on absolute
lymphocyte count beyond recipient weight, could be a
way forward to control GvHD without impairing NRM
and relapse.32

Post-transplant cyclophosphamide - the use of PTCy-based
GvHD prophylaxis has been a major advance allowing the
widespread use of  haploHSCT with increasing impor-
tance also in HLA-matched and mismatched HSCT. 

Haplo-hematopoietic stem cell transplantation was ini-
tially associated with increased graft rejection and GvHD
due to strong bidirectional donor versus recipient alloreac-
tive responses. HaploHSCT regimens utilized highly
immunosuppressive conditioning with high transplant-
associated toxicity. The innovative use of PTCy dosed at
50 mg/kg on days +3 and +4 following NMA haploHSCT
resulted in a grade II-IV aGvHD rate of 34%, with a low
grade III-IV aGvHD rate of 6% and a trend towards reduc-
tion in severe cGvHD. Relapse rates were around 50%.33

Numerous subsequent studies replicated these results, and
PTCy is now the most widely used haploHSCT regimen.

It is worth noting that overall aGvHD rates with PTCy, at
30-80%, are not necessarily lower than SOC, but severe
aGvHD and cGvHD rates are lower. 

PTCy was initially thought to act via depletion of allore-
active T cells by elimination of proliferating cells and
intrathymic clonal deletion of alloreactive T-cell precur-
sors.34 More recent data suggest important roles for Treg
preservation and Teff exhaustion as additional mecha-
nisms of effect.34

PTCy has also been evaluated in alternative donor
HSCT. In a phase II RCT of MUD/MMUD PBSC HSCT,
three GvHD prophylaxis regimens were compared with
SOC Tac/MTX: PTCy/Tac/MMF, Tac/MTX/bortezomib,
and Tac/MTX/maraviroc. The primary 1-year GvHD free,
relapse-free survival (GRFS) endpoint was improved in the
PTCy-based arm.17 Interestingly, grade II-IV aGvHD was
similar; however, impressive gains were seen for severe
grade III-IV aGvHD. Chronic GvHD requiring immuno-
suppression also fared much better with PTCy. 

Recently, a small European RCT compared
PTCy/Tac/MMF to CyA/MMF in HLA-matched RIC
PBSC HSCT. Grade II-IV aGvHD was lower with PTCy
(P=0.014) while severe grade III-IV aGvHD was 6% versus
12%, respectively.35 Importantly, CyA/MMF is considered
inferior to Tac/MTX, and hence PTCy-based prophylaxis
is being definitively evaluated in a large multi-center
phase III RCT (BMT CTN 1703) of MUD PBSC RIC
HSCT comparing PTCy/Tac/MMF with Tac/MTX.

Sirolimus - Siro is an mTOR inhibitor that synergizes
with CNI in reducing Teff proliferation and activity. Siro
inhibits CD8+ cells36 while promoting Treg proliferation in
vitro,37 an attractive immunologic profile for GvHD preven-
tion. Importantly, unlike CNI, it does not cause nephro-
toxicity. Siro/MTX prophylaxis has been investigated in a
large RCT of MAC HSCT, documenting similar grade II-
IV but lower grade III-IV aGvHD compared to Tac/MTX.38

In RIC transplants, a phase II RCT showed that combined
Siro/Tac/MTX had less grade II-IV aGvHD but no survival
benefit.39 A recent phase III RCT of NMA HSCT conclud-
ed that adding Siro to CyA/MMF was superior to
CyA/MMF.40 Given that the combination of Tac and MMF
is inferior to Tac/MTX in a phase II RCT in preventing
grade II-IV aGvHD,41 and CyA has also been shown to be
inferior to Tac in the past for GvHD prophylaxis, it is
unclear how these data impact centers that primarily use
Tac/MTX-based regimens. Although less nephrotoxic,
Siro has also been associated with higher rates of veno-
occlusive disease (VOD), particularly with ablative busul-
fan and cyclophosphamide,42 and is avoided in patients at
a higher risk for VOD. It has also been associated with
increased rates of TMA, particularly in combination with
CNI.43 Discontinuation of CNI typically resolves TMA in
this setting.

Finally, the combination of Siro/PTCy as a CNI-free, less
nephrotoxic regimen with acceptable rates of engraftment
and aGvHD has been evaluated.44 This is currently reserved
for scenarios precluding CNI use (e.g., sickle cell HSCT,
with renal dysfunction). Given the Treg-sparing effect of
Siro,45 novel combinations (e.g., with OX40L blockade) are
being explored as GvHD prophylaxis platforms.46

Ex vivo T-cell depletion 
A deeper understanding of transplant biology and the

availability of sophisticated clinical-grade cell separation
technology underpins advances in graft manipulation
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involving both pan-T-cell and selective T-cell subset deple-
tion for the clinic, reviewed below. 

Pan-T-cell depletion - ex vivo TCD of the donor graft has
been utilized as a method to prevent GvHD, considering
competing risks of relapse and NRM. Methods have includ-
ed monoclonal antibodies with or without complement,47-50

immunotoxins,51 and counter flow elutriation.52

Ex vivo TCD was evaluated  in a multi-center RCT of
TCD grafts versus CNI-based prophylaxis.53 TCD was asso-
ciated with lower rates of grade III-IV but not grade II-IV
aGvHD, with no change in DFS. Graft failure and increased
disease relapse (20% vs. 7%) was a concern, with increased
relapse also noted in a seminal registry analysis.54 Other
studies also suggested increased rates of graft failure with
TCD grafts, ameliorated by ATG or thiotepa conditioning
to prevent host immune-mediated graft rejection. 

T-cell depletion based on immunomagnetic CD34+ graft
selection (to eliminate contaminating immune cells) was
evaluated in a single-arm phase II multicenter trial and
showed low rates of cGvHD and relapse.55 This was com-
pared to CNI-based prophylaxis in a retrospective analysis,
where outcomes were similar, with lower rates of cGvHD
in the CD34 arm.56 Ex vivo TCD remains the primary mode
of transplantation in certain centers, although infectious
complications, particularly viral infections, can be problem-
atic. To better define optimal GvHD prophylaxis, results
from an ongoing RCT of ex vivo TCD versus PTCy with
MMF only versus standard CNI-based regimen are eagerly
awaited (clinicaltrials.gov identifier: NCT02345850).

Beyond pan-T-cell depletion, subset-selective T-cell
depletion and modulation strategies to ameliorate GvHD
without compromising GvL effect by using antibodies with
narrow specificities has become an area of great interest.50

Depletion of CD5+ T cells51 and CD8+ T cells were tried in
the 1990s,  but abandoned primarily due to higher rates of
relapse. Other novel strategies are discussed below.

a/β T-cell depletion - the majority of T lymphocytes
express a/β T-cell receptors (TCR), while γ/d TCR are
expressed by 2-10% of circulating T cells. γ/d T cells have
important innate immune functions including rapid release
of cytokines, and killing of tumor and virally infected cells
without inducing GvHD.57 They may have an important
role in GvL effect and the preservation of NRM. Selective
depletion of a/β T cells would preserve NK cells as well as
γ/d T cells. In a prospective study of 80 pediatric patients
with acute leukemia, a/β TCD was studied with encourag-
ing GRFS of 70%.58 Ongoing studies are further evaluating
this approach in adult and pediatric populations, including
a CNI-free GvHD prophylaxis strategy for acute leukemia
patients undergoing 1-2 locus MMUD MAC HSCT (clinical-
trials.gov identifier: NCT03717480).

CD45RA (naïve) T-cell depletion - conceptually, it is naïve T
cells in the donor allograft that are primarily alloreactive. In
a study in healthy individuals, the bulk of allo-HLA reactiv-
ity was derived from subsets enriched for naïve T cells.59

Hence, removal of CD45RA+ naïve T cells from the donor
graft could help prevent aGvHD alloreactivity. The
CD45RA− target fraction contains effector and central mem-
ory T cells that show preserved reactivity to common viral
and fungal pathogens.60 In a two-step immunomagnetic
bead procedure for naïve TCD, Bleakley et al.61 reported on
a first-in-human single-arm trial (n=35) for patients with
acute leukemia transplanted with HLA-matched related
donors. Although 34 of 35 patients engrafted with lower
rates of cGvHD, rates of aGvHD remained relatively high

(66%), suggesting a lack of efficacy with this approach
alone.62 A combinatorial approach using a/β TCD com-
bined with CD45RA naïve cell depletion was not much bet-
ter, with aGvHD rates in the 58% range.63 Hence, for the
moment, this approach remains only investigational.

CD6 depletion - CD6 is a co-stimulatory receptor, predom-
inantly expressed on T cells that bind to activated leukocyte
cell adhesion molecule (ALCAM), a ligand expressed on
APC and various host tissues and plays an integral role in
modulating T-cell activation, proliferation, differentiation
and trafficking. CD6 depletion using a monoclonal anti-
body (mAb) (anti-T12, CD6) that recognized mature T cells
but not other cellular elements (e.g., B, natural-killer [NK]
cells, and myeloid precursors) was clinically evaluated in a
single arm trial with 112 patients with a grade II-IV aGvHD
rate of 18%.48 More recently, itolizumab a humanized anti-
CD6 mAb, was evaluated in human xenograft models, sug-
gesting that itolizumab can modulate pathogenic Teff activ-
ity.64 Itolizumab has been provided fast track status by the
US Food and Drug Administration (FDA) for this indication
and is undergoing evaluation in a phase I/II study for first-
line treatment (with steroids) of severe aGvHD (clinicaltri-
als.gov identifier: NCT03763318).

Graft engineering: Treg/Tcon add back strategies - in
haploHSCT, in the early 1990s, CD34+ cell selection was
used by the Perugia group to generate T-cell depleted
peripheral blood progenitor cell grafts. Although GvHD
rates were low, there was poor immune reconstitution (IR)
and high rates of infection.65 The Perugia group then pio-
neered the use of a ‘megadose’ of CD34+ cells to facilitate
engraftment and improve IR based on the increased tolera-
bility effect of such a dose of CD34+ cells.66 Subsequently,
further TCD by negative selection of CD3/CD19+ cells was
used. Most recently, CD34+ selection followed by graduat-
ed add back of Tregs and conventional T cells (Tcons) (in a
2:1 ratio) have been adopted, with promising early results
for enhanced IR and GvL, but aGvHD remains a concern.67

Further iterations of this approach may yield enhanced clin-
ical benefit, despite their complexity and cost.

Regulatory T-cell enhancement
Tregs - Tregs are CD4+CD25+Foxp3+ cells which play an

important role in immunologic homeostasis and the control
of aberrant or overactive immune effectors. Tregs can be
derived ‘naturally’ from the thymus (nTregs) or converted
from CD4+CD25- cells (inducible or iTregs).6 iTregs require
IL-2 and TGF-β to fully develop their suppressive function.
Blazar et al. showed that ex vivo activation and expansion of
Treg is feasible, with efficacy in murine GvHD models.68

Other approaches have utilized fucosylation69 and
TL1A/TNFRSF25 stimulation70 for ex vivo Tregs. In clinical
transplantation, they have confirmed the feasibility and
safety of ex vivo Treg expansion and adoptive transfer, with
preliminary clinical efficacy for aGvHD prevention in both
cord71 and haploHSCT.67 However, concerns about stability
of expanded Tregs has been a barrier to translation into the
clinic.

Invariant natural killer T cells - invariant NK T (iNKT) cells
are a rare T-lymphocyte subset which co-express both T-
and NK-cell markers and are considered a bridge between
innate and adaptive immunity. Their semi-invariant TCR
recognizes glycolipid antigens presented by the major his-
tocompatibility complex (MHC) class I-like molecule
Cd1d. Despite their rarity, they have strong immunomod-
ulatory functions through the secretion of IL-4 and IL-10,
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as well as providing active immunologic surveillance
against cancer.72 Murine models suggested that iNKT cells
have a protective effect against GvHD without impairing
the GvL effect. This occurs in part via a switch of donor T
cells to a Th2 cytokine profile and/or IL-4 dependent Treg
expansion.73,74 Observational studies suggest lower acute
and chronic GvHD with improved iNKT cell reconstitu-
tion. Clinical translation has involved RIC HSCT utilizing
total lymphoid irradiation plus ATG (TLI-ATG) condition-
ing (offering iNKT expansion in murine models) with
promising outcomes,75 as well as more direct ex vivo
expansion and adoptive iNKT transfer peri-transplant,
where clinical data are eagerly anticipated. KRN7000 (syn-
thetic derivative of a-galactosylceramide and a CD1d lig-
and) when embedded in a lipid bilayer constitutes RGI-
2001or REGiMMUNE which can expand FoxP3+ Tregs via
iNKT cells in mice to reduce aGvHD lethality.76 Recently a
phase IIa trial of a combination of Siro and RGI-2001
showed lower incidence of overall and severe aGvHD in
responders compared to non-responders.77 Although
promising, iNKT targeted approaches have not been
widely adopted for the moment and more mature data are
awaited.

Cytokine targeting
Tocilizumab - interleukin-6 (IL-6) is a key inflammatory

cytokine in the early pathogenesis of aGvHD in murine
models.78 A logical next step was to investigate the role of
IL-6 blocking agents in preventing aGvHD. Tocilizumab is
a humanized mAb against the IL-6 receptor (IL-6R). Based
on promising phase II data,79 a placebo-controlled phase III
study from Australia was reported, which, however,
showed no significant difference in grades II-IV or III-IV
aGvHD.80 This is a salient reminder that, given the complex
pathophysiology of aGvHD, with crosstalk between myri-
ad cytokines and immune effector cells, it is possible that
targeting multiple cytokine pathways will be required for
efficacy.

Targeting T-cell co-stimulatory pathways
As mentioned previously, following initial engagement

of an APC with the TCR, a number of secondary co-stim-
ulatory signals come into play which are necessary to com-
plete alloreactive T-cell activation, proliferation and even-
tual development of aGvHD. CD28 is a co-stimulatory
receptor while CTLA-4 is a co-inhibitory receptor on the T
cell, both of which bind to B7-1/CD80 and B7-2/CD86 lig-
ands on APC. CTLA-4-Ig (abatacept) is the soluble extra-
cellular portion of CTLA-4 complexed with immunoglob-
ulin heavy chain which blocks CD28/CTLA-4
(CD28>CTLA-4) co-stimulation with an eventual T-cell
inhibitory signal. Blazar et al. showed in murine models
that blockade of the CD28/CTLA-4 and CD80/CD86
interaction reduced aGvHD lethality.81 Following a promis-
ing feasibility study, Kean et al. then tested abatacept added
to SOC versus SOC in a phase II RCT with 8/8 and 7/8
HLA-matched donors. There was significant reduction in
grades III-IV aGvHD in the abatacept arm with improved
OS82 leading to FDA breakthrough designation for this
drug. To avoid the undesirable effect of concomitantly
blocking inhibitory pathways, more selective approaches
to CD28 blockade are being investigated. FR104, an antag-
onistic CD28-specific pegylated-Fab' has shown promise
with and without Siro in non-human primate models, with
the caveat that a worrying inhibitory effect was seen on

the INF-γ axis with deaths secondary to sepsis.83 The mod-
ulation of co-stimulatory/inhibitory pathways is one of the
important new frontiers in aGvHD prevention.   

These prophylactic strategies, along with the level of evi-
dence supporting them, are summarized in Table 1.

Advances in acute graft-versus-host disease
therapy

Systemic steroids, while not FDA-approved for this indi-
cation, remain a cornerstone of the initial treatment of
moderate-severe aGvHD. In a seminal study, Blazar et al.
showed that first-line therapy of aGvHD with corticos-
teroids (60 mg daily followed by an 8-week taper) resulted
in response rates of 50% and 1-year survival of 53%.84

Higher doses of steroids did not result in better outcomes.
In a study comparing 10 mg/kg to 2 mg/kg of methylpred-
nisone, both resulted in transplant mortality of 30% at one
year with no improvement in aGvHD responses at higher
doses.85 SR-aGvHD treatment remains a difficult problem,
with 6-month survival in the 50% range, and long-term
survival of only 5-30%.86 Stratification systems such as the
Minnesota risk score that take into account patterns of
aGvHD by target organ involvement can further refine the
prediction of transplant-related mortality, and are being
considered in clinical trial risk stratification.84 Finally, even
when aGvHD is controlled, patients often succumb to
infections exacerbated by additional immunosuppressive
therapies. Novel therapies are, therefore, a critical unmet
need. Here we outline some of the more promising
approaches currently available or in early translation to the
clinic. 

Cytokine pathways
JAK-STAT pathway - the Janus Kinases (JAK) are intracel-

lular tyrosine kinases investigated as GvHD therapeutic
targets given their important role in cytokine signaling and
effects on immune effector cells. In murine models, the
role of IFNγ on T-lymphocyte trafficking to GvHD target
organs (particularly the GI tract) via CXCR upregulation
was studied. Inhibition of interferon (IFN)γR signaling via
JAK1/JAK2 inhibitors resulted in decreased CXCR3 expres-
sion and altered Teff trafficking to target organs, reducing
GvHD.87 Ruxolitinib (Rux) is a potent oral JAK-1/JAK-2
inhibitor. In a proof of concept study, Rux reduced Teff
proliferation and activity, increased Tregs and decreased
cytokine production, with excellent responses in six SR-
aGvHD patients.88

A retrospective survey of off-label Rux in SR aGvHD
documented overall response rate (ORR) of 81.5% (com-
plete responses [CR] 46%). Cytopenias and
cytomegalovirus (CMV) reactivation were seen.89 A phase
II single-arm multicenter study of Rux (REACH-1) in 71
patients documented ORR at 28 days of 54.9% (complete
remission/CR, 26.8%), irrespective of aGvHD grade and
steroid refractoriness.90 In addition to cytopenias and CMV
reactivation, serious bacterial infections were reported.
The phase III RCT of Rux versus investigator’s choice for
SR aGvHD has now been reported (REACH-2). Rux was
superior in terms of ORR; however, there was no differ-
ence in cumulative incidence of 18-month NRM.91

Infections and cytopenias remain limiting toxicities. The
FDA has approved Rux for SR aGvHD.  

In contrast, failure of the selective JAK1 inhibitor itaci-

M. Gooptu and J. Koreth

2554 haematologica | 2020; 105(11)



tinib when added to steroids (vs. steroids alone) for upfront
therapy of aGvHD in the closed GRAVITAS 301 trial (clin-
icaltrials.gov NCT03139604) is notable. JAK-1 inhibition is
capable of selectively suppressing Th1 and Th17 Teff cell
subsets, with preserved activation of anti-inflammatory
Treg cells dependent on the JAK2/JAK3 pathway; howev-
er, the drug failed clinical efficacy, highlighting limitations
in clinical trial design, optimal therapeutic target identifica-
tion, or both. Data on the efficacy of selective JAK2
inhibitors in aGvHD are eagerly awaited, but it is possible
that combination JAK1/2 blockade may be required for
appropriate suppression of activation in Teff cells.

Although a number of cytokine-directed therapies previ-
ously failed in the therapy of aGvHD (denileukin diftitox,
tocilizumab, anti TNF-a), the efficacy of Rux is a milestone
in the field, and a testament to the critical role of a
‘cytokine storm’ in aGvHD. 

Alpha-1-antitrypsin - alpha-1-antitrypsin (AAT) is a serine
protease inhibitor produced by the liver which has myriad
functions including inhibition of proinflammatory plasma
cytokines and induction of anti-inflammatory IL10, and in
vivo induction of Treg. In preclinical aGvHD models, AAT
reduced inflammatory cytokines, altered the ratio of Teff
and Tregs  and reduced levels of DAMP.92 In a phase I/II
open label single center study in SR aGvHD patients
(n=12), responses were seen in 8 of 12 patients with no sig-
nificant toxicity.93 In a larger phase II multicenter study
(n=40), ORR at D28 was 65% (CR 35%).94 Upfront AAT is
being evaluated in a Blood and Marrow Transplant Clinical

Trials Network (BMT-CTN) phase III RCT evaluating cor-
ticosteroids ± AAT (clinicaltrials.gov NCT04167514) as a
promising non-toxic agent for high-risk aGvHD.

Targeting lymphocyte trafficking
Vedolizumab - lymphocyte trafficking to GvHD target

organs is a key event leading to aGvHD. In the lower GI
tract, Peyer’s patches (PP) and gut-associated lymphoid tis-
sue (GALT) are the targets for alloreactive CD8+ T cells. Gut-
tropic CD8+ cells express high levels of integrin β7 (a4β7)
that binds its ligand mucosal addressin cell adhesion mole-
cule 1 (MAdCAM 1) in the PP and GALT. Vedolizumab, a
humanized mAb, targets a4β7 integrins and prevents Teff
trafficking to the gut. A small proof of concept study (n=6)
demonstrated responses in all patients with SR lower GI
GvHD. In an international, retrospective review to evaluate
the off-label use of vedolizumab (n=29), ORR was 64% and
OS at 6 months was 54%.95 CMV reactivation and
Clostridium difficile colitis were noted. Natalizumab, a selec-
tive a4 subunit adhesion molecule inhibitor was studied in
a phase II study with a response rate of approximately
30%.96 Vedolizumab is being studied in larger prophylactic
(clinicaltrials.gov NCT03657160) and therapeutic
(clinicaltrials.gov NCT02993783) trials for aGvHD. 

Targeting immunologic tolerance 
Extracorporeal photochemotherapy - extracorporeal pho-

tochemotherapy (ECP) has been used for cGvHD for
decades, and more recently for aGvHD with some suc-
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Table 1. Prophylactic strategies for acute graft-versus-host-disease.
Prophylaxis strategy               Intervention                               Level of evidence             Comments

In vivo T-cell                           Calcineurin inhibitors                    Phase III RCT                       Tac vs. CyA, less aGvHD with Tac but no survival advantage.
depletion/modulation          (tacrolimus, cyclosporine)           
                                                          ATG                                                     Phase III RCT                       Either no reduction in aGvHD or reduction in aGvHD with significant 
                                                                                                                                                                       increase in NRM.
                                                          PTCy                                                    Phase II/III RCT                   Lower rates of severe aGvHD but not grades II-IV aGvHD compared to CNI.
                                                          Sirolimus (mTOR inhibitor)         Phase II/III RCT                   Lower rates of grades III-IV aGvHD in MAC and grades II-IV aGvHD in 
                                                                                                                                                                       RIC HSCT but no survival advantage.

Ex vivo T-cell depletion     Pan T-cell depletion                        Phase II/III RCT                   Lower rates of grades III-IV aGvHD but no survival advantage. Graft failure
                                                                                                                                                                       sometimes an issue.
                                                          a/β T-cell depletion                       Phase II single arm            Promising GRFS of 70% in pediatric acute leukemia. Adult studies 
                                                                                                                                                                       ongoing.
                                                          CD45RA (naïve) T-cell                   First-in-human                    High aGvHD rates of 66% and hence investigational only 
                                                          depletion                                           phase I/II                               for the moment.
                                                          CD6 depletion                                  Phase II single arm            aGvHD rates of 18%; monoclonal antibody (itolizumab) with FDA fast-track 
                                                          Itolizumab                                         Ongoing phase I/II              status now being tested.
                                                          Treg:Tcon add back strategies     First-in-human phase I/II    Operationally complex and for the moment difficult to generalize.

Regulatory T-cell              Tregs                                                   Phase I                                   Preliminary safety results encouraging; concerns about stability of ex vivo 
enhancement                                                                                                                                        Treg explansion.
                                                          iNKT cells                                          Phase I/II                               TLI-ATG regimen via iNKT cells with reported GvHD in only 2 of 37 
                                                                                                                                                                       recipients.
                                                                                                                                                                       REGIMMUNE/sirolimus combination promising.

Cytokine targeting                Tociluzumab                                      Phase III RCT                      Tocilizumab vs. placebo; no improvement in aGvHD of any grade.
Targeting T-cell                CD28/CTLA-4 targeting                   Phase II RCT                        CTLA-4 Ig (abatacept)+SOC compared to SOC in 8/8 and
co-stimulatory pathways  (abatacept)                                                                                       7/8 HLA-matched HSCT with lower rates of grades III-IV aGvHD outcomes
                                                                                                                                                                       and OS leading to FDA breakthrough designation.
aGvD: acute graft-versus-host disease; HSCT: hematopoietic stem cell transplantation; PTCy: post-transplant cyclophosphamide; ATG: anti-thymocyte globulin; RCT: randomized controlled
trial; iNKT: invariant natural killer T cells; OS: overall survival; SOC: standard of care; FDA: US Food and Drug Administration; NRM: non-relapse mortality; aGvHD: acute graft-versus-host dis-
ease; GRFS: GvHD free, relapse-free survival; CNI: calcineurin inhibitor.



cess. Although the mechanism by which ECP improves
GvHD is a matter of debate, its immunomodulatory
effects include Treg upregulation, a change from Th1 to
Th2 cytokine profile, as well as modulation of APC.97

Importantly ECP may not result in additional immuno-
suppression in GvHD patients. In a RCT evaluating ECP
in cGvHD therapy, there was no increased risk of infec-
tion in the ECP arm,98 which, if also true in the aGvHD
setting, would be a major benefit. Initially evaluated in
pediatric cohorts, ECP resulted in a response rate of 67%
in a small study of adult aGvHD.99 In another small ECP
study (n=23), CR was achieved in 70%, 42% and 0% of
patients with grades II, III and IV aGvHD respectively. With
regards to end-organ based efficacy, complete responses
were seen in 66%, 27% and 40% of patients with skin,
liver and gut involvement, respectively.100 However, the
data are limited to small non-randomized studies and effi-
cacy needs to be confirmed. 

Finally, another novel therapeutic intervention for
aGvHD, fecal microbiota transplantation (FMT), is further
discussed in the section on microbiome and the role of dys-
biosis.

These therapeutic strategies, along with the level of evi-
dence supporting them, are summarized in Table 2.

Future trends 

Finally, we highlight the emerging role of early prognostic
biomarkers as well as the potentially critical role of the
intestinal microbiome in influencing aGvHD and transplant
outcomes.

Novel biomarkers in acute graft-versus-host disease 
Identifying predictive biomarkers for aGvHD develop-

ment and/or prognosis has been an important question in
the field. Hypothesis-driven markers based on the patho-
physiology of aGvHD include acute phase reactants (e.g.,
IL-6, C-reactive protein [CRP]), Th1 cytokines (e.g., IL-12,
IL-18), anti-inflammatory cytokines (e.g., IL-10, TGF-β),
other circulating markers (e.g., IL-8, HGF, cytokeratin-18,
CD30), and lymphocyte trafficking molecules (e.g.,
CXCL10, CCL8) have been evaluated with limited success.
In contrast, unbiased marker discovery typically involved
proteomic screening of GvHD and non-GvHD samples. In
a discovery study from Ann Arbor, IL-2Ra, TNFR1, HGF
and IL-8 identified early after aGvHD onset demonstrated
impressive accuracy confirmed in a larger validation set.101

Another panel comprising IL-2Ra, TNFR1 and elafin has
also been validated.102

The Mount Sinai Acute GvHD International Consortium
(MAGIC) was established to identify potential biomarkers
to risk stratify GvHD. Investigators tested previously iden-
tified biomarkers, namely suppressor of tumorigenicity-2
(ST2) and regenerating islet-derived protein 3-a (REG3a), in
SR aGvHD and found that marker elevation 7 days after
aGvHD was a better predictor of NRM than the Minnesota
clinical risk score.103 Another approach has evaluated mark-
ers of endothelial toxicity documenting follistatin and
endoglin as being associated with higher rates of grade III-
IV aGvHD and NRM.104

The appropriate clinical application of these biomarker
panels is a complex issue, with the underlying principle that
test results should change therapy and, ideally, outcome.
Risk-adapted approaches have proposed using these panels

in two different ways: (i) early post-transplant prior to diag-
nosis of aGvHD, with allocation of high-risk patients to
novel GvHD trials; and (ii) after the diagnosis of aGvHD, to
stratify patients at high NRM risk and risk-adapt therapy
accordingly.

Future clinical trials that use biomarkers to risk stratify
aGvHD patients for eligibility or therapy will be important
to prospectively evaluate their utility as a first step to their
broader use in clinical practice.

The microbiome in acute graft-versus-host disease 
The many micro-organisms which constitute the human

gut are collectively called the intestinal microbiota while
their genetic make-up has often been referred to as the
‘microbiome’.105 Diversity is a hallmark of the healthy gut
microbiome. There is a growing appreciation of the role of
the microbiome in various health and disease states. In
HSCT, the loss of microbiota diversity (dysbiosis) has been
associated with the risk of aGvHD.105

This association between aGvHD and gut dysbiosis
relates to immunologic and metabolic imbalances in the gut
wrought by HSCT, with loss of diversity of the microbiome.
Under normal circumstances, diverse gut commensals result
in healthy tissue immune cells, including recruitment of Treg
cells, secretion of TGF-β and IL-10, as well as TH17 cells
secreting IL-17 and IL-22.106 Another protective immune
response modulated by gut bacteria relates to their produc-
tion of short chain fatty acids (SCFA), a nutritional source for
intestinal epithelial cells. Disruption of the intestinal micro-
biome triggered by conditioning chemoradiotherapy and
antibiotic use during transplantation results in overgrowth
of bacteria (e.g., enterococci, Proteus spp.), and reduction in
firmicutes (e.g., Blautia spp.), which generally are producers
of SCFA, is considered an inciting stimulus for GvHD.107

Further studies are needed to develop actionable targets
in this arena. It is a complex endeavor given the variations
in gut microbiome over different geographical areas, across
transplant strategies, and inpatient and outpatient settings.
It is heartening that a recent study from four international
centers showed that the patterns of loss of microbiome
diversity during HSCT was similar across countries, and
that lower diversity at time of neutrophil engraftment was
associated with higher mortality.108 A large biorepository of
stool samples along with blood and other samples is being
built as the correlative arm of the large BMT CTN RCT
1703 (Mi-immune) study in which the biology of the micro-
biome and correlations with transplant outcomes will be
interrogated.

Fecal microbiota transplant as an effort to repopulate the
gut with normal gut flora has been proposed as a means to
control aGvHD, based on data limited to pilot studies109 and
limited case series.110 Infection with extended spectrum β-
lactamase (ESBL) producing Escherichia coli bacteria has been
reported in at least two transplant patients post allogeneic
transplantation who underwent FMT, one of whom died.111

Hence the safety and efficacy of FMT in aGvHD remains an
open question. 

Conclusion

To summarize, aGvHD remains an important problem in
HSCT. However, where effective treatment options had
previously been very limited, there are now multiple excit-
ing translational advances.
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In the arena of prevention, PTCy-based GvHD prophy-
laxis has been a significant advance and some selective
methods of T-cell depletion and modulation of co-stimula-
tory pathways appear promising. In the therapeutic arena,
cytokine targeting with Rux is an exciting novel therapy for
SR-aGvHD, while immunomodulatory strategies (e.g., ECP,
AAT) offer therapeutic potential without immunosuppres-
sive toxicity, and strategies targeting lymphocyte trafficking
and inhibition of key canonical pathways (e.g., Notch) offer
future potential. For the more long-term future, the impor-
tance of the gut microbiome in aGvHD is becoming

increasingly apparent, and offers an opportunity for future
therapeutic targeting (e.g., probiotics, metabolic modifica-
tions). 

A long-term rational approach to aGvHD care would
involve precision prognostics pre- and peri-transplanta-
tion (e.g., plasma biomarkers, microbiota dysbiosis, etc.)
to select patients for innovative GvHD preventive strate-
gies, as well as the early identification of high-risk
patients at aGvHD onset, for novel treatment trials, ideal-
ly avoiding additional immunologic dysfunction or
impairing GvL.

Translational and clinical advances in aGvHD
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Table 2. Therapeutic strategies for acute graft-versus-host disease.
Prophylaxis strategy             Intervention                           Level of evidence                              Comments

Non-specific                          Corticosteroids                          Phase II/III RCT                                       RCT comparing different steroid doses, no RCT 
immunosuppression                                                                                                                                       comparing steroids vs. placebo.
                                                                                                                                                                                     
Cytokine targeting             JAK-2 inhibition: ruxolitinib      Phase III RCT                                            Ruxolitinib vs. investigator’s choice in SR-aGvHD: superior
                                                                                                                                                                                     ORR but no difference in 18-month NRM.
                                                       JAK-1 inhibition: itacitinib        Phase III RCT                                           Itacitinib vs. itacitinib+steroids in upfront therapy: 
                                                                                                                                                                                     negative trial.
                                                       Alpha-1 anti-trypsin (AAT)        Phase II, ongoing Phase III RCT           ORR of 65% in SR-aGvHD in Phase II, ongoing phase III 
                                                                                                                                                                                     RCT of AAT+steroids vs. steroids alone for high-risk 
                                                                                                                                                                                   aGvHD.

                                                                                                                                                                                     
Targeting lymphocyte      Vedolizumab                                Proof-of-concept, retrospective          ORR of 64% in retrospective studies, CMV
trafficking                                                                   review, ongoing Phase II                       reactivation, C Diff. colitis seen
                                                                                                                randomized study
                                                      Natalizumab                                 Phase II single-arm                                 ORR of approx. 30%

                                                                                                                                                                                     
Targeting immunologic  Extra-corporeal                          Phase II single-arm                                 ORR varies from 40-70% in small non-randomized
tolerance                          photochemotherapy                                                                                        studies. 
                                                      NOTCH inhibition                       Investigational                                          No reported clinical studies at this time

                                                                                                                                                                                     
Targeting dysbiosis           Fecal microbiota transplant     Pilot studies, case series                      Concern for fatal bloodstream infection hence still 
                                                                                                                                                                                   investigational

aGvD: acute graft-versus-host disease; AAT: alpha-1-antitrypsin; aGvHD: acute graft-versus-host disease; ATG: anti-thymocyte globulin;  C Diff.: Clostridium difficile colitis; CMV:
cytomegalovirus; HSCT: hematopoietic stem cell transplantation; NRM: non-relapse mortality; ORR: overall response rate;  RCT: randomized controlled trial; SR: steroid-refractory.
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Massive expansion of erythroid progenitor cells is essential for sur-
viving anemic stress. Research towards understanding this critical
process, referred to as stress-erythropoiesis, has been hampered

due to the lack of specific marker-combinations enabling analysis of the dis-
tinct stress-progenitor cells capable of providing radioprotection and
enhanced red blood cell production. Here we present a method for the pre-
cise identification and in vivo validation of progenitor cells contributing to
both steady-state and stress-erythropoiesis, enabling for the first time in-
depth molecular characterization of these cells. Differential expression of
surface markers CD150, CD9 and Sca1 defines a hierarchy of splenic stress-
progenitors during irradiation-induced stress recovery in mice, and provides
high-purity isolation of the functional stress erythroid burst-forming-units
(stress-BFU-E) with a 100-fold improved enrichment compared to the state-
of-the-art. By transplanting purified stress-progenitors expressing the fluo-
rescent protein Kusabira Orange, we determined their kinetics in vivo and
demonstrated that CD150+CD9+Sca1– stress-BFU-E provide a massive but
transient radioprotective erythroid wave, followed by multi-lineage recon-
stitution from CD150+CD9+Sca1+ multi-potent stem/progenitor cells. Whole
genome transcriptional analysis revealed that stress-BFU-E express gene sig-
natures more associated with erythropoiesis and proliferation compared to
steady-state BFU-E, and are bone morphogenetic protein 4-responsive.
Evaluation of chromatin accessibility through ATAC sequencing reveals
enhanced and differential accessibility to binding sites of the chromatin-
looping transcription factor CTCF in stress-BFU-E compared to steady-state
BFU-E. Our findings offer a molecular insight into the unique capacity of
stress-BFU-E to rapidly form erythroid cells in response to anemia and con-
stitute an important step towards identifying novel erythropoiesis stimulat-
ing agents.

Prospective isolation of radiation induced 
erythroid stress progenitors reveals unique
transcriptomic and epigenetic signatures
enabling increased erythroid output
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ABSTRACT

Introduction

Steady-state erythropoiesis is regulated mainly by changes in erythropoietin
(EPO) levels that fine-tune survival and proliferation of erythroid colony-forming-
units (CFU-E) and downstream precursor cells. In contrast, acute anemia induces a
broader physiological response referred to as stress-erythropoiesis, which involves
stimulation also of earlier progenitors to further increase the out-put of erythro-
cytes. This process is less characterized and mainly occurs in the murine spleen1

after seeding of progenitors from the bone marrow (BM).2,3 Stress-erythropoiesis is
differentially regulated, including increased responsiveness to additional factors
like hypoxia, corticosteroids and bone morphogenetic protein 4 (BMP4).1,4-7

Importantly, stress-erythroid progenitors have the capacity to generate larger num-
bers of red blood cells than steady-state progenitors, and precise identification and
enhanced understanding of their regulation are important steps towards 
discovering potential new erythroid-enhancing drugs for anemia treatment. 



While fluorescence-activated cell sorting (FACS)-based
methods for fractionation of distinct erythroid progenitor
cells in murine and human during steady-state8-11 has
enabled in-depth characterization of mechanisms 
regulating steady-state erythropoiesis,11-15 the cells and
mechanisms regulating stress-erythropoiesis remain poor-
ly defined. To enable studies of stress-erythropoiesis we
set out to identify novel marker-combinations separating
and enriching for the early stress-progenitors mediating
radioprotection and recovery from severe anemia. We pre-
viously demonstrated that fetal erythroid burst-forming-
units (BFU-E) can be isolated as lineage-
cKit+CD71/CD24alowSca1–CD34– with high purity from
murine fetal liver, where erythropoiesis in many ways
resemble stress-erythropoiesis.16 Attempts by other
groups to isolate adult stress-erythroid progenitors from
spleens of anemic mice and in vitro cultures have shown
stress-BFU-E to be lineage-cKit+CD71/Ter119low, and fur-
ther enriched in the Sca1+CD34–CD133– fraction.
However, very few of these cells possess BFU-E potential
(0.1-0.2%). Furthermore, in the active debate on lineage
potential of stem- and progenitor cells, genuine megakary-
ocytic/erythroid potential is often overlooked since
mature erythrocytes and platelets are difficult to trace in
vivo after transplantation. Hence, the identity of pure
stress-BFU-E remains largely elusive. 

Using a novel combination of surface markers together
with the tracing marker Kusabira Orange which is
expressed in all cells, we have developed a method for
high purity fractionation of a hierarchy of multi-potent
progenitors, stress-BFU-E, and stress-CFU-E within the
lineage-cKit+CD71/CD24alow cells in spleen during irradia-
tion-induced stress-erythropoiesis as well as in steady-
state BM, and for the first time determined their kinetics
and full differentiation potential in vivo. The formation of
stress-BFU-E was highly dependent on functional BMP-
signaling, and stress-BFU-E displayed enhanced expres-
sion of BMP-responsive genes, as well as gene signatures
associated with erythropoiesis and proliferation compared
to their steady-state counterpart. In addition, discrepan-
cies in the epigenetic landscape were selectively enriched
for putative binding sites for the chromatin-looping tran-
scription factor CTCF. In conclusion, our findings provide
high-purity isolation of both steady-state BFU-E and the
stress-BFU-E mediating recovery from severe anemia, and
offer molecular insight to and functional determination of
the unique capacity of stress-BFU-E to rapidly form ery-
throid cells in response to anemia.  

Methods

Mice and transplantations
All procedures involving mice were approved by the Animal

Ethics Committee of Malmö/Lund, Sweden. Anemia was induced
by lethally irradiating 8-12 week-old recipient mice (C57Bl/6;
Ly5.2) with a split dose of 2x500 cGy, followed by transplantation
of 2x106 unfractionated BM cells to rescue and trigger stress-ery-
thropoiesis. Donor mice (B6SJL; Ly5.1) were either Kusabira
Orange (KuO) positive or negative. Recipients were sacrificed on
day 8 for analysis of stress recovery in the spleen. 

For in vivo tracing, 500 multipotent progenitors (sMPP), 5,000
sBFU-E or 5,000 sCFU-E, all KuO+, were FACS-sorted from day 8
stressed spleens and transplanted into lethally irradiated 
secondary recipients together with 105 unfractionated wild-type

BM cells as support. Secondary recipients were bled at 1, 2 and 4
weeks, and sacrificed at 2 or 4 weeks post transplantation for
analysis of lineage potential and kinetics in peripheral blood (PB),
BM and spleen. 

Flow cytometry 
A complete description of all antibodies used is listed in the

Online Supplementary Materials and Methods. 

Hematopoietic progenitor assays
All colony assays were incubated at 37°C incubators in 5%

CO2 with either 21% or 1-4% O2 as indicated, and scored on day
4 (CFU-E) or 7-8 (BFU-E and mixed colonies). 

RNA sequencing 
Splenic stress- and BM steady-state progenitors were FACS-

sorted in triplicates. Strand specific RNA-sequencing libraries were
constructed using SMARTer Stranded Total RNA-Seq Kit v2
(Takara Bio) followed by sequencing on a HiSeq3000 (Illumina).

Assay for Transposase Accessible Chromatin 
sequencing

3,000 splenic stress- and BM steady-state BFU-E were FACS-
sorted in triplicates for the assay of Transposase Accessible
Chromatin (ATAC) library preparation and sequencing as
described previously.18 Libraries were subject to single-end
sequencing on a NextSeq500 (Illumina).

Statistical analysis 
For all statistical analysis, apart from RNA- and 

ATAC-sequencing for which the specifications are stated in the
Online Supplemental Materials and Methods, statistical significance
was calculated using ANOVA accounting for multiple compar-
isons, followed by Tukey's multiple comparisons test. One-way
ANOVA was used for single time point analysis and Two-way
ANOVA was used when measuring potential over time (Figure 2).
*P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.

A detailed description of all methods used is available online in
the Online Supplementary Materials and Methods.

Results 

CD150, CD9 and Sca1 identify a hierarchy of splenic
stress-progenitors during irradiation-induced stress
recovery

To identify the stress-progenitors involved in irradia-
tion-induced anemia and stress recovery, we subjected
mice to lethal irradiation followed by BM transplantation
and analyzed recipient spleens on day 8 (Figure 1A) when
the greatest expansion of stress-progenitors occurs.3 Using
this model, stress-progenitors were previously identified
as Lin–cKit+CD71/Ter119low, although at low frequencies
(0.2%).3 To further enrich for stress-erythroid progenitors
we included CD150, known to mark megakaryocytic/ery-
throid progenitors during steady-state hematopoiesis.9 All
BFU-E potential in the cKit+CD71low/Ter119low population
resided in the CD150+ fraction (Figure 1B-C).
Extramedullary expansion of early erythroid progenitors
during stress-erythropoiesis is reminiscent of fetal liver
erythropoiesis. We therefore analyzed previously pub-
lished mRNA expression data (GSE26086)16 from E14.5 to
E15.5 fetal liver erythroid progenitors to identify possible
additional markers for further sub-division of adult stress-
erythroid progenitors (Online Supplementary Figure S1A).
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Figure 1. CD150, CD9 and Sca1 identify a hierarchy of splenic stress-progenitors during irradiation-induced stress recovery. (A) Stress-erythropoiesis was induced
using lethal irradiation followed by transplantation of unfractionated bone marrow (BM), and splenic stress-progenitors were assessed on day 8 using colony assays.
(B) Gating strategy and (C) BFU-E potential of FACS-sorted stress-progenitors from spleen day 8 based on CD150 expression (n=5). (D) Gating strategy for further
fractionation of stress-progenitors within lineage-Kit+ cells using CD150 and CD9 and Sca1. (D-G) Colony forming capacity of splenic day 8 stress-progenitors, FACS-
sorted based on (D) CD150/CD9 (normoxia, n=4), and (E-G) CD150/CD9/Sca1 (n=7 for normoxia, n=4 for hypoxia) within the Lin-cKit+CD71lowCD24low fraction. The
cells were incubated in normoxia (21% O2) or hypoxia (1% O2) as indicated, and scored on day 4 (CFU-E) or day 7-8 (mixed and BFU-E). (H) FACS sorted
CD150+CD9+Sca1+ progenitors were cultured in vitro and analyzed at indicated time points for the formation of CD150+CD9+Sca1– cells (n=4). I) Expression pattern
of novel surface markers within the Lin–cKit+CD71lowCD24low fraction separating multi-potent stem/progenitor cells (sMPPs), stress-BFU-Es (sBFU-Es) and stress-CFU-
E (sCFU-Es), defining a stress-progenitor hierarchy in spleen during irradiation-induced stress recovery, where Sca1 and subsequently CD9 are downregulated with
increased differentiation. Data displayed as average ± standard error of the mean (SEM), n.d: not detectable, n.a: not applicable, *P≤0.05, **P≤0.01, ***P≤0.001,
****P≤0.0001.
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As previously reported by us in fetal liver,16 exclusion of
mature erythroid precursor cells in spleen was facilitated
by inclusion of CD24a as a negative selection marker
(Online Supplementary Figure S1B). Of the surface markers
tested (CD9, CD11a, CD34, CD48, CD63, and CD79b),
only CD9 could further fractionate the BFU-E-containing
CD150+ population in stressed spleen (Online
Supplementary Figure S1C). CD133 was used in a recent
study together with CD34 to fractionate stress-progenitor
potential of cultured Sca1+cKit+CD71/Ter119low cells.17

However, neither CD34 nor CD133 could further fraction-
ate CD150+ stress-progenitors (Online Supplementary Figure
S1C and Online Supplementary Figure S2A, respectively). To
further discriminate putative multi-potent stress-progeni-
tors from lineage restricted stress-BFU-E we also included
Sca1, which in steady-state BM separates Sca1+

hematopoietic stem cells (HSC) and Sca1– myelo-ery-
throid progenitors.9 Analysis of Lin–cKit+CD71low/CD24alow

splenic stress-progenitors fractionated based on

CD150/CD9/Sca1 expression (Figure 1D), clearly demon-
strated that the majority of multi-lineage, megakaryocytic
and BFU-E colony forming potential resided in the
CD150+CD9+ population (Figure 1E-F). Stress-progenitors
negative for CD9 gave rise to more mature erythroid
colonies (Figure 1E, G), which was also true for CD133+

cells (Online Supplementary Figure S2B), whereas CD150–

cells mainly gave rise to myeloid colonies (Figure 1E).
Only Sca1 expressing CD150+CD9+ cKit+

CD71low/CD24alow stress-progenitors (about 10%) gave rise
to mixed and myeloid colonies (Figure 1E), while
megakaryocytic/erythroid potential was retained in 
Sca1– stress-progenitors (Figure 1E-F). Stress-BFU-E are
reported to form BFU-E colonies with Epo alone,1 but
require hypoxia and additional cytokines for maximum
expansion.3 Colony assays demonstrated that BFU-E-
forming potential resided almost exclusively in the
CD150+CD9+ population (Figure 1F). Importantly, as many
as 21.4±2.2% of CD150+CD9+ cells gave rise to BFU-E
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Figure 2. Stress-BFU-E provide a transient wave of primarily erythroid cells, followed by multi-lineage reconstitution from stress-MPP. (A) Stress-erythropoiesis was
induced using lethal irradiation followed by transplantation of unfractionated bone marrow (BM) from (B) wild-type or (C-K) transgenic Kusabira Orange (KuO) mice.
Splenic stress-progenitor populations were FACS-sorted on day 8, transplanted into lethally irradiated secondary recipients (B) without support to evaluate spleen
colony formation (CFU-S8) (n=3-7; 600 cells per recipient without support) or (C-K) together with 105 unfractionated wild-type BM support cells to monitor their 
repopulation capacity in vivo over time in (C) peripheral blood (PB), (D) spleen and (E) BM, as determined by KuO fluorescence and FACS (n=6 at 1-2 weeks and n=3
at 4 weeks; 500 sMPP or 5,000 of each stress-erythroid progenitor per recipient, all with 105 wild-type support BM cells). (F-J) Contribution of sorted KuO+ progen-
itors in PB to (F) reticulocytes (whole PB), (G) Ter119+ erythroid cells, (H) CD41+ cells, (I) platelets (whole PB), and (J) Gr1+ myeloid cells in PB, as determined by FACS
(after lysis of red blood cells if not stated otherwise). (K) Representative picture of whole spleens 2 weeks after transplantation assessing KuO contribution using
epifluorescence microscopy and green filtered laser excitation. Data displayed as average ± standard error of the mean (SEM), *P≤0.05, **P≤0.01, ***P≤0.001,
****P≤0.0001.
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colonies, providing over 100-fold improved purity com-
pared to the state-of-the-art (0.1-0.2%). Although both
Sca1– and Sca1+ cells formed BFU-E colonies when stem
cell factor (SCF) was present, only Sca1- cells formed BFU-
E in erythropoietin (Epo) alone (Figure 1F). Furthermore,
Sca1– progenitors generally gave rise to larger colonies

than Sca1+ progenitors (data not shown). A notable
27.4±3.2% of CD150+CD9– cells gave rise to CFU-E,
which were mainly independent of hypoxia and SCF
(Figure 1G). Although the number of colonies was not
affected, hypoxia resulted in increased proliferation and
larger colonies (data not shown). FACS-sorted
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Figure 3. Stress-BFU-E and stress-CFU-E display opposing expression patterns of BMP- and CBFA2T3-responsive genes. (A) Unsupervised clustering of RPKM nor-
malized data on genes with a significantly different expression between any of the samples (FDR<0.05, log2 fold change>0.58) from RNA-sequencing of FACS sorted
stress-progenitor populations as indicated (n=3, for further details see the Methods section). (B) Cellular processes for each of the clusters generated in (A), as ana-
lyzed by GSEA. For a complete gene lists for each cluster see the Online Supplementary Table S1. (C) Experimental outline of competitive transplantation of wild-type
or BMP receptor II (BMPRII) deficient bone marrow against KuO+ wild-type bone marrow. The stress recovery was analyzed in spleens of recipients on day 8 after
transplantation (n=7 per group). (D) White blood cell count (WBC) per spleen before and after enrichment of mononuclear cells (MNC). (E) Detailed analysis of donor-
derived (KuO-) MNC and stress-populations within MNC spleen cells as indicated. Data displayed as average ± standard error of the mean (SEM) of total number of
cells/spleen (D) and normalized to wild-type (E), *P≤0.05, **P≤0.01.
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CD150+CD9+Sca1+ progenitors gave rise to
CD150+CD9+Sca1– in culture (Figure 1H), indicating that
more restricted Sca1- progenitors arise from multi-potent
Sca1+ progenitors. Taken together, differential expression
of cell surface markers CD150, CD9 and Sca1 defines a
hierarchy of splenic Lin–cKit+CD71/CD24alow 

stress-progenitors during irradiation-induced stress 
recovery in mice (Figure 1I). The stress-BFU-E, forming
BFU-E colonies in vitro (CD150+CD9+Sca1–, hereafter
referred to as stress-BFU-E or sBFU-E), can be separated
from multi-potent stress-progenitors (CD150+CD9+Sca1+,
hereafter referred to as stress-MPP or sMPP) and stress-
CFU-E (CD150+CD9–, hereafter referred to as stress-CFU-
E or sCFU-E) by Sca1 and CD9 expression respectively.

Stress-BFU-E provide a transient wave of primarily 
erythroid cells, followed by multi-lineage reconstitution
from stress-MPP

To determine the kinetics and full in vivo potential of the
identified stress-progenitors, we used a transgenic mouse
that constitutively expresses the fluorescent protein
Kusabira Orange (KuO) in all cells, including erythrocytes
and platelets.20 Lethally irradiated recipients were trans-
planted with BM from KuO mice, and KuO+ splenic stress-
progenitors isolated on day 8 were subsequently trans-
planted into secondary recipients, either without support
cells to score spleen colony-forming-units day 8 (CFU-
S8),21 or together with 105 unfractionated wild-type BM
support cells to monitor their in vivo repopulation capacity
over time (Figure 2A). sBFU-E demonstrated the highest
CFU-S8 potential (Figure 2B), indicative of robust short-
term radio-protective capacity. Analysis of overall repopu-
lation potential of sorted KuO+ progenitors demonstrated
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Table 1. Top 20 up-regulated genes in stress-BFU-E compared to
steady-state. 
Gene symbol                log2 fold change                   -log10 FDR

Ctse                                                2,254                                        19,109
Myh10                                           1,542                                         7,858
Aldh1a1                                         1,529                                         5,762
Pop1                                              1,178                                         2,814
Tfrc                                                1,171                                         4,072
Psat1                                              1,133                                         3,136
Timm10b                                      1,123                                         2,505
Vkorc1                                           1,119                                         2,652
Sipa1                                             1,117                                         5,900
Tmem70                                        1,082                                         2,401
Usp14                                            1,063                                         6,477
Emilin2                                         1,062                                         3,012
Josd1                                             1,039                                         3,305
Psmb2                                           1,036                                         2,079
Suclg1                                            1,035                                         5,608
Trip13                                            1,014                                         2,078
Arap2                                             1,005                                         2,132
Tmem201                                      1,001                                         2,320
Mob1b                                           0,992                                         2,190
Atl2                                                 0,984                                         3,323

The most highly up-regulated genes in sBFU-E compared to steady-state BFU-E were
Ctse/Cathepsin E: an erythrocyte membrane aspartic proteinase previously described
as a down-stream target of Foxo3 in erythroid regulation,38 Myh10: a non-muscle
myosin involved in cell division of erythroblasts and other cells,39 Aldh1a1: a critical
enzyme involved in metabolism of reactive oxygen species and retinoic acid shown
to mark adult definitive erythroid fate in mouse and human blood development, and
the transferrin receptor Tfrc/CD71.

Figure 4. CD150 and CD9 mark BFU-E potential during steady-state erythropoiesis, providing improved identification of myelo-erythroid progenitors in the bone
marrow. Gating strategy and colony forming potential (CFU-E; light grey, BFU-E; dark grey) of FACS sorted (A-D) steady-state bone marrow progenitors based on (A-B)
classical fractionation using CD150 and CD1059, and (C-D) the new markers CD150/CD9/Sca1. All cells were incubated in 4% O2, and scored on day 4 (CFU-E) or
day 7-8 (BFU-E). Data displayed as average ± standard error of the mean (SEM), n.d: not detectable, *P≤0.05, **P≤0.01.
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that sBFU-E and sCFU-E provide a transient wave of
reconstitution in PB and spleen, with limited contribution
to BM hematopoiesis. In contrast, sMPP increased their
output over time, and was the only population that effi-
ciently populated the BM and still contributed to
hematopoiesis at four weeks (Figure 2C-E). 

At two weeks 47.4±7.6% of PB cells were KuO+ in mice
transplanted with sBFU-E, compared to 9.0±5.9%

(P≤0.0001) for sCFU-E (Figure 2C). Analysis of the diffe-
rentiation potential of transplanted stress-progenitors
revealed that sBFU-E gave rise to 57.4±1.9% of reticulo-
cytes compared to 17.5±3.5% (P≤0.0001) for sCFU-E,
while reticulocytes from sMPP were barely detected
(Figure 2F; PB 1 week). Furthermore, the initial overall for-
mation of reticulocytes was 2-fold higher in mice trans-
planted with sBFU-E compared to sCFU-E (Online
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Figure 5. Compared to steady-state BFU-E, stress-BFU-E have enhanced expression of genes associated with BMP signaling, erythropoiesis and proliferation, and
have enhanced and differential accessibility to CTCF binding sites. (A) RNA-sequencing was conducted on BFU-E FACS-sorted from steady-state bone marrow and
day 8 stress spleens respectively (n=3). Significant differential expression was determined as -log10 FDR>2 and log2 fold change>0.58, for a full list of differentially
expressed genes see the Online Supplementary Table S2. (B-C) Cellular processes for genes that were (B) up- and (C) down-regulated in stress-BFU-E compared to
steady-state respectively, as analyzed by GSEA. (D) Fishbone heatmap outlining specific and shared ATAC-seq peaks in steady-state and stress BFU-E respectively.
Each row represents one peak, and the color represents the intensity of chromatin accessibility. Peak files for heatmap were created in HOMER44 and grouped based
on K-means clustering (3-clusters, 100-runs) performed in Cluster3, revealing clusters of peaks enriched in stress- (orange) and steady-state BFU-E (blue) respec-
tively. (E-F) Motif analysis was performed on stress (E) and steady-state (F) enriched regions from peak lists extracted from panel D using findMotifsGenome.pl in
HOMER. (G) Distribution of identified top motifs was investigated +/- 500 bp from corresponding peak centers. (H) Annotation of the CTCF motif within stress-
(orange) and steady-state (blue) BFU-E enriched peaks respectively.
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Supplementary Figure 3A), albeit from low levels, with vir-
tually no contribution to reticulocytes from sMPP during
the first week (Online Supplementary Figure 3B). sBFU-E
also dominated the overall contribution to erythroid cells
during the first two weeks of recovery (Figure 2G,
P≤0.0001 and P≤0.01, respectively.). All cell populations
gave rise to CD41+ cells short after transplantation (Figure
2H), whereas only sMPP produced platelets, which dis-
played slower kinetics compared to the formation of ery-
throid cells (Figure 2I; P≤0.0001). In agreement with the
colony formation ability in vitro, myeloid (Figure 2J) as well
as lymphoid lineages (Online Supplemental Figure S3C-D)
were mainly derived from sMPP. 

The KuO+ blood lineage distribution and repopulation
kinetics in spleen after transplantation was largely reflec-
ted by that observed in PB (Online Supplemental Figure S4),
while the BM had a considerably slower repopulation pat-
tern (Online Supplemental Figure S5).

Morphological analysis of spleens at 2 weeks post trans-
plantation revealed a strikingly different distribution of
repopulating cells (Figure 2K). Progeny from sBFU-E was
evenly distributed throughout the spleen with occasional
KuO– clones possibly arising from the support BM. In con-
trast, sMPP gave rise to a limited number of large clones,
consistent with spleen colonies formed by more primitive
stem/progenitor cells (CFU-S12).23 Taken together, in vivo
tracing demonstrated clear separation of functionally dis-
tinct populations within cKit+CD71low/CD24alow cells using
the additional markers CD150, CD9 and Sca1, where
sBFU-E mediated recovery from irradiation-induced acute
anemia by providing a transient wave of erythroid cells in
the PB and spleen, followed by multi-lineage reconstitu-
tion in the PB, spleen and BM from sMPP.

Stress-BFU-E and stress-CFU-E display opposing expres-
sion patterns of BMP- and CBFA2T3-responsive genes 

To identify gene expression patterns associated with the
distinct features of the radio-protective sBFU-E, RNA-
sequencing was performed on FACS sorted stress-progeni-
tor populations from day 8 spleens. Unsupervised clustering
of genes with significant differential expression between
any of the investigated populations revealed that relatively
few genes were uniquely expressed by sBFU-E, about half
of the genes differing between progenitor 
populations were shared between sMPP and sBFU-E (Figure
3A, gene lists for each cluster in the Online Supplemental
Table S1), while the sCFU-E were clearly distinct from the
other two populations. Gene set enrichment analysis
(GSEA)24 revealed that genes that were uniquely up-regulat-
ed in sMPP were associated with adult tissue stem cells and
long-term hematopoietic stem cells (Figure 3B), while genes
up-regulated in sBFU-E were associated with MAPK signal-
ing, response to stress and stimulus, and more mature
hematopoietic progenitors (Figure 3B). Interestingly, both
sMPP and sBFU-E expressed BMP- as well as CBFA2T3 tar-
get genes known to be up-regulated in response to Bmp or
Cbfa2t3 inactivation respectively (Figure 3B). sCFU-E on
the other hand, uniquely expressed genes correlating with
late progenitors, heme metabolism, and BMP- and
CBFA2T3-responsive genes reported to be down-regulated
in response to Bmp or Cbfa2t3 inactivation (Figure 3B). 

The differential expression of BMP-responsive genes in
sCFU-E and more primitive stress-progenitors is well in line
with previous findings showing that effective generation of
erythroid stress-progenitors is BMP-dependent. To explore

the functional importance of BMP-signaling for the genera-
tion of stress-progenitor populations, BM cells deficient in
BMP receptor II from conditional knock out mice
(BmprIIfl/fl Vav-Cre) or wild-type littermate controls
(BmprIIfl/fl Cre-negative) were competitively transplanted
at a 1:1 ratio with KuO+ wild-type BM, and analyzed for
stress recovery contribution in the spleen on day 8 (Figure
3C). Mice transplanted with BMPRII deficient BM had
smaller spleens and a 36% reduction in cells/spleen (Figure
3D), despite the fact that 50% of the transplanted BM cells
were wild-type. This difference was no longer apparent
after lymphoprep-enrichment of mononuclear cells, indicat-
ing that spleens of mice transplanted with 100% wild-type
cells contained more erythroid cells (Figure 3D).
Accordingly, BMPRII-deficient BM displayed a substantially
decreased potential to form stress-progenitors from the
stage of lineage negative cKit+ progenitors (59.6±5,0% of
wild-type), with the most prominent reduction observed in
the number of sBFU-E (46.4±6.7% of wild-type) (Figure 3E,
see Figure 1C for gating). Hence, in agreement with previ-
ous studies, our prospectively isolated stress-progenitor
populations are dependent on BMP signaling for a full
stress-response.

CD150 and CD9 mark BFU-E potential during 
steady-state erythropoiesis, providing improved 
identification of myelo-erythroid progenitors in the BM

Mapping transcriptional profiles of the splenic stress-
progenitor populations (see Figure 3) to transcriptional pro-
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Table 2. Top 20 down-regulated genes in stress-BFU-E compared to
steady-state.
Gene symbol               log2 fold change                    -log10 FDR

F13a1                                          -2,754                                        29,923
Snord15a                                    -2,519                                        23,305
Tifab                                            -2,413                                        16,746
Csf1r                                            -2,358                                        16,322
Cybb                                            -2,344                                        13,756
Unc93b1                                     -2,321                                        25,436
Lgals1                                          -2,265                                        14,959
Cf10                                             -2,250                                        14,576
Snord15b                                    -2,197                                        43,032
Rasa4                                          -2,127                                        13,580
Cd209a                                        -2,124                                        10,439
Klf4                                              -2,115                                        10,450
Lrp1                                             -2,024                                         9,143
Pik3r5                                          -1,939                                         8,927
Itsn1                                            -1,907                                        21,849
Ccr2                                             -1,860                                         7,775
Ly6c2|                                          -1,859                                         7,727
Trim47                                         -1,847                                         8,101
Nhsl2                                           -1,796                                         7,029
Irf8                                               -1,783                                         7,515

The genes most down-regulated in sBFU-E compared to steady-state included the
coagulation factor F13a1/FxIIIa expressed by monocytes and megakaryocytes, Tifab;
a del(5q) MDS gene known to regulate hematopoiesis and mediate immune signaling
through the Toll-like receptor–TRAF6 pathways,41 the Kit paralog Csf1r; essential for
the survival of monocytes and macrophages,42 and Cybb/gp91-phox; a heme-binding
membrane glycoprotein that is a phagocyte respiratory burst oxidase component
induced by inflammation.43



files of steady-state progenitors from BM as recently
defined by single-cell transcriptomics and fate assays,15

demonstrated that splenic stress-progenitors map closely
with their steady-state BM counterparts (Online
Supplementary Figure S6). The most widely used protocol for
delineating myelo-erythroid progenitors in steady-state BM
nicely demonstrates that BFU-E potential resides in the
Lin–cKit+CD150+CD105+ “Pre-CFU-E” fraction,9 also con-
firmed in our hands (Figure 4A-B). However, since the “Pre-
CFU-E” population contains relatively few BFU-E progeni-
tors (Figure 4B and Pronk et al.),9 a specific cell 
population possessing the BFU-E potential remains poorly
defined. We therefore asked if CD9 could be used to also
enrich for steady-state BFU-E. Progenitor populations were
FACS-sorted from steady-state BM using the same marker-
combinations as in stressed spleen (CD150+CD9+Sca1–), and
plated for erythroid colony formation. The FACS profile of
steady-state BM was very similar to that of stressed spleen
(Figure 1C and Figure 4C), and both Sca1– and Sca1+

CD150+CD9+ BM cells efficiently gave rise to BFU-E
colonies (BFU-E/CFU-E colony formed from
CD150+CD9+Sca1–: 30.0, frequency: 7.5±0.9%, Figure 4C-
D), representing a 45-fold improved BFU-E/CFU-E ratio
compared to previously used marker combination. In con-
trast, CD150+CD9+ cells were hardly present in spleens
from steady-state mice, and of these only a few comprised
BFU-E-forming potential (BFU-E/CFU-E colony formed
from CD150+CD9+Sca1–: 10.8, frequency: 1.0±0.4%; Online
Supplementary Figure S7). Furthermore, steady-state BM pro-
genitors gave rise to highly proliferative BFU-E colonies,
whereas steady-state spleen progenitors resulted in much
smaller BFU-E colonies (data not shown). In conclusion,
CD150 and CD9 expression mark BFU-E potential, both
during steady-state in the BM and in the spleen during acute
anemia. 

Compared to steady-state BFU-E, stress-BFU-E have
enhanced expression of genes associated with BMP sig-
naling, erythropoiesis and proliferation

To investigate prospective mechanisms giving stress-
BFU-E their unique capacity to rapidly produce large num-
bers of erythroid cells in response to anemia, BFU-E
(CD150+CD9+Sca1–) were sorted from steady-state BM and
day 8 stressed spleens and analysed for transcriptional dif-
ferences using RNA-seq. Analysis demonstrated a large
overlap between stress- and steady-state BFU-E, with only
277 genes being differentially expressed (Figure 5A, full list
of differentially expressed genes in the Online Supplemental
Table S2). Gene set enrichment analysis demonstrated that
sBFU-E expressed higher levels of genes associated with
BMP and glucocorticoid signaling, proliferation, maturation
block, and erythropoiesis (Figure 5B and Online
Supplementary Figure S8) with several erythropoiesis-rela-
ted genes among the most highly up-regulated genes in
stress- compared to steady-state BFU-E (Table 1). Steady-
state BFU-E on the other hand retained gene signatures
associated with myeloid cell development and immune
response (Figure 5C), which was also reflected by the genes
most down-regulated in stress- compared to steady-state
BFU-E (Table 2). 

Strong prevalence for the binding motif of 
chromatin-looping transcription factor CTCF under ATAC-
seq peaks enriched in stress-BFU-E 

To define potential differences in active regulatory DNA

elements across the genome, we performed the assay for
transposase-accessible chromatin sequencing (ATAC-seq)
analysis18 on the same stress- and steady-state BFU-E pop-
ulations as used for transcriptional profiling. ATAC-seq
peaks (open chromatin regions) were detected using
ENCODE ATAC-seq pipeline (https://github.com/kundaje-
lab/atac_dnase_pipelines). K-means clustering demonstrated
a relatively large overlap in chromatin availability
between the two populations, with some of the peaks
being enriched in stress- (orange) or steady-state (blue)
BFU-E (Figure 5D and Online Supplementary Figure S9). The
absolute majority of peaks with differential accessibility
were located at distal elements (>1,000 bp away from the
transcription start site) with only 5% situated around the
promoter regions in both stress- and steady-state BFU-E,
indicating that transcriptional differences between stress-
and steady-state BFU-E are likely to be regulated by distal
chromatin interactions.

To identify DNA-binding factors with differential chro-
matin availability in stress-erythropoiesis we performed
motif analysis using peak files extracted from the heatmap
clusters. This detected the transcriptional regulator CTCF
(CCCTC-binding factor, CTCFL; testis-specific paralog) as
the most significantly enriched DNA-binding factor in
stress-BFU-E peaks followed by ERG (Figure 5E), whereas
steady-state BFU-E peaks most significantly enriched for
SFBPI1 and RUNX2 (Figure 5F). Notably, only for CTCF
was the motif distributed closely around the peak center
(Figure 5G). CTCF is known to regulate the formation of
chromatin loops by binding together strands of DNA, and
also constitutes a primary part of insulators by blocking the
interaction between enhancers and promoters (reviewed by
Phillips et al.).29 Interestingly, CTCF has been shown to
mark active promoters and boundaries of repressive chro-
matin domains in primary human erythroid cells,30 and
LDB1-CTCF enhancer looping has recently been shown to
underlie activation of a substantial fraction of erythroid
genes.31 Furthermore, CTCF has been shown to regulate
growth and erythroid differentiation of human myeloid
leukemia cells (K562 cell line).32 Although both steady-state
and stress-BFU-E enriched for the CTCF motif, the frequen-
cy was considerably higher in sBFU-E, where 24,3% of the
enriched peaks marked a CTCF motif, compared to 8,5% in
steady-state BFU-E (Figure 5H). In conclusion, while the
transcriptional and chromatin landscape of stress- and
steady-state BFU-E display a high degree of similarity, dis-
tinctions in gene expression patterns and in the epigenetic
landscape might underlie the unique capacity of sBFU-E to
rapidly make large numbers of erythroid cells in response to
anemia. 

Discussion 

The identity of stress-erythroid progenitors has
remained largely elusive, and their precise identification is
important to understand the mechanisms governing
recovery from anemia. Previous studies have identified
stress-progenitors to be cKit+CD71low/Ter119ow,14 and after
culture the BFU-E potential is found in the CD34–CD133–

fraction of the Sca1+cKit+CD71low/Ter119low population.
However, only a small fraction of these cells (0.12-0.2%)
gave rise to BFU-E colonies. Here we demonstrate that the
differential expression of the surface markers CD150,
CD9 and Sca1 provide fractionation and definition of a
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hierarchy of functionally diverse splenic stress-progenitors
during irradiation-induced recovery, providing 100-fold
improved enrichment of stress-BFU-E compared to the
current state-of-the-art.  

Analysis of megakaryocytic-erythroid differentiation
kinetics has been hampered by the lack of markers
expressed by mature erythrocytes and platelets. By trans-
planting sorted stress-progenitor populations from trans-
genic mice expressing Kusabira Orange in all cells includ-
ing erythrocytes and platelets,20 we determined their
kinetics and full differentiation potential in vivo. Although
sBFU-E gave rise to megakaryocytic colonies in vitro and
CD41+ cells in vivo, only sMPP produced platelets in vivo,
demonstrating the importance of in vivo experiments and
the ability to trace all mature cell types for defining pro-
genitor potential. In agreement with previous studies,33

this shows that CD41 is not specific for the megakary-
ocytic lineage. 

We further demonstrate that splenic sBFU-E provide a
massive but transient erythroid wave, followed by multi-
lineage reconstitution from sMPP. Harandi et al.14 previously
suggested that cKit+CD71–Ter119– cells were erythroid
restricted.14 However, using the same starting population of
cells and in vivo reconstitution we now demonstrate that
these cells contain both multi-potent progenitors
(CD150+CD9+Sca1+) and more erythroid restricted BFU-E
(CD150+CD9+Sca1–) and CFU-E (CD150+CD9–). The same
group also proposes that stress-BFU-E are Sca1+ , whereas
we show that Sca1+ stress-progenitors are multi-potent
with the capacity to give rise to more restricted Sca- sBFU-
E. Sca1 is known to mark multi-potent HSC, and that Sca1
as a single surface marker can differentiate between multi-
lineage and BFU-E potential is well in line with cellular hier-
archy mapping in steady-state hematopoiesis.34

Interestingly, CD9 has recently been reported to be
expressed in murine HSC with MegE differentiation bias.34

While Pronk et al.9 have identified that CD150 marks
“PreCFU-E” colony-forming potential in the BM during
steady-state, we for the first time describe a FACS method
for identifying progenitors with BFU-E potential, which
resides in the cKit+CD71low/CD24alowCD150+CD9+ popula-
tion. This demonstrates that these markers can be used to
enrich for both steady-state BFU-E and stress-BFU-E. 

BMP-regulation of stress-erythropoiesis has previously
been described by Paulson and colleagues, whereas we
have shown that steady-state erythropoiesis remains unaf-
fected by disruption of canonical BMP-signaling.
Investigation of the functional importance of BMP-signaling
in our system revealed that transplantation of BMP-defi-
cient BM resulted in an impaired stress-response with sub-
stantially smaller spleens and decreased potential to form
stress-progenitors, despite 50% of the transplanted BM cells
being wild-type. In addition, genes upregulated in sBFU-E
compared to their steady-state counterpart were associated
with gene sets activated downstream of the BMP signaling
pathway.33 Within the stress-erythroid progenitor popula-
tions, sCFU-E expressed the same set of BMP-responsive

genes to a higher degree than sBFU-E and sMPP. Taken
together, these results model stress-erythroid progenitors in
general and sCFU-E in particular as BMP-responsive cells.
sCFU-E also displayed the highest expression of a set of
genes that is down-regulated in response to inactivation of
Cbfa2t3,26 a transcriptional co-repressor that promotes
degradation of hypoxia regulating protein Hif1a,35 regulates
Gata1-target genes critical for erythroid differentiation,36

and maintains an erythroid-specific genetic program in pro-
genitors primed for rapid activation when terminal ery-
throid differentiation is induced.37 Stress-erythropoiesis is
severely impaired in mice lacking Cbfa2t3.26 Collectively,
this makes Cbfa2t3 an interesting target to study further in
stress-erythropoiesis regulation.

Analysis of active regulatory DNA elements across the
genome using ATAC-seq revealed that sBFU-E displayed a
stronger prevalence for the binding motif of chromatin-loop-
ing transcription factor CTCF compared to steady-state
BFU-E which are less efficient in producing erythrocytes.
CTCF has previously been implicated in marking active pro-
moters in primary human erythroid cells,30 and LDB1-CTCF
enhancer looping underlies activation of a substantial frac-
tion of erythroid genes.31 In accordance, ectopic expression
of CTCF in K562 cells promotes erythroid differentiation
whereas CTCF knock-down significantly inhibits differenti-
ation into the erythroid lineage.32 Taken together, chromatin
accessibility of CTCF is the most striking epigenetic differ-
ence between stress- and steady-state BFU-E, suggesting a
role for CTCF-dependent mechanisms in stress-BFU-Es.

In conclusion, combining novel surface markers with the
KuO tracing mouse, we have for the first time defined a cel-
lular hierarchy of stress-progenitors, separating sMPP from
sBFU-E and more mature sCFU-E based on their kinetics
and differentiation potential in vivo. We further demonstrate
that sBFU-E express gene signatures more associated with
erythropoiesis and proliferation compared to steady-state
BFU-E, and have enhanced and differential accessibility to
CTCF binding sites. Our findings open up the field for fur-
ther mechanistic and functional studies of how stress-ery-
thropoiesis is regulated, and how sBFU-E contribute during
recovery of erythroid disorders. Since the mechanisms reg-
ulating stress-erythropoiesis may be targeted for treatment
of anemia, this is an important step towards identifying and
studying novel erythropoiesis stimulating agents.
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Remodeling of adipocyte morphology and function plays a critical role
in prostate cancer development. We previously reported that
leukemia cells secrete growth differentiation factor 15 (GDF15),

which remodels the residual bone marrow (BM) adipocytes into small
adipocytes and is associated with a poor prognosis in patients with acute
myeloid leukemia. However, little is known about how GDF15 drives BM
adipocyte remodeling. In this study, we examined the role of the transient
receptor potential vanilloid (TRPV) channels in the remodeling of BM
adipocytes exposed to GDF15. We found that TRPV4 negatively regulated
GDF15-induced remodeling of BM adipocytes. Furthermore, transforming
growth factor-β type II receptor was identified as the main receptor for
GDF15 on BM adipocytes. PI3K inhibitor treatment reduced GDF15-
induced pAKT, identifying PI3K/AKT as the downstream stress response
pathway. Subsequently, GDF15 reduced the expression of the transcription
factor Forkhead box C1 (FOXC1) in BM adipocytes subjected to RNA-
sequencing screening and western blot analysis. Moreover, it was also con-
firmed that FOXC1 combined with the TRPV4 promoter by chromatin
immunoprecipitation with quantitative polymerase chain reaction experi-
ments, which suggests that FOXC1 mediates GDF15 regulation of TRPV4.
In addition, an acute myeloid leukemia mouse model exhibited smaller BM
adipocytes, whereas the TRPV4 activator 4a-phorbol 12,13-didecanoate
partly rescued this process and increased survival. In conclusion, TRPV4
plays a critical role in BM adipocyte remodeling induced by leukemia cells,
suggesting that targeting TRPV4 may constitute a novel strategy for acute
myeloid leukemia therapy.
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ABSTRACT

Introduction

The development of acute myeloid leukemia (AML) is closely related to the
bone marrow (BM) microenvironment.1,2 As a critical component of the BM
microenvironment, BM adipocytes provide energy for both the infinite prolifera-
tion of leukemia cells and the normal growth of hematopoietic stem cells.3,4

Leukemia cells proliferate to an overwhelming number in a limited marrow cavity,
likely because these cells are more efficient in capturing energy for growth.
Accordingly, BM adipocytes are remodeled in response to leukemia cells, generat-
ing a pro-tumoral microenvironment.5,6 However, the mechanism whereby
leukemia cell growth induces BM adipocyte remodeling is still unclear.

Induced BM adipocyte remodeling involves several specific processes, including
lipolysis, dedifferentiation and lipid accumulation. Consequently, the remodeled
adipocytes show morphological and functional changes.7 Breast cancer cells
reportedly secrete soluble factor Wnt3a which reduces the number and size of
adipocytes surrounding the malignant cells and thus contributes to disease devel-



opment.8 As the breast cancer progresses, adipocytes de -
differentiate to fibroblast-like cells.8 In mouse models of
bone metastasis following prostate cancer, Herroon et al.
showed that remodeled BM adipocytes support tumor
growth by fatty acid-binding protein 4 (FABP4) trans-
portation of fatty acids.9 These studies identified a func-
tional role of remodeled adipocytes in supporting solid
tumor metabolism. Thus, the adipocytes remodeled by
cancer cells are also known as cancer-associated
adipocytes.10 In the context of leukemia, there is a grow-
ing consensus that reduction in BM adipocyte number,
once believed to be merely due to mechanical squeezing
by the rapid proliferation of leukemia cells in the limited
BM cavity, is also actively regulated by leukemia cells.5,11

Indeed, we previously reported that growth differentia-
tion factor 15 (GDF15) derived from leukemia cells regu-
lates BM adipocyte remodeling by enhancing lipolysis.12

However, how extracellular GDF15 induces lipolysis
within BM adipocytes remains elusive.

It has been reported that GDF15 enhances intracellular
Ca2+ by increasing calcium voltage-gated channel subunit
alpha1 C (Cav1.3) expression in rat cerebellar granule
neurons, which induces the expression of genes essential
for synaptic plasticity.13 As an important cellular signal for
lipid metabolism, intracellular Ca2+ is involved in lipid
synthesis and lipolysis in adipocytes.14,15 When the calci-
um channels in the adipocytes are activated or upregulat-
ed, accumulation of lipids is enhanced through increased
[Ca2+]i.16,17 Conversely, when calcium channels are inhibit-
ed or downregulated, decreased calcium influx may accel-
erate fat breakdown.18,19 Thus, we hypothesized that cal-
cium channels are involved in GDF15-induced BM
adipocyte remodeling.

In this study, we examined a possible role of transient
receptor potential vanilloid 4 (TRPV4) calcium channels
in GDF15-driven remodeling of BM adipocytes. We
unravel a novel function of transforming growth factor-β
type II receptor (TGFβRII) that, in responding to GDF15
in BM adipocytes, activates the phosphatidylinositol 3-
kinase (PI3K)/AKT transduction pathway, which in turn
reduces the transcript factor Forkhead box C1 (FOXC1)
level and subsequently downregulates TRPV4. We also
provide evidence that inhibition of BM adipocyte remod-
eling increases survival in the AML mouse model, imply-
ing a novel therapeutic target for AML.

Methods

Patients’ samples
BM aspirates were collected from 16 patients diagnosed as

having lymphoma without BM invasion, using procedures
approved by the Ethics Committee of Shanghai Jiao Tong
University Affiliated Hospital. Mesenchymal stem cells were
derived from the BM of lymphoma patients without BM inva-
sion, because marrow mesenchymal stem cells in this type of
patients can be considered normal. The adipogenic induction of
mesenchymal stem cells is described in the Online Supplementary
Methods. 

Chromatin immunoprecipitation-quantitative 
polymerase chain reaction

Adipocytes were collected from different groups and
crosslinked with 1% formaldehyde for 10 min at 37°C. Cross-
linking was blocked, then the cells were washed and lysed in

sodium dodecylsulfate lysis buffer (50 mM HEPE NaOH 7.5, 500
mM NaCl, 1 mM EDTA, 0.1% Na-deoxycholate, 1% Triton
X100). The lysates were sonicated to shear DNA to a length
between 200 and 500 base pairs with 10-second pulses using son-
ication. The antibody against FOXC1 (5 mL, Abcam5079, USA)
was then added to the supernatant, incubated overnight at 4°C
with rotation and incubated with 100 mL Salmon Sperm
DNA/Protein A agarose beads for 2 h at 4°C. The immunoprecip-
itated complex was then washed and eluted. The histone DNA
crosslinks were reversed and DNA was purified for real-time poly-
merase chain reaction (PCR). Quantitative real-time PCR (RT-
qPCR) was performed on bound and input DNA with the follow-
ing primers for TRPV4: forward: 5-CTTTGCACTGGGGAGCA-
GAGT-3, reverse: 5-ATTAACCG TGGGCTTCAGGCA-3.

Cell cultures and reagents
The cell cultures and reagents, as well as the co-culture assays

are described in detail in the Online Supplementary Methods.

Animal experiments
All animal experiments were performed according to proce-

dures approved by the Ethics Committee of Shanghai Jiao Tong
University Affiliated Hospital. Five-week old C57BL/6 mice
were fed with 60% high-fat diet (Research Diets, Inc. New
Brunswick, NJ, USA) for 3 months to create an obese mouse
model. Mice injected with FBL-3 cells (5×105) and mice injected
with both FBL-3 cells (5×105) and 4a-phorbol 12,13-didecanoate
(4aPDD) (200 mg/Kg according to the instructions for reagents)
were used as experimental groups. The untreated obese mice
were used as a control group. The volume of all solutions inject-
ed was 200 mL. Mice were sacrificed and femora were removed
after 3 weeks of treatment. Femora were fixed for 24 h with 4%
paraformaldehyde and were decalcified for 2 days. BM sections
from the mice were dewaxed by conventional methods and
incubated with anti-perilipin1 monoclonal antibody (1:50, CST,
USA) at 4°C overnight. 

Other experimental details
Full descriptions of free fatty acid detection, lentiviral knock-

down, RNA sequencing, western blot analysis and enzyme-
linked immunosorbent assays, RT-qPCR (primers shown in
Table 1), the cell counting and apoptosis assays, oil red O stain-
ing, immunofluorescence studies, and adipocyte measurements
are provided in the Online Supplementary Methods.

Statistical analysis
All statistical tests were performed with GraphPad Primer5.

The data are presented as the mean ± standard deviation. A
Student t-test was used for comparisons between two groups. A
P value of less than 0.05 was considered statistically significant.

Results 

Downregulated TRPV4 contributes to increased bone
marrow adipocyte lipolysis

As an important channel for calcium ions, TRPV plays
a critical role in the energy balance of adipocytes. RT-
qPCR analysis showed that TRPV4 mRNA in BM
adipocytes had the highest expression among TRPV fam-
ily members (Figure 1A). Moreover, western blot analysis
showed that BM adipocytes expressed TRPV4 protein
highly (Figure 1B). To investigate whether TRPV4 plays
an important role in BM adipocytes, we used TRPV4
inhibitor (RN1734) and agonist (4aPDD) to verify the

TRPV4 mediates marrow adipocyte remodeling in AML
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Figure 1. Downregulated TRPV4 contributes to increased bone marrow adipocyte lipolysis. (A) Reverse transcriptase quantitative polymerase chain reaction (RT-
qPCR) verification of the expression of transient receptor potential vanilloid (TRPV) channel genes in bone marrow (BM) adipocytes. (B) Western blot analysis of
TRPV4 protein in BM adipocytes from three patients. (C) BM adipocytes treated with dimethylsulfoxide (Ctr), RN1734 (5 mM) or 4a-phorbol 12,13-didecanoate
(4aPDD, 0.25 mg/mL) for 4 days. Adipocytes were stained by oil red O (ORO). All images were at a magnification of 200×. (D) The number and average area of BM
adipocytes from the indicated groups were measured using Image-Pro-Plus 5.1. (E) The content of lipid droplets in BM adipocytes from the indicated groups was
detected by optical density values after ORO staining. (F) RT-qPCR was used to analyze adipose triglyceride lipase (ATGL) and hormone-sensitive triglyceride lipase
(HSL) mRNA in BM adipocytes from the indicated groups. (G) The content of free fatty acids (FFA) in the supernatant of BM adipocytes treated with dimethylsulfoxide
(Ctr), RN1734 or 4aPDD was detected using the colorimetric method. (H) BM adipocytes were infected with TRPV4-targeted shRNA (shTRPV4) lentivirus for 6 days.
Adipocytes were stained with Alexa Fluor 493/503-conjugated BODIPY. 4′,6-diamidino-2-phenylindole (DAPI) stained blue and lipid droplets showed green fluores-
cence. The scale bar represents 50 mm. (I) The number and area of BM adipocytes infected with shTRPV4 lentivirus, quantitatively analyzed by Image-Pro-Plus 5.1.
(J) The mRNA level of HSL and ATGL in BM adipocytes infected with shTRPV4 lentivirus on the fourth day, detected by RT-qPCR. β-actin protein was used as an internal
control for the western blot analysis. Three independent experiments were performed. ***P<0.001, **P<0.01, *P<0.05.
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function of TRPV4 in BM adipocytes, respectively.
4aPDD is the first synthetic TRPV4 agonist and is a non-
protein kinase C activated phorbol ester.20 Online
Supplementary Figure S1A shows the half maximal
inhibitory concentration (IC50) of the effects of RN1734
on BM adipocytes. Considering excessive Ca2+ influx
could cause some toxicity to adipocytes,21 we aimed to
find a concentration that has minimum cellular toxicity
and promotes the Ca2+ influx needed for our experiments.
As Online Supplementary Figure S1B shows, 4aPDD at a
concentration of 0.25 mg/mL resulted in an acceptable
level of toxicity of adipocytes, while allowing Ca2+ influx
to reach the level required for the experiment. Oil red O
staining and quantitative analysis showed that RN1734
reduced the number and area of BM adipocytes, whereas
4aPDD did not induce a similar change (Figure 1C, D),
suggesting that the inhibition of TRPV4 contributes to
reducing BM adipocyte number and size. Furthermore,
optical density value measurements showed that lipid
droplets in BM adipocytes treated with RN1734
decreased significantly (Figure 1E). 

In order to determine whether the phenomenon is
related to lipolysis, we determined the rate-limiting
enzymes (adipose triglyceride lipase, ATGL and hormone
sensitive lipase, HSL) of lipolysis.22 ATGL catalyzes the
first step of lipolysis and converts triglyceride to diacyl-
glycerol and free fatty acids.23 HSL is a hydrolase of glyc-
erides and cholesterol esters.24 Along with TRPV4 channel
inhibition, BM adipocytes subsequently exhibited
increased expression of ATGL and HSL, which resulted in
increased free fatty acids in the supernatant (Figure 1F, G).
Furthermore, it was found that RN1734 could significant-
ly inhibit Ca2+ influx in BM adipocytes, while 4aPDD
promoted Ca2+ influx in BM adipocytes (Online
Supplementary Figure S1C). However, 4aPDD activates
calcium channels in BM adipocytes by promoting Ca2+

influx, while the expression of TRPV4 could not increase
(Online Supplementary Figure S2A).

To further confirm that TRPV4 regulates lipolysis of
BM adipocytes, we used shTRPV4 lentivirus to knock
down TRPV4 (Online Supplementary Figure S2B, C). As
shown in Figure 1H, I and Online Supplementary Figure
S2D, quantitative analysis showed that the number (con-
trol vs. shTRPV4, 528.1±46.4/mm2 vs. 298.9±48.3/mm2,
P<0.05) and area (control vs. shTRPV4, 798.7±57.5 mm2 vs.
454.7±54.0 mm2, P<0.01) of BM adipocytes decreased in
TRPV4 knockdown samples. ATGL and HSL mRNA lev-
els were also increased in TRPV4 knockdown adipocytes
(Figure 1J). These data indicate a critical role for TRPV4 in
the regulation of lipolysis in BM adipocytes.

TRPV4 mediates GDF15-induced bone marrow
adipocyte remodeling 

Increased lipolysis can result in a decrease in the num-
ber and area of BM adipocytes. Therefore, lipolysis is also
a form of adipocyte remodeling. Our previous studies
found that GDF15 secreted by leukemia cells promoted
BM adipocyte lipolysis, decreasing the number and area
of BM adipocytes.5,12 As shown by western blot analysis,
TRPV4 expression was inhibited in BM adipocytes when
co-cultured with leukemia cell lines (THP-1, K562, HL-
60), whereas anti-GDF15 neutralizing antibodies partly
reversed the effect (Figure 2A). Given the above results,
we added recombinant human GDF15 (rhGDF15) to BM
adipocytes to clarify this effect. It was shown that the
inhibitory effect on TRPV4 was enhanced with the
increase of rhGDF15 concentration and treatment dura-
tion (Figure 2B, C). Moreover, rhGDF15 could significant-
ly inhibit TRPV4 mRNA expression and increase pHSL
protein expression on the fourth day (Figure 2C and
Online Supplementary Figure S2E). However, the pHSL pro-
tein and the release of free fatty acids did not increase sig-

TRPV4 mediates marrow adipocyte remodeling in AML
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Table 1. Sequences of the primers used to detect gene expression by reverse transcriptase quantitative polymerase chain reaction.
Species                           Name                                       Forward                                                                       Reverse

human                                 GAPDH                                               CGGAGTCAACGGATTTGGTCGTAT                                        AGCCTTCTCCATGGTGGTGAAGAC
human                                  TRPV1                                                CAGGCTCTATGATCGCAGGAG                                               TTTGAACTCGTTGTCTGTGAGG
human                                  TRPV4                                                CGTCCAAACCTGCGAATGAAGTTC                                        CCTCCATCTCTTGTTGTCACTG
human                                  TRPV5                                                GGTTTTCTACCTAAGGCAGAAGG                                          CTCGAAGCAGTGGAGACTCT
human                                  TRPV6                                                ACTGACCTCGACTCTCTATGAC                                              GTGGTGATGATAAGTTCCAGCAG
human                                   ALK4                                                 GCCATGGGAAGTTGTAATGG                                                  GTCCAGGTGCCATTATTCAG
human                                  ACVR2                                               GCCACCCTATTACAACATCCTG                                               GGTCCTGGGTCTTGAGTTG
human                                 TGFβRI                                              GAAGAGGACCCTTCATTAG                                                     TGCCTCACGGAACCACGAACG
human                                TGFβRII                                             CAACAACATCAACCACAACA                                                    TTATAGACCTCAGCAAAGCG
human                                  GFRAL                                               ATGGATTCAAAGGGATGTG                                                     TGATAGAAGAACCGTATGGC
human                                   ATGL                                                 GCGTGTCAGACGGCGAGAATG                                              GCAGCTCGTGGATGTTGGTGG
human                                    HSL                                                  CACTACAAACGCAACGAGAC                                                   CCAGAGACGATAGCACTTCC
human                                  FOXC1                                               TAAGCCCATGAATCAGCCG                                                     GCCGCACAGTCCCATCTCT
human                                  Cav1.3                                                CTTCCTCTTCATCATCATCTTC                                                TCATACATCACCGCATTCC
human                                  Cav3.1                                                CCACGTGGTCCTTGTCATCA                                                  GGGTCAGGAAGATGCGTTCA
human                                  Cav3.2                                                TCGAGGAGGACTTCCACAAG                                                 TGCATCCAGGAATGGTGAG
human                                  Cav3.3                                                AGGATGAGCTATGACCAGCG                                                  CAGAGAGCAGGGACTCATGC

GAPDH: glyceraldehyde 3-phosphate dehydrogenase; TRPV: transient receptor potential vanilloid; ALK4: activin A receptor type 1B; ACVR2: activin receptor type 2; TGFβRII: trans-
forming growth factor-β type II receptor; TGFβRI: transforming growth factor-β type I receptor; GFRAL: GDNF family receptor a-like; ATGL: adipose triglyceride lipase; HSL: hor-
mone-sensitive triglyceride lipase; FOXC1: Forkhead box C1; Cav1.3: calcium voltage-gated channel subunit alpha1 C; Cav3.1: calcium voltage-gated channel subunit alpha1 G;
Cav3.2: calcium voltage-gated channel subunit alpha1 H; Cav3.1: calcium voltage-gated channel subunit alpha1 I.



S. Yang et al.

2576 haematologica | 2020; 105(11)

Figure 2. TRPV4 mediates GDF15-induced bone marrow adipocyte remodeling. (A) Bone marrow (BM) adipocytes were co-cultured with leukemia cell lines (THP-1,
K562, HL-60) or leukemia cells and anti-GDF15 neutralizing antibody (200 ng/mL) for 4 days. The protein of TRPV4 was detected using western blot analysis. (B)
The effect of different concentrations (100 ng, 200 ng, 500 ng) of recombinant human GDF15 (rhGDF15) on the expression of TRPV4 protein for 4 days was analyzed
by western blot. (C) Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) was performed to analyze the expression of TRPV4 mRNA after the addi-
tion of 200 ng rhGDF15 in BM adipocytes for 2, 4, 6, 8 days. (D) BM adipocytes were treated with dimethylsulfoxide (Ctr), rhGDF15 (200 ng/mL) or rhGDF15 (200
ng/mL) and 4α-phorbol 12,13-didecanoate (4αPDD, 0.25 mg/mL) for 6 days. Adipocytes were stained by oil red O. All images were at a magnification of 200×. (E)
The number and average area of adipocytes from the indicated groups were measured using Image-Pro-Plus 5.1. (F) The content of lipid droplets in the indicated
groups was detected by optical density values. (G) RT-qPCR was used to analyze HSL and ATGL mRNA in adipocytes from the indicated groups on the fourth day. (H)
The content of free fatty acids in the supernatant of BM adipocytes from each group was detected using a colorimetric method. β-actin protein was used as an inter-
nal control for the western blot analysis. Three independent experiments were performed. **P<0.01, *P<0.05.
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nificantly after BM adipocytes were treated with
rhGDF15 for 1 h (Online Supplementary Figure S2F, G), sug-
gesting that the role of GDF15 in promoting lipolysis may
be different from the rapid action of β-adrenaline.25 Oil
red O staining and quantitative analysis showed that the
number and area of adipocytes did not change significant-
ly on the fourth day, but decreased significantly from the
sixth day (Online Supplementary Figure S2H, I). These
results indicate that TRPV4 regulates the remodeling of
BM adipocytes.    

To further explore the potential role of TRPV4 in
GDF15-induced BM adipocyte remodeling, oil red O
staining and quantitative analysis was conducted and
showed that the number and area of BM adipocytes were
decreased in BM adipocytes treated with rhGDF15,
whereas 4aPDD partly reversed the effect of rhGDF15
(Figure 2D, E). Optical density value measurements of
lipid droplets showed similar results (Figure 2F).
Accordingly, rhGDF15 could induce increased expression
of lipolysis genes (ATGL and HSL) and increased release
of free fatty acids from BM adipocytes, but activation of
TRPV4 by 4aPDD partly reversed the effect of rhGDF15
(Figure 2G, H). Furthermore, rhGDF15 can inhibit Ca2+

influx in BM adipocytes (Online Supplementary Figure
S3A). These findings strongly suggest that TRPV4 con-
tributes to GDF15-induced remodeling of BM adipocytes.
Although GDF15 has been reported to act on Cav1.3,
Cav3.1, Cav3.2, Cav3.3,13,26 the expression of these chan-
nels in BM adipocytes is much lower than that of TRPV4
(Online Supplementary Figure S3B). Moreover, when BM
adipocytes were co-cultured with leukemia cell lines
(THP-1, K562, HL-60), the expression of TRPV4 changed
significantly (Online Supplementary Figure S3C). These
results further suggest that TRPV4 may play an important
role in GDF15-induced remodeling of BM adipocytes.

GDF15 activates the downstream genes PI3K and pAKT
in bone marrow adipocyte remodeling

Extracellular GDF15 must bind to a receptor on the
membrane surface to cause intracellular changes in BM
adipocytes. We screened all of the reported GDF15 recep-
tors by RT-qPCR and found that BM adipocytes mainly
express TGFβRI and TGFβRII (Figure 3A). In order to
determine whether GDF15 acts through binding to
TGFβRI or TGFβRII on BM adipocytes, we conducted
inhibitor experiments in vitro.27,28 Western blot results
showed that rhGDF15 could downregulate TRPV4
expression in BM adipocytes treated with RepSox (a
TGFβRI inhibitor) rather than ITD1 (a TGFβRII inhibitor)
(Figure 3B). Moreover, we found that rhGDF15 could
reduce the number and area of BM adipocytes treated
with RepSox as compared to those treated with ITD1
(Figure 3C, D). In accordance with data from RT-qPCR
experiments, the levels of expression of lipolysis genes
(ATGL and HSL) were significantly elevated in BM
adipocytes treated with RepSox compared with the levels
in BM adipocytes treated with ITD1 (Online
Supplementary Figure S3D). These results suggest that
TGFβRII is the major receptor that mediates GDF15
action on BM adipocytes. 

To further verify the function of TGFβRII on BM
adipocytes, we knocked down TGFβRII expression by
shTGFβRII lentivirus (Online Supplementary Figure S4A, B).
As shown in Figure 3E and F, when TGFβRII was knocked
down in BM adipocytes, rhGDF15 did not significantly

reduce the number and area of BM adipocytes.
Accordingly, rhGDF15 did not significantly reduce the
TRPV4 protein (Figure 3G). These results further con-
firmed that GDF15 regulates BM adipocyte remodeling
by binding to TGFβRII. 

As an important signaling downstream pathway of the
TGFβ family, GDF15 could not cause significant changes in
Smad2 and Smad4 proteins in BM adipocytes (Figure 3H
and Online Supplementary Figure S4C). Notably, when PI3K
was blocked by PI3K-IN-1 (a PI3K inhibitor), rhGDF15
could not regulate AKT phosphorylation (Figure 3I), sug-
gesting that GDF15 is involved in the remodeling of BM
adipocytes by activating the PI3K/AKT pathway.

The PI3K/AKT pathway inhibits the TRPV4 promoter
FOXC1

PI3K/AKT acts as a signaling pathway downstream of
GDF15, which may affect the transcription or translation
of TRPV4. We compared the expression of different tran-
scription factors with or without rhGDF15 treatment by
RNA-sequencing analysis. The results showed that the
expression of several transcription factors decreased,
including FOXC1, Spalt-like gene-2 (SALL2), and MYC
associated factor X (MAX) (Figure 4A). Based on the cri-
teria of a fold-change >2.0 and P-value <0.05, FOXC1
was identified as a transcription factor that was signifi-
cantly changed in BM adipocytes after rhGDF15 treat-
ment (Figure 4B). To investigate whether FOXC1 is
responsible for GDF15 regulating TRPV4, we knocked
down FOXC1 in BM adipocytes (Online Supplementary
Figure S4D, E). The results showed that the expression of
TRPV4 at both the mRNA and protein levels was inhibit-
ed in FOXC1 knockdown adipocytes (Figure 4C, D), sug-
gesting that GDF15 reduced the expression of TRPV4 by
negatively regulating the transcription factor FOXC1. 

To further demonstrate the link between FOXC1 and
TRPV4, we used a FOXC1 antibody to pull DNA frag-
ments containing FOXC1 and used RT-qPCR to detect
the TRPV4 gene in the fragment. The results showed that
the control group had the sequence of the TRPV4 gene
and the amount of TRPV4 gene was correspondingly
decreased after knocking down FOXC1 (Figure 4E). These
data suggest that FOXC1 combines directly with TRPV4.
As shown in Figure 4F, rhGDF15 downregulated the
expression of FOXC1 and TRPV4 protein, but PI3K-IN-1
can block this process. Taken together, these results again
demonstrate that GDF15 regulates TRPV4 channels
through the PI3K/AKT pathway.

TRPV4 plays an important role in bone marrow
adipocyte remodeling in acute myeloid leukemia mice  

To better understand the role of TRPV4 in leukemia
cell-induced BM adipocyte remodeling, we investigated
the changes in number and size of BM adipocytes with
4aPDD in mice with leukemia. FBL-3 is a mouse-derived
AML cell line, which can spontaneously induce leukemia.
We first confirmed that FBL-3 cells secrete GDF15 (Online
Supplementary Figure S5A). In vitro, FBL-3 cells co-cultured
with BM adipocytes inhibited the expression of TRPV4
protein (Online Supplementary Figure S5B). Online
Supplementary Figure S5C, D shows that FBL-3 cells
reduced the number and area of BM adipocytes, while
4aPDD could partly reverse this effect. Correspondingly,
FBL-3 cells significantly promoted the expression of
ATGL and HSL mRNA in BM adipocytes, but 4aPDD
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Figure 3. GDF15 activates the downstream genes PI3K and pAKT in bone marrow adipocyte remodeling. (A) Reverse transcriptase quantitative polymerase chain
reaction (RT-qPCR) analysis of GDF15-related receptors in bone marrow (BM) adipocytes. (B) Western blot analysis of the expression of TRPV4 protein in BM
adipocytes induced by recombinant human GDF15 (rhGDF15) after treatment with TGFβRI inhibitor (RepSox) or TGFβRII inhibitor (ITD1) for 4 days. (C) Oil red O stain-
ing analysis of BM adipocytes induced by rhGDF15 after treatment with RepSox and ITD1 for 6 days. All images were at a magnification of 200×. (D) The number
and average area of BM adipocytes from the indicated groups were measured using Image-Pro-Plus 5.1. (E, F) BM adipocytes were infected with TGFβRII-targeted
shRNA (shTGFβRII) lentivirus for 48 h and then cultured with rhGDF15 for 6 days. Adipocytes were stained with Alexa Fluor 493/503-conjugated BODIPY. 4′,6-
diamidino-2-phenylindole (DAPI) stained blue and lipid droplets showed green fluorescence. The number and average area of adipocytes from the indicated groups
were measured using Image-Pro-Plus 5.1. The scale bar represents 50 μm. (G, H) BM adipocytes were infected with shTGFβRII lentivirus for 48 h and then cultured
with rhGDF15 for 4 days. The levels of TRPV4, Smad2 and pSmad2 proteins were detected using western blot analysis. (I) BM adipocytes were treated with or without
rhGDF15 and PI3K inhibitor (PI3K-IN-1, 2 mM) for 4 days. The levels of PI3K, AKT and pAKT proteins were detected using western blot analysis. β-actin protein was
used as an internal control for the western blot analysis. Three independent experiments were performed. **P<0.01, *P<0.05.
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could partly prevent this process (Online Supplementary
Figure S5E). Additionally, 4aPDD had no significant effect
on the proliferation and apoptosis of FBL-3 cells, as deter-
mined by a CCK8 assay (Online Supplementary Figure S5F)

and flow cytometry analysis (Online Supplementary Figure
S5G). Thus, these results suggest that this dose of 4aPDD
affects adipocytes, rather than directly affecting FBL-3
cells in the co-culture system. 
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Figure 4. The PI3K/AKT pathway inhibits the TRPV4 promoter FOXC1. (A) Analysis of TRPV4 upstream transcription factor expression of bone marrow (BM) adipocytes
treated with or without recombinant human GDF15 (rhGDF15) for 2 days by RNA sequencing). (B) Different expression of TRPV4-related transcription factor genes fol-
lowing rhGDF15 treatment for 2 days. (C) Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) was used to analyze TRPV4 mRNA level after treat-
ment with FOXC1-targeted shRNA (shFOXC1) lentivirus for 48 h. (D) Western blot was used to analyze the expression of TRPV4 protein after treatment with shFOXC1
lentivirus for 48 h. (E) Chromatin immunoprecipitation-qPCR analysis of TRPV4 gene level in adipocytes with or without FOXC1 knockdown. (F) BM adipocytes were treat-
ed with or without rhGDF15 and PI3K inhibitor (PI3K-IN-1, 2 mM) for 4 days. The levels of FOXC1 and TRPV4 proteins were determined using western blot analysis. β-
actin protein was used as an internal control for the western blot analysis. Three independent experiments were performed. **P<0.01, *P<0.05. 
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Considering that there were few adipocytes in the BM
of C57BL/6 mice, we raised the mice with a high-fat diet
to increase the number of adipocytes in the BM. BM
adipocytes in obese mice are round or elliptical in shape

(Figure 5A). Immunohistochemical staining of perilipin1
protein in the BM adipocytes showed that the BM
adipocytes stained yellow (Figure 5A). According to the
pathogenic characteristics of FBL-3 cells,29 BM samples
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Figure 5. TRPV4 plays an important role in bone adipocyte remodeling in acute myeloid leukemia mice. (A) Hematoxylin & eosin staining and immunohistochemical
staining with perilipin1 antibody in bone marrow (BM) sections from the controls (Ctr, n=5) and experimental mice, (mice with acute myeloid leukemia [AML], n=5;
AML mice treated with 4a-phorbol 12,13-didecanoate [4aPDD], n=5). Ten fields were analyzed for each mouse at 400× magnification. Three independent experi-
ments were performed. Scale bars represent 50 mm and 100 mm, respectively. (B, C) Adipocyte number and area in the controls, AML mice and AML mice treated
with 4aPDD, quantitatively analyzed by Image-Pro-Plus 5.1. (D) Immunofluorescence was used to analyze the expression of CD117 in BM sections of the controls,
AML mice and AML mice treated with 4aPDD. 4′,6-diamidino-2-phenylindole (DAPI) stained blue and CD117 showed red fluorescence. Scale bars represent 100 mm.
(E) The GDF15 content of the BM supernatant in the controls and AML mice was analyzed by enzyme-linked immunosorbent assay. (F) Kaplan-Meier curves showing
the overall survival rate of AML mice (n=9) and AML mice treated with 4aPDD (n=9). Three independent experiments were performed. ***P<0.001, **P<0.01,
*P<0.05.
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were taken 21 days after tail vein injection of FBL-3 cells.
The shape of BM adipocytes did not change significantly,
but the number and area decreased (Figure 5A). Further
quantitative analysis showed that the number of BM
adipocytes in AML mice (219±37.7/mm2) was lower than
that in the controls (505±49.7/mm2) and AML mice treat-
ed with 4aPDD (334.4±39.6/mm2), but the number of BM
adipocytes in AML mice treated with 4aPDD was still
lower than that in the controls (the t-test for any two
groups: P<0.05) (Figure 5B). Similarly, the BM adipocyte
area in mice with leukemia was 860.0±142.5 mm2, which
was smaller than that in the controls (1686.4±106.7 mm2,
P<0.001). Meanwhile, the area of BM adipocytes in AML
mice treated with 4aPDD was 1111.8±201.5 mm2, which
was larger than that of the BM adipocytes in AML mice
(P<0.01), and did not return to normal (P<0.001) (Figure
5C). 

We further found that there were more CD117 (a pro-
genitor cell expression marker, red fluorescence)-positive
cells in AML mice than in the AML mice treated with
4aPDD (Figure 5D). This may be due to the fact that
GDF15 secreted by AML cells promotes lipolysis and is
beneficial to the proliferation of leukemia cells, while
4aPDD partly prevents lipolysis. In fact, the content of
GDF15 in the BM supernatant was higher in AML mice
than in the controls (Figure 5E), suggesting that GDF15
secreted by leukemia cells can promote lipolysis of BM
adipocytes. Furthermore, we observed that treatment
with 4aPDD significantly extended overall survival of
AML mice (Figure 5F). In brief, these results suggest that
targeting TRPV4 in BM adipocytes can delay the progres-
sion of leukemia in mice.

Discussion

We have demonstrated a possible mechanism whereby
TRPV4 mediates BM adipocyte responses to extracellular
GDF15. Our data show that AML cells drive this remod-
eling process, at least in part, through TRPV4-dependent
lipolysis in the adipocytes. Our previous reports linked
increased levels of small adipocytes in BM to poor prog-
nosis in AML patients, and revealed that GDF15 derived
from leukemia cells remodels mature BM adipocytes into
small adipocytes.5,12 Here, we found that GDF15 binds to
its receptor TGFβRII on BM adipocytes, which in turn
activates downstream target genes, including PI3K and
AKT. Subsequently, TRPV4 is inhibited via downregula-
tion of its transcription factor FOXC1. These results sug-
gest that GDF15 regulates TRPV4 through the above
pathway, thereby promoting BM adipocyte remodeling
(Online Supplementary Figure S6). This finding is consistent
with several reports that TRPV4 acts as a volume receptor
rather than an osmotic receptor.30-32

There has been a report that TRPV4 is located on the
cell membrane and acts as a calcium channel.33 Therefore,
TRPV4 can regulate energy metabolism of peripheral
white adipocytes by facilitating Ca2+ influx, which in turn
stimulates the ERK1/2-dependent pathway.34 GDF15
inhibits the expression of TRPV4 in BM adipocytes,
resulting in a decrease of Ca2+ influx (Online Supplementary
Figure S3A) and an increase in pHSL protein (Online
Supplementary Figure S2E) after BM adipocytes were treat-
ed with rhGDF15 for 4 days. It has been reported that
reduced Ca2+ influx causes an increase in the expression of

pHSL, leading to lipolysis of adipocytes.17 Notably, the
TRPV4 channel is a tetrameric complex formed by the
same or similar monomeric subunits.35 Interestingly,
cytosolic N- and C-terminal domains are involved in
channel gating and mediating intracellular signaling,35,36

indicating that it is impossible for TRPV4 to interact
directly with exogenous chemical factors. Hence, it
would be interesting to examine how TRPV4 communi-
cates with extracellular GDF15.   

Given our findings that extracellular GDF15 inhibited
the expression of TRPV4 in BM adipocytes, we speculat-
ed that GDF15 acts on BM adipocytes through TGFβ
receptors. As a member of the TGFβ superfamily, GDF15
is known to interact with receptors of TGFβ members,
such as TGFβRI, TGFβRII, ALK4 and ACVR2.37-39 In addi-
tion, GDF15 has unique cognate receptors, such as
GFRAL, which is mainly expressed in the central nervous
system and, at low levels, in testicular tissue.39 Our data
show that BM adipocytes express TGFβ receptors, but
not the known unique GDF15 receptors. Moreover,
TGFβRII was shown to be associated with GDF15 activ-
ity on BM adipocytes (Figure 3B-G). These experiments
inform the first step of GDF15 acting on the adipocytes. 

Our study further revealed that PI3K/AKT activation
plays an essential role in driving GDF15 regulation of tar-
get genes in BM adipocytes. In fact, GDF15 induced the
activation of Smad, a component of the classic anti-apop-
tosis pathway of cardiomyocytes which promotes the
progression of lung cancer.40,41 However, we did not focus
on the Smad pathway in this study because the activated
Smad protein type is known to be determined by the
TGFβRI present in the ligand-bound signal complex.42 In
fact, GDF15 did not affect the Smad signaling pathway in
BM adipocytes, which is consistent with our results
(Figure 3H and Online Supplementary Figure S4C).Taken
together, our data, when interpreted in the context of pre-
vious reports, suggest that the PI3K/AKT pathway may
be important for GDF15-induced remodeling of BM
adipocytes.

Interestingly, we observed that PI3K/AKT activation
downregulated the TRPV4-associated transcription factor
FOXC1. FOXC1 is also a transcription factor of ITGA7
and FGFR4 in colorectal cancer, CXCR4 in endothelial
cells, and FGF19 in ciliary body-derived cells.43-45

Moreover, the transcriptional function of FOXC1 has not
been described previously for some pivotal adipogenic
genes (FABP4, CEBPA and PPARG) and lipolytic genes
(ATGL and HSL). Based on the knockdown of FOXC1
gene, the lipolytic gene in BM adipocytes increases (Online
Supplementary Figure S4F), which confirmed that FOXC1 is
important for regulating the metabolism of BM. 

In addition, TRPV4 can be activated or inhibited by
physical and chemical factors. When it comes to the mat-
ter of the size of cells, TRPV4 acts as a volume receptor
rather than an osmotic receptor,30 suggesting that TRPV4
is involved in the regulation of cell volume. Previous stud-
ies have suggested that TRPV4 is an important inflamma-
tory factor because TRPV4 levels are increased in
inflamed tissues and activation of TRPV4 causes inflam-
mation.46 This protein is also closely related to inflamma-
tion of white adipose tissue.33,47 However, the decreased
expression of TRPV4 in leukemia-associated BM
adipocytes implies that TRPV4 is not a major pro-inflam-
matory factor of leukemia-associated BM adipocytes. We
conclude that downregulated TRPV4 preferentially pro-
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motes lipolysis in BM adipocytes, contributing to their
remodeling into small adipocytes in the pathogenesis of
AML.

Moreover, we also found that treatment with the
TRPV4 agonist 4aPDD rescued BM adipocyte remodel-
ing, which was correlated with increased survival in
AML-bearing mice, supporting a crucial role of TRPV4 in
the growth and progression of AML. Although there are
unstained positive white circles in the BM of AML mice
(Figure 5A), we suspect that these circles may represent
an increase in blood vessels or sinuses in the BM of these
animals. Leukemia cells can promote angiogenesis, which
in turn contributes to the proliferation of leukemia cells.48

Of course, it cannot be excluded that a few adipocytes
were not stained positively. Many studies have also
reported the effect of circulating factors in obese animals
on leukemia.49,50 However, in our study, both experimen-
tal groups and control groups were obese mice, and their
basic background was the same. This should, therefore,
have allowed us to control for the impact of the circulat-

ing factors, which sould not have been responsible for
observed differences in mouse survival and other vari-
ables. Future studies in vivo are needed to validate the spe-
cific modulatory role of GDF15 on TRPV4.

In conclusion, leukemia cells activate a transcriptional
network that includes GDF15-related-PI3K/AKT activa-
tion and subsequent TRPV4 downregulation, which pro-
motes BM adipocyte remodeling. The morphological
adaptation of BM adipocytes and the modulation of lipo -
lysis may represent a novel strategy for the treatment of
hematologic malignancies, especially in elderly patients,
whose aging and increased adiposity of the BM microen-
vironment reduce the efficacy of cytotoxic chemotherapy.
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Antibody drug conjugates represent an important class of anti-cancer
drugs in both solid tumors and hematologic cancers. Here, we report
preclinical data on the anti-tumor activity of the first-in-class anti-

body drug conjugate MEN1309/OBT076 targeting CD205. The study
included preclinical in vitro activity screening on a large panel of cell lines,
both as single agent and in combination, and validation experiments on 
in vivo models. CD205 was first shown frequently expressed in lymphomas,
leukemias and multiple myeloma by immunohistochemistry on tissue
microarrays. Anti-tumor activity of MEN1309/OBT076 as single agent was
then shown across 42 B-cell lymphoma cell lines with a median IC50 of 200
pM and induction of apoptosis in 25 of 42 (59.5%) of the cases. The activity
appeared highly correlated with its target expression. After in vivo validation
as the single agent, the antibody drug conjugate synergized with the BCL2
inhibitor venetoclax and the anti-CD20 monoclonal antibody rituximab.
The first-in-class antibody drug targeting CD205, MEN1309/OBT076,
demonstrated strong pre-clinical anti-tumor activity in lymphoma, warrant-
ing further investigations as a single agent and in combination.

Targeting CD205 with the antibody drug 
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ABSTRACT

Introduction

Antibody drug conjugates (ADC) represent a class of anti-cancer agents that can
have an important impact on the clinical outcome of cancer patients, as exemplified
by brentuximab vedotin for Hodgkin lymphoma patients or ado-trastuzumab-
emtansine (T-DM1) for breast cancer patients.1 In lymphomas, different surface pro-
teins (CD19, CD37, CD79B, CD25) have provided targets for active ADC.1 CD205,
encoded by the LY75 gene (Lymphocyte antigen 75, DEC-205), is a surface multi-
lectin receptor with a cytoplasmatic domain containing protein motifs crucial for
endocytosis and internalization upon ligation. Although its biologic role has not been
fully defined, it is known to act as a surface receptor for apoptotic and necrotic
cells,2,3 leading to antigen uptake and processing. CD205 is expressed in hematopoi-
etic cells, mainly by antigen presenting cells (APC), but also in other tissues, includ-
ing solid tumors.4-8 CD205 presents a rapid internalization rate and a favorable profile
in terms of differential expression between neoplastic and healthy tissues, and is a
potential new target for ADC.7 MEN1309/OBT076 is a novel humanized IgG1 anti-



body directed against CD205, with no direct anti-tumor
effect, conjugated through a cleavable N-succinimidyl-4-(2-
pyridyldithio) butanoate linker to the potent maytansinoid
microtubule disruptor DM4.7 The ADC has shown potent
in vivo anti-tumor activity with durable responses and com-
plete tumor regressions in many models derived from
triple negative breast cancer, pancreatic and bladder cancer
cell lines and primary cells.7 MEN1309/OBT076 is now
under early clinical investigation for patients with solid
tumors and lymphoma (CD205-Shuttle study;
clinicaltrials.gov identifier: NCT03403725).9 Here, we present
the first preclinical data sustaining CD205 as a novel ther-
apeutic target for lymphomas.

Methods

Cell lines
A total of 42 lymphoma cell lines derived from germinal center

B-cell type (GCB, n=17) or activated B-cell-like (n=7) diffuse large
B-cell lymphoma (DLBCL), mantle cell lymphoma (MCL, n=10),
marginal zone lymphoma (MZL, n=6), and chronic lymphocytic
leukemia (CLL, n=2) were used and cultured as previously
described.10 Cell line identity was validated by STR DNA finger-
printing using the Promega GenePrint 10 System kit (B9510)
(Online Supplementary Table S1). BCL2, MYC and TP53 status were
defined as previously described.11  

Compounds
MEN1309/OBT076, MBH1309 and IgG-DM4 for proliferation

assay and MEN1309-PE for FACS analysis were provided by
Menarini. Idelalisib, bortezomib, lenalidomide, venetoclax were
purchased from Selleckchem (Houston, TX, USA) and rituximab
from Roche (Basel, Switzerland).

Proliferation and apoptosis assays
Anti-proliferative activity of MEN1309/OBT076 or IgG-DM4

was assessed as before12 and are described in the Online
Supplementary Appendix. Methods for apoptosis detection are
defined in the Online Supplementary Appendix. Peripheral blood
mononuclear cells (PBMC) from healthy donors were isolated by
using the Ficoll-Paque PLUS (Ge Heathcare Lifesciences) reagent
according to its guidelines. CD19+ B-cell lymphocytes were isolat-
ed from PBMC using the CD19 MicroBeads (MACS Miltenyi
Biotec). In vitro combinations were assessed as previously
described.10,12 Based on the Chou-Talalay Combination Index,13

the effect of the combinations was defined as beneficial if syner-
gistic (<0.9) or additive (0-9-1.1).

Western blotting analysis
Protein extraction, separation and immunoblotting were per-

formed as previously described.10 The following antibodies were
used: anti-β-Tubulin (cst-2146, Cell Signaling Technology), anti-
PARP1 (sc-8007, Santa Cruz Biotechnology), anti-BCL2 (sc-492),
anti-MCL1 (cst-5453), anti-β BCLXL (sc-8392), and anti-CD20
(ab9475, Abcam).

Immunohistochemistry
Immunohistochemical staining was performed as described in

the Online Supplementary Appendix.  

CD205 surface expression by cytofluorimetry 
CD205 expression was determined by flow cytofluorimetry

(FACS) on fresh cells, as described in the Online Supplementary
Appendix.  

Real-time-polymerase chain reaction
Total RNA was extracted from cells by using TRIZOL. cDNA

was prepared by using the Super script double strand cDNA syn-
thesis kit (Thermo Fisher Scientific, Waltham, MA, USA). The
expression levels of both CD205 and the reported intergenically
spliced forms were analyzed as described in the Online
Supplementary Appendix. RNA expression levels obtained with the
HumanHT-12 v4 Expression BeadChip (Illumina, San Diego, CA,
USA) were retrieved from our previous publication (GSE94669).10

Data mining
Associations in two-way tables were tested for statistical signif-

icance using either the c2 test or Fisher exact test (two-tailed), as
appropriate. Binomial exact 95% confidence intervals (95%CI)
were calculated for median percentages. Differences in IC50 values
among subtypes were calculated using the Wilcoxon rank-sum
test. Baseline gene expression levels of CD205 and of CD302 were
extracted from the GSE9466910 dataset obtained using the
HumanHT-12 v4 Expression BeadChip (Illumina, San Diego, CA,
USA). The degree of correlation among genes was calculated by
standard Pearson correlation coefficients. P<0.05 was considered
statistically significant. Statistical analyses were conducted using
Stata/SE 12.1 for Mac (Stata Corporation, College Station, TX,
USA).

Animal studies
Mice maintenance and animal experiments were performed

under the institutional guidelines established for the Animal
Facility and with study protocols approved by the local Cantonal
Veterinary Authority (license TI-22-2015). Methods are described
in the Online Supplementary Appendix.  

Results

Cluster of differentiation 205 (CD205) is expressed in
most diffuse large B-cell lymphoma

Expression of CD205 was assessed using immunohisto-
chemistry (IHC) on formalin-fixed paraffin embedded sec-
tions of clinical specimens of hematologic cancers derived
from lymphomas (n=370), acute myeloid leukemia (n=26),
and multiple myeloma (n=14) (Table 1). The antigen
CD205 was expressed in the vast majority of the cases,
and in entities comprising larger number of samples
(DLBCL, MALT lymphomas) expression was detected in
73% and 88% of the cases with moderate-intense expres-
sion in 20-50% of the samples. Similar distribution was
seen among T-cell lymphomas. CD205 exhibited both
membranous and cytoplasmic localization in the lym-
phoma cells; expression varied within individual cases
(Online Supplementary Figure S1).

MEN1309/OBT076 has in vitro anti-tumor activity in
diffuse large B-cell lymphoma

Based on the expression data, we exposed 42 B-cell lym-
phoma cell lines derived from DLBCL, MCL, MZL, and
CLL, to the anti-CD205 ADC MEN1309/OBT076 (Online
Supplementary Table S2). The compound demonstrated a
strong anti-tumor activity with a median IC50 of 200 pM
(95%CI: 15 pM-20 nM). The control ADC, human IgG
conjugated to the DM4 toxin, was 100 times less active
(20 nM; 95%CI: 13-70 nM) (Table 2). The anti-tumor
activity of MEN1309/OBT076 was mostly cytotoxic:
apoptosis induction was observed in 25 of 42 (59.5%) cell
lines at a concentration of 1 nM. Cell cycle analysis further
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confirmed the cytotoxic activity of MEN1309/OBT076.
Four cell lines (Farage, OCI-LY-1, SU-DHL-4 and SU-DHL-
10) were treated with MEN1309/OBT076 (low concentra-
tion and high concentration, reflecting IC50 values for each
cell line), and with IgG-DM4 and the unconjugated anti-
CD205 antibody for 72 hours. In all the cases,
MEN1309/OBT076 induced a strong sub-G0 arrest in the
cell lines, while the effect of the two control antibodies
(IgG-DM4 and naked antibody MBH-1309) was minimal
(Online Supplementary Figure S2). No differences in anti-
tumor activity were seen according to DLBCL cell of ori-
gin, lymphoma histotype, the presence of MYC transloca-
tion or BCL2 translocation or TP53 inactivation (Online
Supplementary Table S2). The ADC MEN1309/OBT076 did
not exert any apoptotic effects against PBMC from two
healthy donors who had CD205 expression on their
CD19+ B cells similar to one the most sensitive DLBCL cell
lines (171 and 111 vs. 106 of the OCI-LY-10) (Online
Supplementary Figure S3).

MEN1309/OBT076 anti-tumor activity was highly 
correlated with CD205 expression in diffuse large 
B-cell lymphoma cell lines

We then evaluated whether the activity of

MEN1309/OBT076 was affected by the expression levels
of its target. Sensitivity to the ADC was correlated with
the cell surface CD205 expression measured by flow
cytometry in 41 lymphoma cell lines (Online Supplementary
Table S3), as shown by the negative correlation between
IC50 values and the mean fluorescence intensity values
(P<0.0001) (Figure 1A).

Focusing on 23 DLBCL cells, we also assessed the corre-
lation between sensitivity and RNA expression of the
LY75 gene, coding for CD205, as measured by gene
expression profiling or real-time polymerase chain reac-
tion (RT-PCR) (Online Supplementary Table S3). The expres-
sion levels obtained with the two modalities were posi-
tively correlated between them (P<0.001) and with cell
membrane protein expression (P<0.001) (Online
Supplementary Figure S4). Similar to protein expression,
also RNA levels were negatively correlated with IC50 val-
ues (P<0.001) (Online Supplementary Figure S5).

The LY75 gene, coding for CD205, is known to give rise
to intergenically spliced transcripts with its centromeric
neighboring gene CD302.5 MEN1309/OBT076 activity
significantly correlated with the expression of two
CD205-CD302 intergenically spliced transcripts, meas-
ured by RT-PCR, indicating that this phenomenon does

E. Gaudio et al.
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Figure 1. The antitumor of MEN1309/OBT076 is correlated to the expression of its target. (A) Correlation in all B-cell lymphoma. y-axis: Log10 MFI values of CD205
as measured by flow cytometry. x-axis: Log10 IC50 values of MEN1309/OBT076 (pM). (B) FARAGE cell lines were treated with MEN1309/OBT076 (0-1.2pM and two
different concentrations of MBH1309: 16 and 80nM). (C) Representative histogram of cell cycle distribution in FARAGE cells treated with 100pM of IgG-DM4,
MEN1309/OBT076 alone and in combination with MBH1309 (72 hours). (D) Cell cycle distribution after exposure with IgG-DM4, MEN1309/OBT076 or combination
with MBH1309. Graph plots show mean±standard deviation for values from two biological replicates. MFI: mean fluorescence intensity.
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not reduce the anti-tumor activity of the compound (R=-
0.78 and R= -0.72, P<0.001) (Online Supplementary Table
S3), as well CD302 itself (R=0.67, P=0.001).

Finally, to further assess the specificity of
MEN1309/OBT076, we treated cells with the ADC with
or without the addition of MBH-1309, the naked anti-
CD205 antibody. The latter molecule had no anti-tumor
activity by itself (Online Supplementary Figure S6), but it
decreased the activity of MEN1309/OBT076 in a dose
dependent manner, as shown both in terms of IC50 and of
cell cycle analysis (Figure 1B-D). 

MEN1309/OBT076 demonstrates in vivo anti-tumor
activity in DLBCL

To confirm the observed in vitro MEN1309/OBT076
anti-lymphoma activity, we performed an in vivo xenograft
experiment with the OCI-LY-10 model of DLBCL.
Cohorts of mice were treated with vehicle control, IgG-
DM4 (5 mg/kg, once every 3 weeks), or
MEN1309/OBT076 (1.25, 2.5 or 5 mg/kg once every 3
weeks) (Figure 2A). Low activity was observed with
MEN1309/OBT076 1.25 mg/kg (day [D] 7, P=0.012) and
with IgG-DM4 (D21, P=0.049; D28, P=0.046).
MEN1309/OBT076 at 2.5 mg/kg delayed tumor growth
versus control (D21, P=0.039). MEN1309/OBT076 at 5
mg/kg eradicated tumors in all mice with a single dose,
highlighted by highly significant differences in tumor vol-

ume versus control mice (D7, D21, D28; P<0.01). Tumor
eradication led to an increase in the survival of the mice.
While all other groups reached endpoint by D35, the
MEN1309/OBT076 5 mg/kg group skipped the second
planned treatment at D21 because there was no sign of
tumors, and mice remained cured up to two months later
(Kaplan-Meier, survival analysis, P<0.0001) (Figure 2B).
One mouse belonging to the 5 mg/kg group showed
tumor re-growth (D28 and D35), and a second
MEN1309/OBT076 injection (D43) conferred tumor
remission for the second time (D50 and D57). 

MEN1309/OBT076 is synergistic with other targeted
agents

MEN1309/OBT076 was then combined with targeted
agents in four ABC-DLBCL cell lines (TMD8, HBL1, OCI-
LY-10 and U2932) (Table 3). The most effective combina-
tions were with the anti-CD20 monoclonal antibody rit-
uximab (synergistic in all four), and with the BCL2
inhibitor venetoclax (synergistic in three, additive in one).
Both combinations determined increased cell counts as
shown by increased percentage of cells in sub-G0 phase
during a cell cycle experiment (Online Supplementary Figure
S7). Immunoblotting analyses of two ABC-DLBCL cell
lines (TMD8 and OCI-LY-10) after exposure to
MEN1309/OBT076 provided hints on the mechanism
underlining the synergism (Figure 3). Protein levels of anti-
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Table 1. Prevalence of CD205 expression in hematologic cancers as demonstrated by immunohistochemistry (IHC) on tumor microarrays.
                                                                                      N. of samples                                                     CD205 expression (IHC)
                                                                                                                                             ≥ 1+ (%)                                             2-3+ (%)

Lymphoma                                                                                                                                                                              
B-cell neoplasms                                                                                                                                                                                                                    

B cell lymphoma (undefined)                                                       302                                                          71                                                                   37
Diffuse large B-cell lymphoma                                                      82                                                           73                                                                   28
Burkitt’s lymphoma                                                                            7                                                            29                                                                    0
Follicular lymphoma                                                                         16                                                           81                                                                   23
Lymphoplasmacytic lymphoma                                                      13                                                           31                                                                   23
Mantle cell lymphoma                                                                       7                                                            71                                                                   29
Mucosa-associated lymphatic tissue lymphoma                       40                                                           88                                                                   50
Small lymphocytic lymphoma                                                          3                                                             0                                                                      0
T-cell rich B-cell lymphoma                                                             3                                                            33                                                                   33
Hodgkin lymphoma                                                                                                                                                                                                                    
Hodgkin lymphoma (undefined)                                                    5                                                            80                                                                   20
Lymphocyte depleted Hodgkin lymphoma                                   2                                                            50                                                                   50
Lymphocyte predominant Hodgkin lymphoma                            7                                                            57                                                                   14
Mixed cellularity                                                                               15                                                          100                                                                   7
Nodular sclerosis                                                                               5                                                           100                                                                  60

T-cell and NK-cell neoplasms                                                                                                                                              
T-cell lymphoma (undefined)                                                        68                                                           59                                                                   28
Anaplastic large cell lymphoma                                                      8                                                            88                                                                   50
Angioimmunoblastic T-cell lymphoma                                          7                                                            86                                                                   43
Peripheral T-cell lymphoma                                                             3                                                           100                                                                   0

Leukemia                                                                                                                                                                                                                                      
Acute myeloid leukemia                                                                    26                                                           62                                                                   58

Myeloma                                                                                                                                                                                                                                       
Multiple myeloma                                                                             14                                                          100                                                                  79

N: number; NK: natural killer.



apoptotic proteins were affected by exposure to
MEN1309/OBT076, which induced a downregulation of
MCL1 protein and upregulation of BCL2 and BCX-L. The
ADC also determined an upregulation of CD20 protein
levels. All the changes were maintained when
MEN1309/OBT076 was given in combination with the
BCL2 inhibitor or the anti-CD20 monoclonal antibody,

and not seen after these two drugs were given as single
agents. PARP1 cleavage confirmed apoptosis induction. 

The combinations with the PI3K-d inhibitor idelalisib
was additive in two cell lines and of no benefit in the other
two, while the immunomodulatory agent lenalidomide
was additive in one cell line and of no benefit in the
remaining three. 
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Figure 2. MEN1309/OBT076 as single agent
has in vivo antitumor activity in the activated
B-cell like diffuse large B-cell lymphoma OCI-
LY10 xenograft model. Treatment with
MEN1309/OBT076 and IgG-DM4 started
when tumors became visible (100mm3). (A)
Control (CTR) group, n=4; IgG-DM4 group,
n=4; MEN1309/OBT076 1.25 mg/kg, n=8;
MEN1309/OBT076 2.5 mg/kg, n=7;
MEN1309/OBT076 5 mg/kg, n=8. In each
box-plot, the line in the middle of the box rep-
resents the median and the box extends from
the 25th to the 75th percentile (IQ: interquar-
tile range). Each dot represent a mouse. x-
axis: days of treatment. y-axis: tumor volume
expressed in mm3. (B) Kaplan-Meier LSS
(lymphoma specific survival).
MEN1309/OBT076 (5 mg/kg) versus all
other groups together. P<0.0001. 

Table 2. Anti-tumor activity of MEN1309/OBT076 and IgG-DM4 in B-cell lymphoma cell lines.
                                                                                                    MEN1309/OBT076                                                          IgG-DM4
                                            N. of cell lines                   Median IC50                          95%CI                         Median IC50                        95%CI

GCB-DLBCL                                           15                                       200 pM                           118 pM-4163 pM                          30 nM                                 20-38 nM
ABC-DLBCL                                            8                                        300 pM                           200 pM-3612 pM                          30 nM                                 20-40 nM
MCL                                                         10                                       100 pM                                86-1883 pM                               15 nM                                 15-54 nM
MZL                                                          6                                        110 pM                                 55-465 pM                              17.5 nM                              15-38.5 nM
CLL                                                           2                                        310 pM                                       n.d.                                      34 nM                                      n.d.
GCB-DLBCL: germinal center B-cell type diffuse large B-cell lymphoma; ABC-DLBCL: activated B-cell like diffuse large B-cell lymphoma; MCL: mantle cell lymphoma; MZL: mar-
ginal zone lymphoma; CLL: chronic lymphocytic leukemia; n.d.: not determined; N: number; CI: confidence interval. 

A
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Combined MEN1309/OBT076 and rituximab showed
higher in vivo anti-tumor activity than the single agents

The in vitro synergism with rituximab was validated in
vivo using an ABC-DLBCL lymphoma model, OCI-LY-10
(Figure 4). Mice were divided in four groups of ten animals
each and were treated with MEN1309/OBT076 (2.5
mg/kg IV, D1 and D12), or rituximab (3 mg/kg IV on D1;
5 mg/kg IV on D12), or MEN1309/OBT076 plus rituximab
(same schedule as single agents), or with vehicle only (IV). 

Single agents and combinations were more active
(P<0.05) than controls (MEN1309/OBT076, rituximab,
MEN1309/OBT076 plus rituximab, starting at D10). The
combination of MEN1309/OBT076 with rituximab gave
significant differences at D17 (P<0.05) versus both single
agent arms and tumor eradication. At the used doses,
MEN1309/OBT076 presented higher anti-lymphoma
activity compared to rituximab, although this was not sta-
tistically significant (P=0.06, D17). 

Discussion

Here we have shown CD205 expression in hematologic
cancers, including lymphomas. Results show that target-
ing this antigen with a first-in-class anti-CD205 ADC,
MEN1309/OBT076, had both in vitro and in vivo anti-tumor
activity in lymphomas. The novel ADC had an anti-tumor
activity that was highly correlated with expression of its
target CD205 and reached synergism when combined
with other targeted agents. 

Immunohistochemistry analysis of histological sections
of lymphomas, myeloma and leukemia clinical specimens
showed that a large percentage of cases (>70%) express
CD205. This is in agreement with recently reported data
in series of 100 DLBCL and 33 follicular lymphomas in
which CD205 positivity was detected in 60% and 79% of
the cases, respectively.8 CD205 has also been detected at
high expression level in solid tumors (gastric, pancreatic,
bladder, breast and colon).7 

CD205 is a type I transmembrane glycoprotein and a C-
type lectin receptor, which undergoes endocytosis7 and,
thus, can be exploited as a novel target for ADC. The fully
humanized ADC MEN1309/OBT076 binds to CD205
with high affinity and is rapidly internalized in the cells,
delivering the microtubule disruptor DM4 as payload.7

Based on expression pattern in lymphoma clinical speci-
mens, we assessed the anti-tumor activity of
MEN1309/OBT076 in lymphoma cell lines. The ADC pre-
sented a very strong anti-tumor activity with subnanomo-
lar IC50 values. Of clinical relevance, at least in cell lines,
sensitivity to MEN1309/OBT076 was not affected by
DLBCL cell of origin, MYC/BCL2 or TP53 status. The in
vitro results were confirmed in a xenograft model using an
ABC DLBCL cell line. A single dose of MEN1309/OBT076
at 5 mg/kg led to a complete remission that lasted for at
least two months. A second dose was able to obtain a sec-
ond remission in the only tumor that presented a
regrowth. These data are similar to recent observations in
solid tumor models exposed to MEN1309/OBT076.7 The
strong in vitro and in vivo data, and the notion that its target
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Figure 3. MEN1309/OBT076 combined
with the BCL2 inhibitor venetoclax and
the anti-CD20 monoclonal antibody rit-
uximab exerts cytotoxicity downregulat-
ing MCL1, cleaving PARP and upregu-
lating CD20 protein. Two cell lines were
exposed to MEN1309/OBT076 (1nM),
venetoclax (100 nM), rituximab (20
mg/mL) or the combination of the
agents for 72 hours. β-tubulin was used
as a loading control. Figure is represen-
tative of two independent experiments. 



is not shared by other antibody or cell1,14-16 based therapies,
make MEN1309/OBT076 a very interesting novel com-
pound for lymphoma patients.

We did not observe toxicity in our in vivo models, in
agreement with reports from in vivo studies of solid tumor
models,7 but  MBH1309/OBT076 does not  significantly
cross-react to the mouse CD205.7 Toxicity studies per-
formed on cynomolgus monkeys, whose CD205 cross-
reacts to MBH1309/OBT076, have shown moderate toxi-
city with neutropenia as main adverse event.7 There is no
difference in CD205 expression pattern between humans
and cynomolgus monkeys across 33 different normal tis-
sues, with a membranous/cytoplasmic staining of
mononuclear cells in several tissues, including lymph
nodes and spleen.7 Here, we exposed human PBMC from
two healthy donors to the MEN1309; no cytotoxicity was
observed despite the fact that the B cells expressed CD205
levels similar to those observed in a sensitive DLBCL cell
line. One reason could be that circulating B cells are not
proliferating and are thus less sensitive to the payload.
This would agree with the suggested explanation of the
low toxicity observed in CD205 positive normal tissues in
cynomolgus monkeys.7

The anti-tumor activity of MEN1309/OBT076 appeared
to be mediated by the ADC binding to its target as shown
by the very high correlation between IC50 values and tar-
get expression, and by competition experiments with a
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Figure 4. Combined MEN1309/OBT076 and rituximab shown higher in vivo anti-tumor activity than the single agents in the activated B-cell like diffuse large 
B-cell lymphoma OCI-LY10 xenograft model. Treatment with MEN1309/OBT076 (2.5 mg/kg), rituximab (5 mg/kg), their combination or vehicle started when tumors
became visible (>100 mm3). In each box-plot, the line in the middle of the box represents the median and the box extends from the 25th to the 75th percentile. CTR:
control; IQ: interquartile range. y-axis: tumor volume in mm3; x-axis: days of treatment.

Table 3. In vitro assessment of MEN1309/OBT076 combinations with
targeted agents. 
Cell line                 Drug 2                     Median                   95% 
                                                     combination index             CI 

HBL1                        Idelalisib                         0.96^                        0.78-1
OCI-LY-10                Idelalisib                           2.51                        1.91-2.76
TMD8                       Idelalisib                           1.14                        1.02-1.32
U2932                       Idelalisib                         0.91^                        0.7-1.4
HBL1                    Lenalidomide                       1.31                        0.92-2.34
OCI-LY-10            Lenalidomide                       1.46                        1.19-1.58
TMD8                   Lenalidomide                     0.94^                      0.64-1.44
U2932                   Lenalidomide                       1.47                        0.97-2.08
HBL1                       Rituximab                         0.57*                      0.51-0.67
OCI-LY-10               Rituximab                          0.8*                       0.42-2.37
TMD8                       Rituximab                         0.27*                      0.22-0.33
U2932                      Rituximab                         0.47*                       0.39-0.8
HBL1                       Venetoclax                        0.51*                       0.32-0.7
OCI-LY-10              Venetoclax                        0.86*                      0.68-0.53
TMD8                      Venetoclax                        1.04^                      0.75-1.52
U2932                      Venetoclax                        0.49*                      0.32-0.83

Cell lines were exposed to increasing concentrations of MEN1309/OBT076 and/or of
the other compound (drug 2) for 72 hours. Based on the Chou-Talalay Combination
Index, the effect of the combinations was defined as beneficial if synergistic (<0.9) or
additive (0-9-1.1). CI: confidence interval.



naked antibody recognizing the same epitope targeted by
MEN1309/OBT076. No direct anti-tumor effect is report-
ed for the naked antibody MEN1309/OBT076.7 It is note-
worthy that the expression level of CD205 in cell lines
measured at the level of mRNA, total protein or cell sur-
face protein correlated with the sensitivity to
MEN1309/OBT076. Furthermore, a clinical DLBCL speci-
men-derived CD205 signature also correlated with the 
in vitro response to the drug. In contrast, the expression of
two annotated CD205-CD302 intergenically spliced tran-
scripts5 did not affect the anti-tumor activity of
MEN1309/OBT076. 

Finally, MEN1309/OBT076 was beneficially combined
with other targeted agents, especially the BCL2 inhibitor
venetoclax and the anti-CD20 monoclonal antibody ritux-
imab. The latter combination, that had shown the best 
in vitro results, was successfully validated in vivo using a
xenograft model.17 Interesting clinical data are also already
available for combinations with other ADC.18,19 The mech-
anisms leading to better anti-tumor activity can differ. The
concomitant exposure of lymphoma cells to rituximab
and to the anti-CD37 ADC IMGN529/Debio1562 leads to

improved anti-lymphoma activity due to an increased
internalization of the latter.20 The benefit of combining the
anti-CD22 inotuzumab ozogamicin (CMC-544) with rit-
uximab could be due to both an early upregulation of
CD20 with increased direct cytotoxicity of the anti-
CD2021 or to the addition of the direct (inotuzumab
ozogamicin), complement and/or cellular dependent (rit-
uximab) mechanisms of actions of the compounds.22 Here,
we observed that exposure to MEN1309/OBT076 was fol-
lowed by upregulation of the rituximab target CD20 and
downregulation of the anti-apoptotic protein MCL1,
known to counteract the activity of venetoclax in DLBCL
cells,23 two changes that could support the observed syner-
gisms. Moreover, the addition of venetoclax also counter-
acts the BCL2 upregulation seen after the ADC.

In conclusion, the first-in-class ADC targeting CD205,
MEN1309/OBT076, demonstrated strong pre-clinical anti-
tumor activity in lymphoma. Our data sustain the ongoing
clinical CD205-Shuttle study (clinicaltrials.gov identifier:
NCT03403725) of MEN1309/OBT076 as single agent, and
provide the rationale for further investigations also in
combination therapy.
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Early progression of disease, within 2 years of diagnosis, is linked
with poor overall survival in follicular lymphoma but its prognostic
role in extranodal marginal zone B-cell lymphoma is less clear. We

sought to identify prognostic factors associated with early progression of
disease and to determine whether early progression is associated with
inferior overall survival. We analyzed the impact of early progression of
disease using the dataset of the International Extranodal Lymphoma
Study Group-19 (IELSG-19) clinical trial (training set of 401 patients ran-
domly assigned to chlorambucil or rituximab or chlorambucil plus ritux-
imab). Reproducibility was examined in a validation set of 287 patients
who received systemic treatment. We excluded from the analysis
patients in both sets who, within 24 months of starting treatment, died
without progression or were lost to follow-up without prior progression.
Overall survival was calculated from progression in patients with early
disease progression and from 24 months after the start of treatment in
those whose disease did not progress early (reference group). Early dis-
ease progression occurred in 69 of the 384 (18%) evaluable patients of
the IELSG-19 study. Patients with a high-risk Mucosa-Associated
Lymphoid Tissue - International Prognostic Index score were more likely
to have early disease progression (P=0.006). The 10-year overall survival
rate was 64% in the group with early disease progression and 85% in the
reference group (hazard ratio = 2.42; 95% confidence interval: 1.35-4.34;
log-rank P=0.002). This prognostic impact was confirmed in the valida-
tion set, in which early progression was observed in 64 out of 224 (29%)
evaluable patients with 10-year overall survival rates of 48% in the group
with early disease progression and 71% in the reference group (hazard
ratio = 2.15; 95% confidence interval: 1.19-3.90; log-rank P=0.009). In
patients with extranodal marginal zone B-cell lymphoma who received
front-line systemic treatment, early disease progression is associated
with poorer survival and may represent a useful endpoint in future
prospective clinical trials.

Early progression of disease predicts shorter
survival in patients with mucosa-associated
lymphoid tissue lymphoma receiving systemic
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Introduction

Marginal zone lymphomas (MZL) comprise three sepa-
rate disease entities, which have individual epidemiologi-
cal, molecular and clinical features. Extranodal marginal
zone lymphoma (EMZL), also known as mucosa-associat-
ed lymphoid tissue (MALT) lymphoma, is the most com-
mon MZL subtype, accounting for approximately 50 to
70% of MZL and 5% to 8% of all B-cell lymphomas.1-3

EMZL may involve virtually any tissue but most often
affects organs that are normally devoid of lymphocytes,
where it arises from lymphoid populations associated
with chronic inflammatory processes of either infectious
or autoimmune origin.4 The clinical presentation is very
heterogeneous and EMZL patients are managed with a
variety of treatments. The natural course is usually indo-
lent, particularly in patients with gastric lymphomas, and
aggressive therapy is rarely required.1,3,5 Outcomes may,
however, differ depending on the organ involved.2,6 We
recently proposed a prognostic model, the MALT-lym-
phoma International Prognostic Index (MALT-IPI), which
is based on age, disease stage and lactate dehydrogenase

(LDH) concentration at diagnosis. MALT-IPI discriminated
between patients with different progression-free survival
(PFS) and overall survival (OS), and retained its prognostic
utility in both gastric and non-gastric MALT lymphomas.7

In this context, the identification of the minority of
patients with shorter survival may become important,
especially in the perspective of personalized medicine,
and might form the basis for adapting therapeutic
approaches. 

In follicular lymphoma early progression of disease
(POD), namely, within 24 months after diagnosis, has
been reported to be associated with poor outcomes.8

Currently, the clinical significance of early POD in EMZL
is uncertain, and the impact of early POD on subsequent
survival has not been properly explored yet.

The present study aimed to understand whether time to
progression after first-line systemic therapy may be a fac-
tor affecting survival outcomes in EMZL. We analyzed
data from the International Extranodal Lymphoma Study
Group 19 (IELSG-19) clinical trial to determine whether
early POD is predictive of inferior OS in this disease, and
then validated our findings in an independent cohort.

Methods

Patients
Details regarding the IELSG-19 randomized phase III trial

(ClinicalTrials.gov Identifier: NCT 00210353) have been published
elsewhere.6,9 All patients provided written informed consent and
the study was approved by the institutional review board or ethics
committee of each institution involved. This trial compared chlo-
rambucil alone to rituximab alone and to the combination of rit-
uximab and chlorambucil as front-line therapy in EMZL patients,
with event-free survival as the primary endpoint.6 

Early POD was defined as in the follicular lymphoma study by
Casulo et al.8 Patients enrolled in the IELSG-19 study were divided
into two groups: a group formed of patients with early POD, that
is, progression within 24 months from the start of first-line treat-
ment, and a reference group, consisting of patients without early
POD. An independent validation set, comprising only patients
who received front-line systemic treatment (chemotherapy,
immunotherapy or both), was derived from the validation cohort
of the MALT-IPI study, which included patients from different
sources (the databases of the IELSG-1 multicenter study and of a
retrospective survey conducted at the Oncology Institute of
Southern Switzerland, and at the Hematology Division of the
University of Eastern Piedmont, in Novara Italy, and a cohort of
patients diagnosed at the Medical University of Vienna, Austria)
whose details have also been published elsewhere.7

Statistical methods
Primary analysis of OS from risk-defining events was per-

formed in both the test and validation sets, commencing the
observation for the group with early POD from the time progres-
sion occurred, and for the reference group from 24 months after
the start of front-line therapy.

Statistical analysis was performed using the Stata/SE 11.0 soft-
ware package (StataCorpLP, College Station, TX, USA). The medi-
an follow-up was computed as the median time to censoring or
death using the reverse Kaplan-Meier method.10 Survival probabil-
ities were calculated using life tables and survival curves were esti-
mated by the method of Kaplan-Meier; differences between
groups of patients were evaluated using the log-rank test.11

Binomial exact 95% confidence intervals (95% CI) were calculat-
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Table 1. The characteristics of the patients in the validation and test sets.
                                                                  Test set                  Validation set
                                                                (IELSG-19)

Number of patients                                                401                                     287
Years of diagnosis                                            2003-2010                         1983-2014
Median age at diagnosis (IQR)                61 years (51-69)             63 years (51-72)
Male/female ratio                                                197/204                              115/172
Stage III-IV, n (%)                                             175 (44%)                         140 (49%)
Performance status>1a, n (%)                        6 (1.5%)                            14 (5%)
LDH >UNLb, n (%)                                           42 (10.5%)                         42 (16%)
β2-microglobulin >UNLC, n (%)                      46 (16%)                           73 (43%)
Primary gastric lymphoma, n (%)                 171 (43%)                         125 (44%)
IPI, high-intermediate/high riskd, n (%)       77 (19%)                           88 (31%)
MALT-IPI, high riske, n (%)                               68 (17%)                           69 (26%)
First-line treatment, n (%)

Chemotherapy only                                      131 (33%)                         158 (55%)
Rituximab and chemotherapy                    132 (33%)                          64 (22%)
Doxorubicin-containing regimen                    0%                                60 (21%)
Rituximab only                                               138 (34%)                          28 (10%)
Otherf                                                                     0%                                37 (13%)

Median follow-up (IQR)                          7.4 years (5.6-9.7)          5.7 years (2.3-9.2)
Progression-free survival 

5-year PFS rate (95% CI)                      62.8% (57.6-67.6)            46.9% (39.8-53.6)
10-year PFS rate (95% CI)                   50.8% (44.5-56.8)            29.7% (21.6-38.2)
Median (IQR)                                             NR (2.6-NR)              4.6 years (1.8-15.1)

Overall survival 
5-year OS rate (95% CI)                       90.3% (86.9-92.9)            85.7% (80.1-89.9)
10-year OS rate (95% CI)                     80.0% (74.3-84.7)            70.3% (61.3-77.6)
Median (IQR)                                                      NR                       17 years (8.18-NR)

IELSG-19: International Extranodal Lymphoma Study Group-19 study;  IQR: interquartile
range; LDH: serum lactate dehydrogenase; UNL: upper normal limit; IPI: International
Prognostic Index; MALT-IPI: Mucosa-Associated Lymphoid Tissue lymphoma International
Prognostic Index; PFS: progression-free survival, 95% CI: 95% confidence interval; OS: overall
survival; NR: not reached. aEastern Cooperative Oncology Group performance status report-
ed in 282 cases in the validation set. bReported in 264 cases in the validation set. cAssessed
in only 289 patients in the test set and 168 in the validation set. dDefined in 281 patients in
the validation set. eDefined in 267 patients in the validation set. fOther comprises: lenalido-
mide in combination with rituximab (15 patients), lenalidomide as a single agent (12
patients), interferon-a (4 patients), bortezomib (3 patients), thalidomide (2 patients), and
ofatumomab (1 patient).



ed for proportions. The c2 test or Fisher exact test was used as
appropriate for comparing proportions. Hazard ratios (HR) and
their 95% confidence intervals (95% CI) were estimated using a
Cox proportional hazard model. Multivariable analysis of clinical
prognostic factors (including the international prognostic scores,
IPI12 and MALT-IPI7) for OS was performed by Cox regression13

with backward stepwise selection. To identify factors associated
with early POD, logistic regression was also performed with back-
wards stepwise selection. P-values <0.05 (two-sided test) were
considered statistically significant.

Results

Test set
The analyzed population consisted of 401 patients

enrolled in the IELSG-19 study, 131 treated with chloram-
bucil, 132 with chlorambucil and rituximab and 138 with
rituximab; their main clinical features are summarized in
Table 1. Estimated hazard curves showed that the peak
risk of progression occurred within the first 24 months
after diagnosis (Figure 1A). Among these 401 patients, 69
(17%) had early POD, relapsing within 24 months of start-
ing treatment. Of the remaining 332 patients, 315 (79%)
had no relapse or death during the first 24 months and
form the reference group. Relapses were observed later in
64 (20%) patients in the reference group. Nine patients
were lost to follow-up and eight patients died without
POD within 24 months of starting treatment (Figure 2, left
panel). 

The median age of the 69 patients with early POD was
62 years (range: 31 to 81 years), 32 (46%) patients were
male and 26 patients (38%) had a primary gastric localiza-
tion (Table 2). 

Early POD was most frequent in patients with Eastern
Cooperative Oncology Group performance status >1
(P=0.042) and elevated serum LDH (P=0.002). Patients
with early POD were more likely to have high-risk MALT-
IPI scores (P=0.005) and high-risk IPI scores (P=0.013) than

the reference group. In contrast, elevated serum β2-
microglobulin level, advanced disease stage (III-IV vs. I-II),
multiple extranodal sites of involvement, primary site of
disease localization (gastric vs. extra-gastric), age at diagno-
sis (with either 60 or 70 years cut-off) were not associated
with early POD. An unbalanced distribution of patients
with early POD was evident across the treatment arms,
with early POD occurring more frequently (34/132, 26%)
in the single agent rituximab arm and less frequently in the
combination treatment arm (13/125, 10%) when com-
pared with the standard arm of single agent chlorambucil
(22/127, 17%) (c2 test, P=0.006) (Table 2).

In a stepwise logistic regression (including the above-
mentioned individual factors predicting early POD at uni-
variate analysis: treatment arm, LDH concentration, per-
formance status, high-risk IPI score, high-risk MALT-IPI
score), only high-risk MALT-IPI score retained statistical
significance (P=0.006; odds ratio: 2.39; 95% CI: 1.29-4.45).

The proportion of subjects with early POD was also
higher among patients achieving partial remission after
first-line therapy than among complete responders
(P<0.0001) and, notably, transformation into aggressive
histology was detected more frequently in patients with
early POD than in the reference group (7/69 vs. 3/315;
P<0.0001).

With a median follow-up time of 7.4 years, 18 of 69
patients with early POD died and the OS rates at  5 and 10
years after the risk-defining event were 80% (95% CI: 69-
88%) and 64% (95% CI: 45-78%), respectively, in the early
POD group versus 91% (95% CI: 87-94%) and 85% (95%
CI: 79-90%), respectively, in the reference group (HR=2.42;
95% CI: 1.35-4.35; log-rank P=0.002) (Figure 3A). 

Early POD maintained its predictive power with regards
to OS (after a risk-defining event) together with a high-risk
MALT-IPI score and age (as a continuous variable) in a step-
wise Cox model after controlling for treatment arm, LDH
concentration, performance status, disease stage, age, B-
symptoms, multiple extranodal sites and high-risk IPI
groups (Table 3).
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Table 2. The distribution of patients’ characteristics in the test and validation sets according to whether they had early progression of disease or not.
                                                                                            Test set (IELSG-19)                                                                    Validation set
                                                         Early POD subset        Reference subset         P-value            Early POD subset      Reference subset         P-value

Number of patients                                               69                                      315                                                                    64                                   160                               
Median age at diagnosis (IQR)             62 years (40-78)             60 years (28-80)               0.667                  64 years (31-87)          60 years (23-92)               0.410
Male/female ratio                                                32/37                                153/162                       0.741                             24/40                               67/93                         0.547
Stage III-IV, n (%)                                            36 (52%)                         131 (42%)                     0.108                         41 (64%)                        68 (43%)                     0.004
Performance status >1, n (%)                       3 (4%)                               2 (1%)                       0.042                           5 (8%)                            6 (4%)                       0.300
Lactate dehydrogenase >UNL, n (%)        14 (20%)                           25 (8%)                       0.002                         18 (31%)                        16 (11%)                    <0.001
β2 microglobulin >UNL, n (%)                     36 (16%)                           8 (16%)                       0.906                         15 (41%)                        39 (41%)                     0.957
Primary gastric lymphoma, n (%)                26 (38%)                         136 (43%)                     0.403                         27 (42%)                        71 (44%)                     0.766
IPI, high-intermediate/high risk, n (%)      20 (29%)                          51 (16%)                      0.013                         30 (48%)                        40 (26%)                     0.001
MALT-IPI, high risk, n (%)                             19 (28%)                          43 (14%)                      0.005                         25 (43%)                        28 (19%)                     0.001
First-line treatment, n (%)

Chemotherapy                                              22 (32%)                         105 (33%)                                                       42 (66%)                        85 (53%)
Immuno-chemotherapy                             13 (19%)                         112 (36%)                                                       11 (17%)                        42 (26%)
Immunotherapy                                           34 (49%)                          98 (31%)                      0.006                         11 (17%)                        33 (21%)                     0.210

Median follow-up (IQR)                        6.0 years (5.2-9.4)          8.0 years (5.9-9.9)              0.024                7.0 years (3.5-10.2)     6.9 years (4.3-10.9)            0.569
IELSG-19: International Extranodal Lymphoma Study Group-19 study; POD: progression of disease; IQR: interquartile range; LDH: serum lactate dehydrogenase; UNL: upper normal
limit; IPI: International Prognostic Index; MALT-IPI, Mucosa-Associated Lymphoid Tissue lymphoma International Prognostic Index. P-values refer to the comparison of proportions
in early POD versus reference subsets by a c2 or Fisher exact test, as appropriate.



Validation set
Table 1 shows the main characteristics of the patients in

the validation cohort, which comprised 287 MALT lym-
phoma patients who received front-line systemic treat-
ment (chemotherapy, immunotherapy or both). The
median age of this set of patients was 63 years (range: 23
to 92 years). Most of these patients were female (60%). 

Estimated hazard curves showed a peak risk of progres-
sion at approximately 24 months after diagnosis (Figure
1B). After a median follow-up of 5.7 years, 64 patients
(22%) had early POD.  Fifty-four patients had a follow-up
shorter than 2 years and nine died without prior disease
progression within 2 years of starting treatment (Figure 2,
right panel). Hence, the reference cohort comprised 160
patients, among whom relapses were later observed in 51
(33%). The early POD rates were similar in the groups of
patients receiving different initial therapy (chemotherapy
alone, rituximab alone or rituximab combined with differ-
ent chemotherapeutic or immunomodulatory agents).
Similar to the testing cohort, the early POD group was
enriched in cases with transformation to aggressive histol-
ogy (6 of 64 vs. 3 of 160 patients in the reference group,
P=0.018) and early POD was most frequent in patients
with elevated LDH (P<0.001), high-risk MALT-IPI scores

(P=0.001) and high-risk IPI scores (P=0.001) (Table 2). In
addition, in the validation cohort, early POD was associ-
ated with advanced disease stage (P=0.004) (Table 2).

As in the IELSG-19 study cohort, the patients in the val-
idation set who experienced early POD after systemic
therapy had an increased risk of death (HR=2.15; 95% CI:
1.19-3.90; log-rank P=0.009). In the early-POD group, the
5-year OS rate was 70% (95% CI: 54-81%), and the 10-
year OS rate was 48% (95% CI: 28-66%). In comparison,
the 5-year OS rate in the reference group was 88% (95%
CI: 80-93%), and the 10-year OS rate was 71% (95% CI:
58-81%) (Figure 3B). 

Early disease progression in EMZL

haematologica | 2020; 105(11) 2595

Table 3. Multivariate analysis for overall survival in the test set (step-
wise Cox model, 383 patients).
                                             HR                  95% CI                  P-value

Early POD                                    1.90                    1.03-3.49                       0.039
Age                                                1.13                    1.08-1.18                     <0.001
MALT-IPI high risk                     2.71                    1.43-5.13                       0.002
HR: hazard ratio; 95% CI: 95% confidence interval; POD: progression of disease; MALT-
IPI: Mucosa-Associated Lymphoid Tissue lymphoma International Prognostic Index.

Figure 2. Patients’ distribution.
The selection and distribution of
patients according to timing of dis-
ease progression in the test and
validation sets. POD: progression
of disease.

A B

Figure 1. Risk of disease progression. (A, B) Estimated hazard of progression for patients in the test set, formed of a cohort of individuals from the International
Extranodal Lymphoma Study Group-19 (IELSG-19) study (A) and for the patients included in the validation set (B).



Discussion

The present study provides the first validated evidence
that early POD, defined as lymphoma progression within
2 years after initial treatment, is a powerful tool to predict
long-term survival in EMZL.

Early POD is a widely accepted survival predictor in fol-
licular lymphoma,8,14-18 with many studies showing that
20% of patients relapse within 2 years of treatment
regardless of the addition of maintenance rituximab.8 In a
heterogeneous group of indolent non follicular B-cell lym-
phomas, a retrospective study from the Mayo Clinic and
University of Iowa found that event-free survival at 12
months was associated with a better outcome.19 However,
in keeping with follicular lymphoma, the IELSG-19 study
showed a PFS at 2 years of approximately 20%.6 A large
retrospective series from the University of Miami includ-
ing only EMZL also showed similar PFS rates.20 We there-
fore decided to maintain the 24-month time-span, already
validated in follicular lymphoma, in our EMZL analysis.
Our choice was further justified by the estimated hazard
curves showing that the peak risk of progression occurred
within 2 years. 

A potential prognostic relevance of early POD was sug-
gested by the abovementioned study from the University
of Miami.20 An observational study of non-follicular indo-
lent lymphomas by the Italian Lymphoma Foundation
(FIL) also found that early POD has a prognostic value in
MZL.21 However, none of these reports provided a thor-
ough description of the clinical features of the EMZL
patients with early POD and they did not include inde-
pendent validation of their findings. Compared to these
studies, the present study has additional strengths. It ana-
lyzed the impact of early POD in a cohort of patients
prospectively collected in the largest controlled clinical
trial performed so far in EMZL, with histological diagnosis
confirmed by central pathology review and with uniform-
ly defined follow-up investigations. 

The external validation strengthens our findings. The

prognostic impact of early POD in EMZL was confirmed in
an independent cohort, obtained by merging three hetero-
geneous series of EMZL cases.7 which included patients
treated with a variety of conventional chemotherapy regi-
mens and immunomodulatory agents in combination with
rituximab or not. We showed that our results might be
applied to both gastric and extra-gastric primary lym-
phomas, and to patients receiving different initial therapies. 

Histological transformation of MZL is a well-recognized
risk factor, which affects the clinical course of the dis-
ease.22-24 The significant proportion of cases with evidence
of transformation to aggressive histologies among patients
relapsing early after systemic treatment may contribute to
the inferior outcome seen in this study. This observation
emphasizes the need for repeated histological evaluations,
in particular in the case of early relapse, since cases with
transformed histology require more intensive therapy.

In conclusion, we provide novel evidence that, in
patients with EMZL who received front-line systemic
treatment, early POD is associated with poor survival and
should be further investigated as a potentially useful end-
point in future prospective clinical trials.
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Figure 3. Overall survival. (A, B) Kaplan-Meier estimates of overall survival and their confidence intervals according to the occurrence of early progression of disease
in patients enrolled in the International Extranodal Lymphoma Study Group-19 randomized clinical trial (A) and in the validation set of patients who received front-
line systemic therapy (B). POD: progression of disease.
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Almost one-third of all patients with chronic lymphocytic leukemia
(CLL) express stereotyped B-cell receptor immunoglobulins (BcR IG)
and can be assigned to distinct subsets, each with a particular BcR

IG. The largest stereotyped subsets are #1, #2, #4 and #8, associated with
specific clinico-biological characteristics and outcomes in retrospective
studies. We assessed the associations and prognostic value of these BcR IG
in prospective multicenter clinical trials reflective of two different clinical
situations: (i) early-stage patients ('watch and wait' arm of the CLL1 trial)
(n=592); (ii) patients in need of treatment, enrolled in three phase III trials
(CLL8, CLL10, CLL11), treated with different chemo-immunotherapies
(n=1,861). Subset #1 was associated with del(11q), higher CLL International
Prognostic Index (CLL-IPI) scores and similar clinical course to CLL with
unmutated immunoglobulin heavy variable (IGHV) genes (U-CLL) in both
early and advanced stage groups. IGHV-mutated (M-CLL) subset #2 cases
had shorter time-to-first-treatment (TTFT) versus other M-CLL cases in the
early-stage cohort (hazard ratio [HR]: 4.2, confidence interval [CI]: 2-8.6,
P<0.001), and shorter time-to-next-treatment (TTNT) in the advanced-
stage cohort (HR: 2, CI: 1.2-3.3, P=0.005). M-CLL subset #4 was associated
with lower CLL-IPI scores and younger age at diagnosis; in both cohorts,
these patients showed a trend towards better outcomes versus other M-
CLL. U-CLL subset #8 was associated with trisomy 12. Overall, this study
shows that major stereotyped subsets have distinctive characteristics. For
the first time in prospective multicenter clinical trials, subset #2 appeared as
an independent prognostic factor for earlier TTFT and TTNT and should be
proposed for risk stratification of patients. (Trials registered at clinical tri-
als.gov identifiers: NCT00262782, NCT00281918, NCT2000769522, and
NCT01010061). 
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ABSTRACT

Introduction

Chronic lymphocytic leukemia (CLL) is a clinically and biologically heteroge-
neous disease.1 Important prognostic markers include clinical stage (Rai and Binet),
presence of deletions in the long arm of chromosome 11 (del(11q)) and in the short
arm of chromosome 17(del(17p)), TP53 gene mutations, complex karyotype (CK) as
defined by ≥3 chromosomal abnormalities by conventional cytogenetics, markers
of tumor load (e.g., thymidine kinase [TK], and 2-microglobulin [β2MG], and
genetic parameters such as immunoglobulin heavy variable (IGHV) gene somatic



hypermutation (SHM) status, genomic aberrations, and
gene mutations such as SF3B1 and NOTCH1 detected by
next-generation sequencing (NGS).1-4 Based on IGHV gene
mutational status, CLL can be divided into mutated (M-
CLL) and unmutated (U-CLL) with indolent and aggres-
sive disease courses, respectively.5,6

The combinatorial and junctional diversity of the IGHV-
IGHD-IGHJ recombination along with the SHM mecha-
nism can lead to the potential synthesis of almost 1012 dif-
ferent IG. At odds with this diversity, the B-cell receptor
(BcR) IG of about one-third of CLL display highly homol-
ogous variable heavy complementarity-determining
region 3 (VH CDR3), which led to their being grouped
into different subsets carrying (almost) identical alias
stereotyped BcR IG.7-12 Subset #1 represents approximate-
ly 5% of U-CLL and is characterized by the combination
of a heavy chain IGHV1-5-7/IGHD6-19/IGHJ4 gene
rearrangement with a  light chain IGKV1-39/IGKJ1-2
gene rearrangement.10 The IGHV gene bears little or no
SHM and the VH CDR3 length is 13 amino acids (aa) long.
Subset #1 is associated with a poor outcome in terms of
patient survival and short time-to-first-treatment (TTFT)
in comparison to U-CLL using the same IGHV genes.13-15

Subset #2 represents 3% of all CLL and is defined by the
IGHV3-21/IGLV3-21 combination with a short VH CDR3
of 9 aa.10 Of note, subset #2 comprises both U-CLL and M-
CLL cases and has been associated with an aggressive clin-
ical course, irrespective of SHM status.16-18 Subset #4 is the
largest subset of M-CLL, carrying a BcR IG that consists of
a heavy chain IGHV4-34/IGHD5-18/IGHJ6 gene
rearrangement (20 aa long VH CDR3) and a light chain
IGKV2-30/IGKJ1-2 rearrangement.10 In previous studies,
subset #4 was associated with indolent disease, enriched
in young patients, and a long TTFT.11,15,19 Finally, subset #8
is composed of cases with unmutated IGHV4-39/IGHD6-
13/IGHJ5 gene rearrangements. Furthermore, in a case
control study, a strong association with Richter syndrome
and poor outcome was reported.8,20

Using the data of four prospective multicenter clinical
trials of the German CLL study group (GCLLSG), the pri-
mary objective of the current study was to search for asso-
ciations between the most common and best character-
ized CLL stereotyped subsets (#1, 2, 4 and 8) and disease
characteristics as well as outcome, and also compare these
findings against non-subset U-CLL and M-CLL. The sec-
ondary objective was to study the prognostic value of sub-
set #2 irrespective of its IGHV mutational status.

Methods

Study population
To assess the prognostic value of the most prevalent CLL sub-

sets, we evaluated patients recruited in four randomized phase III
trials conducted by the GCLLSG. None of the patients had
received any prior treatment and all had a diagnosis of CLL
according to the International Workshop on Chronic Lymphocytic
Leukemia criteria.1 All trials were approved by the leading ethics
committee. Written informed consent was obtained from all
patients according to the Declaration of Helsinki. To provide data
about the clinical course of newly diagnosed patients not requiring
treatment, we evaluated an “early-stage CLL cohort” of 710
asymptomatic Binet stage A patients from the CLL1-trial (clinical
trials.gov identifier: NCT00262782). The study compared a ‘watch
and wait’ strategy to upfront fludarabine (F) monotherapy.21 In

total, 639 (90.0%) patients were followed with the ‘watch and
wait’ approach. Patients treated with F (71, 10.0%) were excluded
from our analyses.

To evaluate the clinical course of patients needing treatment, we
evaluated an “advanced-stage cohort” from three phase III trials
enrolling patients with CLL requiring front-line treatment. The
CLL8-trial (clinical trials.gov identifier: NCT00281918) included 817
fit patients and compared fludarabine and cyclophosphamide (FC)
to FC plus rituximab (FCR).22,23 The CLL10-study (clinical trials.gov
identifiers: NCT00262782 and NCT2000769522) included 561 fit
patients and compared FCR to bendamustine and rituximab.24

Finally, the CLL11-study (clinical trials.gov identifier: NCT01010061)
enrolled 781 unfit patients and compared chlorambucil with or
without rituximab or obinutuzumab.25

To evaluate the first objective, we classified patients into six
groups: subsets #1, #2, #4, #8, non-subset M-CLL, and U-CLL. To
evaluate the second objective, we classified patients into three cat-
egories: (i) subset #2; (ii) IGHV3-21 rearrangement not meeting the
subset #2 criteria (“IGHV3-21”); and (iii) all other cases (“IGHV”).
Each group was sub-divided into mutated (“m”) and unmutated
(“u”) cases, resulting in six subgroups.

Biological markers and clinical characteristics
Baseline clinical and laboratory characteristics evaluated for

associations and potential prognostic relevance are listed in Tables
1 and 2. Detailed descriptions of the diagnostic methods have
been published previously.3,8,26-30

Statistical analysis
Time-to-first-treatment was defined as the time between diag-

nosis and date of first treatment. For the advanced stage CLL
cohort, time-to-next-treatment (TTNT), progression-free survival
(PFS) and overall survival (OS) were calculated from randomiza-
tion to the initiation of subsequent treatment, disease progression
or death, and death, respectively. For the early stage cohort, PFS
and OS were calculated from diagnosis. Subjects without an event
were censored at the time of last assessment. Survival rates were
estimated using the Kaplan-Meier method and compared using
non-stratified log-rank tests. Hazard ratios and 95% confidence
intervals were calculated using Cox proportional hazards regres-
sion model.31 All variables that showed significant association
with TTFT, TTNT, PFS or OS in univariate Cox regression analy-
ses were included in multivariable analyses applying forward and
backward stepwise selection procedures. Adjustments for multi-
ple testing were not applied and all reported P-values have an
exploratory character. We performed two analyses in both
cohorts. In the first one, we compared subsets #1, 2, 4 and 8 indi-
vidually to non-subset U-CLL and M-CLL, and in the second one,
we evaluated the prognostic value of subset #2 in terms of muta-
tional status and IGHV3-21 usage.

Results

Subset assignment and distribution overview
Of 639 patients from the CLL1 'watch and wait' cohort,

immunogenetic data were available for 592 (92.6%); 402
(67.9%) patients carried mutated IGHV genes and 190
(32.1%) patients expressed unmutated IGHV genes. Eight
cases (1.35%) were assigned to subset #1, 16 cases (2.7%)
to subset #2, 8 cases (1.35%) to subset #4, and 2 cases
(0.34%) to subset #8. With regard to the rest of the cases,
174 (29.4%) belonged to non-subset U-CLL and 384
(64.9%) to M-CLL. For the second analysis differentiating
the impact of subset #2, we found 29 cases (4.9%)
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expressing the IGHV3-21 gene. Among those, 16 cases
(2.7%) belonged to subset #2, of which 6 cases (1%) were
u-subset #2 and 10 cases (1.7%) were m-subset #2. The
remaining 13 cases (2.2%) carried heterogeneous (non-
subset) BcR IG (IGHV3-21). Of these, 3 (0.5%) were u-
IGHV3-21 and 10 (1.7%) were m-IGHV3-21 (Online
Supplementary Table S1).

For patients requiring front-line treatment from the
CLL8, CLL10 and CLL11 trials or advanced stage cohort,
immunogenetic data were available in 1,861 cases
(86.2%), of which 39 (2.1%) were assigned to subset #1,
61 (3.3%) to subset #2, 11 (0.6%) to subset #4, and 16
(0.9%) to subset #8. The remaining 1,734 cases did not
belong to these subsets; 1,088 (58.4%) were U-CLL and
646 (34.7%) cases were M-CLL. For the second analysis,
we identified 126 cases (6.8%) expressing IGHV3-21 BcR
IG. Of these, 61 (3.3%) were assigned to subset #2, 18
(1.0%) were u-subset #2, and 43 (2.3 %) m-subset #2,
while 65 (3.5%) cases belonged to the group expressing
heterogeneous IGHV3-21. Of these, 35 (1.9%) were 
u-IGHV3-21 and 30 (1.6%) were m-IGHV3-21 (Online
Supplementary Table S2).

Association of subsets with clinical and biological
characteristics

Clinical and biological characteristics in the early stage
CLL cohort according to subset assignment and IGHV
mutational status are listed in Table 1. Despite the size of
the overall cohort, small case numbers in patient sub-
groups precluded valid statistical assessment, but a pattern
similar to that observed in the advanced stage cohort (see
below) was seen. Subset #1 showed a high frequency of

del(11q) and NOTCH1 mutations, subset #2 had a lower
rate of male patients and a high frequency of SF3B1 muta-
tions, and subset #4 were younger at study entry. Both
cases of subset #8 had trisomy 12 and intermediate risk
according to CLL-IPI, and neither of them displayed a
Richter transformation. In the second analysis, when we
compared m-subset #2 with m-IGHV3-21 and m-IGHV,
we found an imbalance of SF3B1 mutations (P<0.001) and
a higher presence of del(11q) (P=0.014).

The clinical and biological characteristics of the
advanced stage cohort according to BcR IG stereotype and
IGHV SHM status are listed in Table 2. Subset #1 together
with subset #8 showed higher frequencies of NOTCH1
mutations and del(11q). Subset #2 demonstrated an
enrichment for SF3B1 mutations. As in the early stage
cohort, subset #4 were younger at diagnosis. Finally, sub-
set #8 showed a higher frequency of Richter transforma-
tion. In the second analysis, we observed a higher preva-
lence of del(13q) in u-subset #2 (88.9%) compared to the
u-IGHV3-21 (46.9%) and u-IGHV patients (45.1%,
P=0.001). A higher frequency of SF3B1 mutations was
also seen in subset #2 patients independently of the IGHV
SHM status (u-subset #2, 41.7 % and m-subset #2, 46.7%,
respectively). M-subset #2 showed a higher prevalence of
del(11q) compared to m-IGHV3-21 and m-IGHV (32.5%
vs. 13.3% vs. 5.5%, respectively).

Association between stereotyped subsets and clinical
outcomes

After a median observation time of 97.8 (range, 2.5-
166.9) months (ms) of the early stage cohort, there were
246, 362 and 106 events for TTFT, PFS, and OS, respec-
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Table 1. Baseline characteristics early stage chronic lymphocytic leukemia (CLL) according to subset assignment.
                                                                               Subset #1       Subset #2       Subset #4      Subset #8        u-IGHV             m-IGHV               All

Target analysis population, n (%)                                    8 (1.35%)          16 (2.7%)          8 (1.35%)        2 (0.337%)    174 (29.39%)      384 (64.86%)             592
Age at study entry (years) median (range)                 64 (56-70)         62 (45-75)         58 (41-72)        61 (56-66)       60 (37-75)           60 (32-75)         60 (32-75)
Gender, n (%) male                                                              6 (75.0)              6 (37.5)              4 (50.0)            1 (50.0)         114 (65.5)           233 (60.7)          364 (61.5)
ECOG performance status median (range)                   0 (0-0)               0 (0-1)               0 (0-0)              0 (0-0)             0 (0-1)                 0 (0-2)               0 (0-2)

CLL-IPI risk group, n (%)                                                           8                         15                         8                         2                      160                        371                      564
Low                                                                                        0 (0.0)               9 (60.0)             8 (100.0)            0 (0.0)             0 (0.0)              347 (93.5)          364 (64.5)
Intermediate                                                                      6 (75.0)              6 (40.0)               0 (0.0)            2 (100.0)        130 (81.3)             16 (4.3)            160 (28.4)
High                                                                                      2 (25.0)               0 (0.0)                0 (0.0)              0 (0.0)           26 (16.3)               7 (1.9)               35 (6.2)
Very high                                                                              0 (0.0)                0 (0.0)                0 (0.0)              0 (0.0)             4 (2.5)                  1 (0.3)                5 (0.9)

Leukocyte count (x 109/L)                                                      36.9                    23.9                    21.3                   10.7                  23.3                      20.4                     21.2
median (range)                                                                 (19.2-128.7)        (4.7-94.4)          (4.7-94.4)         (8.9-12.4)       (4.6-184.0)          (6.3-184.2)        (4.6-184.2)
Serum thymidine kinase c(U/L)                                           13.0                      8.9                       3.8                      8.6                     7.3                         5.1                       5.7 
median (range)                                                                  (3.5-109.0)         (2.9-23.9)           (2.0-6.5)          (6.5-10.6)        (2.0-56.0)            (1.1-80.0)         (1.1-109.0)
Serum β2-microglobulin(MG/L)                                           2.3                       2.8                       1.5                      1.8                     2.0                         1.7                       1.8
median (range)                                                                    (1.6-6.7)            (1.1-4.4)            (1.0-3.4)           (1.3-2.3)          (0.2-9.4)              (0.4-8.9)            (0.2-9.4)
Deletion 11Q by FISH, n (%)                                             3 (37.5)               1 (6.7)                0 (0.0)              0 (0.0)           32 (19.6)               5 (1.3)               39 (6.9)
Deletion 17P by FISH, n (%)                                               0 (0.0)                0 (0.0)                0 (0.0)              0 (0.0)             7 (4.3)                  8 (2.1)               15 (2.7)
Trisomy 12 by FISH, n (%)                                                  1 (12.5)               0 (0.0)               1 (12.5)           2 (100.0)         33 (20.0)              20 (5.3)              51 (9.1)
Deletion 13Q by FISH, n (%)                                              3 (37.5)              9 (60.0)              2 (25.0)            1 (50.0)          87 (52.4)            250 (67.2)          295 (52.4)
NOTCH1 MUTATED, n (%)                                                 2 (25.0)               1 (6.7)                0 (0.0)             1 (50.0)           10 (6.6)                4 (1.1)               18 (3.4)
SF3B1 MUTATED, n (%)                                                      2 (25.0)              8 (53.3)               0 (0.0)              0 (0.0)           17 (11.3)              11 (3.1)              38 (7.1)
Richter syndrome status, n (%)                                             0                          0                          0                         0                  4 (2.3)                  5 (1.3)                9 (1.5)

n: number of cases; u: unmutated; m: mutated; IGHV: non-subset immunoglobulin heavy variable; ECOG: Eastern Cooperative Oncology Group; IPI: International Prognostic
Index;FISH: fluorescence in situ hybridization. 



tively. TTFT was significantly longer in M-CLL as com-
pared to U-CLL (P<0.001). Subset #4 had a longer TTFT
compared to subsets #1, #2 and #8 (P=0.002), but similar
to M-CLL (P=0.338) (Figure 1A). Therapy was needed
only for 1 of 8 patients assigned to subset #4. Statistically,
there was no difference in TTFT between subsets #1, 2
and 8, and U-CLL (P=0.204) (Figure 1A). Regarding PFS, a
significant difference was observed between M-CLL and
U-CLL (P<0.001). Subset #4 had a longer PFS than subsets
#1, 2 and 8 (P=0.014) that was similar to M-CLL cases
(P=0.249), with only two patients progressing. Subsets #1,
2, 8 and U-CLL had a similar PFS (P=0.198) (Figure 1B).
Regarding OS, M-CLL had a significantly longer time to
event compared to U-CLL (P<0.001). Subsets #1, 2, 4, and
8 showed no statistically significant differences in terms of
OS; however, the OS curves followed a similar pattern to
that observed for PFS and TTFT with subsets #1, 2, and 8,
showing more events as compared to subset #4 where no
incidents of death were observed (Figure 1C).

During a median observation time of 55.1 ms of the
advanced stage cohort, there were 1,847, 1,258, 739 and
512 events for TTFT, PFS, TTNT, and OS, respectively.
TTFT was longer for M-CLL as compared to U-CLL
(P<0.001). Subset #4 had a similar TTFT to that of  M-CLL
that was longer as compared to subsets #1, 2 and 8

(P=0.009). Subsets #1, 2 and 8 had a similar TTFT as U-
CLL (Figure 2A). Regarding PFS, M-CLL had a longer time
to event compared to U-CLL (P<0.001). Subset #4 patients
had a longer PFS compared to subsets #1, 2, and 8; how-
ever; this difference was not statistically significant.
Subset #8 had a shorter PFS compared to subsets #1, 2 and
U-CLL (P=0.042) (Figure 2C). Regarding TTNT, M-CLL
had a longer time to event compared to U-CLL (P<0.001).
No subset #4 patient needed subsequent therapy during
the observation time and TTNT was longer as compared
to subsets #1, 2, and 8 (P=0.027). Subset #4 also had a
longer TTNT compared to M-CLL without reaching sta-
tistical significance (P=0.058) (Figure 2B). Regarding OS,
we observed a significant difference between M-CLL and
U-CLL (P<0.001). None of the subset #4 patients died
before time of analysis; subset #4 patients had a longer OS
than subsets #1, 2 and 8 (P=0.011) (Figure 2D).

Cases expressing IGHV3-21: subset #2 and others
In the cohort of early stage CLL patients, m-subset #2

had a significantly shorter TTFT compared to m-IGHV3-
21 and m-IGHV patients (P<0.001). While m-subset #2
had an outcome similar to that of the u-IGHV group
(P=0.794), m-IGHV3-21 was comparable to m-IGHV
(Figure 3A). Similarly, PFS was shorter in m-subset #2
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Table 2. Baseline characteristics of the advanced stage chronic lymphocytic leukemia (CLL) cases according to subset classification.
                                                                               Subset #1        Subset #2       Subset #4      Subset #8        u-IGHV             m-IGHV                All

Target analysis population, n (%)                                  39 (2.09%)         61 (3.28%)        11 (0.59%)       16 (0.86%)    1088 (58.46%)     646 (34.71%)             1,861
Age at study entry (years) median (range)                 66 (43-84)          66 (48-88)         52 (42-74)       67 (35-84)       65 (30-90)           65 (36-89)          65 (30-90)
Gender, n (%) Male                                                            24 (61.5)            36 (59.0)            6 (54.5)            8 (50.0)          775 (71.2)           437 (67.6)          1286 (69.1)
ECOG performance status median (range)                 0.5 (0-2)               1 (0-2)               1 (0-1)            0.5 (0-2)            1 (0-3)                 0 (0-3)                1 (0-3)
Binet stage, n (%)                                                                     39                         61                        11                      16                    1087                       646                      1860

A                                                                                            6 (15.4)              7 (11.5)              1 (9.1)             2 (12.5)          180 (16.6)           112 (17.3)           308 (16.6)
B                                                                                          20 (51.3)            33 (54.1)            6 (54.5)           11 (68.8)         568 (52.3)           243 (37.6)           881 (47.4)
C                                                                                          13 (33.3)            21 (34.4)            4 (36.4)            3 (18.8)          339 (31.2)           291 (45.0)           671 (36.1)

CLL-IPI risk group, n (%)                                                        38                         57                        11                      16                    1029                       593                      1744
Low                                                                                       1 (2.6)              18 (31.6)            7 (63.6)             0 (0.0)              0 (0.0)              252 (42.5)           278 (15.9)
Intermediate                                                                    10 (26.3)            19 (33.3)            3 (27.3)            4 (25.0)          388 (37.7)           228 (38.4)           652 (37.4)
High                                                                                    26 (68.4)            18 (31.6)             1 (9.1)            12 (75.0)         534 (51.9)           105 (17.7)           696 (39.9)
Very high                                                                              1 (2.6)                 2 (3.5)               0 (0.0)              0 (0.0)           107 (10.4)              8 (1.3)               118 (6.8)

Leukocyte count (x 109/L)                                                    104.7                    72.3                     73.5                   56.4                   85.3                       65.9                     79.1
median (range)                                                                 (13.7-375.0)        (3.1-492.0)       (19.2-144.1)    (12.9-118.0)      (0.2-867.0)          (3.1-741.9)         (0.2-867.0)
Serum thymidine kinase c(U/L)                                          26.6                      20.2                     10.2                   55.9                   19.2                       11.3                      16.5
median (range)                                                                  (0.5-330.6)         (0.0-163.0)         (4.1-36.3)        (0.5-165.3)       (0.0-848.0)          (0.0-970.0)           (0.0-970)
Serum β2-microglobulin (MG/L)                                         3.4                        3.0                       2.2                     3.8                     3.0                         2.8                        3.0
median (range)                                                                    (0.6-8.1)             (0.0-9.8)            (0.5-5.1)           (0.3-8.1)          (0.0-17.8)            (0.0-12.2)           (0.0-17.8)
Deletion 17P by FISH, n (%)                                               1 (2.6)                 0 (0.0)               0 (0.0)              0 (0.0)             79 (7.5)               21 (3.4)              101 (5.6)
Deletion 11Q by FISH, n (%)                                            17 (43.6)            18 (31.0)             0 (0.0)             6 (37.5)          316 (29.8)             37 (6.0)             378 (21.0)
Trisomy 12 by FISH, n (%)                                                 4 (10.3)               2 (3.4)               1 (9.1)            11 (68.8)         163 (15.4)            80 (13.0)            222 (12.3)
Deletion 13Q by FISH, n (%)                                            23 (59.0)            49 (84.5)            6 (54.5)            2 (12.5)          477 (45.1)           409 (66.3)           648 (36.0)
TP53 mutated, n (%)                                                            1 (3.8)                 2 (4.8)               0 (0.0)              0 (0.0)           103 (13.6)             30 (6.9)             136 (10.6)
NOTCH1 mutated, n (%)                                                    4 (16.0)               2 (4.8)               0 (0.0)             5 (38.5)          154 (20.5)             20 (4.7)             185 (14.6)
SF3B1 mutated, n (%)                                                          0 (0.0)              19 (45.2)             0 (0.0)              0 (0.0)           131 (17.4)            52 (12.1)            202 (15.9)
Richter syndrome status, n (%)                                        1 (2.6)                 2 (3.3)                    0                   1 (6.3)             35 (3.2)               14 (2.2)               53 (2.8)

n: number of cases; u: unmutated; m: mutated; IGHV: non-subset immunoglobulin heavy variable; ECOG: Eastern Cooperative Oncology Group; IPI: International Prognostic
Index;FISH: fluorescence in situ hybridization. 



compared to m-IGHV3-21 and m-IGHV cases, but did not
reach statistical significance (P=0.161). However, the 
u-subset #2 cases had a shorter time to event compared to
u-IGHV3-21 and u-IGHV (P=0.006) (Figure 3B). Regarding
OS, there was no significant difference between m-subset
#2, m-IGHV3-21 and m-IGHV (P=0.221) (Figure 3C);
however, small event numbers precluded robust compar-
isons despite the long observation time.

In the advanced stage cohort, m-subset #2 cases had a
shorter TTFT compared to m-IGHV3-21 and m-IGHV
(P=0.056), and showed similar behavior to that of the u-
IGHV group (P=0.215). u-IGHV3-21 patients showed a
shorter TTFT compared to u-subset #2 and u-IGHV cases
(P=0.050) (Figure 4A). Similarly, m-subset #2 cases
showed a shorter TTNT than m-IGHV3-21 and m-IGHV
patients (P=0.001). Furthermore, m-subset #2 had a similar
clinical course to u-IGHV cases in terms of TTFT
(P=0.401) (Figure 4B). No difference was observed
between u-IGHV3-21, u-subset #2 and u-IGHV (P=0.536).
In the PFS analysis, m-subset #2 showed a significantly
shorter PFS compared to m-IGHV3-21 and m-IGHV
(P=0.020) (Figure 4C). No difference was observed
between m-subset #2 and u-IGHV (P=0.065) (Figure 4C).
Regarding OS, we observed no significant difference in
terms of survival rate at 5 years between m-subset #2, m-
IGHV3-21 and m-IGHV or u-subset #2, u-IGHV3-21 and
u-IGHV (P=0.717, P=0.752, respectively) (Figure 4D).

Multivariate analyses
Due to the resemblance in all clinical outcomes, the sim-

ilarities between subsets (Figures 1 and 2) and the small
size of the subset population, we grouped subsets #1, 2
and 8 together to be able to analyze their relevance as a
group in the clinical outcomes of interest. Subset #4 was
analyzed as part of M-CLL for the same reasons. We com-
pared this group of subsets to M-CLL and U-CLL. In a sup-
plementary analysis, we also compared subset #2 to sub-
sets #1 and 8 as well as to M-CLL and U-CLL.

A Cox multivariate regression analysis was chosen to
adjust for the variables that were significant in the univari-
ate analysis.

For the early stage cohort, the variables included in the
final model for TTFT are listed in Table 3. M-CLL and sub-
set #4 had a longer TTFT compared to subsets #1, 2 and 8
(P<0.01). In the supplementary analysis, subset #2 alone
showed the same differences (Online Supplementary Table
S3). M-CLL and subset #4 had also a longer PFS and OS
compared to the group of subsets (hazard ratio [HR]:0.44,
confidence interval [CI]: 0.272-0.712, P=0.001 and
HR:0.431, CI: 0.19-0.978, P<0.044, respectively). In a sec-
ond multivariate analysis, we tested for the independent
value of the m-subset #2 subgroup, including the variables
listed in Table 4. This identified m-subset #2 as an inde-
pendent adverse prognostic marker for shorter TTFT as
compared to m-IGHV (P<0.001) (Table 4). For the PFS
multivariate analysis, we observed no differences
between m-subset #2 and m-IGHV or m-IGHV3-21 and
m-IGHV (P=0.556).

In the advanced stage cohort, the TTNT final model
found a significant difference between M-CLL and subsets
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Figure 1. Outcomes of early stage chronic lymphocytic leukemia (CLL)
cases according to subset classification. (A) Median time-to-first-treat-
ment (TTFT) subset #1: 33.7 months, subset #2: 65.0 months, subset
#4: not reached, subset #8: 26.3 months, U-CLL: 52.2 months, M-CLL:
not reached. (B) Median progression-free survival (PFS) from diagnosis
subset #1: 15.9 months, subset #2: 22.8 months, subset #4: not
reached, subset #8: 25.7 months, U-CLL: 28.8 months, M-CLL: 92.6
months. (C) Median overall survival (OS) from diagnosis subset #1:
112.5 months, subset #2: not reached, subset #4: not reached, subset
#8: 49.0 months, U-CLL: not reached, M-CLL: not reached; Cum: cumu-
lative.
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P=0.002
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#1, 2 and 8 (HR: 0.53, CI: 0.38-0.74, P<0.001). This same
pattern was also seen when M-CLL was compared to sub-
set #2 alone; however, this difference was not statistically
significant (P=0.052) (Online Supplementary Table S4). U-
CLL had a significantly shorter PFS compared to subsets
#1, 2 and 8 (P=0.028) as opposed to M-CLL that showed a
significantly longer PFS (P=0.002) (Online Supplementary
Table S5). In the supplementary analysis, U-CLL also had
a shorter PFS compared to subset #2 (P<0.05) (Online
Supplementary Table S6). In the OS final model, we
observed a significant difference between M-CLL and sub-
sets #1, 2 and 8 (P=0.002). In the second analysis, we
found a statistically significant difference between TTNT
in m-subset #2 and m-IGHV (P=0.005) (Online
Supplementary Table S7). With regards to PFS, no differ-
ences were found between m-subset #2 and m-IGHV
(P=0.122).

Discussion

Our study evaluated the impact of BcR IG stereotype on
four relevant clinical outcomes (TTFT, TTNT, PFS, and

OS) with a sufficient follow-up period in four major CLL
stereotyped subsets, i.e., subsets #1, 2, 4 and 8. Two dif-
ferent clinical scenarios were considered in the present
analysis: early stage patients with CLL included in the
'watch and wait' arm of the CLL1 study, and advanced
stage, treatment-naïve patients with CLL treated within
three clinical trials of the GCLLSG. The analysis was per-
formed in patients within prospective clinical trials, where
the information regarding the most relevant clinical and
genetic characteristics of subsets #1, 2, 4 and 8 could be
analyzed in a controlled setting with mature follow-up.

Subset #1 had a similar prognosis to U-CLL in both early
stage and advanced stage CLL patients. These findings
were consistent with previous publications, where this
subset has been associated with a poor prognosis in terms
of survival and TTFT even when compared to CLL with
the same IGHV genes but a heterogenous BcR IG.14

Subset #2 patients are known to have a shorter TTFT as
well as OS regardless of IGHV mutational status.15,33,34 In
our study, we observed this same behavior in both early
and advanced stage CLL. Furthermore, consistent with
previous publications, we found that subset #2 cases had
a higher rate of SF3B1 mutations in both the IGHV mutat-
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Figure 2. Outcomes of advanced stage chronic lymphocytic leukemia (CLL) cases according to subset classification. (A) Median time-to-first-treatment (TTFT) for
the subset #1: 20.6 months, subset #2: 28.5 months, subset #4: 42.8 months, subset #8: 5.5 months, U-CLL: 17.8 months, M-CLL: 36.1 months. (B) Median time-
to-next-treatment (TTNT) for the subset #1: 60.2 months, subset #2: 57.3 months, subset #4: not reached, subset #8: 43.7 months, U-CLL: 47.4 months, M-CLL: not
reached. (C) Median progression-free survival (PFS) for subset #1: 41.7 months, subset #2: 33.3 months, subset #4: not reached, subset #8: 26.3 months, U-CLL:
26.5 months, M-CLL: 54.7 months. (D) Median overall survival (OS) for subset #1: 67.5 months, subset #2: not reached, subset #4: not reached, subset #8: 43.3
months, U-CLL: 78.9 months, M-CLL: not reached; Cum: cumulative.
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ed and unmutated state, which, however, does not seem
to explain the unfavorable clinical prognosis.29,32,33

It has been reported that subset #2 has a higher progres-
sion rate to disease requiring treatment and also a shorter
OS.15,33,34 In our analysis, in both early and advanced stage
CLL, m-subset #2 showed higher presence of del(11q) and
unfavorable prognosis compared to other IGHV-mutated
CLL cases. This difference was also observed in a multi-
variate analysis, where m-subset #2 patients had a worse
outcome compared to m-IGHV with regards to TTFT in
early stage CLL, and TTNT in advanced stage CLL

patients. Our data showed for the first time in clinical
studies that subset #2 is an independent prognostic factor
for earlier TTFT in early stage CLL. There was a signifi-
cant difference in TTFT between mutated subsets #2 and
m-IGHV in both the univariate and multivariate analysis.
This finding was also based on multiple validation analy-
ses that corroborated our results. Therefore, it is safe to
say that the conclusion is valid despite the small sample.
No significant differences were observed between m-sub-
set #2, m-IGHV3-21 and m-IGHV in early or advanced
stage CLL in terms of PFS or OS. This implies that patients
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Figure 3. Outcomes of early stage chronic lymphocytic leukemia (CLL)
cases according to subset #2 classification and IGHV mutation. (A)
Median time-to-first-treatment (TTFT) for u-subset #2: 26.8 months, m-
subset #2: 65.0 months, u-HV3-21: 45.7 months, m-HV3-21: not
reached, u-IGHV: 51.4 months, m-IGHV: not reached. (B) Median pro-
gression-free survival (PFS) from diagnosis for u-subset #2: 11.2
months, m-subset #2: 35.7 months, u-HV3-21: 29.8 months, m-HV3-
21: not reached, u-IGHV: 28.1 months, m-IGHV: 92.6 months. (C)
Median overall survival (OS) from diagnosis for u-subset #2: not
reached, m-subset #2: not reached, u-HV3-21: not reached, m-HV3-21:
not reached, u-IGHV: not reached, m-IGHV: not reached; Cum: cumula-
tive.

Table 3. Time-to-first-treatment (TTFT) Cox regression in early stage chronic lymphocytic leukemia (CLL) subsets # 1, 2 and 8.
Cox regression                              Univariable               Hazard ratio                              95% confidence interval                       P
TTFT                                              comparison                                                                                            Lower                    Upper

Subset and IGHV analysis group
U-CLL                                                 vs. Subset #1,2,8                     0.812                                                                               0.504                          1.308                          0.392
M-CLL and subset #4                      vs. Subset #1,2,8                     0.195                                                                               0.119                          0.318                       < 0.001

Deletion in 17p
Yes                                                                vs. no                              2.332                                                                               1.287                          4.224                          0.005

Deletion in 11q
Yes                                                                vs. no                              1.765                                                                               1.182                          2.635                          0.005

Leukocyte count (x 109/L)
≥ 50                                                             vs.< 50                             3.197                                                                               2.251                          4.541                       < 0.001

Lymphocyte doubling time
≤ 12 months                                      vs. > 12 months                     2.178                                                                               1.632                          2.907                       < 0.001

TTFT: time to first treatment; U: unmutated; M: mutated; IGHV: immunoglobulin heavy variable; HR: hazard ratio.  
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C
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belonging to subset #2 should have closer clinical follow-
up, and, in particular, that patients of m-subset #2 should
be considered as high risk despite their formal assignment

to the M-CLL group. Correspondingly, this indicates that
the BcR IG structure determined by subset assignment
may be more important in determining disease biology
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Table 4. Time-to-first-treatment (TTFT) Cox regression in early stage chronic lymphocytic leukemia (CLL)  subset #2.
Cox regression                              Univariable               Hazard ratio                          95% confidence interval                   P
TTFT                                              comparison                                                                                        Lower                Upper                        

IGHV analysis group
M-IGHV3-21                                           vs. m-IGHV                          1.105                                                                           0.271                      4.498                          0.889
M-subset #2                                           vs.m-IGHV                          4.172                                                                           2.017                      8.628                       < 0.001
U-IGHV                                                    vs. m-IGHV                          4.308                                                                           3.253                      5.705                       < 0.001

Deletion in 17p
Yes                                                                vs. no                               2.305                                                                           1.273                      4.172                          0.006

Deletion in 11q
Yes                                                                 vs.no                               1.749                                                                           1.169                      2.615                          0.006

Leukocyte count (x109/L)
≥ 50                                                             vs. < 50                             3.209                                                                           2.260                      4.556                       < 0.001

Lymphocyte doubling time
≤ 12 months                                      vs. > 12 months                     2.181                                                                           1.633                      2.912                       < 0.001

TTFT: time to first treatment; U: unmutated; M: mutated; IGHV: immunoglobulin heavy variable; HR: hazard ratio.  

Figure 4. Outcomes of advanced stage chronic lymphocytic leukemia (CLL) cases according to subset #2 classification and IGHV mutation. (A) Median time-to-first-
treatment (TTFT) u-subset #2: 32.9 months, m-subset #2: 16.5 months, u-HV3-21: 14.2 months, m-HV3-21: 26.8 months, u-IGHV: 18.1 months, m-IGHV: 36.3
months. (B) Median time-to-next-treatment (TTNT) u-subset #2: 49.2 months, m-subset # 2: 58.7 months, u-HV3-21: 50.6 months, m-HV3-21: not reached, u-IGHV:
47.8 months, m-IGHV: not reached. (C) Median progression-free (PFS) survival u-subset #2: 21.4 months, m-subset #2: 35.5 months, u-HV3-21: 31.4 months, m-
HV3-21: 57.6 months, u-IGHV: 26.7 months, m-IGHV: 54.7 months. (D) Median overall survival (OS) from diagnosis u-subset #2: not reached, m-subset #2: not
reached, u-HV3-21: not reached, m-HV3-21: not reached, u-IGHV: 77.4 months, m-IGHV: not reached; Cum: cumulative. 
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and clinical behavior than IGHV mutational status alone,
at least in certain cases.

Subset #4 is known to have an indolent clinical course
and is most frequent among younger patients.15,19

According to our findings, subset #4 had the most favor-
able prognosis regarding PFS and TTFT compared to the
remaining subsets in the early stage CLL population.
Furthermore, in the advanced stage CLL analysis, subset
#4 showed a longer TTNT compared to mutated CLL and
a longer PFS compared to all other subsets. It is striking
that for all time-dependent endpoints in the early stage as
well as the advanced stage cohort, the outcome of subset
#4 patients appeared to be even better than M-CLL. This
again points to the hypothesis that subset and therefore
BcR IG structure may be more relevant in pathogenesis
and prognosis than IGHV mutational status.

Subset #8 has been associated with increased risk of
Richter transformation and trisomy 12.35,36 In the advanced
stage CLL, we observed a higher rate of trisomy 12 and a
higher incidence of Richter transformation compared to
the other subsets. Subset #8 showed a shorter PFS com-
pared to subsets #1 and 2 in advanced stage CLL cases.
However, due to the small size of this subgroup popula-
tion, this could not be tested in a multivariable analysis.

The strength of the current study is also one of its
weaknesses, as due to the long follow-up time there was
no inclusion of novel agents such as ibrutinib, idelalisib
and venetoclax in the treatment schedules. Data of
patients treated within clinical studies of novel agents
including long follow-up with relevant event numbers
and categorized according to the subset classification are
not yet available. First analyses indicate that the prognos-
tic power of IGHV mutational status is lost with these
agents,37 and it would be interesting to see if the subset
assignment remains a prognostic factor with these treat-
ments. Furthermore, chemo-immunotherapy remains a
possible standard of care for patients without high-risk
markers and mutated IGHV.38 According to our data, sub-
set assignment by BCR stereotype is relevant for therapy
assessment. Therefore, the patients mentioned above

should be treated taking into consideration the subset
assignment. Future studies will evaluate the relevance of
the subset classification regarding the response to novel
therapies.

Taken together, we confirmed for the first time in
prospective clinical trials that subset #2 is an independent
prognostic marker for shorter TTFT, TTNT and PFS in
CLL, regardless of the IGHV mutational status. Therefore,
patients with CLL subset #2 should be closely monitored.
Given this, CLL clinical guidelines should include subset
#2 also when mutated as an independent marker for high
risk in patients receiving chemo-immunotherapy.
Furthermore, our study showed that assignment to stereo-
typed subsets may have a different impact depending on
clinical stage in chemo-immunotherapy settings. Subsets
#1, 2 and 8 had similar prognosis in most clinical out-
comes to U-CLL. However, advanced stage CLL subsets
#1, 2 and 8 had a longer PFS than U-CLL. Subset #4 was
found to have a better clinical course compared to other
subsets in both early and advanced stage CLL and was
similar to M-CLL.

For the first time in prospective multicenter clinical tri-
als, subset # 2 appeared as an independent prognostic fac-
tor and subsets #1, 8 and 4 were found to have a distinc-
tive clinical course and should be proposed for risk strati-
fication of patients.
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Elucidating the regulation mechanism of integrin aIIbβ3 is key to under-
standing platelet biology and thrombotic diseases. Previous in vitro
studies have implicated a role of migfilin in the support of platelet

aIIbβ3 activation, however, contribution of migfilin to thrombosis and
hemostasis in vivo and a detailed mechanism of migfilin in platelets are not
known. In this study, through migfilin knock-out (migfilin-/-) mice, we report
that migfilin is a pivotal positive regulator of hemostasis and thrombosis.
Migfilin-/- mice show a nearly doubled tail-bleeding time and a prolonged
occlusion time in FeCl3-induced mesenteric arteriolar thrombosis. Migfilin
deficiency impedes platelet thrombi formation on a collagen surface and
impairs platelet aggregation and dense-granule secretion. Supported by 
characteristic functional readings and the phosphorylation status of distinc-
tive signaling molecules in the bidirectional signaling processes of aIIbβ3,
the functional defects of migfilin-/- platelets appear to be mechanistically asso-
ciated with a compromised outside-in signaling, rather than inside-out 
signaling. A synthesized cell-permeable migfilin peptide harboring filamin A
binding sequence rescued the defective function and phosphorylation of sig-
naling molecules of migfilin-/- platelets. Finally, migfilin does not influence the
binding of filamin A and β3 subunit of aIIbβ3 in resting platelets, but 
hampers the re-association of filamin A and β3 during the conduct of out-
side-in signaling, suggesting that migfilin functions through regulating the
interaction dynamics of aIIbβ3 and filamin A in platelets. Our study
enhances the current understanding of platelet integrin aIIbβ3-mediated
outside-in signaling and proves that migfilin is an important regulator for
platelet activation, hemostasis and thrombosis.

Migfilin supports hemostasis and thrombosis
through regulating platelet aIIbβ3 outside-in
signaling
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ABSTRACT

Introduction 

Platelets are essential for thrombosis and hemostasis. At the sites of vascular
injury, platelets instantly activate, adhere to the exposed subendothelial matrix and
form a hemostatic or thrombotic plug. Idiosyncratically expressed by platelets,
integrin aIIbβ3 is the central adhesion molecule that governs the process of throm-
bus formation. aIIbβ3 characteristically transmits signals bidirectionally across the
plasma membrane, processes termed inside-out and outside-in signaling, respec-
tively.1 Inside-out signaling conveys the activation information from stimuli and
culminates in the high affinity binding of aIIbβ3 to its ligands, which forms bridges
to support platelet-vessel wall adhesion and platelet homotypic aggregation.
Outside-in signaling, which is initiated by ligand binding and aIIbβ3 clustering, is
essential for platelet spreading, clot retraction and thrombus consolidation.2

Platelet aIIbβ3 signaling is regulated by the binding of several molecules to the
cytoplasmic domain of integrin β-subunits.3 The cytoplasmic integrin-binding pro-
tein talin has been known as the central regulator for aIIbβ3.4 There are also other



important integrin-binding proteins such as kindlins and
filamin A, which can  potentially profoundly influence the
function of aIIbβ3.5-7 Thus, kindlin-3 co-operates with
talin and positively regulates the activation of integrin

aIIbβ3,3 whereas filamin A competitively blocks the
talin-integrin  interaction5 and negatively regulates
aIIbβ3.3,8 Intriguingly, the interactions between integrin β3
and integrin-binding proteins are highly dynamic, even
the same pair of interactive partners may serve distinctive
roles in different phases of the platelet activation pathway.
For example, talin-β3 binding is the essential step for
aIIbβ3 activation for inside-out signaling, whilst the 
subsequent G13-regulated dissociation and re-association
between talin and β3 are not only pivotal steps for out-
side-in signaling but are also the crucial events  that 
differentiate thrombosis from hemostasis.9 This example
highlights the importance of clarifying the dynamic inter-
action between integrin and integrin-binding proteins 
during aIIbβ3 activation. However, the spatial temporal
dynamics for most other integrin-binding proteins remain
largely unknown.

Migfilin, also known as FBLIM1/FBLP-1,10 is a putatively
expressed protein consisting of an N-terminal filamin-
binding domain, a central proline rich domain and three
C-terminal LIM domains. Through participation in
cytoskeleton reorganization, migfilin is involved in cellu-
lar functions such as adhesion, morphological change, and
motility.11 Migfilin has also been reported to promote car-
diomyocyte differentiation.12 There are multiple binding
partners of migfilin, including mitogen inducible gene-2
(MIG-2), VASP, and transcriptional factor CSX/NKX2-5.10

Particularly, migfilin is capable of strong interaction with
filamin A, which raises the possibility that migfilin could
competitively dissociate filamin A from integrin and thus
promote talin-aIIbβ3 interaction.13 Indeed, migfilin pep-
tides are capable of inducing PAC-1 binding in human
platelets.14 However, these findings were obtained in in
vitro conditions and  neither the contribution of migfilin to
thrombosis and hemostasis in vivo nor to integrin 
dynamics during platelet activation are clear.

With migfilin-/- mice, the current study investigated the
role of migfilin in platelet activation, hemostasis and
thrombosis. The phenotype exhibited by migfilin-/- mice
indicated that migfilin is an important positive regulator
for hemostasis and thrombosis. Mechanistically, migfilin
promotes early outside-in signaling of platelet aIIbβ3, pos-
sibly through binding to filamin A and sequestering the
aIIbβ3-inhibiting effect of filamin A. 

Methods

Generation of migfilin deficient mice 
Migfilin-/- mice were bred as described,15 ablation of migfilin

was achieved by the deletion of exon 7. The loss of exon 7 of
migfilin in migfilin-/- platelets was confirmed by mRNA expression,
using littermate wild-type (WT) mice platelets as a control. All
experimental procedures were reviewed and approved by the
Animal Care and Use Committee of the Zhejiang University
School of Medicine. Total RNA of platelets and heart was extract-
ed using Trizol (Thermo Fisher Scientific, MA, USA) according to
the manufacturer’s instructions. RNA was reversely transcribed to
cDNA using the ReverTraAce qPCR RT kit (Toyobo, Osaka,
Japan). PCR was performed using the primers P1: GCTGTTGAG-
GCCATGAAGAG and P2: TCCTTCCCATGCACTCGATT.

Migfilin gene expression was quantified by real-time quantitative
PCR based on SYBR Green, using -actin RNA as the loading con-
trol.16 The sequence of the primers used were as follows: migfilin
forward primer (mFBLIM1-qRCR-F): TAGCCGTGAGTGAG-
GAAGTG, reverse primer (mFBLIM1-qRCR-R): CAGAGAGT-
GAGGCATTGGTCT.

Migfilin peptides 
As previously reported,13 WT migfilin

(4KPEKRVASSVFITLAP19C) and mutant (MT) peptides (4KPEKR-
VADSAFITLAP19C) with an additional C-terminal cysteine
residue were synthesized by ChinaPeptides (Suzhou, China). WT-
migfilin peptide harbors the filamin A binding sequence and the
MT-migfilin peptide contains two point mutations (Ser11 was
replaced by Asp, and Val13 was replaced by Ala, bold type in the
sequence) with substantially reduced ability to bind filamin A (at
least 12.5-times weaker than the WT peptide).13 To render them
cell permeable, a CR7 transport peptide was conjugated to the
migfilin peptides through a disulfide bond.17 The conjugated pep-
tides were purified by high pressure liquid chromatography and
conjugation confirmed by electrospray ionization mass spectrom-
etry. 

Tail bleeding assay
As previously described,18 tails of anesthetized mice were cut

0.5 cm from the tip and immediately immersed in microtubes
filled with 1.7 ml of saline at 37°C. The time for the bleeding to
stop (no blood flow for 1 min) and the weight of blood loss were
recorded. Tail bleeding assays were stopped at 900 seconds if the
bleeding did not stop. The same procedure was used for the eval-
uation of migfilin peptides in hemostatic function after their intra-
venous injection.

Platelet preparation
Whole blood was collected from the inferior vena cava into 0.1

vol of ACD buffer (75 mM sodium citrate, 39 mM citric acid, and
135 mM dextrose, pH 6.5), and was diluted 1:2 with modified
Tyrode’s buffer (in mM: 20 HEPES, 137 NaCl, 13.8 NaHCO3, 2.5
KCl, 0.36 NaH2PO4, 5.5 glucose, pH 7.4). Diluted whole blood was
centrifuged at 180×g for 10 minutes (min) at room temperature,
and platelet-rich-plasma was collected into a fresh tube. The
platelet-rich-plasma was diluted in ACD buffer, and centrifuged at
700×g for 10 min. Platelet pellet was then re-suspended in modi-
fied Tyrode’s buffer. 

Detailed information of the reagents, platelet function measure-
ments, Western blotting and statistical analysis is provided in the
Online Supplementary Materials and Methods.

Results

Migfilin deficiency impairs hemostasis and thrombosis.
The truncation of exon 7 of migfilin in platelets was val-

idated by PCR measurement of migfilin messenger RNA
(Figure 1A). Multiple commercially available antibodies
(Santa Cruz Biosciences sc-162823, sc-162822, sc-134724;
ABclonal A15850; GeneTex GTX116584) were used to
detect migfilin. These antibodies did not clearly reveal the
expression of migfilin protein in murine platelets,
although they did confirm the presence of migfilin in
murine hearts as previously reported (Figure 1B). Real-
time quantitative PCR experiments were performed as a
surrogate method to quantify migfilin expression in murine
platelets. The results not only confirmed the loss of migfilin
mRNA in the platelets from KO mice, but also showed

In vivo role and mechanism of platelet migfilin
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Figure 1. Migfilin-/- mice display impaired hemostatic and thrombotic functions. (A) Migfilin mRNA expression in wild-type (WT) platelets and exon 7 (179 bp) deleted
migfilin-/- mice platelets. (B) Analysis of migfilin protein expression by Western blotting in heart tissues and platelets from WT and migfilin-/- mice. (C) Quantitative real-
time PCR results analysing the expression of migfilin in platelets and heart tissues. Data are represented as a ratio relative to an internal control (β-actin) (mean ±
standard error of the mean [SEM], n=3), ***P<0.001, Student t test. (D) Bleeding times for WT (●) and migfilin-/- mice (▲). Means are indicated by horizontal lines.
**P<0.01, evaluated with 2-tailed Mann-Whitney U tests. (E) Weight of blood loss from WT (●) and migfilin-/- mice (▲) during bleeding time. Results are expressed
as the mean ± SEM (n = 9). *P<0.05, evaluated with 2-tailed Mann-Whitney U tests. (F) Percentages of WT and migfilin-/- mouse bleeding times exceeded 15 minutes
(min) (□) or were within 15 min (■). Results were obtained from 21 WT and 22 migfilin-/- mice. (G) Representative images of thrombi in FeCl3-injured mesenteric arte-
rioles at indicated post-injury time points in WT (upper row) and migfilin-/- mice (lower row). a, arteriole; v: venule. Scale bars, 100 mm (left panel). Occlusion times of
FeCl3-induced thrombosis in arterioles of WT (n=16) and migfilin-/- mice (n=16). Means are indicated by horizontal lines. **P<0.01, 2-tailed Mann-Whitney test (right
panel). (H) Adhesion of platelets from WT and migfilin-/- mice on collagen. Mepacrine-labeled whole blood from WT and migfilin-/- mice was perfused over collagen-
coated bioflux plates at a shear rate of 40 dynes/cm2 for 5 min. Original magnification 10x. Scale bar, 100 mm (left panel). Area coverage of platelets from WT and
migfilin-/- mice (n=10 for both groups) after 5 min perfusion over a collagen surface, **P<0.01, 2-tailed Mann-Whitney test (right panel).
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that expression of migfilin mRNA is about 1,500-fold lower
in platelets than that in heart of WT mice (normalized by
actin mRNA) (Figure 1C). Migfilin-/- mice were viable and
fertile, and did not exhibit any evident bleeding tendency
or thrombotic events over their lifespan. Migfilin-/- mice did
not differ significantly from their WT littermates in
platelet counts, white cell counts, hematocrits, and hemo-
globin concentrations (Table 1). Electron microscopy
showed that migfilin-/- platelets had normal discoid mor-
phology (Online Supplementary Figure S1A). No significant
differences in the surface expression of the platelet glyco-
proteins GPVI, CD41 (aIIb subunit) and CD42b (GPIb
subunit) were found between WT and migfilin-/- platelets
(Online Supplementary Figure S1C). 

Notably, migfilin-/- mice exhibited tail-bleeding times
twice as long as their WT littermates (Figure 1D), consis-
tent with the comparison of the weight of blood loss
between migfilin-/- and WT mice (Figure 1E). Moreover,
63.6% of the migfilin-/- mice had bleeding times exceeding
15 min, in comparison, only 14.3% of WT littermates had
bleeding times over 15 min (Figure 1F). These data suggest
that migfilin positively regulates hemostasis. 

In a model of FeCl3-induced mesenteric arteriole throm-
bosis, the time of forming stable occlusive thrombi in
mesenteric arterioles were significantly longer in migfilin-/-

mice than in WT mice (35.19±3.656 min vs. 20.63±4.422
min, P<0.01; Figure 1G). To confirm that the observed
hemostatic functional defects are due to migfilin deficien-
cy, we synthesized cell-deliverable migfilin peptides as
described in the previous study.13 WT-migfilin-CCR7 pep-
tide (range: 0.5-1.5 nM/kg) dose-dependently shortened
the prolonged tail bleeding time in migfilin-/- mice (Online
Supplementary Figure S2A), whereas MT-migfilin-CCR7
peptide did not show any effect on the bleeding time. WT-
migfilin-CCR7 peptide restored the prolonged bleeding
time of migfilin-/- mice to a comparable level of WT mice
(Online Supplementary Figure S2B-C). WT-migfilin-CCR7,
but not MT-migfilin-CCR7, also restored the occlusion
time in Fecl3-induced mesenteric arterial injury in migfilin-/-

mice (Online Supplementary Figure S2D). 
Thrombus formation was also assessed using a microflu-

idic whole-blood perfusion assay. After a 5-minute perfu-
sion at a shear rate of 1000 s-1, thrombi formed on an immo-
bilized collagen surface by migfilin-/- platelets were signifi-
cantly smaller (average of a 50% reduction) than those by
WT platelets (Figure 1H). In the meanwhile, as shown in
the Online Supplementary Video S1, thrombi formed by
migfilin-/- platelets displayed a severely compromised stabil-
ity compared to WT platelets. In order to assess whether
the observed phenotype of migfilin-/- platelets is due to a
reduced ability of adhesion during the initiation of throm-
bosis, a recombinant whole-blood system with a reduced
concentration of platelets (107/mL) was employed in the
perfusion assay. Without the interference from massive
platelet aggregation, migfilin-/- and WT platelets had similar
coverage area on the collagen surface (Online Supplementary
Figure S3). These findings indicate that migfilin promotes
thrombosis, possibly through influencing the extension and
perpetuation of thrombi. 

Migfilin-/- platelets have a decreased capability of
aggregation due to a hampered dense granule 
secretion

To further evaluate the function of migfilin in platelets,
aggregation and dense granule secretion in response to

common platelet stimuli were measured. Compared to
WT platelets, migfilin-/- platelets displayed a prominently
decreased aggregation rates in response to low dose col-
lagen (0.4 mg/mL), and a mildly decreased aggregation
rates in response to thrombin (0.018 U/mL) (Figure 2A).
Platelet aggregation induced by ADP (10 mM; 20 mM),
U46619 (0.3 M; 0.6 M) or higher concentrations of
thrombin (0.025 U/mL) and collagen (0.8 mg/mL) was not
affected by migfilin deficiency. Notably, migfilin-/- platelets
exhibited a markedly decreased ATP secretion in
response to all stimuli including U46619, thrombin and
collagen, even when the aggregation difference was no
longer present (Figure 2A). Apyrase (0.25 U/mL)
hydrolyzed secreted ADP and eliminated the aggregation
difference between WT and migfilin-/- platelets induced by
low concentrations of thrombin or collagen (Figure 2B).
Supplementation with a low concentration of ADP (1
mM), insufficient to induce aggregation on its own,
reversed the inhibitory effect of migfilin deficiency on
collagen- and thrombin-stimulated platelet aggregation
(Figure 2B). In addition, thrombin- and collagen-induced
secretion of serotonin from migfilin-/- platelets was largely
reduced compared to that of WT platelets, even though
similar levels of serotonin were harbored inside resting
migfilin-/- and WT platelets (Online Supplementary Figure
S4). These data suggest that an impaired dense granule
secretion is the central functional defect exhibited by
migfilin-/- platelets.

WT-migfilin-CCR7 (5 mM), but not MT-migfilin-CCR7
(5 mM), rescued the impaired aggregation and ATP release
of washed migfilin-/- platelets in response to thrombin or
collagen, and eliminated the difference between WT and
migfilin-/- platelets (Figure 3A-B). This result supports that
the observed platelet phenotypes in the current study are
bona fide migfilin effects.

Interestingly, an integrin aIIbβ3 inhibitor tirofiban 
(4 g/mL) eliminated the differences of aggregation and
ATP secretion between migfilin-/- and WT platelets in
response to thrombin and collagen (Online Supplementary
Figure S6A-B), suggesting that migfilin-regulated platelet
function is aIIbβ3-dependent. However, neither the
secretion of -granules nor the conformational change of
aIIbβ3 on a single platelet, indicated by P-selectin expres-
sion and JON/A binding, respectively, was affected by
migfilin deficiency or exogenously applying of migfilin
peptide (Online Supplementary Figure S7). These findings
therefore suggest that migfilin may not be involved in
inside-out signaling of aIIbβ3, but rather participate in the
process post ligand-aIIbβ3 engagement.

In vivo role and mechanism of platelet migfilin
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Table 1. Hematologic analysis.
                                             WT                  Migfilin-/-            P

RBC×1012/L                            10.72±1.01               10.96±1.63             0.6974
WBC×109/L                            14.26±4.51               14.93±8.92             0.8345
Platelets×109/L                    676±271.26              562±268.03             0.3570
Hematocrit %                       47.40±4.45               49.40± 7.27             0.4680
Hemoglobin g/dL                  15.8±1.62                16.5±2.677             0.4883
MPV fL                                      5.2±0.33                   5.3±0.18                0.4198
Data are ± standard error of the mean (SEM). No abnormalities or significant 
differences between wild-type (WT) and migfilin-/- mice were found for hematologic
parameters (n = 3-5; unpaired Student t test). RBC: red blood cells; WBC: white blood
cells; MPV: mean platelet volume.
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Figure 2. Migfilin-/- platelets display impaired aggregation responses due to defective dense granule secretion. (A) Platelets were stimulated with collagen, thrombin,
U46619, and ADP (in the presence of fibrinogen). Aggregation and ATP release was assessed with a Chrono-log lumiaggregometer under stirring at 1,200 rpm. Traces
are representative of at least three independent experiments. Results are expressed as mean ± standard error of the mean (SEM) from at least four independent
experiments. Statistical significance was evaluated with paired Student t test. (*P<0.05, **P<0.01). (B) Aggregation of washed WT or migfilin-/- platelets stimulated
with collagen (0.4 mg/mL) or thrombin (0.018 U/mL) in the presence of vehicle (left panel), or apyrase (0.25 U/mL) (middle panel), or a low concentration of ADP (1
μM) (right panel). Percentage of platelet aggregation from at least four independent experiments is depicted on the right, and the results are shown as mean ± SEM
(*P<0.05, **P<0.01, ***P<0.001, ns: no significant difference, paired Student t test).
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Migfilin positively regulates early aIIbβ3 outside-in 
signaling in platelets

Since the effects of migfilin in platelets are aIIbβ3-
dependent, outside-in signaling mediated by aIIbβ3 was
evaluated. First, early outside-in signaling was assessed by
two functional assays, i.e., spreading of platelets on
immobilized fibrinogen and Mn2+ (0.5mM)-caused platelet

aggregation. Both spread areas on fibrinogen and the
aggregation rates by manganese were largely reduced in
migfilin-/- platelets (Figure 4A-B). WT-migfilin-CCR7, but
not MT-migfilin-CCR7 peptide, fully rescued platelet
spreading on fibrinogen and Mn2+ induced platelet aggre-
gation (Figure 4A-B). The late outside-in signaling was
assessed by a clot retraction experiment.21-23 Contrary to
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Figure 3. WT-migfilin-CCR7 (5 mM) rescued the impaired aggregation and ATP release of washed migfilin-/- platelet in response to thrombin or collagen. (A) Platelets
were stimulated with collagen (0.4 mg/mL, 0.8 mg/mL), thrombin (0.018 U/mL, 0.025 U/mL) in the presence of WT-migfilin-CCR7 (5 mM) peptide or MT-migfilin-CCR7
(5 mM) peptide. Platelet aggregation and ATP release were assessed with a Chrono-log lumi-aggregometer under stirring at 1,200 rpm. Traces were representative
of at least three independent experiments. (B) WT (□) and migfilin-/- (■) platelets treated with WT-migfilin-CCR7 and MT-migfilin-CCR7 respectively were stimulated
by collagen and thrombin. Results are expressed as mean ± standard error of the mean (SEM) from at least three independent experiments. Statistical significance
was evaluated with paired Student t test (*P<0.05, **P<0.01, ns: no significant difference). 
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the spreading results, neither the rate of clot retraction nor
the final volumes of clots differed between WT and 
migfilin-/- platelets (Figure 4C), indicating an intact late out-
side-in signaling upon migfilin deficiency. 

Upon spread on immobilized fibrinogen or provoked by
Mn2+ stimulation, the typical early outside-in signal mol-
ecules, including β3 cytoplasmic sites (Tyr747, Tyr759), Src-
famliy kinase c-Src (Tyr416) and Syk kinase (Tyr525/526),
exhibited a significantly reduced phosphorylation in
migfilin-/- platelets, compared to WT platelets (Figure 4D
and Online Supplemntary Figure S8A). The phosphorylation
defects of these signal molecules in migfilin-/- platelets were
restored by exogenous WT-migfilin-CCR7 peptide (5 mM)
(Figure 4E and Online Supplemntary Figure S8B). In contrast,
late outside-in signaling events, such as phosphorylation
of ERK and p38,24 were not drastically changed (Online
Supplemntary Figure S9). Together, these data suggest that
migfilin contributes to the early but not late outside-in sig-
naling of platelet aIIbβ3.

Migfilin promotes outside-in signaling through 
inhibiting filamin A-β3 interaction

Previous studies have established that migfilin promotes
the activation of aIIbβ3 via binding to filamin and disso-
ciate the latter from integrin β3 cytoplasmic tail. Limited
by the expression level of migfilin in platelets, filamin 
A-β3 binding was used as a surrogate marker for a more
detailed molecular mechanism of migfilin in the context of
aIIbβ3 outside-in signaling. Shown in the Figure 5A, when
platelets spread on immobilized fibrinogen were exam-
ined by confocal microscopy, both WT and migfilin-/-

platelets exhibit a strong colocalization signal of β3 and
filamin A at resting states. Upon the commencing of
spreading, the co-localization signal of β3 and filamin A
diminishes in WT platelets (nadir appears at 60 min) and
gradually recovers. In contrast, the temporal changes of
the colocalization signal is much less obvious in migfilin-/-

platelets (Figure 5A-B). In addition, binding of filamin A to
integrin β3 tails is clearly seen in resting WT platelets,
Mn2+ stimulation induces a rapid and complete dissocia-
tion of filamin A and β3, followed by a later re-associa-
tion of filamin A and β3. In resting migfilin-/- platelets, the
initial association between filamin A and 3 is unchanged,
however, upon Mn2+ stimulation, an obviously deterred
dissociation of filamin A and β3 occurs (Figure 5C).
Because filamin A also binds GPIba,25 platelet responses to
von Willebrand factor (VWF) in the presence of ristocetin
was measured. Neither spreading on immobilized VWF
nor binding between filamin A and GPIba  upon ristocetin
stimulation revealed difference between WT and migfilin-/-

platelets (Online Supplemntary Figure S10),26 thus excluding
the possibility that migfilin works through filamin A-
GPIba  binding. Therefore, migfilin appears to modulate
the interaction between filamin A and β3 and thus pro-
mote outside-in signaling of aIIbβ3 (Figure 6). 

Discussion

The results presented here demonstrate that migfilin is
an important regulator for the in vivo system of hemostasis
and thrombosis. In vitro, migfilin deficiency impedes
thrombus formation on collagen surface and impairs vari-
ous platelet functions, including aggregation, 
dense-granule secretion, and spreading on immobilized
fibrinogen. These defective functions of migfilin-/- platelets
appear to be the results of a compromised outside-in sig-
naling, rather than inside-out signaling. Furthermore,
migfilin promotes the dissociation of filamin A from β3
subunit of aIIbβ3 in the milieu of early outside-in signal-
ing.

Although a contribution to hemostasis by migfilin
expressed on other vasculature components such as
endothelium could not be absolutely excluded,14 observa-
tions from whole-blood perfusion and behavior of
washed migfilin-/- platelets in vitro suggest that the hemosta-
tic phenotype of migfilin-/- mice is most likely attributed to
a compromised platelet function. Interestingly, a 
down-regulated dense-granule secretion underpins the
functional phenotype of migfilin deficient platelets. In
agreement with the firmly established role of secreted
ADP from dense granule as the central promoter for the
extension of thrombus, ADP hydrolase apyrase eliminates
the aggregation difference between WT and migfilin-/-

platelets, whereas exogenously supplemented ADP fully
rescues the aggregation defect of migfilin-/- platelets.
Moreover, migfilin deficiency largely hampers the 
stability of the platelet thrombi formed under high shear
stress, consistent with the critical role of ADP in the 
perpetuation of thrombi.27,28 Multiple lines of evidences
thus support that migfilin regulates the secretion of
platelet dense granules. It is worth mentioning that this is
the first time such a specific role of migfilin has been
experimentally unveiled in platelets, owing largely to the
availability of the KO model.

Previous studies found that a relatively high concentra-
tion of cell permeable migfilin peptides (50 mM) promotes
PAC-1 binding and induces significant aggregation (10 mM
peptide) in washed human platelets,13,14 thus suggesting
that migfilin actively participates in the inside-out signal-
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Figure 4 (previous page). Migfilin deficiency reduces outside-in signaling in platelets. (A) Spreading of WT and migfilin-/- platelets on immobilized fibrinogen in the
presence or absence of migfilin peptides (5 mM). Images are representative of three independent experiments with similar results. Original magnification 100x. Scale
bars, 10 mm (left panel). Quantification of the areas of spread (mm2) of WT and migfilin-/- platelets (mean ± standard error of the mean [SEM], ***P<0.001, ns: no
significant difference, Student t test) (right panel). (B) Representative curves and quantification of Mn2+ (0.5 mM)-induced aggregation of washed WT and 
migfilin-/- platelets in the presence or absence of migfilin peptide. Platelets were stimulated in the cuvettes of a Chrono-log lumiaggregometer in the presence of 
fibrinogen (25 mg/mL) and under stirring at 1,200 rpm. Experiments were repeated at least four times and the results are shown as mean ± SEM (*P<0.05, ns: no
significant difference, paired Student t test). (C) Platelets from WT or migfilin-/- mice were re-suspended with human platelet-poor plasma at a concentration of
4x108/mL, and recombined plasma was stimulated to coagulate with thrombin (0.4 U/mL), then photographed at different time points. Experiments were repeated
at least three times. (D) Measurement of early aIIbβ3 outside-in signaling in WT and migfilin-/- platelets spread on fibrinogen or stimulated with Mn2+ (0.5 mM) in the
presence of fibrinogen (25 mg/mL) in suspension. At indicated time points, platelets were lysed and analyzed by Western blotting with antibodies recognizing phos-
phorylated β3 Tyr747, phosphorylated β3 Tyr759, phosphorylated SFK Tyr416, phosphorylated Syk Tyr525/526, Beta3, Src, and Syk. Experiments were repeated at least three
times. (E) WT and migfilin-/- platelets were spread on fibrinogen for 60 minutes (min) or stimulated with Mn2+ (0.5 mM) in the presence of fibrinogen (25 mg/mL) for
10 min, in the presence or absence of migfilin peptides (5 mM). Platelets were lysed and analyzed by Western blotting with antibodies recognizing phosphorylated
phosphorylated β3 Tyr747, phosphorylated β3 Tyr759, phosphorylated SFK Tyr416, phosphorylated Syk Tyr525/526, Beta3, Src and Syk. Experiments were repeated at least
three times.
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Figure 5. Migfilin promotes outside-in signaling through regulating filamin A-β3 interaction. (A) Representative confocal microscopic images of colocalization of 
Beta 3 (β3) and filamin A in WT and migfilin-/- platelets spread on fibrinogen at the indicated time points. Experiments were repeated independently at least three
times with similar results. Scale bars, 10 mm. (B) Colocalization of filamin A and β3 was quantified by Pearson Correlation Coefficient calculation using NIH Image J
software. Results are expressed as mean ± standard error of the mean (SEM) from at least three independent experiments. Statistical significance was evaluated
with the Student t test (*P<0.05, **P<0.01). (C) Washed WT platelets were stimulated with Mn2+ (0.5 mM) in the presence of fibrinogen (25 mg/mL) in suspension
and lysed at indicated time points. Platelet lysates were immunoprecipitated with antibody against β3 and then immunoblotted with antibodies against filamin A and
β3, respectively. Representative result from at least three independent experiments.
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ing associated with aIIbβ3. However, supported by the
functional measurements and phosphorylation events rep-
resentative of inside-out and outside-in signaling, our cur-
rent study demonstrates that the involvement of migfilin
is restricted to outside-in signaling of aIIbβ3. In particular,
using migfilin peptide synthesized in the same way as
described in the previous study,13 the current study
demonstrate that platelet aggregation is only induced by
the peptide at a concentration above 10 mM. At a lower
concentration (5 mM), the migfilin peptide does not induce
platelet aggregation (Online Supplementary Figure S5), yet
this concentration of migfilin peptide fully rescues the
impaired function and aIIbβ3 outside-in signaling in 
migfilin-/- platelets. These results not only support that the
observed platelet phenotypes in the current study are bona
fide migfilin-dependent, but also reveal that platelets are
sensitive to the amount of intracellular migfilin. Hence,
combining the observations obtained in migfilin-/- platelets
and those using migfilin peptides, it is possible to envisage
that the natural amount of migfilin participates in outside-
in signaling, while excessive migfilin might influence
inside-out signaling. This may also justify the extremely
low expression of migfilin in platelets. Intriguingly, the use
of migfilin peptide could be further translated into a res-
cued hemostatic and thrombotic function in vivo in 
migfilin-/- mice.

Migfilin-/- platelets exhibit a reduced phosphorylation
level of the molecules corresponding to early outside-in
signaling such as β3, Src, and Syk, as well as a hampered
ability to spread on immobilized fibrinogen. On the con-
trary, the late outside-in signaling events, such as phos-
phorylation of ERK, and p38,24 were not drastically
changed, nor did migfilin-deficiency critically influence
clot retraction. Corroborating these findings, migfilin pep-
tides harboring the filamin A binding sequence rescue the
phosphorylation events and sequential functions 
associated with early but not late outside-in signaling. Our
results may have suggested that filamin A constitute the

major functional partner of migfilin in platelets. Yet the
inability to visualize migfilin protein in platelets has pre-
sented itself as a large hurdle to further dissection of the
mechanism of migfilin. Particularly, one question persists:
how can migfilin have such an important role when the
protein is present in such a low amount? Indeed, based on
the published literature,13 stoichiometry of migfilin bind-
ing to filamin A (IgFLNa21 domain) is either 1:1 or 1:2.
However, since migfilin-filamin A interaction is much
stronger than filamin A-integrin interaction,29,14 the amount
of migfilin required to trigger integrin activation is con-
ceivably much lower than the proposed stoichiometry of
migfilin-filamin A binding. Alternatively, migfilin may be
enriched spatially to the integrin adhesion sites during
activation,30,31 which eliminates the needs of high expres-
sion in the cytoplasm. Moreover, migfilin interacts with
multiple important proteins such as kindlin, Src and
VASP,30-33 the confluence of synergistic effects executed by
these important platelet regulators may result in an ampli-
fied platelet activation.7,34,35 We acknowledge that the
mechanism of migfilin in platelet is only partially unveiled
by the current study. A further elaboration of the migfilin
interaction network in platelets is warranted. 

A previous study has elegantly unveiled the important
role of filamin A-aIIbβ3 interaction in pro-platelet 
formation and explained the pathogenesis of
macrothrombocytopenia in filaminopathies (conditions
connected to heterozygous filamin A mutations).36

Intriguingly, although the current study has shown that
migfilin regulates filamin A-aIIbβ3 interaction in platelets,
deletion of migfilin seems to neither influence the platelet
count nor the platelet morphology. It may be explained by
the fact that loss of migfilin essentially enhances the 
interaction between filamin A and aIIbβ3, which con-
trasts the phenotype caused by filamin A mutations,
whose ability to interact with aIIbβ3 is reduced. The het-
erogenous phenotypes of platelets and megakaryocytes
associated with filamin A mutations indicate that com-
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Figure 6. A model for the role of the migfilin in regulating filamin A-β3 interaction during platelet activation. In resting platelets, filamin A binding to the β3 tail pre-
vents interactions among talin, kindlin, and integrin. When a platelet is activated, inside-out signals, through displacement of filamin A and enabling subsequent talin
and kindlin binding to β3, culminate in the high affinity conformational change of aIIbβ3. Upon binding of activated aIIbβ3 to fibrinogen, migfilin (or WT-migfilin-CCR7
peptide) prevents the reassociation of filamin A to β3 and supports a sustained outside-in signaling. Without migfilin, filamin A binds back to β3 prematurely and
inhibits further transmission of integrin outside-in signals. 



pared to migfilin, changes of filamin A has far more exten-
sive impact on megakaryocytes and platelets.6,37

In conclusion, migfilin is an important positive regulator
for hemostasis and thrombosis. Through regulating the
binding dynamics of filamin A and aIIbβ3 (Figure 6),
migfilin promotes early outside-in signaling of aIIbβ3 and
supports platelet dense granule secretion. Further studies
of migfilin will possibly lead to the discovery of new reg-

ulators important for platelet function and effective man-
agement of thrombosis.
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Antibodies that develop in patients with immune thrombotic
thrombocytopenic purpura commonly target the spacer epitope
R568/F592/R660/Y661/Y665 (RFRYY) of ADAMTS13 (a disinte-

grin and metalloproteinase with a thrombospondin type 1 motif, mem-
ber 13). In this study we present a detailed contribution of each residue
in this epitope for autoantibody binding. Different panels of mutations
were introduced to create a large collection of full-length ADAMTS13
variants comprising conservative (Y←→F), semi-conservative (Y/F→L),
non-conservative (Y/F→N) or alanine (Y/F/R→A) substitutions.
Previously reported gain-of-function (KYKFF) and truncated ‘MDTCS’
variants were also included. Sera from 18 patients were screened against
all variants. Conservative mutations of the aromatic residues did not
reduce the binding of autoantibodies. Moderate resistance was achieved
by replacing R568 and R660 by lysines or alanines. Semi-conservative
mutations of aromatic residues showed a moderate effectiveness in
autoantibody resistance. Non-conservative asparagine or alanine muta-
tions of aromatic residues were the most effective. In the mixtures of
autoantibodies from the majority (89%) of patients screened, autoanti-
bodies targeting the spacer RFRYY epitope were preponderant compared
to other epitopes. Reductions in ADAMTS13 proteolytic activity were
observed for all full-length mutant variants, in varying degrees. The
greatest reductions in activity were observed in the most autoantibody-
resistant variants (15-35% residual activity in a FRETS-VWF73 assay).
Among these, a triple-alanine mutant – RARAA – showed activity in a
von Willebrand factor multimer assay. This study shows that non-con-
servative and alanine modifications of residues within the exosite-3 spac-
er RFRYY epitope in full-length ADAMTS13 resist the binding of autoan-
tibodies from patients with immune thrombotic thrombocytopenic pur-
pura, while retaining residual proteolytic activity. Our study provides a
framework for the design of autoantibody-resistant ADAMTS13 variants
for further therapeutic development.
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Introduction

Thrombotic thrombocytopenic purpura (TTP) is a life-
threatening rare disorder triggered by a lack of activity of
the von Willebrand factor (VWF)-cleaving protease
ADAMTS13 (a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13). A limited
number of cases are congenital, however approximately
95% of cases are of an acquired, autoimmune nature –
immune TTP – in which autoantibodies targeting
ADAMTS13 cause loss of enzyme activity resulting in
accumulation of highly pro-thrombotic ultra-large VWF
multimers.1 ADAMTS13 is a large, complex enzyme com-
prising 14 domains which, from the N- to C-terminal, are:
metalloprotease (M), disintegrin (D), thrombospondin-
type 1-repeat 1 (TSP1), cysteine-rich (C), spacer (S), seven
thrombospondin-type 1-repeats 2-8 (TSP2-8), and two
CUB domains (CUB1 and CUB2)2 (Figure 1). The mecha-
nisms for the loss of self-tolerance towards ADAMTS13
are not completely understood, but include specific HLA
alleles, ethnicity and other genetic traits.3 Additionally,
onset has also been associated with infections,4,5 drugs,6

and cases of envenomation.7,8 Most autoantibodies of
patients with immune TTP are encoded by the heavy
chain variable region genes VH1-699-12 and VH1-3.12

However, the immune response is polyclonal,13 usually
targeting the spacer domain,14 and may target other
domains as well.15-17 Antibodies targeting the MDTCS
domains physically block interactions between
ADAMTS13 and VWF.18 So far, isolated autoantibodies
against C-terminal TSP2-8 and CUB1-2 domains have not
shown a clear direct inhibitory action, at least in static
assays.10 Both types can increase the clearance of
ADAMTS13, which is considered the major mechanism
inducing loss of ADAMTS13 activity.17,19,20

Several epitope mapping studies revealed that in the
exosite-3 of the spacer domain, an epitope comprising
residues R568/F592/R660/Y661/Y665 (RFRYY) is com-
monly targeted in nearly 95% of patients with immune
TTP (Online Supplementary Table S1).10,15-17,21-24 Studies of
spacer exosite-3 alanine scans have shown that alanine
modifications lead to reductions in exosite-3 spacer
autoantibody binding,22,23 but also result in reductions of
activity.23,25 Another study revealed that highly conserva-
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Figure 1. Overview of all ADAMTS13 spacer exosite-3 mutant variants created for this study. Full-length and MDTCS ADAMTS13 variants used in this study are
shown. For ease and direct comparison with the original exosite-3 epitope (RFRYY), the mutations inserted are shown with the one-letter amino acid code in different
colors and underlined. A total of 40 full-length variants were used, comprising conservative (Y↔F), semi-conservative (F/Y→L), non-conservative (F/Y→N), classic
alanine (F/Y/R→A) and alanine/lysine hybrid mutations (F/Y→A + R→K). The residue substitutions were chosen based on the physicochemical characteristics of
the amino acid side-chains (see Online Supplementary Methods for a more detailed description of the rationale for the different choices of amino acids). The classic
gain-of-function (KYKFF) variant was also included in this study. In addition, two MDTCS variants were included (lower panel).



tive substitutions inserted in a full-length context confer
resistance to autoantibodies while generating a gain-of-
function (GoF) ADAMTS13 with more activity than the
wild-type form.26 These mutations were introduced cumu-
latively. At present, it is not clear how the degree of con-
servation of the amino-acid side-chains in the spacer
exosite-3 RFRYY epitope affects both the autoantibody
binding and the activity of ADAMTS13 variants.

In this study we present a refinement of the contribu-
tion of the residues in the exosite-3 RFRYY epitope to
overall response of patients’ autoantibodies. We included
an extensive set of full-length spacer domain epitope vari-
ants with different degrees of residue conservation (Figure
1). The mutations inserted included single mutations and
multiple progressively cumulative mutations, to scrutinize
in more detail how they affect the binding of patients’
autoantibodies. A total of 42 ADAMTS13 variants were
screened for binding of autoantibodies from patients’ sam-
ples. As expected, autoantibodies directed towards spacer
domain exosite-3 constituted the most important subset
of autoantibodies within the patients’ response. We also
demonstrated that within our panels of full-length
ADAMTS13 variants, several displayed significantly
reduced binding of autoantibodies while retaining residual
proteolytic enzyme activity. Our study provides candidate
molecules that could be used as a template for the design

of novel therapeutic approaches that limit the binding of
pathogenic autoantibodies to the spacer domain of
ADAMTS13. 

Methods

Patients
Patients’ sera were obtained from the French Reference

Center for Thrombotic Microangiopathies (CNR-MAT,
Paris, France), from patients in the acute phase of onset of
immune TTP, before treatment. All patients had
ADAMTS13 activity <10% (FRETS-VWF73) and detectable
autoantibodies against ADAMTS13 in varying titers (>15
IU/mL, Technozyme ADAMTS13-INH ELISA kit;
Technoclone, Vienna, Austria). All patients included were
described in previous studies27,28 (Table 1). Informed consent
was obtained from patients according to the Declaration of
Helsinki. The study was approved by the Ethics
Committee of Hôpital Pitié-Salpêtrière and Hôpital Saint-
Antoine (Assistance Publique-Hôpitaux de Paris, France).

Assessment of reactivity of ADAMTS13 variants with
patients’ samples

The design, construction, production, and computation-
al modeling of human ADAMTS13 variants, as well as

ADAMTS13 variants to escape autoantibodies in iTTP
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Table 1. Patients’ clinical data.
Patient           Sex          Age         ADAMTS13            IgG anti-         ADAMTS13       Treatment regimen                        Detected                            Cerebral
                                                activity (FRETS-       ADAMTS13         antigen                in addition                             anti-spacer                       involvement§

                                                    VWF73, %)             (IU/mL)          (mg/mL)*                to PEX§                                                                idiotopes§

TTP-007             M               55                    <5                            100                       0.05            + steroids + rituximab                            Others                                          No
                                                                                                                                                           + cyclophosphamide
TTP-008             M               74                    <5                            120                       0.05            + steroids + rituximab                            Others                             Yes (confusion)
TTP-012             M               55                    <5                            260                     <0.02                 No treatment †                                   Others                                          No
TTP-017              F                48                    <5                             85                      <0.02          + steroids + rituximab                            Others                             Yes (headaches)
TTP-030              F                62                    <5                             59                        0.35                         PEX only                               I-9 + II-1 + TTP73                      Yes (aphasia)
                                                                                                                                                                                                                                                                                idiotopes
TTP-041              F                68                    <5                             69                        0.74            + steroids + rituximab             II-1 + TTP73 idiotopes                  Yes (seizure)
TTP-042              F                45                    <5                             69                        0.16            + steroids + rituximab                        I-9 idiotope                      Yes (transient focal 
                                                                                                                                                                                                                                                                                  defect)
TTP-049              F                35                    <5                             52                        0.14                       + steroids                          I-9 + TTP73 idiotopes                Yes (headaches, 
                                                                                                                                                                                                                                                                         visual disorders)
TTP-052              F                24                    <5                            175                       0.10            + steroids + rituximab                  I-9 + II-1 + TTP73                     Yes (aphasia)
                                                                                                                                                                                                                             idiotopes
TTP-057             M               52                    <5                             87                        0.11            + steroids + rituximab                                                                                     
                                                                                                                                                   + vincristine + splenectomy                      Others                                          No
                                                                                                                                                         (anti-VWF antibodies)
TTP-058              F                76                    <5                           >100                     0.21                      + rituximab                                      Others                                 Yes (stroke)
TTP-075             M               27                    <5                             89                        0.44                       + steroids                                   I-9 idiotope                        Yes (headaches)
TTP-076              F                45                    <5                             65                        0.09                       + steroids                            I-9 + II-1 idiotopes                               No
TTP-079              F                37                    <5                            180                     <0.02                      + steroids                          I-9 + TTP73 idiotopes                            No
TTP-080             M               61                   <10                           210                     <0.02                        PEX only                                     I-9 idiotope                                      No
TTP-081             M               42                    <5                            100                       0.03            + steroids + rituximab                  I-9 + II-1 + TTP73                      Yes (stroke)
                                                                                                                                                                                                                             idiotopes
TTP-085              F                85                    <5                           >100                   <0.02                      + steroids                                       Others                          Yes (transient focal 
                                                                                                                                                                                                                                                                                  defect)
TTP-093              F                21                    <5                            160                       0.02                      + rituximab                                      Others                             Yes (headaches, 
                                                                                                                                                                                                                                                                    transient focal defect)
PEX: plasma exchange; M: male; F: female; VWF: von Willebrand factor; *Data from Roose et al. 2018.27 §Data from Schelpe et al. 2019.28



expression and purification of anti-ADAMTS13 mono-
clonal antibodies I-9 and II-1 are given in the Online
Supplementary Methods (see Online Supplementary Figures S1
and S2, and Online Supplementary Table S2). Figure 1 pro-
vides an overview of the variants that were created and
included in this study. Several panels of conservative
(Y↔F), semi-conservative (Y/F→L), and non-conservative
(Y/F→N) mutations and alanine (Y/F/R→A) substitutions,
as well as a panel of alanine and lysine hybrids were
employed in this study. For the non-conservative
asparagine mutations no putative N-glycosylation sites
were introduced. The rationale for the choice of each type
of mutation is presented in the Online Supplementary
Methods. For ease, from here on throughout the text the
variants will be referred to by the final mutated epitope
with the residue replacement underlined (e.g., RFRYY is
the wild-type and RFRLL is a double leucine mutant carry-
ing Y661L/Y665L mutations). Murine antibodies 3H9
(anti-metalloprotease), and biotinylated 19H4 (anti-TSP8)
and 17G2 (anti-CUB1) have been previously described.29,30

Anti-V5 conjugated with horseradish peroxidase was
obtained from Invitrogen® (Catalog # R961-25).

To determine the binding of autoantibodies in patients’
samples to the ADAMTS13 variants described, a sand-
wich enzyme-linked immunosorbent assay (ELISA) was
developed in-house. Full details are provided in the Online
Supplementary Methods. Briefly, antibody 3H9 was used to
coat 96-well plates to capture ADAMTS13 from cell cul-
ture medium (coating done at 1 mg/mL). Each patient’s
sample was tested for binding of autoantibodies against
the variants described above. The samples were assessed
against 200 ng/well (1.05 nmol/well) of each ADAMTS13
full-length variant or against equal molar quantities of the
MDTCS variants (78.75 ng/well), in duplicate. A pool of
monoclonal antibodies against human-IgG1, IgG2, IgG3
and IgG4, each conjugated with horseradish peroxidase
(Sanquin, the Netherlands) was used for detection. In each
plate, a monoclonal antibody II-1 dilution curve against
the full-length wild-type ADAMTS13 was fitted with a
four-parameter fit model (GraphPad Prism 5.0). Serum
reactivity (i.e., binding) against each ADAMTS13 variant
was converted to II-1 equivalent units (ng/mL) through
interpolation, and a ratio of the interpolated signals was
expressed as a percentage of wild-type binding. A heat
map with the average values obtained was used for data
comparison (Figure 2). The median reactivity for each
ADAMTS13 variant was calculated from its average reac-
tivities against each patient’s sample. An example of how
the calculations were performed is given in Online
Supplementary Figure S3.

Assessment of the activity of ADAMTS13 variants
All variants were assessed for activity through FRETS-

VWF73 assays, as previously described,31 using a
Fluoroskan Ascent plate reader (Thermo Electron
Corporation) with modifications. All FRETS assays were
done using the supernatants of cell cultures, and a modi-
fied buffer was added to maintain the pH at 6.032 (compo-
sition: CaCl2 25 mM, Bis-Tris 20 mM, Tris-HCl 20 mM,
HEPES 20 mM, Tween20 0.005%). The recombinant full-
length wild-type ADAMTS13 was used as the calibrator
for the assay (concentration range: 0.025-0.4 mg/mL).
Supernatant from Chinese hamster ovary (CHO) cells not
producing ADAMTS13 was included as a control. All vari-
ants were tested at the same molar concentration of 1.05

nM (0.2 mg/mL for full-length variants and 0.07875 mg/mL
for MDTCS variants). An example of a calibration curve is
shown in Online Supplementary Figure S4.

Selected variants were additionally tested for activity in
a static VWF multimer assay as described in detail in the
Online Supplementary Methods.

Results

The majority of autoantibodies in patients with
immune thrombotic thrombocytopenic purpura target
the spacer exosite-3 RFRYY epitope 

All patients’ samples were assessed for binding to each
of the ADAMTS13 variants described with an in-house
developed sandwich ELISA. Figure 2 shows the reactivity
of all the different ADAMTS13 variants towards each
patient’s sample in a heat map format. To assess the
potential presence of anti-TSP2-8 and CUB1-2 domain
antibodies, we first compared the reactivity of the
patients’ samples with full-length wild-type ADAMTS13
and the MDTCS variants. Two patients (TTP-057 and
085) showed a loss of signal with wild-type MDTCS of
more than 70%. All other patients showed either similar
signals to the full-length wild-type enzyme or, in a limited
number of cases, losses up to 48%. The MDTCS-AAAAA
variant caused a major reduction in signal compared to
wild-type MDTCS in all patients (with the exception of
patient TTP-057). The same 5x ala mutations in a full-
length context (AAAAA) caused large increases in signal
for six patients compared to MDTCS 5x ala (6/18; 33%).
These findings show that the autoantibodies targeting the
spacer exosite-3 RFRYY epitope comprise the majority of
the antibody mixture in most patients’ autoantibody
repertoire (16/18 cases, 89%). In rare cases, the repertoire
was composed exclusively of autoantibodies targeting the
TSP2-8 and/or CUB1-2 domains of ADAMTS13 (1/18
cases, 5%). However, in 12/18 cases (67%) the repertoire
was composed almost exclusively of autoantibodies tar-
geting the RFRYY epitope in the spacer domain.

Autoantibody resistance is obtained with 
non-conservative or alanine mutations

Next we assessed the efficacy of each type of mutation
at inducing autoantibody resistance. We designed variants
that retained R568 and R660 intact, as well as variants in
which these residues were mutated. Within the variants in
which R568 and R660 were kept intact, variants contain-
ing conservative mutations of aromatic residues were still
recognized by autoantibodies present in the patients’ sera
(Figure 2). Semi-conservative mutations in the spacer
domain epitope showed reduced binding to patients’ anti-
bodies with signals in the range of 30%-75% when com-
pared to the wild-type form in 15 patients, and below
30% in one patient. The non-conservative asparagine
mutations were the most successful of the aromatic
residue mutations at escaping binding by patients’ autoan-
tibodies, presenting signals within the range of 0%-75%
for 16 patients. RFRNY and RFRYN mutants were the
least successful of this panel at escaping the autoantibody
response, followed by RFRNN. The RNRNN mutant had
the lowest median reactivity of all aromatic residue triple
mutants (14%). Alanine mutations of aromatic residues
(i.e., RARYY, RFRAY, RFRYA, RARAY, RARYA, RFRAA
and RARAA) followed the same trend as the asparagine
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Figure 2. Heat map with reactivity of all the patients’ samples tested against all ADAMTS13 spacer exosite-3 RFRYY mutant variants created for this study. Mutants
(left) are organized by mutation type with residues mutated in color and underlined (blue: conservative mutations; green: semi-conservative mutations; red: non-con-
servative mutations; gray: alanine mutations; purple: arginine-to-lysine mutations), and by number of mutations introduced. The classic gain-of-function (GoF) variant
is displayed separately for comparison. Patients’ dilution factors and antibody titers are indicated in the rows below. The median reactivity of each mutant is displayed
in the same heat-map fashion (right column). A color scale for reactivity is displayed below with green backgrounds indicating low reactivity, white backgrounds inter-
mediate reactivity and red backgrounds high reactivity (n=2).



mutations, and were also effective at escaping binding of
patients’ antibodies, albeit to a lesser degree. The RARAA
mutant had the second lowest median reactivity with
patients’ antibodies among this panel of alanine substitu-
tions (27%). For both asparagine and alanine mutations,
the more cumulative mutations were introduced, the
higher was the effectiveness at escaping autoantibody
binding.

Within the panels in which the R568 and R660 were
also mutated, mutation of the arginines to alanines alone
had a moderate effect on autoantibody resistance (median
signal at 64% for mutant AFAYY) (Figure 2). The classic
GoF molecule (KYKFF) also presented a moderate decrease
in binding to patients’ antibodies when compared to the
wild-type form and to other mutations introduced. The
median reactivity of the GoF variant was 73%, a mild
improvement compared to a similar conservative mutant
(RYRFF: median reactivity: 92%). As can be deduced from
the RARAA mutant, addition of a further arginine muta-
tion with alanine (AARAA and RAAAA mutants) promot-
ed a further, but more limited, reduction of median reac-
tivity (21% and 24%, respectively). Further mutating the
remaining arginines to lysines (i.e., AAKAA, KAAAA,
KAKAA mutants) produced little to no variation in median
reactivity (19%-25%), with the KARAA mutant showing
a small increase when compared to KAKAA. The 5x ala

full-length mutant (AAAAA) had the greatest decrease in
median reactivity among all full-length variants (median
signal: 9%). Our findings show that cumulative replace-
ment of aromatic residues in the spacer RFRYY epitope of
ADAMTS13 with asparagine or alanine provides superior
resistance towards immune TTP patients’ autoantibodies
directed towards the spacer domain. 

Autoantibody-resistant ADAMTS13 variants retain 
proteolytic activity

We subsequently assessed the impact of these muta-
tions on the activity of ADAMTS13. All variants were
tested in a FRETS-VWF73 assay at the same molar concen-
tration and directly compared with the full-length wild-
type ADAMTS13 (Online Supplementary Figure S4). The
relative activities are shown in Figure 3. All full-length
variants showed reduced activity in FRETS-VWF73 when
compared to the full-length wild-type ADAMTS13. The
degree of reduction varied depending on the mutations
inserted. Conservative mutations retained the most activ-
ity on average. The RYRYY mutant had 39% activity
while RFRFF had 76%. The triple conservative RYRFF
mutant retained 56% of activity. Semi-conservative
leucine mutants also retain overall high activity, with sin-
gle and double mutations retaining between 35% and
76% activity. The RLRLL mutant had a larger loss of activ-
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Figure 3. FRETS-VWF73 activity
data of mutant ADAMTS13 vari-
ants. All mutant variants in this
study were assessed for activity
using a FRETS-VWF73 assay.
Three independent assays were
conducted, each one with its
own calibration curve construct-
ed using the recombinant full-
length wild-type ADAMTS13 (an
example of a calibration curve is
shown in Online Supplementary
Figure S4). In each assay, a lim-
ited number of variants could be
introduced. All values are nor-
malized to the full-length wild-
type molecule (100% activity).
(A) The relative activities of the
variants are shown. The full-
length wild-type ADAMTS13 is
represented in black, the con-
servative variants in blue, the
gain-of-function in purple, semi-
conservative variants in green
and non-conservative variants
in red. (B) The relative activities
of variants are shown. The full-
length wild-type ADAMTS13 is
represented in black, the aro-
matic-alanine variants in light
gray, the arginine-alanine vari-
ants in dark gray, the full-length
AAAAA in golden, the
alanine/lysine hybrids in pink,
the wild-type MDTCS in white
and the MDTCS-AAAAA mutant
in green.

A

B



ity, retaining only 22%. Single asparagine and alanine
mutations of aromatic residues induced limited losses of
activity. Cumulative double and triple asparagine or ala-
nine mutations had more detrimental effects, with alanine
mutations having less negative effects (RNRNN: 18%;
RARAA: 35%). Mutation of the arginines by alanines had
different impacts: R660A (RFAYY) had a higher reduction
of activity (50% activity retained) compared to R568A
(AFRYY) (83% activity retained). Mutation of both
arginines (AFAYY) caused a large reduction of activity
(24% that of the wild-type molecule). The classic GoF
molecule (KYKFF) followed all trends observed for conser-
vative mutations combined with arginine mutations and,
surprisingly, also displayed reduced activity compared to
the wild-type form (~37% activity retained). The full-
length mutants AAAAA, AARAA, RAAAA, AAKAA,
KAAAA, KAKAA, and KARAA all had similar activities
(15-22%). The MDTCS variants displayed higher activi-
ties than each of their full-length counterparts (wild-type
MDTCS with 190% and MDTCS-AAAAA with 89% vs.
100% and 19%, respectively). In general, an inverse corre-
lation was observed: a higher resistance to autoantibody
binding attained through spacer exosite-3 mutations
resulted, in general, in a lower residual FRETS-VWF73
activity (Figure 4).

The activities of five variants were tested in the pres-
ence of patients’ autoantibodies in a FRETS-VWF73 assay
format (Figure 5). Samples from patients TTP-007, TTP-

008 (exclusively anti-spacer autoantibodies) and patient
TTP-085 (anti-spacer and anti-C-terminal autoantibodies)
were used to provide a proof-of-concept. While the wild-
type and the classic GoF were clearly inhibited, all other
selected variants retained the same levels of activity.

Subsequently, several mutants with different levels of
FRETS-VWF73 activities were tested in a static VWF mul-
timer assay (Figure 6). The wild-type molecule showed
activity after 30 min, with high molecular weight VWF
multimers being cleaved and satellite bands accumulating
in the lower molecular weight regions. After 24 h, these
differences were further pronounced. All of the mutants
tested in this assay showed reduced activity compared to
the wild-type molecule. The classic GoF (KYKFF) demon-
strated the highest activity among all the mutants tested.
Among the autoantibody-resistant mutants, RARAA had
the highest activity, with a reduction of high molecular
weight VWF multimers and accumulation of satellite
bands. While the truncated wild-type MDTCS variant had
equal activity to full-length wild-type ADAMTS13, the
MDTCS-AAAAA variant had very low activity, compara-
ble to that of its full-length counterpart, AAAAA.

Discussion

In the current study we assessed the relevance of the
spacer RFRYY epitope residues for autoantibody binding,
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Figure 4. Inverse correlation observed between autoantibody reactivity and activity of ADAMTS13 variants. Only full-length ADAMTS13 variants are shown. The cyan-
blue shading shows the area in which ADAMTS13 variants with reduced autoantibody binding are displayed. Blue dots represent conservative mutants; green dots
represent semi-conservative mutants; red dots represent non-conservative mutants; gray dots represent alanine mutants (light-gray for only aromatic residues; dark-
gray for arginine mutants); pink represents lysine/alanine hybrids.



and the types of mutations that confer highest resistance
to binding of patients’ anti-ADAMTS13 autoantibodies.
In our study, the spacer RFRYY epitope made a major con-
tribution to total autoantibody reactivity in 89% of the
patients with immune TTP screened. Other studies
reached similar conclusions.17,18 In our study, 12/18
patients (67%), had autoantibody mixtures comprising
almost exclusively anti-spacer RFRYY autoantibodies. We
also had 6/18 patients (33%) who had C-terminal anti-
TSP2-8 and/or anti-CUB1-2 domain autoantibodies, a
prevalence slightly below the range reported in the litera-
ture (Online Supplementary Table S1). One patient (TTP-
042) also had autoantibodies targeting other unknown
areas in the N-terminal region (Figure 2).

We show that different types of mutations in
ADAMTS13 spacer exosite-3 have different impacts on
immune TTP patients’ autoantibody binding. Our data
indicate that the two arginines are less important for
autoantibody binding than the three aromatic residues

present in this epitope (AFAYY had a median reactivity of
64%, while RARAA had only 27%). Conservative muta-
tions of aromatic residues did not reduce reactivity
towards patients’ autoantibodies (RYRFF median reactivi-
ty: 92%). Replacing the arginines in this mutant by lysines
(KYKFF, classic GoF mutant) led to a decrease in median
reactivity (in agreement with the original study26), albeit
quantitatively limited (73% binding). Thus, introduction
of highly conservative mutations of aromatic residues is
not sufficient to reduce the binding of autoantibodies tar-
geting the RFRYY epitope. Semi-conservative mutations
of aromatic residues with leucine had an intermediate, yet
limited efficacy at autoantibody escape. Non-conservative
asparagine or classic alanine mutations of the aromatic
residues had the greatest success. Individual mutations
had a low impact, and, by themselves, Y661 and Y665
appeared to be the least important residues for overall
autoantibody binding. A more pivotal contribution was
observed for F592, as shown when individually or cumu-
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Figure 5. Patients’ samples inhibit wild-type and gain-of-function (KYKFF) ADAMTS13 variants but not non-conservative or alanine ADAMTS13 variants. The activ-
ities of selected ADAMTS13 variants were tested in the presence of pathogenic patients’ autoantibodies in FRETS-VWF73 assays. Three patients’ samples, repre-
sentative of the patients’ autoantibody repertoire, were incubated directly with ADAMTS13 variants (each variant at 0.2 mg/mL). (A). samples from TTP-007 and TTP-
008 (only anti-spacer autoantibodies) were diluted 40x. (B) Samples from TTP-008 (anti-spacer autoantibodies) and TTP-085 (anti-spacer and anti-C-terminal autoan-
tibodies) were diluted 20x. As expected, both wild-type and gain-of-function variants were inhibited. Variants RNRNN, AARAA and RARAA displayed full-resistance and
retained their baseline proteolytic activity levels. WT: wild-type; CHO: Chinese hamster ovary; GoF: gain-of-function. 

A

B



latively mutated to either an asparagine or alanine. These
mutations likely disrupt the hydrophobic cluster centered
in F592 and formed together with Y661, Y665 and other
neighboring residues.33 The greatest impact was achieved
with cumulative mutations of all three aromatic residues,
alone or together with mutations of the arginines. The
highest resistance to autoantibody binding was observed
for the full-length 5x ala mutant (AAAAA), followed by
the triple asparagine RNRNN mutant (Figure 2).

Protein surfaces enriched in tyrosine and arginine are
usually involved in protein-protein interactions. Arginine
salt-bridges are common players in these interactions.34

Tyrosine itself is a highly promiscuous residue participat-
ing in many types of interactions.35 This epitope contains

two arginine residues, R568 and R660, which are likely
involved in arginine-salt bridges for antibody binding
(Figure 2), and also in intramolecular hydrogen bonds and
cation-π interactions with Y661 and Y665 (Online
Supplementary Figure S5). Paratopes of the antibodies are
considered to have a core enriched in aromatic residues,
particularly tyrosine.36,37 The primary sequence of a large
collection of anti-ADAMTS13 autoantibodies revealed
that most autoantibodies targeting ADAMTS13 – encod-
ed by heavy chain variable genes VH1-69 and VH1-311-13 –
have a complementary determining region 3 (CDR3) con-
sisting of multiple residues with either aromatic or nega-
tively charged side chains.11,12 Exchanging a tyrosine for a
phenylalanine (and vice versa) within exosite-3 conserves
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Figure 6. Autoantibody-resistant ADAMTS13 variants are capable of cleaving high-molecular weight multimers of von Willebrand factor. Selected variants with dif-
ferent levels of autoantibody reactivity/FRETS-VWF73 activity were tested for their proteolytic activity against recombinant multimeric von Willebrand factor (VWF)
(1.9 nM ADAMTS13 for 40 nM VWF) in a static assay in which urea was used to denature VWF multimers. The full-length wild-type ADAMTS13 variant was used as
a control for each individual reaction, with similar outcomes for all reactions. An example is shown in each panel for comparison. High-molecular weight VWF multi-
mers are cleaved in a time-dependent manner, with accumulation of satellite bands in lower molecular weight regions. A lane containing 40 nM multimeric VWF with-
out ADAMTS13 was included in the gels for comparison. All full-length variants displayed a reduction in proteolytic activity compared to the wild-type molecule.
However, residual proteolytic activity was retained by several of them (including one of the most autoantibody-resistant variants, RARAA). The wild-type MDTCS and
MDTCS-AAAAA were also tested, and while the wild-type MDTCS retained similar activity levels compared to the wild-type molecule, MDTCS-AAAAA displayed a reduc-
tion to the same level as its full-length counterpart, variant AAAAA.



the aromatic ring and the capacity for establishing these
intra- and other inter-molecular interactions. Replacement
of arginines by lysines conserves the cationic charge in
these positions. Our data clearly show that non-conserva-
tive arginine and alanine mutations in the ADAMTS13
spacer RFRYY epitope provide superior autoantibody
resistance, likely because these mutations promote disrup-
tion of these intramolecular interactions and can potential-
ly change the position of the loops of the epitope. We con-
structed three-dimensional models of selected epitope
variants and these revealed reduction of total surface
charge (Figure 7) and/or epitope surface size (Online
Supplementary Figure S6). 

The concept of ADAMTS13 variants that resist autoan-
tibodies and remain active has been explored previously.
However, the majority of previous studies designed with
this intention were conducted with truncated ADAMTS13
variants,23,38 with the exception of the GoF26 and a few ala-
nine variants.22 We present here for the first time a compre-
hensive study in which, in the context of the full length
ADAMTS13 molecule, the spacer domain was modified
with different types of mutations. We also demonstrated
quantitatively that several full-length ADAMTS13 mutants
escape the majority of autoantibodies from most patients.
Therefore, we sought to assess whether these variants con-
served proteolytic activity. The activities of ADAMTS13
variants have been measured in several forms of in vitro and
in vivo assays. Evidence strongly suggests that the C-termi-
nal TSP2-8/CUB1-2 domains of ADAMTS13 are important
for full in vivo proteolytic activity39,40 because these domains
allow ADAMTS13 to anchor itself onto the D4-CK
domains of full-length VWF under shear flow condi-
tions.41,42 The static FRETS-VWF73 assay is commonly used
to measure the activity of ADAMTS13 for the diagnosis of

TTP.31 In minimal peptide assays, however, it appears that
the C-terminal domains of ADAMTS13 and the spacer
domain itself are less relevant for maintaining activity.43 In
FRETS-VWF73 the activity of the MDTCS fragment is
higher than that of full-length ADAMTS1332,44 due to the
lack of the terminal TSP2-8 and CUB1-2 domains, elimi-
nating their auto-inhibitory properties.44 Our data are in
agreement with these earlier findings: both the wild-type
MDTCS and the MDTCS-AAAAA variant had higher
activity in the FRETS-VWF73 assay compared to their full-
length counterparts. In agreement with previous studies
most alanine changes induced loss of activity.22,23,25 Our data
suggest that both aromatic residues and arginine residues
have similar importance for activity. We observed a clear
inverse correlation between resistance to autoantibodies
and proteolytic activity of the variants (Figure 4). Selected
mutants tested in our VWF multimer assay also had lower
activity than the wild-type molecule, with the exception of
wild-type MDTCS. This highlights the functional impor-
tance of the spacer exosite-3 in our VWF multimer assay.
Among the selected full-length autoantibody-resistant
mutants, the RARAA mutant demonstrated residual activ-
ity in conditions of sub-physiological ADAMTS13 concen-
trations (Figure 6). This variant was tested in FRETS-
VWF73 together with patients’ autoantibodies (Figure 5)
exhibiting full resistance to the inhibitory action of poly-
clonal autoantibodies from patients.

Surprisingly, the GoF variant described previously
showed less activity than that of wild-type ADAMTS13.
The GoF variant was originally characterized in a COS-7
cell background26 and in all subsequent in vitro32,44,45 and in vivo
studies46,47 it was reported to be more active than wild-type
ADAMTS13. We are the first group observing a loss of
function of this molecule. The reasons for this are not clear.

N.A.G. Graça et al.

2628 haematologica | 2020; 105(11)

Figure 7. Models of three-dimensional structure and surface charge of ADAMTS13 spacer domain variants included in this study. (A-F) Three-dimensional structure
model of the spacer domain of: (A) wild-type ADAMTS13 (RFRYY); (B) triple-alanine mutant variant (RARAA); (C). 5x alanine mutant variant (AAAAA); (D) gain-of-func-
tion variant (KYKFF); (E) triple-asparagine non-conservative mutant variant (RNRNN); and (F) semi-conservative variant (RLRLLLL). Negative charges are represented
in red, neutral charges in white and positive charges in blue. 
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It is possible that the differences observed may be due to
post-translational modifications, such as different glycosy-
lation patterns that may result from the CHO-based tran-
sient expression system that we used in our study.48,49 To
address this we also expressed the GoF variant in HEK293
cells, and under these conditions the GoF variant displayed
increased activity, compared to the respective HEK293
wild-type ADAMTS13, in both FRETS-VWF73 and in the
VWF multimer assay (Online Supplementary Figure S7). In the
context of our ELISA, the GoF variant expressed in both
CHO and HEK293 cells behaved in a similar way against
the patients’ samples (Online Supplementary Figure S7), and
importantly our CHO-produced GoF variant was also
inhibited by patients’ autoantibodies (Figure 5), as anticipat-
ed by our ELISA results (Figure 2). 

In conclusion, we have shown that less conservative
mutations make it possible to obtain ADAMTS13 variants
that resist the majority of patients’ autoantibodies and
retain residual levels of activity in vitro. Our data suggest a

trade-off between the resistance towards patients’ autoan-
tibody binding and the loss of proteolytic activity in spac-
er exosite-3 ADAMTS13 variants. The study also reveals
the importance of the side-chains of the RFRYY epitope in
the spacer domain for autoantibody binding and
ADAMTS13 activity, and it provides a basis for the devel-
opment of novel therapeutic interventions that prevent
the binding of pathogenic autoantibodies to the spacer
domain of ADAMTS13. 
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Von Willebrand factor (VWF) is a blood glycoprotein that plays an
important role in platelet thrombus formation through interaction
between its A1 domain and platelet glycoprotein Ib. ARC1779, an

aptamer to the VWF A1 domain, was evaluated in a clinical trial for acquired
thrombotic thrombocytopenic purpura (aTTP). Subsequently, 
caplacizumab, an anti-VWF A1 domain nanobody, was approved for aTTP
in Europe and the USA. We recently developed a novel DNA aptamer,
TAGX-0004, to the VWF A1 domain; it contains an artificial base and
demonstrates high affinity for VWF. To compare the effects of these three
agents on VWF A1, their ability to inhibit ristocetin- or botrocetin-induced
platelet aggregation under static conditions was analyzed, and the inhibition
of thrombus formation under high shear stress was investigated in a
microchip flow chamber system. In both assays, TAGX-0004 showed
stronger inhibition than ARC1779, and had comparable inhibitory effects to
caplacizumab. The binding sites of TAGX-0004 and ARC1779 were ana-
lyzed with surface plasmon resonance performed using alanine scanning
mutagenesis of the VWF A1 domain. An electrophoretic mobility shift assay
showed that R1395 and R1399 in the A1 domain bound to both aptamers.
R1287, K1362, and R1392 contributed to ARC1779 binding, and F1366 was
essential for TAGX-0004 binding. Surface plasmon resonance analysis of the
binding sites of caplacizumab identified five amino acids in the VWF A1
domain (K1362, R1392, R1395, R1399, and K1406). These results suggest
that TAGX-0004 possesses better pharmacological properties than capla-
cizumab in vitro and might be similarly promising for aTTP treatment.

Novel aptamer to von Willebrand factor A1
domain (TAGX-0004) shows total inhibition of
thrombus formation superior to ARC1779 and
comparable to caplacizumab
Kazuya Sakai,1 Tatsuhiko Someya,2 Kaori Harada,2 Hideo Yagi,1 Taei Matsui3

and Masanori Matsumoto1

1Department of Blood Transfusion Medicine, Nara Medical University, Kashihara and
2TAGCyx Biotechnologies Inc, Tokyo and 3Clinical Laboratory Medicine, Fujita Health
University School of Medical Sciences, Toyoake, Japan

ABSTRACT

Introduction

Von Willebrand factor (VWF) is a large multimeric plasma glycoprotein that plays
an essential role in tethering circulating platelets to damaged endothelial cells.1

Interaction between the VWF A1 domain and the platelet glycoprotein (GP) Ib
receptor leads to rapid development of VWF-rich platelet thrombi, thus preventing
further bleeding.2 Although normal amounts of VWF are usually helpful in hemo-
stasis reactions, several VWF-mediated diseases, such as acute coronary syn-
drome,3,4 cerebral infarction,5 and thrombotic thrombocytopenic purpura (TTP),6

demonstrate remarkably elevated plasma levels of VWF. Inhibiting VWF activity by
blocking its A1 domain has recently been demonstrated to be an attractive thera-
peutic target in these arterial thromboses.7-10 

Caplacizumab (Ablynx), an anti-VWF A1 humanized nanobody,11,12 was
approved by the European Medicines Agency in 2018 and by the US Food and
Drug Administration in 2019 for the treatment of acquired TTP (aTTP). The anti-
VWF A1 aptamer ARC1779 (Archemix) was developed as an antithrombotic agent
for use in patients with aTTP, and it showed sufficient inhibitory effects on VWF
activity without any severe bleeding events in a randomized control trial.13

However, ARC1779 has not yet been approved for the treatment of VWF-mediated



thrombosis. We recently generated a novel DNA aptamer,
TAGX-0004, that contains the artificial hydrophobic base
7-(2-thienyl)imidazo[4,5-b]pyridine (Ds); this aptamer tar-
gets human VWF A1 with very high affinity (KD = 61.3
pM) and specificity.14 

In this study, we compared TAGX-0004, ARC1779, and
caplacizumab in terms of their inhibitory effects on VWF
activity, by performing conventional platelet aggregation
assays, ristocetin- and botrocetin-induced platelet aggrega-
tion assays (RIPA and BIPA, respectively), and shear-stress–
induced aggregation assays using the microchip flow cham-
ber system (T-TAS®).15 To assess the affinity and binding
sites of the two aptamers, we performed biophysical inter-
action analysis and alanine scanning mutagenesis of the
VWF A1 domain. In addition, we analyzed the binding sites
of caplacizumab using surface plasmon resonance (SPR).

Methods

Details of the materials and methods are presented in the Online
Supplementary Materials and Methods section.

Sources of nucleoside, oligonucleotides, nanobody, and
protein

The artificial nucleoside phosphoramidite (dDs-CE
Phosphoramidite) was synthesized as described previously.16,17

The oligonucleotides TAGX-0004 and ARC1779 (without poly-
ethylene glycol [PEG]) were synthesized by and purchased from
GeneDesign, Inc. (Osaka, Japan). The oligonucleotide sequence of
TAGX-0004 (as Rn-DsDs-51mh2)14 and that of ARC177918 were
reported previously. The anti-human VWF nanobody caplacizum-
ab (as TAB-234) was purchased from Creative-Biolabs (New York,
NY, USA). The recombinant human VWF A1 domain protein was
purchased from U-Protein Express BV (Utrecht, the Netherlands),
and was used for the measurement of the binding affinity to anti-
human VWF A1 agents using SPR.

Alanine-scanning mutagenesis
Based on previous reports that described the interaction

between VWF A1 and GPIb,19 botrocetin,20 or ARC1172,21 we
designed 16 alanine-substituted mutants of the human VWF A1
domain (R1287, K1312, R1334, R1336, K1348, K1362, F1366,
K1371, E1376, R1392, R1395, R1399, K1406, K1423, R1426, and
K1430). These mutant proteins were generated using a cell-free
expression system (Taiyo Nippon Sanso Corporation, Tokyo,
Japan).

Platelet aggregation test 
A platelet aggregation test (PAT) was performed with PRP313M

aggregometer (TAIYO Instruments INC, Osaka, Japan).
Aggregation inducing substances and their final concentration
were as follows; ristocetin (1.5 mg/mL), botrocetin (1.0 mg/mL),
collagen (4 mg/mL), epinephrine (1.0×10-4 M) and adenosine
diphosphate (ADP) (1.0×10-5 M). 

Total thrombus formation analysis system  
The total thrombus formation analysis system (T-TAS®)

(Zacros, Fujimori Kogyo Co. Ltd., Tokyo, Japan) is a micro-chip
flow-chamber device used to visually and quantitatively analyze
thrombus formation in whole blood samples under various blood
flow conditions.15 Whole blood samples with each anti-VWF A1
agent were applied onto a collagen I coated micro-chip (PL chip).
Subsequently, the thrombus formation in the capillaries and an
increase in flow pressure were observed.

Electrophoresis mobility shift assay 
The binding abilities of the two aptamers to the human VWF

A1 domain and its alanine-substituted mutants were analyzed by
electrophoresis mobility shift assay (EMSA). Each aptamer (final
concentration of 100 nM) was mixed with VWF A1 (final concen-
tration of 0-800 nM) in binding buffer and incubated at 37 °C for
30 minutes (min), then subjected to 8% native PAGE in 0.5× TBE
buffer for 50 min at room temperature (200 V/cm). The aptamer-
VWF A1 complexes were detected as a shift band, and the band
patterns were detected by SYBR Gold. The dissociation rate (KD)
was calculated by Scatchard plot analysis.

Surface plasmon resonance
Competition assays with the two aptamers were performed by

surface plasmon resonance (SPR) analysis using Biacore T200 (GE
Healthcare UK Ltd., Little Chalfont, UK), as described previously.14

We also performed SPR analysis to investigate the binding site
of the VWF A1 domain to caplacizumab. 

Structure models of the VWF A1 domain
Three-dimensional (3D) structure models of the VWF A1

domain were visualized with the PyMOL Molecular Graphics
System (DeLano Scientific, San Carlos, CA, USA). 

Ethical statement
This study was approved by the ethics committee of Nara

Medical University. Written informed consent was obtained from
the individual who donated plasma for the use in this study.

Results

Inhibitory effects on platelet aggregation
The inhibitory effects of TAGX-0004, ARC1779, and

caplacizumab under static conditions were analyzed by
PAT. Figure 1 shows representative results of the analyses
of the three types of plasma. All three agents showed inhi-
bition activities in both RIPA and BIPA. However, the
inhibitory effects on platelet aggregation differed between
the three agents. In RIPA, the 80% maximal inhibitory
concentration (IC80) of TAGX-0004 was 50 nM, whereas
that of ARC1779 was 500 nM and that of caplacizumab
was 50 nM; thus TAGX-0004 blocked VWF function via
the A1 domain approximately 10 times more potently
than ARC1779, and exhibited a similar potency as capla-
cizumab. In BIPA, the IC80 of TAGX-0004 was 50 nM,
whereas that of ARC1779 was 500 nM and that of capla-
cizumab was 50 nM, respectively; thus TAGX-0004
blocked VWF function approximately 10 times more
potently than ARC1779 showing a similar potency as
caplacizumab. None of the three agents inhibited platelet
aggregation induced by collagen, epinephrine, or ADP
(data not shown).  

Inhibitory effects on thrombus formation 
To assess the inhibitory effect of the three agents on

platelet thrombus formation, we performed T-TAS. In this
study, complete inhibition was defined as an increase in
flow pressure from baseline of no more than 10 kPa.
TAGX-0004, ARC1779, and caplacizumab were analyzed
three times each, and Figure 2 shows representative flow
pressure curves. Both TAGX-0004 and caplacizumab pre-
vented thrombus occlusion under the flow condition at 50
nM. In contrast, ARC1779 did not demonstrate complete
inhibition, even at a concentration of 1,000 nM. These
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results indicate that TAGX-0004 inhibits platelet throm-
bus formation at least 20 times more potently than
ARC1779 under high shear stress, and with a similar
potency as caplacizumab.

Biophysical interaction analysis with EMSA
Biophysical interaction analysis with EMSA was per-

formed four times for each aptamer. Figure 3 shows that
the affinity of TAGX-0004 to VWF A1 domain (KD=2.2±
0.9 nM [n=4]) was approximately 16-fold higher than that
of ARC1779 (KD =35.5±1.5 nM [n=4]). 

Alanine scanning mutagenesis with EMSA 
Figure 4 shows the results of EMSA using 16 alanine-

mutated VWF A1 with TAGX-0004 (A) or ARC1779 (B).
First, we analyzed nine mutants as shown in the left 
panels. Based on the results of this initial analysis, we then
analyzed additional seven mutants as shown in the right
panels. Of these, 10 VWF A1 mutants (K1312A, R1334A,
R1336A, K1348A, K1371A, E1376A, K1406A, K1423A,
R1426A, and K1430A) formed shifted bands representing
complexes between an aptamer and VWF A1, as well as
between wild-type (WT) VWF A1 and each aptamer. In the
remaining six mutants, the intensity of the complexed
bands was decreased, and the intensity of the unbound
aptamer bands was increased. Of these mutants, R1395A
and R1399A showed decreased intensity in both TAGX-
0004 and ARC1779 band complexes. 

While the binding affinity to ARC1779 was signifi-
cantly decreased in R1287A, K1362A, and R1392A, the

binding affinity to TAGX-0004 was decreased in F1366A.
These findings suggest that R1395 and R1399 are essen-
tial residues for binding to both aptamers, and that
R1287, K1362, and R1392 probably contribute to binding
to only ARC1779, while F1366 is required for binding to
TAGX-0004. Our data indicate that both aptamers bind
to the VWF A1 domain, even though the residues neces-
sary for this binding are partially different, and these dif-
ferences might affect their VWF inhibitory activity.

Competition assay with Biacore
To compare the binding sites of the aptamers to the

VWF A1 domain, a competition assay was performed by
SPR using Biacore. Biotinylated TAGX-0004 was immobi-
lized on the sensor chip SA. Then, VWF A1 and a com-
petitor aptamer (TAGX-0004 or ARC1779) as an analyte
was injected onto the chip. The results of a self-competi-
tion assay using TAGX-0004 showed that the amount of
VWF A1 binding to the chip decreased depending on the
concentration of the competitor TAGX-0004 (Online
Supplementary Figure S1). ARC1779 also dose-dependently
decreased the response unit value. These results indicate
that TAGX-0004 and ARC1779 bind to the overlapped
region on the VWF A1 domain. Moreover, the competitive
ability of ARC1779 against immobilized TAGX-0004 on
the chip surface was lower than that of TAGX-0004
against TAGX-0004. These results were consistent with
those of EMSA and indicated that the binding affinity of
TAGX-0004 for VWF A1 was higher than that of
ARC1779.
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Figure 1. The inhibitory effects of TAGX-0004, ARC1779, and caplacizumab on platelet aggregation under static conditions. As shown in the upper left panel, TAGX-
0004 completely inhibited ristocetin-induced platelet aggregation (RIPA) at a concentration of 50 nM. In contrast, the concentration required for ARC1779 was 500
nM, and that for caplacizumb was 50 nM. As shown in the lower left panel, TAGX-0004 inhibited botrocetin-induced platelet aggregation (BIPA) at a concentration of
50 nM. The concentration required for ARC1779 was 500 nM, and that for caplacizumab was 50 nM.



VWF A1 domain binding site of caplacizumab
We performed SPR analysis to investigate the VWF A1

domain binding site of caplacizumab. After immobilizing
caplacizumab on the sensor chip CM5, 16 alanine-substi-
tuted mutants of VWF A1 were analyzed (Figure 5). The
relative binding amount of WT was defined as 100%. The
binding amount of each mutant was expressed as the 
relative ratio compared to that of WT. When a relative
ratio of 80% was set as the cut-off, five mutants were
judged as positive. These results indicate that these five
residues (K1362, R1392, R1395, R1399, and K1406) are
likely the binding sites of caplacizumab.

Comparison of VWF A1 domain binding sites of 
TAGX-0004, ARC1779, and caplacizumab

Figure 6 shows 3D structure models of the VWF A1
domain. The amino acid residues shown in red indicate
the essential residues for binding to each aptamer or capla-

cizumab. The residues shown in yellow are not involved
in binding. Of the 16 alanine-substituted VWF A1
mutants, EMSA predicted that three amino acids (F1366,
R1395, and R1399) are binding sites for TAGX-0004, as
shown in red in Figure 6 on the left. The remaining 13
amino acid residues are shown in yellow. As for
ARC1779, five amino acid residues (R1287, K1362, R1392,
R1395, and R1399) play an important role in binding to
VWF A1, as shown in red in Figure 6 in the middle. Of
these, R1395 and R1399 are amino acids shared by both
aptamers. Further, using Biacore we identified five amino
acid residues in the VWF A1 domain (K1362, R1392,
R1395, R1399, and K1406) that are binding sites to capla-
cizumab, as shown in red in Figure 6 on the right. Of
these, K1406 is unique to caplacizumab. The differences
in VWF A1 domain binding sites suggest that these
aptamers or nanobody might have unique effects on
platelet aggregation and thrombosis formation.
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Figure 2. The inhibitory effects of
TAGX-0004, ARC1779, and capla-
cizumab on platelet thrombus forma-
tion under high shear stress. Pressure
curves at various concentrations of
each agent are shown; curves end at
the point of complete microcapillary
occlusion. As shown in the upper
panel, TAGX-0004 inhibited thrombus
formation under high shear conditions
at a final concentration of 50 nM. The
middle panel shows that ARC1779 did
not achieve complete inhibition even at
a concentration of 1,000 nM. The
lower panel shows that caplacizumab
completely inhibited thrombus forma-
tion at a concentration of 50 nM. 



Discussion

VWF plays a pivotal role in the initial phase of platelet
thrombus formation under high shear stress through the
interaction between its A1 domain and platelet GPIb.1,2

The binding site of the VWF A1 domain is usually cryptic
and prevents spontaneous binding to platelets. High shear
stress of blood flow induces conformational changes in
VWF and exposes the VWF A1 domain. Therefore, the
association between VWF A1 and platelet GPIb usually
occurs under high shear stress.2 

Inhibition of VWF A1 domain binding to platelet GPIb
can potentially prevent the development of platelet
thrombus formation that causes cardiac infarction, cere-
bral infarction, and TTP. TTP results from the formation of
platelet thrombi in the microvasculature due to a deficien-
cy of ADAMTS13, a VWF-cleaving protease.22,23

Therefore, preventing VWF A1 binding to platelet GPIb
could be a promising therapeutic target for TTP. For this
purpose, caplacizumab was evaluated for its anti-throm-
botic effects in a phase II clinical trial (the TITAN study)11

and a phase III clinical trial (the HERCULES study).12 These
studies reported a therapeutic effect of caplacizumab on
aTTP, including faster recovery of platelet counts, fewer
plasma exchange sessions, and shorter hospital stays. A
bleeding event was reported as a common adverse event
in patients treated with caplacizumab compared to
patients without it.12 In the TITAN and HERCULES study,
36 and 72 patients of aTTP were treated with caplacizum-
ab and 19 (54%) and 46 (65%) patients had bleeding
events, respectively. The most common adverse events
were epistaxis and gingival bleeding, neither of which
generally required treatment. 

Nucleic acid aptamers are single-strand DNA or RNA
molecules that can form 3D structures capable of specifi-
cally binding to proteins or other cellular targets. They are
superior to existing antibody products in terms of their
specificity, manufacturing cost, relatively small size, and
non-immunogenicity. Pegaptanib (Macugen®, Pfizer) is the
only aptamer approved by the Food and Drug
Adminstration in 2004 for the treatment of wet age-relat-

ed macular degeneration blocking vascular endothelial
growth factor.24 As of June 2019, no aptamer for the
patients with coagulation or thrombotic disorder has been
approved. However, some aptamers targeting coagulation
factors, ARC 1779 against VWF A1, NU172 (ARCA
Biopharma) against factor IIa, and REG1/REG2 (Regado
Biosciences) against factor IXa, stepped into clinical tri-
als.13,25-27 ARC1779 was developed to target the VWF A1
domain and was evaluated in a phase II clinical trial in
patients with aTTP.13 Unfortunately, the recruitment of
patients in this trial was terminated without completing
the study due to sponsor-related financial issues, but seven
patients with aTTP received combined therapy with intra-
venous ARC1779 injections and plasma exchange.13 The
trial showed no severe adverse events such as bleeding,
even in patients with aTTP who had severe thrombocy-
topenia.13 A study of healthy volunteers confirmed that
this aptamer had an antithrombotic effect and did not
cause severe bleeding events.28

TAGX-0004 is a novel DNA aptamer that targets the
VWF A1 domain and contains Ds, an artificial nucleic acid.
TAGX-0004 was obtained using modified SELEX (sys-
temic evolution of ligands by exponential enrichment)
methods incorporating the Ds base.14 Since the Ds base
has no complementary base in nature, Ds-containing
DNA aptamers can have unique 3D structures. The high
hydrophobicity of the Ds base may contribute to signifi-
cantly high binding affinity to target proteins. In fact, the
results of EMSA showed that the TAGX-0004 binding
affinity for VWF (KD=2.2±0.9 nM) is 16-fold higher than
that of ARC1779 (KD=35.5±1.5 nM) (Figure 3). However,
the KD values in this study might be underestimated in
comparison with previous reports; the KD value of TAGX-
0004 was shown to be 61.3 pM by a SPR assay,14 and the
KD value of ARC1779 was 2 nM in a RI-labeled assay.18

Previous results also indicated that the binding affinity of
TAGX-0004 was much higher than that of ARC1779.

The binding affinity of aptamers to VWF A1 domain
might affect the interaction between VWF and platelets.
Although both TAGX-0004 and ARC1779 inhibited the
platelet aggregations which were induced by ristocetin
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Figure 3. Biophysical interaction analysis of TAGX-0004 and ARC1779 with electrophoresis mobility shift assay (EMSA). The white arrowhead indicates the complex
of wild-type (WT) recombinant von Willebrand factor (VWF) A1 with an aptamer (TAGX-0004 or ARC1779). The black arrowhead indicates unbound aptamer.
Increasing the concentration of WT VWF A1 increased the density of complex bands and decreased that of unbound aptamer bands. These experiments were per-
formed four times for each aptamer. The dissociation rates (KD) of TAGX-0004 and ARC1779 were 2.2±0.9 nM and 35.5±1.5 nM, respectively.
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and botrocetin, the minimum concentration of TAGX-
0004 necessary for inhibition is significantly lower than
that of ARC1779 in both RIPA and BIPA (Figure 1). PAT
analysis revealed that TAGX-0004 can block VWF func-
tion via the A1 domain at least 10 times more strongly
than ARC1779. T-TAS also revealed that TAGX-0004 is
superior to ARC1779 at inhibiting VWF function (Figure
2). In addition, compared with caplacizumab, TAGX-0004
showed equally effective inhibition against thrombosis
formation under various blood flow conditions.
Moreover, TAGX-0004 has a unique mini-hairpin DNA
structure that offers benefits in pharmaceutical applica-
tions,14 specifically by conferring resistance to degradation
by nucleases. This structure should extend the half-life of
this molecule in vivo. 

As described above regarding the adverse effects of
caplacizumab treatment, there are still concerns regarding
bleeding caused by anti-VWF antagonists. Although anti-
VWF agents have demonstrated superior safety profiles in
this regard compared to anti-platelet agents, measures to
quickly treat bleeding that occurs during aptamer treat-
ment should be prepared. We speculate that if a 
neutralizing agent comprising a DNA sequence that is par-
tially complementary to that of a specific aptamer is pre-
pared, it may serve as an effective antidote as introduced
in the literature.29 In the case of TAGX-0004, such a partial
DNA sequence may contain pyrrole-2-carbaldehyde (Pa),
the complementary base pair to Ds.16 In the past develop-
ment of antithrombotic aptamer therapeutics, similar
approaches of antidotes were taken to neutralize the

unwanted effect of an aptamer, even though such
aptamers are still to be approved.26 The specific antidote
could contribute to control severe bleeding compared to
caplacizumab.

Alanine mutagenesis analysis of the VWF A1 domain was
performed in this study to determine the binding sites of
TAGX-0004, ARC1779, and caplacizumab. The binding
sites of ARC1779, but not TAGX-0004 or caplacizumab,
were reported previously.21 Our results show that the bind-
ing sites of these three agents only partially correspond to
each other (Figure 6). Huang et al.21 reported that 18 amino
acid residues in the VWF A1 domain were binding sites for
ARC1172, which has the same fundamental structure as
ARC1779. That study did not identify R1399 as a binding
site, even though in the present study it is a common bind-
ing site for all three agents. Chen et al. identified R1399 as
one of the key amino acids for the effect of VWF to hemo-
stasis and thrombosis.30 Interestingly, a hydrophobic amino
acid residue (F1366) is required to bind to TAGX-0004,
which has two hydrophobic Ds bases. Matsunaga et al. pre-
viously reported that the number of Ds bases (0-2) strongly
correlated with binding affinity to VWF A114 and we con-
firmed that Ds-free TAGX-0004 failed to inhibit thrombus
formation on T-TAS (data not shown). These results indicate
that the base of Ds  interacts directly with the VWF A1
domain and therefore F1366 appears to be an essential and
unique binding site of TAGX-0004 to the VWF-A1 domain
with hydrophobic interaction (e.g., pi-stacking). Of note,
alanine scanning of caplacizumab showed that like
ARC1779 and TAGX-0004, both R1395 and R1399 are nec-
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Figure 4. Electrophoresis mobility shift assay (EMSA) using alanine-scanning mutants for analyzing von Willebrand factor A1 binding to TAGX-0004 and ARC1779.
The white arrowhead indicates the complex of von Willebrand factor (VWF) A1 with an aptamer (TAGX-0004 or ARC1779). The black arrowhead indicates unbound
aptamer. The leftmost lane in each gel (-) represents aptamer only, without a VWF A1 mutant. Using both aptamers, 10 VWF A1 mutants (K1312A, R1334A, R1336A,
K1348A, K1371A, E1376A, K1406A, K1423A, R1426, and K1430A) formed complexes with aptamers, as did wild-type (WT) VWF A1. With TAGX-0004, as shown in
the top panels, three mutants (F1366A, R1395A, and R1399A, indicated in red letters) demonstrated decreased densities of complex bands and increased densities
of unbound bands, indicating that these amino acids were important for the binding of VWF A1 to TAGX-0004. With ARC1779, as shown in the lower panels, five
mutants (R1287A, K1362A, R1392A, R1395A, and R1399A indicated in red letters) demonstrated decreased densities of complex bands and increased densities
of unbound bands.
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essary to bind the VWF A1 domain (Figure 6). 
Due to the method limitations, the affinity between the

VWF A1 domain and TAGX-0004 or ARC1779 was not
analyzed by the SPR method. Since both oligonucleotides
and the sensor chip are negatively charged, the KD value
was underestimated when we immobilized the VWF A1
protein on the sensor chip and applied TAGX-0004 or
ARC1779 as an analyte. Therefore, we performed alanine
scanning by EMSA for DNA aptamers. In addition, the
binding site of caplacizumab to VWF A1 domain was not

analyzed with EMSA, which was used to assess TAGX-
0004 and ARC1779, since this technique is not suitable for
the analysis of proteins such as nanobodies and antibod-
ies. Secondly, ARC1779 was originally PEGylated.
However, we used ARC1779 without PEG in this study
because we found no obvious differences between
ARC1779 with and without PEG using RIPA, BIPA, 
T-TAS, and EMSA (data not shown). 

In addition, caplacizumab was used in the clinical study
and approved as a bivalent nanobody which has two
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Figure 5. Analysis of caplacizumab binding sites to the von Willebrand factor A1 domain using alanine-scanning mutants with surface plasmon resonance. We
performed surface plasmon resonance (SPR) analysis to investigate caplacizumab binding sites to the von Willebrand factor (VWF) A1 domain. After immobilizing
caplacizumab on the sensor chip CM5, 16 alanine-substituted VWF A1 mutants were analyzed. The relative binding volume of wild-type (WT) VWF A1 was defined
as 100%. The binding amount of each mutant was expressed as a ratio relative to WT. Five mutants were considered to bind to caplacizumab based on having a
relative ratio above the cutoff of 80%. These results indicate that these five amino acids (K1362, R1392, R1395, R1399, and K1406) in the VWF A1 domain were
important in caplacizumab binding.

Figure 6. Von Willebrand factor A1 domain binding sites to TAGX-0004, ARC1779, and caplacizumab. Amino acids colored yellow did not contribute to von
Willebrand factor (VWF) A1 binding to aptamers or caplacizumab. Amino acids colored in red were necessary for binding to aptamers or caplacizumab. Three amino
acids (F1366, R1395, and R1399) in the VWF A1 domain were identified as TAGX-0004 binding sites. Five amino acids (R1287, K1362, R1392, R1395, and R1399)
were important for binding to ARC1779. Finally, five amino acids (K1362, R1392, R1395, R1399, and K1406) were important for binding to caplacizumab.



binding sites to the target. On the other hand, two
aptamers used in this study were formed as monovalent.
It is known that the direct comparison of an affinity of
monovalent entity with an avidity of bivalent entity is not
straightforward. Nevertheless, it is intriguing that TAGX-
0004 has shown a comparable inhibitory effect against
caplacizumab in the studies we performed, and how the
bivalent form of TAGX-0004, which is not available
though, behaves in the same experiments.

Treatment with caplacizumab has demonstrated a rapid
decrease of VWF ristocetin cofactor assay in patients with
aTTP and the levels of VWF antigen and factor VIII were
also transiently reduced with caplacizumab treatment
compared with placebo due to an increased clearance of
the caplacizumab-VWF complex.11 Whether or not TAGX-
0004 demonstrates an equivalent effect is still to be stud-
ied using an in vivo model. Nevertheless, judging from the
binding ability of TAGX-0004 to plasma-derived human
VWF confirmed with EMSA (data not shown), it is likely

that the aptamer shows a similar effect as caplacizumab in
aTTP patients.

In conclusion, we confirmed the potency of TAGX-0004
to prevent platelet thrombus formation in vitro. Epitope
mapping of the binding sites of TAGX-0004 compared
with ARC1779 and caplacizumab provided us with infor-
mation on each molecule’s efficacy and characteristics.
Caplacizumab is now coming into use as a first-line ther-
apy for aTTP. However, there are still challenges to be
overcome with this agent, such as bleeding adverse events
and high cost.31 TAGX-0004 has the potential to overcome
these problems and could be developed as a promising
drug not only for aTTP, but also for various VWF-mediat-
ed thrombotic disorders such as acute coronary syndrome
and cerebral infarction.
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Poor graft function is a serious complication following allogeneic
hematopoietic stem cell transplantation. Infusion of CD34+-selected
stem cells without pre-conditioning has been used to correct poor graft

function, but predictors of recovery are unclear. We report the outcome of
62 consecutive patients who had primary or secondary poor graft function
who underwent a CD34+-selected stem cell infusion from the same donor
without further conditioning. Forty-seven of 62 patients showed hematolog-
ic improvement and became permanently transfusion- and growth factor-
independent. In multivariate analysis, parameters significantly associated
with recovery were shared cytomegalovisur seronegative status of both the
recipient and donor, the absence of active infection and matched recipient-
donor sex. Recovery was similar in patients with mixed and full donor
chimerism. Five-year overall survival rates were 74.4% (95% confidence
interval [95% CI: 59-89]) in patients demonstrating complete recovery,
16.7% (95% CI: 3-46) in patients with partial recovery and 22.2% (CI 95%
5-47) in those who had no response. In patients with blood count recovery,
those with poor graft function in one or two lineages had a better 5-year
overall survival (93.8%, 95% CI: 82-99) than those with trilineage failure
(53%, 95% CI: 34-88). New strategies including cytokine or agonist support,
or a second transplant need to be investigated in patients whose blood
counts do not recover.
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ABSTRACT

Introduction

Graft failure is a severe complication of allogeneic hematopoietic stem cell trans-
plantation (SCT), which is associated with reduced survival, especially in patients
being treated for hematologic malignancies.1,2 Graft failure caused by rejection is
relatively uncommon with an incidence of 4-6%3 and ensues as a result of an anti-
donor response triggered by recipient T cells or NK cells or by pre-existing donor-
specific antibodies (e.g., directed against human leukocyte antigens). Graft failure
in the absence of rejection or tumor relapse is more common, with an incidence
reported to be between 5-27%,4 and is referred to as poor graft function. In practice,
graft rejection and poor graft function can be distinguished by measuring
chimerism: donor cells are undetectable in the former but persist in the latter.5

Multiple risk factors are associated with poor graft function including issues related
to the donor (low stem cell dose and ABO blood group incompatibility), the type
of conditioning (reduced intensity or nonmyeloablative conditioning) or the patient
(primary diseases such as aplastic anemia or myelofibrosis, viral infections, drugs
or the presence of graft-versus-host disease [GvHD]).1,3

Currently, there are no clear recommendations for the treatment of poor graft



function. Supportive care including growth factors and
blood products are routinely administered but the latter
can be associated with allo-immunization and transfu-
sion-related iron overload. Other approaches, including
the use of thrombopoietin-receptor agonists, are currently
being investigated in early phase clinical trials. Second
allogeneic SCT or infusions of unmanipulated peripheral
blood stem cells are other options but are associated with
a high risk of GvHD and non-relapse mortality.6 Larocca et
al.7 reported on the use of CD34+-selected stem cell infu-
sions from the original donor without conditioning for
correction of poor graft function based on the premise that
the risk of GvHD would be low. Clinical outcomes were
favorable when compared to those of historical cohorts of
patients who were given either no treatment or unmanip-
ulated bone marrow/peripheral blood stem cells without
pre-conditioning. Several recent series of patients admin-
istered CD34+-selected stem cell infusions have also
shown promising results with an improvement of graft
function reported in 72-81% of patients (Online
Supplementary Table S1).8-11 Although these studies were
very important in establishing the principle of CD34+-
selected cells in the management of poor graft function,
the small number of patients and heterogeneity, in terms
of definitions of poor graft function or response, have
made it difficult to predict which patients will benefit
most from this treatment. Some studies excluded patients
with GvHD, with active infection or use of myelosuppres-
sive drugs, although in practice it is often difficult to deter-
mine the relative effect of such factors on the graft.
Furthermore, all the studies to date have excluded patients
with significant mixed chimerism, a group with increasing
prevalence given the frequent use of reduced intensity
conditioning and T-cell depletion. Thus, there is a need to
identify predictors of response in clinically relevant popu-
lations of patients to ensure both suitable resource alloca-
tion and appropriate requests for repeat donor harvesting.

Here we report the outcome and analysis of predictors of
recovery in 62 consecutive patients with poor graft func-
tion who were treated with donor CD34+-selected infusion
without conditioning. While the majority of patients had
complete or partial recovery, cytomegalovirus (CMV)
seropositivity, donor-recipient sex mismatching and active
infection were all associated with inferior outcomes. Thus,
our findings demonstrate the overall feasibility of the
approach but also indicate that new strategies are still
required in some groups of patients. 

Methods 

Definitions
Engraftment was defined as the first of 3 consecutive days

when the absolute neutrophil count was ≥0.5x109/L and the
absolute platelet count was ≥20x109/L with or without the
administration of granulocyte colony-stimulating factor and
without transfusion. Primary poor graft function was defined by:
(i) failure to ever achieve count recovery in at least one lineage
(neutrophils ≥0.5x109/L, platelets ≥20 x109/L and hemoglobin ≥8
g/dL in the absence of transfusion) after transplantation; (ii) a
hypoplastic bone marrow; (iii) the absence of relapse; and (iv) the
presence of donor cells as detected by peripheral blood
chimerism studies. Secondary poor graft function was defined as
for primary poor graft function with the exception that blood
counts fell in at least one lineage after the initial achievement of

engraftment. Recovery was categorized as complete or partial.
Complete recovery was defined as a hematological improvement
in all three cell lineages (hemoglobin ≥8 g/dL, platelets ≥30x109/L
and neutrophils ≥1.5x109/L) without the need for transfusion or
growth factor support. Partial recovery was defined as a hemato-
logic improvement in one or two lineages. Acute GvHD after
CD34+-selected infusion was defined according to the criteria of
Glucksberg et al.,12 and chronic GvHD was defined as mild, mod-
erate or severe, following the National Institutes of Health con-
sensus criteria.13 Active infection was identified using the surro-
gate of parenteral antimicrobial therapy at the time of CD34+-
selected infusion.

Patients
Between 1999-2018, 1996 allogeneic SCT were performed at

University College Hospital and Royal Free Hospital in London,
UK (Table 1). Seventy patients who received CD34+-selected
infusions were identified; eight patients were excluded from the
analysis because of disease relapse. This research project was
considered by the NHS Health Research Authority as a non-
Research Ethics Committee study and was conducted in line
with the harmonized UK-wide edition of the Governance
Arrangements for Research Ethics Committees (GAfREC) 2018
and the UK Policy Framework for Health and Social Care
Research (2017).

Chimerism analysis
Chimerism was analyzed by fluorescence in situ hybridization

using the XX/XY dual color probe in whole blood or by lineage-
specific chimerism using polymerase chain reaction analysis of
informative minisatellite regions (short tandem repeat loci), as
previously described,14 within 60 days prior to CD34+-selected
infusion. This information was available for 87% of patients.
Mixed chimerism of individual cell fractions was defined as the
co-existence of donor and recipient DNA with the detection limit
being 1-5% according to the individual short tandem repeat
marker and the combination of homozygosity versus heterozy-
gosity for each marker between donor and patient. Full donor
chimerism was defined as the absence of detectable donor DNA
in the relevant cell fraction using these sensitivity thresholds. 

CD34+ stem cell selection 
CD34+ cells were selected from peripheral blood stem cells that

had been mobilized into the periphery by granulocyte colony-
stimulating factor using the CliniMACS CD34 enrichment sys-
tem (Miltenyi Biotec GmbH, Germany)15 (Online Supplementary
Comment 1). The CD34+-selected cells were infused within 24 h
of selection and without cryopreservation. In six patients with
mixed chimerism, a fixed dose of T cells (median CD3+ dose of
1x106, range 1x106 - 1x108) was administered at the time of the
CD34+-selected cell infusion.

Statistical analysis 
Recovery was compared between categorical variables using

the c2 test or Fisher exact test as appropriate, and between con-
tinuous variables using the Mann-Whitney U test. Variables for
which significant differences were found in univariate analyses
were entered into a logistic regression analysis with a forward
stepping procedure to find the best model. Probabilities of overall
survival were calculated using the Kaplan-Meier method and
groups compared with the log-rank test. Probabilities of recovery
were estimated using the cumulative incidence procedure, and
groups compared using Gray's test. SPSS version 24.0 (IBM SPSS
Statistics for Windows, version 24.0. IBM Corp, Armonk, NY,
USA) and R version 3.4.2 16 were used for all analyses. 
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Results

Primary and secondary poor graft function
The overall incidence of poor graft function treated with

CD34+-selected infusion was 3.1% (62/1996) among the
total population of patients transplanted. Twenty-one
patients in this group (34%) had primary poor graft func-
tion and 41 had secondary poor graft function (66%). The
median time from engraftment to the development of sec-
ondary poor graft function was 130 days (range, 5-2,694).
Poor graft function was restricted to one or two
hematopoietic cell lineages in 19 patients (31%), and
occurred in all three lineages in 43 patients (69%),
although patients with primary poor graft function were
more likely to have trilineage cytopenia than those with
secondary poor graft function (19 of 21 [91%] versus 24 of
41 [61%], respectively; P=0.01). In a multivariate analysis
to determine factors associated with primary versus sec-
ondary poor graft function, a mismatched unrelated donor
was associated with a higher probability of primary poor
graft function (P=0.03), whereas CMV serostatus other
than negative for both recipient and donor was associated
with a higher risk of secondary poor graft function
(P=0.008). No other significant associations for primary
versus secondary poor graft function in the treated group
were found for any of the following factors: donor-recipi-
ent sex matching, donor-recipient age, Hematopoietic Cell
Transplantation-specific Comorbidity Index, European
Group for Blood and Marrow Transplantation (EBMT)
Risk Score, presence of GvHD, major ABO incompatibili-
ty or the original transplant CD34+ cell dose (Online
Supplementary Tables S2 and S3). 

Hematologic improvement following CD34+-selected
infusion

The median interval from allogeneic SCT to CD34+-
selected infusion was 15 months (range, 1-226); the medi-

Predictors of recovery from poor graft function
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Table 1. Allogeneic stem cell transplant characteristics.
Characteristics                                                           N. of patients (%)

Number                                                                                                     62
Recipient age, median (range), years                                       49 (10-66)
Recipient sex 

Male                                                                                                35 (57%)
Female                                                                                            27 (43%)

Disease 
Lymphoproliferative disorder                                                  30 (48%) 
Acute myeloid leukemia                                                            11 (18%)
Acute lymphoblastic leukemia                                                  7 (11%)
Myelodysplastic syndrome                                                          5 (8%)
Severe aplastic anemia                                                                3 (5%)
Primary myelofibrosis                                                                  2 (3%)
Primary immunodeficiency                                                         2 (3%) 
Chronic myeloid leukemia                                                          1 (2%) 
Sickle cell disease                                                                        1 (2%) 

EBMT Risk Score*
Early disease stage                                                                      19 (31%)
Intermediate disease stage                                                      28 (45%)
Late stage disease                                                                       9 (14%)
Not applicable (non-malignant disease)                                6 (10%)

HCT-CI
Low risk                                                                                         45 (73%)
Intermediate risk                                                                        15 (24%)
High risk                                                                                           2 (3%)

Donor type
Related donor                                                                               28 (45%)
Matched unrelated donor                                                          18 (29%)
Mismatched unrelated donor                                                  16 (25%)

CMV status (R/D)
Negative/negative                                                                         23 (37%)
Other                                                                                              39 (63%)

ABO status (R/D)
Major incompatibility                                                                 14 (23%) 
Minor incompatibility                                                                 13 (21%) 
No incompatibility                                                                       35 (57%) 

Sex matching
Matched                                                                                         31 (50%)
Unmatched                                                                                   31 (50%)

Acute GvHD
Grades 0-I                                                                                      42 (68%)
Grades II-IV                                                                                   20 (32%)

Chronic GvHD
None                                                                                               37 (60%)
Mild                                                                                                 11 (18%)
Moderate                                                                                        9 (15%)
Severe                                                                                               3 (5%)
Non evaluable**                                                                            2 (3%)

CMV reactivation 
Yes                                                                                                   35 (56%)
No                                                                                                    27 (44%)

Conditioning regimen 
RIC (FMC)                                                                                    40 (65%)
Other***                                                                                       22 (35%) 

Source of stem cells 
Bone marrow                                                                                 8 (13%)
Peripheral blood                                                                          54 (87%)

Median CD34 dose (x106/kg) (range)                                      5.0 (0.3-37.6)
T-cell depletion

Yes                                                                                                   57 (92%)
No                                                                                                      5 (8%)

Poor graft function
Primary                                                                                           21 (34%)
Secondary                                                                                      41 (66%)

Chimerism pre-CD34+- infusion
Donor                                                                                             21 (34%)
Mixed                                                                                             32 (52%)
Missing values                                                                                     9

EBMT: European Group for Blood and Marrow Transplantation; HCT-CI:
Hematopoietic Cell Transplantation-specific Comorbidity Index; CMV:
cytomegalovirus; R/D: recipient/donor; GvHD: graft-versus-host disease; RIC: reduced
intensity conditioning; FMC: fludarabine, melphalan, alematuzumab. *EBMT Risk
Score: early disease stage includes acute leukemia (AL) transplanted in first com-
plete remission (CR), myelodysplastic syndrome (MDS) transplanted untreated or in
first CR; intermediate disease stage includes AL in second CR, chronic myeloid
leukemia (CML) in all other stages than first chronic phase or blast crisis, MDS in sec-
ond CR or in partial remission (PR), lymphoma and multiple myeloma in second CR,
in PR or stable disease; late disease stage includes AL in all other disease stages, CML
in blast crisis, MDS in all other disease stages and lymphoma and multiple myeloma
in all disease stages other than those defined as early or intermediate. Stage is not
applicable for aplastic anemia, primary immunodeficiencies and sickle cell disease.
**Patients died within 100 days after allogeneic stem cell transplantation.
***Conditioning regimen (other): Campath 1H/thiotepa/total body irradiation (TBI)
(n=1); Campath 1H/cyclophosphamide/TBI (n=2); Campath 1H/fluradabine/
cyclophosphamide/TBI (n=1); cyclophosphamide/TBI (n=3); fluradabine/
cyclophosphamide/TBI (n=3); Campath 1H/BEAM (carmustine, etoposide, cytara-
bine, melphalan) (n=5); fluradabine/thiotepa (n=1); Campath 1H/ fluradabine/busul-
fan (n=2); Campath 1H/fluradabine/treosulfan (n=1); Campath 1H/ cyclophos-
phamide (n=1); antithymocyte globulin/fluradabine/busulfan (n=1); cyclophos-
phamide/ fluradabine/TBI (n=1).
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an CD34+ cell dose/kg recipient weight was 3.2x106/kg
(range, 0.47-14.2) and the median CD3+ dose was
4.3x103/kg (range, 0-13). At the time of CD34+-selected
infusion, the median neutrophil count was 0.7x109/L
(range, 0.01-10), the median platelet count was 17x109/L
(range, 5-296) and the median hemoglobin concentration
was 8.7 g/dL (range, 5.3 to 12.5). Of the 62 treated
patients, 47 (76%) showed a hematologic improvement
with complete (n=39) or partial recovery (n=8). Evidence
of recovery was observed in 23 patients within 30 days; of
these, 20 patients achieved complete recovery and three
patients had partial recovery. Hematologic improvement
after 30 days was observed in 23 patients; of these 18
patients achieved complete recovery and five patients had
partial recovery. In patients showing hematologic
improvement with complete or partial recovery, the medi-
an number of days required for the recovery of neu-
trophils was 29 days (range, 6-1,182), that for the recovery
of platelets was 18 days (range, 5-600) and that for recov-
ery of hemoglobin was 25 days (range, 6-511). The time
range for recovery of neutrophils was especially prolonged
and reflected the requirement for responding patients to
be independent of any growth factor support. There were
no differences in recovery times for patients showing
complete versus partial recovery (Figure 1). The probability
of complete or partial recovery was also analyzed accord-
ing to the number of lineages affected and although there

were no differences in total rates of recovery, the propor-
tion of patients achieving complete recovery was greater if
poor graft function affected one or two lineages versus all
three lineages (16/16 [100%] versus 23/31 [74%]; P=0.04).
All patients who demonstrated complete or partial recov-
ery after CD34+-selected infusion maintained their recov-
ery throughout the follow-up period. 

Factors associated with hematologic improvement 
In univariate analyses to determine factors predictive of

recovery, we found that shared donor-recipient CMV
seronegative status, donor-recipient sex matching,
absence of active infection at the time of CD34+-selected
infusion and low EBMT Risk Score were associated with
recovery (Table 2A, B). Patients sharing a CMV seronega-
tive status with the donor achieved complete or partial
recovery more frequently than any other recipient-donor
serostatus combination (21/23 [91%] versus 26/39 [68%];
P=0.03). Sex matching between the donor and recipient
was also associated with a better rate of recovery than
mismatched combinations (28/31 [90%] versus 19/31
[61%]; P=0.008); female recipients of transplants from
male donors had the worst rates of recovery (8/15 [53%]
versus 39/47 [83%]; P=0.02). Patients without active infec-
tion during CD34+-selected infusion had higher rates of
recovery than the patients with infection (33/36 [92%] ver-
sus 12/24 [50%]; P<0.001; data missing for 2 patients).

M.M. Cuadrado et al.
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Figure 1. Time to recovery after CD34+-selected stem cell infusion. (A) Time to
recovery (days) for all patients. (B) Time to recovery (days) for patients with com-
plete recovery and partial recovery. (C) Time to recovery (days) according to cell
lineages. CR: complete recovery; PR: partial recovery; Hb: hemoglobin.
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Finally, patients with early or intermediate stage disease
had better recovery rates than patients with advanced dis-
ease (15/19 [79%] and 25/28 [89%] versus 4/9 (44%),
respectively; P=0.02). In multivariate analysis, only CMV
serostatus, recipient-donor sex matching and infection
remained statistically significant (Table 3). The type of
poor graft function (primary or secondary), type of donor
(related, matched or mismatched unrelated donor), ABO
incompatibility, patient’s age, previous or active acute or
chronic GvHD, CD34+ and CD3+ cell dose of the top-up
infusion, CMV reactivation, full versus mixed donor
chimerism and the interval from the initial allogeneic SCT
to CD34+-selected infusion had no impact on the achieve-
ment of complete or partial recovery (Table 2A, B).
Chimerism status (available for 87% of patients in the 60
days prior to infusion) categorized into full donor or
mixed chimerism also did not predict response. A subset
of six patients with mixed chimerism received co-infusion
of T cells at the time of CD34+-selected top-up. The co-
transfer of donor T cells had no impact on recovery (5/6
[83%] who received co-infusion of T cells versus 16/22
[73%] who did not receive T cells showed complete or
partial recovery; P=0.6). 

Cytomegalovirus serostatus as a predictor of recovery 
CMV monitoring by polymerase chain reaction was

performed twice a week for the first 3 months and surveil-

Table 2A. Univariate analysis of pre-transplant variables as predictors
of recovery after CD34+-selected infusion. 
                                                       N         Recovery, N (%)        P-value

HCT-CI
Low risk                                              45                 35 (78%)
Intermediate risk                             15                 11 (73%)                     0.6
High risk                                              2                   1 (50%)                         

R/D sex
Unmatched                                        31                 19 (61%)                   0.008
Matched                                             31                 28 (90%)

Donor type 
Related donor                                   28                 22 (79%)                        
Matched unrelated donor              18                 13 (72%)
Mismatched unrelated donor       16                 12 (75%)                     0.9

ABO status
No incompatibility                           35                 28 (80%)                        
Major incompatibility                       14                 10 (71%)                     0.7
Minor incompatibility                      13                  9 (69%)                         

CMV status (R/D)
Other                                                   39                 26 (67%)                        
Negative/negative                             23                 21 (91%)                    0.03

EBMT Risk Score*
Early                                                    19                 15 (79%)                        
Intermediate                                     28                 25 (89%)                    0.02
Advanced                                             9                   4 (44%)
Non-malignant                                   6                   3 (50%)

HCT-CI: Hematopoietic Cell Transplantation-specific Comorbidity Index; R/D: recipi-
ent/donor; CMV: cytomegalovirus; EBMT: European Group for Blood and Marrow
Transplantation. *EBMT Risk Score: early disease stage includes acute leukemia (AL)
transplanted in first complete remission (CR), myelodysplastic syndrome (MDS) trans-
planted untreated or in first CR; intermediate disease stage includes AL in second CR,
chronic myeloid leukemia (CML) in all other stages than first chronic phase or blast
crisis, MDS in second CR or in partial remission (PR), lymphoma and multiple myelo-
ma in second CR, in PR or stable disease; late disease stage includes AL in all other dis-
ease stages, CML in blast crisis, MDS in all other disease stages and lymphoma and
multiple myeloma in all disease stages other than those defined as early or intermedi-
ate. Stage is not applicable for aplastic anemia, primary immunodeficiencies and sick-
le cell disease.

Table 2B. Univariate analysis of post-transplant variables as predictors of
recovery after CD34+-selected infusion. 
                                                                          N       Recovery, N (%)    P-value

Acute GvHD after allo-SCT 
Grades 0-I                                                                 42               32 (76%)
Grades II-IV                                                              20               12 (75%)                0.9

Chronic GvHD after allo-SCT 
None                                                                           37               29 (78%)
Mild                                                                            11               11 (64%)
Moderate                                                                   9                 8 (89%)
Severe                                                                        3                3 (100%)               0.06
Not evaluable*                                                          2                       0                          

Poor GF
Primary                                                                      21               15 (71%)
Secondary                                                                 41               32 (78%)                0.6

Poor GF
3 lineages                                                                  43               31 (72%)
1 or 2 lineages                                                         19               16 (84%)                0.3

Time from engraftment to 
secondary poor GF (median)

<130 days                                                                 18               14 (78%)
≥130 days                                                                  23               18 (78%)                0.9

Time from secondary poor GF 
to CD34+-infusion (median)

<88 days                                                                    21               15 (71%)
≥88 days                                                                    20               17 (85%)                0.3

Time from allo-SCT to CD34+- infusion (median)
<15 months                                                              31               21 (68%)
≥15 months                                                              31               26 (84%)                0.1

CD34+- infusion dose (median)**
<3.18                                                                          31               24 (77%)
≥3.18                                                                          31               23 (74%)                0.8

CD3+- infusion dose (median)***
<4.3                                                                            31               24 (77%)
≥4.3                                                                             31               23 (74%)                0.8

Addition of T cells at the time 
of CD34+- infusion

No addition and full donor chimerism              22               18 (82%)
Addition and mixed donor chimerism                6                 5 (83%)                 0.7
No addition and mixed donor chimerism         25               16 (73%)
Missing values                                                          9                        

Recipient age at CD34+- infusion (median)
Age <50 years                                                          31               22 (71%)
Age ≥50 years                                                          31               25 (81%)                0.4

Donor age at CD34+-infusion (median)
Age <39 years                                                          33               22 (67%)
Age ≥39 years                                                           29               25 (86%)               0.07

Active infection at the time of CD34+- infusion
Yes                                                                              24               12 (50%)
No                                                                               36               33 (92%)            <0.001
Missing values                                                          2                        

GvHD (acute/chronic) at the time of CD34+- infusion
Yes                                                                              15               10 (67%)
No                                                                               46               36 (78%)                0.4
Missing values                                                          1                        

Immunosuppression at the time of CD34+- infusion
Yes                                                                              39               29 (74%)
No                                                                               23               18 (78%)                0.7

Chimerism before CD34+- infusion
Donor                                                                         21               17 (81%)
Mixed                                                                         32               25 (78%)                0.8
Missing values                                                          9

GvHD: graft-versus-host disease; allo-SCT: allogeneic stem cell transplantation; GF: graft func-
tion. *Patients died within 100 days after allo-SCT.  **Cell dose x 106/kg recipient weight.
***Cell dose x 103/kg recipient weight.
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lance continued in a subset of patients at risk of late re-
activation (e.g., patients with GvHD, prior multiple re-
activations). Twenty-three recipients shared a CMV
seronegative status with the donor and did not have CMV
reactivation. Of the remaining 39 patients, 35 (92%) had
CMV re-activation before the CD34+-selected infusion.
No patients had CMV re-activation following infusion.
The relationship between complete or partial recovery
and CMV serostatus correlated with CMV re-activation,
with 23/35 (66%) of patients who had CMV re-activation
showing a response versus 24/27 (89%) of those who did
not have CMV re-activation (P=0.04). However, other
variables related to the severity of CMV infection includ-
ing earlier re-activation, higher peak CMV viremia, longer
duration of antiviral drug treatment, higher number of
CMV re-activations, active CMV infection at the time of
infusion and CMV disease did not correlate with worse
recovery (Online Supplementary Table S4).

Graft-versus-host disease 
Acute GvHD following CD34+- selected infusion

occurred in a total of seven patients (11%) at a median of
15 days (range, 7-26 days; 3 patients had acute GvHD
grade I-II and 4 patients had grade III-IV). 

Chronic GvHD was seen in five patients (8%) who sur-
vived for more than 100 days following CD34+-selected
infusion (1 patient had mild, 1 had moderate and 3 had
severe chronic GvHD). Of the six patients who received
co-transfer of donor T cells, two developed acute GvHD
grade III-IV and two developed mild and severe chronic
GvHD. 

Survival 
At a median follow up of 6.4 years (range, 2.8-9.9), 29

patients (11/15 non-responding [73%], 7/8 with partial
recovery [87%] and 11/39 with complete recovery [28%])
had died. The causes of death included infection (38%),
relapse (34%), GvHD (16%), secondary malignancies
(3%) and others (9%). The median overall survival for all
patients was 5.4 years (95% confidence interval [95% CI]:
1.3-9.4). One and 5-year overall survival rates were 70%
(95% CI: 58-82) and 54% (95% CI: 41-68), respectively. In
patients with complete recovery after CD34+-selected
infusion, the overall survival rates at 1 and 5 years were
86.7% (95% CI: 76-98) and 74.4% (95% CI: 59-89),
respectively, while those in patients with partial recovery
were 62.5% (95% CI: 28-97) and 16.7% (95% CI: 3-46)
respectively. Patients showing no response had poor out-
comes with overall survival rates of 33.3% (95% CI: 9-58)
and 22.2% (95% CI: 5-47) at 1 and 5 years respectively
(Figure 2A). Of the 15 patients who did not recover, three
(20%) remain alive: one patient had red cell aplasia and is
currently on periodic red cell transfusions with iron chela-
tion; a second patient underwent second allogeneic SCT;
and the third patient with trilineage poor graft function is
requiring ongoing transfusional support and growth fac-
tors. The remaining patients without response died, pri-
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Figure 2. Kaplan-Meier estimate of overall survival after CD34+-selected stem cell infusion. (A) Survival curves according to type of recovery; complete, partial or no
recovery. (B) Survival curves in patients who recovered after CD34+-selected infusion, according to whether they had poor graft function in one or two lineages or
poor graft function in all three lineages. CR: complete recovery; PR: partial recovery; NR: no recovery. 

Table 3. Multivariate analysis for recovery after CD34+- selected infusion.
                                                             N            OR (95% CI)       P-value

Active infection at the time of 
CD34+-selected infusion

Yes                                                              24                       1.0
No                                                                36            38.9 (3.9-388.3)        0.002
Missing values                                          2                           

R/D CMV status
Other                                                          37                       1.0
Negative/negative                                    23            16.8 (1.4-195.8)         0.02
Missing values                                          2                           

R/D sex
Unmatched                                               31                       1.0
Matched                                                     29            24.4 (2.3-254.5)        0.008
Missing values                                          2

R/D: recipient/donor; CMV: cytomegalovirus.

A B



marily as a result of infectious complications. Of the
patients who showed blood count recovery, those who
initially had poor graft function in one or two lineages had
a superior 5-year overall survival rate of 93.8% (95% CI:
82-99) compared to those with trilineage poor graft func-
tion who had a 5-year overall survival rate of 53% (95%
CI: 34-88) (Figure 2B). The rates or completeness of recov-
ery together with their effect upon outcome were similar
over time, as identified by comparing patient cohorts
receiving CD34+-selected infusions in the early versus late
time periods (2000-2009 versus 2010-2018) of the study
(data not shown). 

Discussion

Poor graft function occurs only in a minority of patients
following allogeneic SCT but is associated with a high
mortality. Management of such patients is resource-inten-
sive with patients requiring multiple hospital visits or pro-
longed, inpatient admissions. Our study shows that the
majority of patients with poor graft function who are
given CD34+-selected infusion without conditioning will
subsequently have a hematologic improvement; in more
than six of ten patients, the recovery will be permanent
and complete, avoiding the need for transfusion or growth
factor support. The procedure is safe with low rates of
acute and chronic GvHD, consistent with the low doses of
T cells contained within the CD34+-selected graft. Our
report does, however, highlight that there are subgroups
of patients (those with recipient or donor CMV seroposi-
tivity, with active infection or with recipient-donor sex
mismatching), who respond less favorably and for whom
alternative strategies may be required. 

Our study differs from other studies that employed
CD34+-selected infusion only in patients with full donor
chimerism. Reflecting the use of T-cell depletion in 91%
of patients in our series, mixed chimerism was evident in
58% of recipients (affecting the T-cell lineage in all
patients with or without involvement of B- and/or
myeloid-lineages), with none of these patients having evi-
dence of disease relapse. Our data confirm that the
approach of CD34+-selected infusion is feasible in such
patients with recovery rates similar to those of patients
with full donor chimerism. Although a small subset of
patients with mixed chimerism received a fixed dose of T
cells at the time of CD34+-selected infusion, this had no
effect upon outcome. To avoid the additional risk of
GvHD, we do not routinely give additional T cells in this
setting. We were unable to test whether the precise level
of donor chimerism correlated with recovery because the
analysis methods used to detect chimerism were only
semi-quantitative at the time most patients were treated.  

The main limitation of our analysis is the lack of a con-
trol group so that it is difficult to measure the effect of the
CD34+-selected infusion versus the effect of other
hematopoietic stem cell (HSC)-intrinsic or -extrinsic fac-
tors that lead to eventual recovery. The lack of a control
group is particularly relevant to the observed kinetics of
recovery with about one in two patients recovering more
than 30 days following infusion (although most achieved
complete or partial recovery within 3 months). We
observed similar kinetics of recovery to those observed by
other groups using CD34+-selected infusion without pre-
conditioning.7-11 We currently lack a clear framework in

human patients for understanding how niche function and
availability found in patients with poor graft function
influence the re-populating capacity of infused CD34+-
selected cells. While we presume that there are too few
endogenous HSC to outcompete the infused HSC in
patients with poor graft function, the number of available
niches in this clinical setting is unknown and likely to be
influenced by multiple factors including prior therapies,
host-pathogen interactions and immune dysregulation.

The larger number of patients in this series compared to
the numbers in other reports afforded us the opportunity
to explore predictors of response in more detail. We found
that active infection (identified using the surrogate of
antimicrobial therapy) at the time of CD34+-selected infu-
sion was the strongest negative predictor of recovery. Of
note, lack of recovery was not related to the level of neu-
tropenia, a finding that is indicative that other factors
independent of the overall severity of poor graft function
may prevent a response (data not shown). Under conditions
of replicative stress (e.g., allogeneic SCT) chronic inflam-
matory signals such as those mediated through Toll-like
receptors or pro-inflammatory cytokines (e.g., tumor
necrosis factor-a, interferon-γ or interleukin-1) impair
HSC self-renewal through induction of apoptosis or by
driving myeloid differentiation.17 In humans, similar
mechanisms have been invoked for bone marrow failure
in the context of chronic infections. Thus, one possibility
is that the pro-inflammatory conditions provoked by
infection pose a significant barrier to establishing a func-
tional HSC pool from infused CD34+-selected cells.  

Although the infections in this cohort of patients were
heterogeneous, CMV infection had the most noticeable
impact on the response to CD34+-selected infusion. Both
CMV seropositivity in the donor and/or recipient and a
history of CMV re-activation predicted a worse recovery
although the majority of patients in both groups achieved
complete or partial recovery. We had reasoned that recov-
ery would correlate inversely with surrogates of more
severe infections (e.g., high peak CMV viremia or greater
numbers of re-activations) but this was not the case; these
data suggest that either the sample size of our cohort was
not sufficiently powered to detect a relationship or that
other mechanisms are involved. While the myelosuppres-
sive effects of anti-CMV drugs are well described, CMV
infection may also impair niche functions and HSC self-
renewal by directly infecting bone marrow macrophages
and stroma, or indirectly as a consequence of chronic
inflammation.18 Currently, it is difficult to conceive new
strategies to overcome these issues other than accelerating
restoration of anti-CMV immunity through adoptive
transfer of CMV-specific or memory T cells, or the use of
anti-CMV drugs that cause less myelosuppression (e.g.,
letermovir). It will be of interest, therefore, to evaluate
how the introduction of CMV prophylaxis with leter-
movir affects the overall incidence of poor graft function
and responses to CD34+-selected infusions. In our view,
CMV-seropositive patients or those with CMV re-activa-
tion should not be excluded from consideration for
CD34+-selected infusion; however, this approach should
be considered as part of a broader plan to improve
immune reconstitution and avoid excess use of drugs that
are toxic to the bone marrow.  

Sex matching between the donor and recipient also
influenced recovery following CD34+-selected infusions,
specifically when the transplant was from a male donor
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into a female recipient. This finding was unexpected
because female recipients of male grafts had either full
donor chimerism or stable mixed chimerism prior to
CD34+-selected infusion (6/14 [30%] full donor and 8/14
[57%] stable mixed chimerism). This finding would be
consistent with the concept of ‘split tolerance’ identified
in animal models in which hematopoietic chimeras with
mixed T-cell chimerism can nevertheless reject other
donor tissues, including other hematopoietic cells.19 It will
therefore be important to track for evidence of anti-HY
antibodies and HY-specific cytotoxic T lymphocytes
either prior to or following infusion of male grafts into
female recipients. Potential strategies that could be consid-
ered in future trials would be the use of nonmyeloablative
conditioning prior to CD34+-selected infusion, or the co-
transfer of regulatory T cells;20 in the latter case, the regu-
latory T cells may be particularly important in providing
immune privileged sites for HSC within the bone
marrow.21

The minority of patients showing no recovery or only
partial recovery following CD34+-selected infusion had
worse overall survival, mostly explained by non-relapse
deaths in the first 18 months following treatment (12/14
[86%] of patients with no or partial recovery died due to
non-relapse causes, in the first 18 months). It will be cru-
cial to implement alternative strategies in such patients
including a second allogeneic SCT; in this case, use of the

same donor can afford the opportunity to use less toxic
regimens, even though these procedures still carry a high
risk in patients who may have accumulated additional
problems such as infection.  

In conclusion, we confirm that CD34+-selected donor
infusion without conditioning is an important therapeutic
option that should be considered in patients with poor
graft function following allogeneic SCT. Our findings also
indicate that this approach can be applied in patients with
stable mixed chimerism, a group excluded from previous
studies. The low risk of the procedure means that this
strategy can be adopted even in patients with risk factors
for lower rates of recovery (e.g., in patients with active
infection, of whom 1 in 2 patients will still respond).
However, the overall heterogeneity of response is indica-
tive that multiple factors (both intrinsic and extrinsic)
influence graft integrity and highlight the critical need for
further investigation of mechanisms underlying poor graft
function. The information gained could be used to define
the role of emerging treatments such as thrombopoietin-
receptor agonists,22 which are the subject of ongoing trials.
In the future, trials investigating combination therapies
involving CD34+-selected infusion and co-transfer of mes-
enchymal cells to improve niche function23 or regulatory T
cells to augment immune tolerance of transferred HSC
should be conducted.
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LETTERS TO THE EDITOR

NPAS4L is involved in avian hemangioblast 
specification

Vertebrate primitive hematopoietic and vascular devel-
opment is regulated by a conserved set of transcription
factors. Their common precursors, the hemangioblasts,
express Stem cell leukemia/T-cell acute lymphoblastic
leukemia 1 (SCL/TAL1)1 and Lim only protein 2 (LMO2)2

in all vertebrate groups examined. Hemangioblast speci-
fication from nascent mesoderm was reported to be less
conserved, with Ets variant 2 (ETV2) and Neuronal PAS-
domain containing protein 4-like (NPAS4L) identified as
its master regulator in mammals3 and zebrafish,4 respec-
tively. We show here that the ortholog of NPAS4L, but
not of ETV2, is present in the avian genome. Chicken
NPAS4L is expressed in hemangioblasts prior to
SCL/TAL1 and LMO2. CRISPR-on mediated ectopic
expression of endogenous NPAS4L leads to ectopic
SCL/TAL1 and LMO2, as with ectopic expression of
zebrafish NPAS4L. We propose that the ancestral
amniote genome had both NPAS4L and ETV2 genes. The
ETV2 gene was lost in the avian lineage without affecting

direct transcriptional regulation of SCL/TAL1 and LMO2
by NPAS4L.5,6 The NPAS4L gene was lost in the mam-
malian lineage, with its roles partially replaced by ETV2. 

Vertebrate primitive hematopoietic and vascular sys-
tems are derived from the mesoderm germ layer.7,8

Lineage specification events taking place between gastru-
lation and the onset of circulation are controlled by a set
of evolutionarily-conserved transcription regulators.8,9 In
birds,10-12  as in fish, amphibians and mammals,13-17 com-
mon progenitors of blood and endothelial cells (the
hemangioblasts) start to express transcription factors
SCL/TAL1 and LMO2 at Hamburger and Hamilton stage
4+ (HH4+),18 soon after their exit from posterior primitive
streak where ventral mesoderm cells originate. This is
followed by FGFR-mediated segregation of blood and
endothelial lineages and functional differentiation of
blood cells starting from HH7,10 mediated by a conserved
set of transcription factors including SCL/TAL1, LMO2,
GATA-binding factor 2 (GATA2), LIM domain-binding
protein 1 (LDB1) and transcription factor E2A (E2A).19

After the onset of circulation from HH12/13, the heman-
gioblast markers SCL/TAL1 and LMO2 become restricted
to the blood and endothelial lineages, respectively. 

Figure 1. The chicken genome has NPAS4L, but not ETV2 ortholog. (A) A simplified vertebrate phylogenetic tree. (B) Schematic view of blood and endothelial
cell differentiation from mesoderm precursors in the streak. NPAS4L and ETV2 are proposed to function during hemangioblast specification in the ventral meso-
derm. (C) The chicken genome has the NPAS4L orthologous gene flanked by KLHDC3 gene on one side and RRP36 and TMEM121L genes on the other. Similar
syntenic organization is seen in lizard A. carolinensis and zebrafish D. rerio. These genes are missing in mammalian genomes. The chicken genome does not
have ETV2 ortholog. The lizard genome has ETV2 and FLI1B as in the zebrafish genome. Mammals have ETV2, but not FLI1B. (It is to be noted that vertebrate
genomes have three copies of such tandemly duplicated ETS family genes; not shown). In addition to the ETV2-FLI1B couplet which is the least conserved, the
other two couplets (ETS1-FLI1 and ETS2-ERG) are well-conserved. (D) Summary of presence and absence of NPAS4L, ETV2, SCL/TAL1, LMO2 and NPAS4 genes
in various vertebrate groups. The following protein sequences were used for comparison. For SCL/TAL1: NP_001274276.1 (human), NP_001274317.1 (mouse),
XP_001374963.3 (opossum), DNA clone XX-200B24 (platypus), NP_990683.1 (chicken), XP_030427307.1 (desert turtle; sequence in Chinese soft-shell turtle
is incomplete), XP_008114556.1 (lizard), NP_001081746.1 (Xenopus) and NP_998402.1 (zebrafish); for LMO2: AAH42426.1 (human), AAH57880.1 (mouse),
XP_027693653.1 (opossum), XP_028917173.1 (platypus), AAL78036.1 (chicken), XP_030415938.1 (turtle), XP_003225211.1 (lizard), NP_001081112.1
(Xenopus) and AAH93136.1 (zebrafish); for ETV2: NP_055024.2 (human), NP_031985.2 (mouse), XP_007491908.1 (opossum), XP_028921116.1 (platypus),
XP_008119144.1 (lizard), NP_001089600.1 (Xenopus) and NP_001032452.1 (zebrafish); for NPAS4L: EntrezID 101750093 (chicken), XP_008103134.1
(lizard), XP_008165306.1 (turtle) and NP_001316841.1 (zebrafish). 
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Hemangioblast specification from their mesoderm pre-
cursors was reported to involve divergent transcriptional
regulation, with ETV2 in mammals3,20 and NPAS4L in
zebrafish4  as the main driver. ETV2 ortholog is present in
the zebrafish genome, but its function was reported to be
under the control of NPAS4L.4,6 No NPAS4L ortholog has
been identified in any mammalian species, suggesting
that this gene is not involved in hemangioblast specifica-
tion in mammals. Mammalian NPAS4, a homolog of
NPAS4L, was able to rescue fish cloche (npas4l) mutant
phenotypes.4 Duplication of the NPAS4 and NPAS4L
genes, however, took place before the divergence of
Actinopterygians (ray-finned fish, including the teleosts)
and Sarcopterygians (lobe-finned fish, including the
tetrapods) and NPAS4 has not been associated so far with
any aspect of vertebrate hematopoietic development,
suggesting that these two genes have different biological
functions involving separate molecular regulatory net-
works.

Since the mammals and birds are closely related both
phylogenetically (Figure 1A) and ontogenetically (Figure
1B), we investigated whether avian NPAS4 and ETV2
genes are involved in early hematopoietic and vascular
development. Molecular phylogenetic analysis indicated
that an NPAS4L ortholog was present in the chicken 
(G. gallus) genome (in both galGal5 and galGal6 assem-
blies) (Figure 1C). Although this gene is annotated as
NPAS4 in the current assembly, syntenic analysis (Figure
1C) clearly indicated that it was the ortholog of NPAS4L
in fish and other vertebrate groups (viewable through
search term “npas4” in the NCBI genome data browser
https://www.ncbi.nlm.nih.gov/genome/gdv/?org=gallus-gallus
or the chicken FANTOM dataset browser
http://fantom.gsc.riken.jp/zenbu/gLyphs/#config=b1zZI1gUF
Z6mHX6-4Gvxr). Phylogenetic analyses also showed that
the NPAS4L gene is present in all other bird species with

their genomes fully or partially assembled and in non-
avian reptiles with their genomes assembled (Anolis lizard
shown as an example in Figure 1C). In contrast, the ETV2
ortholog is missing in the entire avian lineage, and also in
crocodiles and turtles, suggesting a loss of this gene
before avian evolution. The ETV2 ortholog, however,
was found in some of the reptilian lineages (e.g., lizards
and snakes) (Figure 1C and D). Taken together, our phy-
logenetic analyses suggest that birds have the NPAS4L,
but not the ETV2, gene in their genomes. 

We next asked whether NPAS4L plays a role in early
hemangioblast specification in chick as was shown in
zebrafish. For this purpose, we generated an RNA whole-
mount in situ hybridization (WISH) probe for chicken
NPAS4L and performed WISH using embryos from stage
HH3 (early gastrulation) to stage HH12 (onset of circula-
tion). Expression of chicken NPAS4L was detected in ter-
ritories marking nascent hemangioblasts in ventral meso-
derm (Figure 2A) from stage HH3+, the earliest among all
hemangioblast-specific genes (e.g., SCL/TAL1 and LMO2
expression starts from stage HH4+). This observation was
confirmed by WISH using left-right bisected embryos,
with the left half stained for NPAS4L and the right half
stained for SCL/TAL1 and Chordin (Figure 2C). Paraffin-
sectioning of stained embryos (Figure 2B) showed that
NPAS4L-positive cells are located in a subset of the meso-
derm germ layer that will give rise to blood and endothe-
lial cell lineages (red arrows; germ layers marked by
arrowheads and brackets), as we had previously report-
ed.10,21 NPAS4L expression levels peaked at HH7 and
declined soon afterwards (Figure 2A), suggesting that this
gene is specifically and transiently involved in heman-
gioblast formation, but not in their differentiation. 

We have previously generated the chicken pro-
moterome database, spanning the entire 21-day period of
embryonic development.22 When we searched this data-
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Figure 2. Chicken NPAS4L gene expression during hemangioblast specification. (A) Whole-mount in situ hybridization (WISH)  of NPAS4L from HH3 to HH10.
Fertilized hen's eggs were purchased from Takamoriryo in Aso (Kumamoto, Japan). (Top) White background for expression visualization; (bottom) dark back-
ground for stage visualization. Black lines indicate section levels shown in (B). (B) Section of embryos in (A). NPAS4L-expressing cells indicated by red arrows.
Germ layers marked by black arrowheads (ectoderm and endoderm) and brackets (mesoderm). (C) Chicken NPAS4L is expressed starting from HH3+, earlier
than SCL/TAL1. Embryos were fixed and processed to the pre-hybridization step (left panels) and were cut into left (stained for NPAS4L) and right (stained for
SCL/TAL1 and Chordin together) halves. Stained half embryos were then photographed together (middle panels: white background showing both halves; right
panels: dark background showing both halves). Chordin expression was used to mark precise embryo stages. At HH3+ (top row) and HH4 (middle row), NPAS4L
is expressed and SCL/TAL1 is not expressed. At HH5 (bottom row), both NPAS4L and SCL/TAL1 are expressed.
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base (http://fantom.gsc.riken.jp/zenbu/), NPAS4L was
shown (Figure 3A) to be only expressed in a narrow time
window with its peak expression at HH7, consistent
with the WISH data. To evaluate its molecular function,
we used CRISPRa (CRISPR-mediated gene activation;
also known as CRISPR-on)23 to ectopically express this
gene. CRISPRa utilizes a modified Cas9 protein (with
dead nuclease activity and fused with ten copies of VP16
transactivation domain) to recruit transcriptional machin-
ery to targeted promoters mediated by single guide RNA
(sgRNA). We had previously confirmed the effectiveness
of CRISPRa system in the avian model by taking advan-
tage of the single-nucleotide level resolution in transcrip-

tion start site (TSS) mapping.22 Four sgRNA sequences
located within the 500-base pair region preceding the
NPAS4L TSS were selected (Figure 3) (for interactive view
of NPAS4L TSS, use the link http://fantom.gsc.riken.jp/
z e n b u / g Ly p h s / # c o n f i g = b 1 z Z I 1 g U F Z 6 m H X 6 -
4Gvxr;loc=galGal5::chr3:4300587..4304021+) and cloned
into expression construct pAC154-dual-dCas9VP160-
sgExpression (Addgene #48240). Mesoderm precursors in
the streak in HH2/3 embryos were targeted for electropo-
ration (see Weng and Sheng19 for electroporation proto-
col) with these four sgRNA expression constructs togeth-
er with marker GFP expression construct (Figure 3C), and
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Figure 3. NPAS4L is involved in chicken hemangioblast specification. (A) Screenshot of NPAS4L locus in chicken promoterome database (see text for web link).
NPAS4L transcription start site (TSS) is indicated by red label and black arrow. TSS activity levels at different developmental stages are shown at the bottom.
The highest expression is seen at HH7. (B) Design of sgRNA for chicken NPAS4L CRISPRa. Mapped TSS is TCAGCAGG (underlined). Preceding 500 bp of promoter
region is shown, with sgRNA sequences highlighted in red and PAM sequences in blue. (C) Schematic diagram of how embryos are electroporated and cultured.
(D) NPAS4L CRISPRa constructs activate endogenous NPAS4L expression ectopically (oval). (Top) NPAS4L expression only; (bottom) NPAS4L expression togeth-
er with anti-GFP staining marking the electroporated territories (brown). (E) NPAS4L CRISPRa constructs activate endogenous LMO2 (left) and SCL/TAL1 (mid-
dle) ectopically (oval). Zebrafish NPAS4L is also capable of activating hemangioblast markers (SCL/TAL1 shown in right panel, oval). (F) Hypothetic scenario of
hemangioblast specification in the ancestral amniote and ancestral reptile. It is proposed that the zebrafish scenario (both NPAS4L and ETV2 genes are present,
with NPAS4L functioning upstream of ETV2) is the default one. Mammals have lost NPAS4L and birds have lost ETV2.  
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electroporated embryos were assessed for ectopic expres-
sion of endogenous NPAS4L and of two hemangioblast
markers SCL/TAL1 and LMO2. NPAS4L CRISPRa con-
structs were able to ectopically activate endogenous
NPAS4L (Figure 3D, oval areas) (11 of 12; 92%) in regions
that are normally NPAS4L-negative (Figure 2A), as well
as hemangioblast markers SCL/TAL1 (9 of 25; 36%) and
LMO2 (6 of 21; 29%) (Figure 3E, oval areas in left two
panels), albeit with reduced efficiency. Interestingly, sim-
ilar inductive effect (5 of 13 for LMO2 and 4 of 9 for
SCL/TAL1) was observed when we used zebrafish
NPAS4L expression construct4 (cloned into the pCAGGS
expression vector) (Figure 3E, oval area in right panel),
supporting partial molecular conservation between the
zebrafish and chicken NPAS4L genes. 

In conclusion, we present evidence that during early
chicken development, NPAS4L, instead of ETV2, is
involved in hemangioblast formation. Data from our
molecular phylogenetic analyses support the hypothesis
that both the NPAS4L and ETV2 genes were present in
the common reptilian ancestor and likely also in the com-
mon amniote ancestor (Figure 3F). A conclusive confir-
mation of their epistatic relationship, however, requires
additional evidence from gain-of-function of ETV2 (e.g.,
using a reptilian ETV2 ortholog) and loss-of-function of
NPAS4L (e.g., through CRISPR-mediated transcription
inhibition) studies. In birds and other reptilian lineages
which lack the ETV2 ortholog in their genome, it is pos-
sible that other ETS family genes have been co-opted to
play hemangioblast-specific roles of ETV2. Because ETV2
and NPAS4L are transcription factors with different DNA
binding specificities and co-factor requirements, it
remains to be shown how ETV2 took over molecular
functions of NPAS4L during early mammalian evolution. 
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Real-time national survey of COVID-19 in
hemoglobinopathy and rare inherited anemia
patients 

Faced with the rapidly evolving COVID-19 pandemic, in
March 2020 the UK Government advocated strict self-iso-
lation (‘shielding’) to protect extremely vulnerable patient
groups deemed at high risk of severe SARS-CoV-2 infec-
tion.1 These included children and adults with sickle cell
anemia (HbSS). On the advice of the National
Hemoglobinopathy Panel (NHP), a multidisciplinary
expert advisory group, shielding guidance was extended to
all sickle cell disease (SCD) sub-types. Patients with trans-
fusion dependent (TDT) and non-transfusion dependent
thalassemia (NTDT), Diamond-Blackfan anemia (DBA)
and other rare inherited anemias were also advised to
shield if considered at high risk based on agreed clinical cri-
teria. These included severe iron overload, splenectomy,
diabetes and cardiac disease.2 Data provided by two partic-
ipating centers with the largest thalassemia cohorts indi-
cate up to 30% of patients meet these criteria.

In order to evaluate the impact of these measures and
inform guidance on the clinical management of COVID-19
and public health policy, a real-time survey of confirmed
and suspected cases of COVID-19 in hemoglobinopathy
and rare inherited anemia patients was 
initiated on behalf of the NHP and National Health Service
(NHS) England Clinical Reference Group for
Hemoglobinopathies. 

Data were submitted weekly by the 14
Hemoglobinopathy Coordinating Centers (HCC) in
England, providing national coverage. HCC were encou-
raged to follow World Health Organization (WHO) case
definitions which include both confirmed and clinically
suspected COVID-19.3 Anonymised data were collected
using a standardised report template (see the Online
Supplementary Data) and presented weekly to the NHP.
Between April 8 and May 6, 2020, a total of 195 confirmed
or suspected COVID-19 cases (male: 87; female: 108) were
reported. The timeline of case accrual is shown in Figure
1A. The median age was 33 years (range: 6 weeks to 92
years).  The distribution according to age and sex is shown
in Figure 1B. PCR for SARS-CoV-2 RNA was positive in 99
of 157 (63%) cases tested (Figure 2A). Laboratory confir-
mation was not available for 34 (17.4%) cases, 31 of which
were managed in the community for suspected COVID-19
before widespread testing became available.

SCD accounted for 166 (85.1%) of cases reported, with
129 (77.7%) severe (HbSS or HbSβ0-thalassemia) and 37
(22.3%) mild (HbSC, HbSβ+-thalassemia or HbSE) geno-
types (Figures 2A-B). There were 149 adults and 17 chil-
dren (defined as ≤18 years). Ninety-five (57%) were
female. One hundred and twenty-eight (77.1%) SCD
patients were admitted to hospital of whom 15 (11.7%),
all adults, required non-invasive and/or mechanical venti-
lation (Figure 2B). The proportion of patients who required
critical care was higher in mild genotypes, 8 of 29 (27.6%),
than severe genotypes, 7 of 99 (7.1%) (Figure 2B). Sixty of
154 (39%) patients for whom data were available received
transfusion (red cell exchange 46 [29%]; simple [top-up]
transfusion 15 [10%]) during the COVID-19 episode. The
proportion of transfused patients was similar for children
and adults. Outcome was analyzed for cases with a com-
pleted COVID-19 course (n=142), excluding those with a
continuing inpatient stay or missing data. Of patients with
a completed course, 131 (92.2%) have recovered and 11
(8.4%) died. The median age of patients who died was
higher (51 years, range: 19-68 years) than those who

recovered (31 years, range: 6 weeks to 72 years,
P=0.0042). No deaths occurred in children. Among adult
patients admitted to hospital mortality was 9.2 % (10 of
109). One patient died outside hospital, in a community
residential care facility.  In six patients who died, comorbid
conditions (stroke: 1, cardiopulmonary disease: 2; cancer:
1; chronic kidney disease (stage G5): 1; hypertension: 1)
associated with increased risk of death in COVID-19 were
present. Seven of 10 patients who required mechanical
ventilation died. As of May 6, 2020, 19 patients were
receiving inpatient treatment, including non-invasive ven-
tilation in one case. Data were missing for five patients
managed outside hospital. 

The association of patient variables with survival status
was analyzed in SCD patients (n=77) with a laboratory
confirmed COVID-19 diagnosis who were admitted to
hospital (Table 1). The overall mortality in the group was
10.4%. In contrast to the association of older age and male
sex with risk of COVID-19 related death in other popula-
tions, no significant correlation was found with age, sex or
SCD genotype. Mortality was higher in females and mild
genotypes though the differences did not reach signifi-
cance. 

As of May 6, 2020, 206,715 cases of COVID-19 with
30,615 (14.8%) deaths had been reported in the UK. At
first sight this suggests SCD patients are not more vulne-
rable to COVID-19. The age demographic profile of
COVID-19 however differs markedly in the SCD and gen-
eral population. In the ISARIC study4 of 20,133 cases of
confirmed COVID-19 admitted to hospitals in the UK
between February 6 and April 19, 2020, the median age
was 73 years compared with a median age of 31 years in
our cohort. We therefore compared the age adjusted risk of
COVID-19 related death in SCD with that of the general
population combining contemporaneous data from our
survey, the National Hemoglobinopathy Registry (NHR)5

and OpenSAFELY study.6 The latter (data cut May 6) quan-
tified risk factors for COVID-19 related death in England
by linking primary care electronic health records of 17 mil-
lion patients with data from the COVID-19 National
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Table 1. Association of patient variables with survival status in sickle
cell disease patients with laboratory confirmed COVID-19 admitted
to hospital and outcome according to RT-PCR status
                                         Alive                    Dead                       P

Patient sex
Female                           44 (92%)                   4 (8%)                        0.94
Male                                25 (86%)                  4 (14%)

Patient age (years)
<10                                 1 (100%)                   0 (0%)
10-19.9                             8 (89%)                   1 (11%)
20-29.9                            24 (92%)                   2 (8%)                        0.14
30-39.9                            14 (93%)                   1 (7%) 
40-49.9                            5 (100%)                   0 (0%)
50-59.9                            13 (93%)                   1 (0%)
>59.9                                4 (57%)                   3 (43%)                           

Disease severity
Mild                                 19 (86%)                  3 (14%)                       0.55
Severe                           50 (91%)                   5 (9%)   

PCR status
Negative                         47 (98%)                   1 (2%)                       0.081
Positive                          69 (90%)                  8 (10%)



Patient Reporting System. In this large cohort the COVID-
19 related mortality rate in patients aged 18-49 years and
50-79 years was 194 of 8,764,368 (22.1 per million people)
and 4,258 of 7,382,344 (576 per million people) respective-
ly. Based on the number of patients registered on the NHR
in the same age groups, equivalent figures for SCD are 4 of
5,242 (763 per million people) and 5of 1,682 (2,972 per
million people) respectively. Cases without a laboratory
confirmed COVID-19 diagnosis were excluded from the
analysis. Comparison of the proportions of deaths in SCD
and the general population indicates that SCD patients in
the age groups 18-49 years and 50-79 years have an
increased risk of COVID-19 related death, odds ratio (OR)
34.5 (range: 12.8-92.8, P<0.0001) and OR 4.1 (range: 1.5-
11.0, P=0.0047) respectively.

Patient characteristics and outcomes for thalassemia
(n=26) are shown in Figure 2A and C. During the COVID-
19 episode 8 (31%) thalassemia patients received transfu-
sion. Two deaths were reported, in patients with hemo-
globin H disease and TDT aged 92 and 53 years. Both had
concurrent morbidities in the form of cancer and splenec-
tomy, iron overload and diabetes respectively. Only three
patients with rare inherited anemia (unstable hemoglobin
Hb Köln: 2, hereditary elliptocytosis: 1) were reported
(Figure 2A). All received transfusion for acute hemolysis

during the COVID-19 episode and subsequently recov-
ered. No cases of COVID-19 were reported in DBA.

As part of the survey HCC were encouraged to notify
adverse events impacted by, though not necessarily direct-
ly attributable to COVID-19. Two deaths were reported in
SCD, in which delayed presentation may have contributed
to the outcome. In one case there was confirmed gram-
negative sepsis and in the other SARS-CoV-2 RNA was
detected post-mortem.

Despite guidance to reduce the risk of SARS-CoV-2
infection in extremely vulnerable individuals by strict self-
isolation (shielding) at home and government support
with food and medicines, a significant number of hemo-
globinopathy patients in the UK have developed COVID-
19. It is likely that the reasons for this are complex.
Identification of extremely vulnerable patients initially
relied on national digital health data systems. In a survey
conducted by one of the participating centers around 20%
of patients reported they had not received the initial
shielding guidance issued by the NHS. Socioeconomic fac-
tors such as low income and a need to preserve employ-
ment, poor housing, and lack of practical support limit the
ability of some households to sustain effective shielding
measures. Furthermore, nosocomial SARS-CoV-2 infection
is a risk for patients who have to maintain contact with
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Figure 1. Number of confirmed and suspected COVID-19 cases reported over a 4-week period from April 8 to May 6, 2020 (A) subdivided according to age and
sex (B).
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health care services for essential treatment. Our survey
provides insight into the prevalence of COVID-19 in
hemoglobinopathy and rare inherited anemia patients. It is
estimated that there are 13,655 patients with SCD in
England.7 Based on the age distribution of patients on the
NHR, cases reported represent 1.2% of the SCD patient
population, comprising 1.8% of adults and 0.3% of chil-
dren. The equivalent figures for thalassemia (with 1,564
patients on the NHR) are similar; overall 1.6%, adults
2.3% and children 0.4%. Nationally 35-40% of hemoglo-
binopathy patients fall into the pediatric age group. The
low incidence of COVID-19 repor-ted in children with
hemoglobinopathies is consistent with its characteristic
course, which, with the exception of the hyperinflamma-
tory syndrome described,8 is generally mild in this age
group. This implies shielding may not be necessary for
children with sickle cell and thalassemia disorders, other
than in defined risk categories such as after hematopoietic
stem cell transplantation. This has important implications
for schooling and social development. 

Two recent reports from France and the USA have
described patient characteristics and outcomes of con-
firmed COVID-19 in SCD.9,10 In the USA registry hospital-
ization, intensive care unit (ICU) admission and case fatal-
ity rates were broadly similar to those seen in the UK. A
higher rate of ICU admission (20.5%) and lower mortality
(2.4%) was found among hospitalized patients in France.
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Figure 2. Schematic of the genotype/phenotype, COVID-19 diagnosis, ma-
nagement and outcome for patients with hemoglobinopathy or rare inherit-
ed anemia reported between April 8 and May 6, 2020. Total population (A),
sickle cell disease (B) and thalassemia (C). TDT: transfusion dependent tha-
lassemia; NTDT: non-transfusion dependent thalassemia; HbH: hemoglobin H
disease. Symbols in yellow denote the PCR status and management of
patients as follows: + PCR-positive; – PCR-negative; *: not tested; ?: status of
testing unknown; triangle: non-invasive ventilation; inverted triangle:
mechanical ventilation. For deaths, each column of symbols corresponds to
an individual patient. 
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Consistent with our findings both studies observed a dis-
proportionate number of COVID-19 rela-ted deaths in
mild SCD genotypes. Differing conclusions were drawn
with respect to overall morbidity and mortality of COVID-
19 in SCD. This highlights the importance of population-
based risk estimates which neither study included. In this
regard the preliminary results reported here suggest
COVID-19 is associated with increased mortality in adults
with SCD. Further studies are needed to refine the magni-
tude of risk and determine the extent to which it reflects
an independent effect or association with other clinical,
demographic or socioeconomic risk factors. Current evi-
dence suggests patients with sickle-related chronic organ
damage may be at increased risk irrespective of age and
underpins a ratio-nale for individual risk assessment in
shielding guidance. This has important implications for
prevention as European countries proceed with a phased
easing of lockdown measures in the population. 

In thalassemia and rare anemias, only tentative conclu-
sions can be drawn given the small number of cases
reported. In the former, outcomes were in keeping with an
initial report from Italy, which indicates the course of
COVID-19 in thalassemia is generally favorable.11 Both
thalassemia cases associated with a fatal outcome in our
survey had independent predictors of mortality.  

HCC were instructed to notify both proven and clinical-
ly suspected cases of COVID-19, in contrast to the re-
gistry studies reported. In the early stages of the pandemic,
laboratory capacity in the UK was limited and many
patients with clinical features of COVID-19, particularly
those with milder disease, were not tested. The limited
sensitivity of RT-PCR testing for SARS-CoV-2 infection,
with false negative rates up to 30%,12 was a further consid-
eration in our decision to include clinically suspected
cases. In order to avoid ascertainment bias the use of
WHO criteria for suspected cases was recommended.
Nevertheless, this may have led to an overestimation of
cases which, with the availability of testing for antibodies
to SARS-CoV-2, it will be possible to evaluate retrospec-
tively. Although all HCC were invited to participate not all
returned complete data due to workforce constraints or
competing priorities during the pandemic. HCC have been
encouraged to retrospectively enter data. This will enable
a complete analysis to be reported in due course, allowing
estimates of incidence and morbidity to be refined.  

Although not its primary purpose, our survey raises con-
cern that an unintended consequence of shielding could be
the delayed presentation of life-threatening complications
in hemoglobinopathy and rare anemia patients.
Observational studies to measure excess deaths in vulner-
able patient groups during the COVID-19 pandemic are
needed. In order to mitigate this risk the NHP in collabo-
ration with NHS England and patient support groups
issued guidance that while shielding patients should con-
tinue to access normal pathways for managing complica-
tions of their condition and notify their center of care
immediately if they develop suspected COVID-19 symp-
toms to ensure presentations which overlap, inclu-ding
bacterial infection and acute chest syndrome, are recog-
nized and treated promptly.2 Our national survey, under-
taken in a real-world setting, expands on case series from
single centers13,14 and complements recently repor-ted reg-
istry data from France and the USA in contributing to an
understanding of the direct and collateral impact of
COVID-19 in SCD and other inherited anemias.
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Exome sequencing reveals heterogeneous clonal
dynamics in donor cell myeloid neoplasms after stem
cell transplantation

Allogeneic hematopoietic stem cell transplantation
(allo-HSCT) is an established treatment option for
myeloid neoplasms (MN). In rare cases, the development
of de novo hematologic malignancies derived from cells of
donor origin, named donor cell hematologic neoplasm
(DCHN), can occur.1,2 Although some mechanisms have
been suggested, the etiological factors and mechanisms
involved in DCHN onset remain elusive. Moreover,
DCHN is an extremely unusual allo-HSCT complication.
But it provides a useful in vivo model to understand the
genomic processes driving the leukemic transformation
of donor stem cells. This study collects the first large
cohort in which whole exome sequencing (WES) was
performed in several post-transplant bone marrow (BM)
samples from DCHN patients and their donors.

A cohort of seven patients (Table 1 and Online
Supplementary Appendix) recruited from three hospitals
belonging to the Spanish Group of Hematopoietic
Transplantation (GETH) and their donors were included.
The study included 32 BM samples from different time
points after allo-HSCT (Online Supplementary Figure S1) as
well as one peripheral blood (PB) sample from each
donor. The research protocol was approved by the Ethics
Committee of Gregorio Marañón General University
Hospital. The study WES workflow is summarized in
Figure 1 and the Online Supplementary Methods.

The results of the analysis of the mutational profiles
obtained from the sequential post-HSCT samples
demonstrated high intra-tumor genetic heterogeneity
and clonal dynamics for all seven donor cell myeloid neo-
plasm (DCMN) cases (Figure 2). Among the altered
genes, 27 variants in 26 strong candidates with oncogenic
potential were found. This analysis showed 19 variants
in genes associated with RNA processing and metabo-
lism (LUC7L2, NOP14), cell differentiation (LAMA5,

SKOR2, EML1), signal transduction (SNX13, IRS1,
TENM2), including notch signaling pathway (NOTCH4,
DTX1) and ERBB2 signaling pathway (GRB7), immunity
regulator (MEFV), histone deacetylase (GSE1), DNA
damage response (PNKP), post-translational modifica-
tions (SENP7), transcription factor (TAF1L, ZKSCAN2,
ZNF461), and apoptotic process (MEGF10), as well as
eight mutations in seven genes commonly found in adult
acute myeloid leukemia (AML) or myelodysplastic syn-
dromes (MDS) (SETBP1, DNMT3A, TET2, RUNX1,
CSF3R, EP300 and IDH2). All these mutations were con-
firmed by a customized targeted gene panel designed ad
hoc to validate the variants selected in the WES which
also included the most recurrent mutations in MN (Online
Supplementary Appendix). By this approach, the gene
panel analysis also allowed identification of mutations in
CSF3R, NPM1, TP53 and ASXL1 genes (Online
Supplementary Table S1).

Analysis of CNV revealed that the most common chro-
mosomal alterations in DCMN were monosomy 7 (-7) or
chromosome 7 abnormalities, which were detected in 6
out of 7 patients (Figure 2 and Online Supplementary
Figures S3-S9).

Regarding the analysis performed on donor samples,
copy number variation (CNV) analysis of stem cell
apheresis from donor 1 revealed -7. Four years later, the
recipient developed a donor cell myelodysplastic syn-
drome (DC-MDS), which showed -7 together with other
molecular (SETBP1, LUC7L2) and cytogenetic alterations.
This case highlights what has been described by other
authors who suggested that SETBP1 mutations occur at
later stages of disease evolution, influencing the clinical
course of the disease rather than its initiation; they are
associated with a poor prognosis.

The other six donors presented variants in genes that
have been involved in hematologic or solid tumors:
KLLN (c.445T>A), HOXD4 (c.242A>T), MSR1
(c.877C>T), HOXD12 (c.213T>C), MOS
(c.426_432dupTGGCAAC), SETBP1 (c.3962G>A),
MAD1L1 (c.851A>G).3,4,5,6,7 Of note, variants present in
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Table 1. Clinical features of donor cell myeloid neoplasm (DCMN) patients.
Patient    Age/Sex    Primary     Donor       Status     Donor    Stem    Type                  Cytogenetics                     Time         Treatment    Outcome         Donor
                                disease    Age/Sex   pre-HSCT    type      cell        of                       of DCMN                        from                 
                                                                                             source DCMN                                                   allo-HSCT to 
                                                                                                                                                                     DCMN (months)

1                  56/M            MCL           72/M            2ªCR           MR         PB        MDS              45,XY,-7,del(12)(p12)                     57             AZA + SCT        Dead        BM dysplasia
2                   26/F             ALL            64/M            2ªCR        MMR*      BM       MDS              46,XY,del(5q),del(7q)                     34                      -                 Dead             Healthy
3                  39/M        CML-CP        49/M            NCR           MR         BM       MDS                           45,XY,-7                                 249            AZA + SCT         Alive              Healthy
4                  60/M            AML            55/F             1ªCR           MR         PB        AML       45,XX,t(3;16)(q21;q22),-7[16]             19             AZA + SCT        Dead             Healthy

                                                                                                                                                  90-130,XXXX,t(3;16)(q21;q22), 
                                                                                                                                            t(3;16)(q21;q22),-7,-7,+2-5 marc[2], 
                                                                                                                                                                     46,XX[2]                                   
5                  55/M            MCL           59/M            1ªCR           MR         PB        AML             46,XY,del(7)(q31q36)//                   67             AZA + SCT        Dead             Healthy

                                                                                                                                                    47,XY,+1,der(1;7)(q10;p10)
6                   46/F             ALL             0/F              1ªCR          MU         CB        AML                             46,XX                                    24             AZA + SCT        Dead                   -
7                  46/M            ALL            63/F             1ªCR        MMR*      BM       MDS        46,XX,t(10;11)(q24;p15)[13]                5             Hydroxyurea       Dead             Healthy

                                                                                                                                                           45,sl,-13,16,+mar[2]
                                                                                                                                                          46,sl,del(7)(q22)[5]                        
M: male; F: female; MCL: mantle cell lymphoma; ALL: lymphoblastic leukemia; AML: acute myeloid leukemia; CML-CP: chronic myelogenous leukemia BCR-ABL1 positive-chronic phase;
CR: complete remission; NCR: non-cytogenetic response; MDS: myelodysplastic syndrome; MR: matched related; MU: matched unrelated; MMR: mismatched related; PB: peripheral blood;
CB: cord blood; CK: complex karyotype; AZA: azacitidine; HSCT: hematopoietic stem cell transplantation. *1-antigen HLA-mismatched. Patients were transplanted between 1994 to 2015.
Donors were healthy at the time of DCMN diagnosis.    



donor stem cells were also detected in all the correspon-
ding follow-up samples after allo-SCT. Based on the vari-
ant allele frequency (VAF), all variants seem to have
germline origin except for those in MOS (donor 5) and
that in SETBP1 (donor 6), which appear be of somatic ori-
gin. Unfortunately, germline samples were not available
to confirm this observation.

Interestingly, although acquired or inherited genetic
alterations, which might be related to a predisposition to
cancer, were observed in all donors, none of them had
developed overt neoplasia at the moment of DCMN diag-
nosis in the recipients.

Considering the results in patients and donors described
above, we propose a plausible model of leukemogenesis
for each case, with progressive emergence of mutations in
donor cells related to the development of AML or MDS
after allo-HSCT (Figure 2). In cases 2, 4, 6 and 7, in which
the median time to DCMN diagnosis was 21.5 months,
the acquisition of mutations and the evolution of the
leukemic clone occurs early after allo-HSCT, a period char-
acterized by a marked immunosuppression state in the
patients. Moreover, these four patients had received con-
ditioning regimens based on chemotherapy combined
with total body irradiation (TBI) and/or timoglobulin,
which would also contribute to the development of MN.

The present study shows that MN evolve by an iterative

process of genetic diversification derived from clonal selec-
tion and expansion that begin before the clinical onset, in
accordance with the current multistep pathogenesis model
of leukemogenesis.8 After the initiating mutation, malig-
nant clones evolve and accelerate disease progression
through the acquisition of new mutations. Although no
clear pattern of clonal mutation acquisition has been
observed, initiating mutations appear to affect epigenetic
regulators of transcription (DNMT3A, TET2) or genes
involved in intracellular signal transduction (SNX13,
RHPN2, IRS1, CSF3R).

Different factors can influence the development of a
neoplasm in donor cells. Interestingly, cytogenetic abnor-
malities involving chromosome 7 were the most frequent
in our DCMN cohort (6 of 7 patients). The frequency of -
7 is particularly high among therapy or radiation-induced
MDS or AML,9 as well as TP53 and epigenetic modifying
gene somatic mutations,10 as in 4 out of 7 patients. In the
present cohort, 6 of 7 patients received an alkylating agent
or antimetabolites within the conditioning regimen.
Furthermore, four of them also received ionizing radiation
therapy, and the time of leukemogenic transformation in
these patients was shorter than in those who only received
chemotherapy. Due to the high prevalence of chromo-
some 7 anomalies in this entity (a characteristic previously
observed by others authors2), it seems that the residual
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Figure 1. Flowchart of sequencing and filtering methods to identify and prioritize variants. Post-allogeneic hematopoietic stem cell transplantation (allo-HSCT)
samples were matched against their donor peripheral blood (PB) and previous post allo-HSCT samples to identify the acquisition of mutations along post allo-
HSCT period until donor cell myeloid neoplasm (DCMN) development. Those somatic variants detected in coding region and donor or acceptor splicing zone, mis-
sense, nonsense and frameshift variants with minor allele frequency (MAF) <0.01 were further studied. Copy number variation (CNV) analysis was performed in
all samples. To perform the donor analysis a cancer-associated gene list was compiling, the list comprised of a total of 2197 genes and variants detected in cod-
ing or splice-site, with variant allele frequency (VAF) between 0.45-0.55, MAF <0.01 were further studied. BWA: Burrows-Wheeler Aligner; COSMIC: Catalogue Of
Somatic Mutations In Cancer; HGMD: Human Gene Mutation Database). 1See Online Supplementary Tables S2 and S3. 2See Figure 2, Online Supplementary
Table S1 and Online Supplementary Figures S1-S9.



toxicity in the BM of prior chemotherapy and/or TBI plays
an important role in pathophysiology of this disease. Of
note, none of the donors had received chemotherapeutic
or other toxic drugs.

Additionally, the post allo-HSCT period is characterized
by a decreased immune surveillance caused by both con-
ditioning regimens and by the immunosuppressive drugs
administered to prevent graft-versus-host disease.
Downregulation or inactivation of the immune system
may facilitate malignant clonal progression. Consequently,
the appearance or outgrowth of cells with potential to
become cancerous is increased in this period.

Noteworthy, all seven donors in the present study had
germline or acquired genetic alterations in genes which
might be related to tumor development. Although some of
the specific variants found in the donors have been
described in low frequencies in particular human popula-

tions, all of them have also been previously described in
families with a predisposition to cancer. Cancer-related
genes usually show incomplete penetrance and variable
expressivity, and need additional genomic events to lead to
the development of a tumor.11 In this regard, post-SCT
conditions might contribute to the progression of the phe-
notype. The existence of an acquired premalignant state
bearing the initiating lesions has been reported in some
donors who have no other signs of disease. Moreover,
somatic mutations in genes involved in leukemogenesis
were found in 5%, 10% and 20% of 60-, 70-, and 90-year-
old individuals, respectively.12 Likewise, humans with
clonal hematopoiesis have an increased risk of developing
hematologic neoplasms compared with those without
mutations.13 However, the use of older donors with clonal
hematopoiesis of indeterminate potential (CHIP), other-
wise revealed as a safe approach, has recently been associ-
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Figure 2. Models of clonal evolution in seven patients with donor cell myeloid
neoplasm (DCMN) post-allogeneic stem cell transplantation (allo-HSCT).
Figures of clonal evolution showed the dynamics of somatic mutations prob-
ably related to the onset of donor cell leukemia after allo-HSCT.



ated with an increased risk of developing DCMN.14

Interestingly, CHIP-associated mutations were not found
in any of the donors in our cohort, even though 5 of 7
were over 55 years old. This observation indicates that dif-
ferent mechanisms may be involved in the development of
DCMN which would need further investigation.

Genetic predisposing factors are presumed to play an
important role in the development of MN. Likewise, 16-
21% of cancer survivors who developed t-MN have a
germline mutation associated with inherited cancer sus-
ceptibility genes.15 It could be that individuals with
germline mutations in these genes are particularly suscep-
tible to cytotoxic chemotherapy and/or radiation.

The growing use of next-generation sequencing (NGS)
to study gene panels to define patient prognosis or identify
targetable genomic alterations would allow detection of
germline variants with clinical significance in tumor sam-
ples. Identification of germline mutations in the recipient
could rule out the variant in family members. Relatives
with the mutation would not be considered as donors and
would eventually be referred for genetic counseling.

In most cases reported in the literature, the donor has no
evidence of MN development.2 Indeed, donors with such
inherited molecular alterations do not necessarily develop
leukemia, and they can live for many years without evi-
dence of the disease, since other genetic or environmental
factors, which are usually altered in transplanted patients,
might play an important role in the development of malig-
nant disease.

Presumably not just one mechanism from among those
mentioned above is responsible for the leukemic transfor-
mation in donor cells. But a combination of various condi-
tions would contribute to the development of DCMN
after allo-HSCT. Such pre-leukemic stem cells from the
donor might increase the likelihood that, later, co-operat-
ing mutations arise in cells that already contain the initiat-
ing mutations in a context of decreased immune surveil-
lance. The relative contribution of each of the genetic and
transplant-related factors to donor-derived leukemia is still
not known. Novel approaches based on in-depth NGS to
study consecutive samples from the post-transplant period
in these patients appear promising to discover new genes
involved in the development of MN and to decipher the
ultimate mechanisms of leukemogenesis.
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Venetoclax as monotherapy and in combination with
hypomethylating agents or low dose cytarabine in
relapsed and treatment refractory acute myeloid
leukemia:  a systematic review and meta-analysis

Recent clinical data have shown a synergistic effect of
venetoclax in combination with the hypomethylating
agents (HMA) azacitidine and decitabine (complete
remission [CR]/CR with incomplete cell count recovery
[CRi]: 73%, median overall survival [OS] of 17.5 months)
as well as low-dose cytarabine (LDAC; CR/CRi: 54%;
median OS of 10.1 months) in the frontline setting in
older patients with acute myeloid leukemia (AML) and
those ineligible for intensive chemotherapy leading to
approval of both combinations in the US.1,2 However,
data on relapsed/refractory (R/R)-AML are scarce and

heterogenous. Outcomes of patients with R/R-AML are
dismal with a median OS of 3-7 months and there is no
approved standard of care.3 Multiple clinical trials com-
bining either venetoclax alone, venetoclax + HMA or
venetoclax + LDAC as the backbone of therapy with
other novel agents in R/R-AML are ongoing. As many of
these trials are not randomized, it is vital to understand
the response rate to venetoclax alone and venetoclax +
HMA/LDAC in R/R-AML to use it as a benchmark for
comparison. 

Therefore, we performed a systematic literature review
and meta-analysis to objectively assess overall response
rates (ORR), and rates of CR/CRi for R/R-AML patients
treated with venetoclax or venetoclax + HMA/LDAC. 

MEDLINE via PubMed, Ovid EMBASE, the
COCHRANE registry of clinical trials (CENTRAL),
Scopus and the Web of Science electronic databases were

haematologica | 2020; 105(11) 2659

Letters to the Editor

Figure 1. Flow chart showing study selection as per the MOOSE guidelines. Figure 1 illustrates the search strategy and stepwise process of the study selection
used in this meta-analysis. MEDLINE via Ovid, Ovid EMBASE, Scopus, the COHRANE registry of clinical trials (CENTRAL), and the Web of Science electronic data-
bases were searched with no language restriction from inception through August 2019, using the following combination of free-text terms linked by Boolean
operators: “acute myeloid leukemia” OR “AML” OR “myelodysplastic syndrome” OR “MDS” AND “venetoclax”. Two authors (MS and JPB) independently screened
the titles and abstracts of all retrieved studies for eligibility and removed any duplicate records. In a second step, full texts of the potentially eligible studies were
reviewed for the final eligibility. Reviews, basic science articles and articles with an insufficient patient number (<5 patients) were excluded. Furthermore, we
excluded studies that i) lacked information on either overall response rate (ORR) or complete resposnse (CR) rate, ii) review articles, editorials, and correspon-
dence letters that did not report independent data, iii) case series and studies reporting outcomes on fewer than five patients, iiii) studies that did were not
conducted in acute myeloid leukemia (AML) or myelodysplastic syndromes (MDS) patients. 



searched without language restriction from inception
through August 2019, using the following combination
of free-text terms linked by Boolean operators: “acute
myeloid leukemia” OR “AML” OR “myelodysplastic syn-
drome” OR “MDS” AND “venetoclax”. We performed a
gray literature search through i) a manual search of bibli-
ographies of all identified studies and ii) conference pro-
ceedings and abstracts of relevant annual meetings. 

The study selection process is illustrated in Figure 1.
The primary outcome was a combined rate of CR/CRi.
Secondary outcome was ORR defined as CR + CRi + par-
tial response (PR) + morphologic leukemia-free state
(MLFS). Responses were reported by the individual pub-
lications using either the 2017 European Leukemia
Network (ELN) AML response criteria4,5 or International
Working Group (IWG) criteria for AML.6-9 Three studies
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Table 1. Baseline characteristics of all relapsed/refractory acute myeloid leukemia patients treated with venetoclax among the included studies.
Author                    Year                     Treatment                Number   Secondary       Number                ELN                            Outcomes                       Adverse
(Ref.)                                               and treatment            patients       AML              prior                  risk                                                                    effects
                                                            schedule                                     (%)               HMA          classification
                                                                                                                            treatment (%)                                                                                          

Konopoleva et al.7     2016                         Venetoclax                        32          17 (54%)         24 (75%)                  Not                                   ORR: 19%                         All patients
                                                          800 mg/day (dose ramp up                                                                               reported                         CR/CRi: 6%/13%                   with any AE,
                                                           from 20 mg/day to target                                                                                                                               Median OS:                       26 patients 
                                                            within 6 days; escalation                                                                                                                               4.7 months                     with grade 3/4
                                                         to 1,200 mg/day permitted)                                                                                                                                        
Huemer et al.9            2019              Venetoclax 800 mg/day               7           7 (100%)         7 (100%)                  Not                                   ORR: 29%                                Not 
                                                     (dose ramp up from 20 mg/day                                                                           reported                         CR/CRi: 29%/0%                      reported
                                                             to target within 6 days)                                                                                                                      Median OS: 1.8 months 
                                                                                                                                                                                                                      (12.1 months in responders vs.  

                                                                                                                                                                                                                      0.8 months in non-responders)                
Aldoss et al.11             2019       Venetoclax + AZA (9 patients)      90          22 (24%)         46 (51%)         Favorable: 8%                          ORR: 46%                                 Not
                                                             or DEC (81 patients);                                                                           Intermediate: 26%               (AZA+VEN: 33%;                     reported

                                                                no dosing specified                                                                                  Adverse: 66%                  DEC + VEN: 47%)
                                                                                                                                                                                                                                    CR/CRi: 26%/20%
                                                                                                                                                                                                                             Median OS: 7.8 months 
                                                                                                                                                                                                                      (16.6 months in responders vs.                
                                                                                                                                                                                                                      5.1 months in non-responders)
DiNardo et al.6            2017                   Venetoclax + AZA                  43          13 (31%)         33 (77%)         Favorable: 5%                          ORR: 21%                         All patients 
                                                                      (8 patients),                                                                                   Intermediate: 49%                  (LDAC+VEN:                      with  grade
                                                                 DEC (23 patients),                                                                                   Adverse: 47%                13%; AZA+VEN: 38%;                    3/4 AE 
                                                                 LDAC (8 patients),                                                                                                                              DEC + VEN: 22%)                         72% 
                                                               or other (4 patients)                                                                                                                                CR/CRi: 5%/7%                    (infectious)
                                                                                                                                                                                                                             Median OS: 3.0 months 
                                                                                                                                                                                                                         (4.8 months in responders)
Ram et al.10                 2019          Venetoclax 100-400 mg/day         23          15 (66%)        23 (100%)        Favorable: 9%                          ORR: 43%                         All patients
                                                               + AZA 37.5-75 mg/m2                                                                            Intermediate: 48%            CR/CRi: 21.5%/21.5%                   with AE;
                                                            for 5-7 consecutive days                                                                             Adverse: 43%              Median OS: 5.6 months              no further
                                                                  or DEC 20 mg/m2                                                                                                                  (10.8 months in responders  vs.   information
                                                              for 5 consecutive days                                                                                                              2.8 months  in non-responders)       provided
Goldberg et al.5         2017              Venetoclax 400-800 mg             24          14 (58%)         16 (76%)        Favorable: 10%                         ORR: 29% 
                                               (5-day ramp-up period during cycle 1)                                                            Intermediate: 28%   (LDAC+ VEN: 23%; AZA+VEN: 
                                                         + AZA or DEC (8 patients)                                                                           Adverse: 62%               50%; DEC + VEN: 0%)                         
                                                              or LDAC (16 patients)                                                                                                                                 CR/CRi: 24%
                                                                                                                                                                                                                            Median OS: not reported 
                                                                                                                                                                                                                                       Not reported
Shahswar et al.12       2017                  Venetoclax 50-600                  8            5 (63%)           7 (88%)                   Not                                   ORR: 75%                                 Not 
                                                          mg/day + AZA (5 patients)                                                                               reported                     CR/CRi: 12.5%/37.5%                  reported
                                                                or DEC (1 patients)                                                                                                                        Median OS: 6.6 months                        
                                                               or LDAC (2 patients)                 
AE: adverse events; AML: acute myeloid leukemia AZA: azacitidine; CR: complete remission; CRi: complete remission with incomplete count recovery; DEC: decitabine; ELN: European
Leukemia Network; HMA: hypomethylating agent; LDAC: low-dose cytarabine; ORR: overall response rate; OS: overall survival. 



did not report which response criteria had been used.10-12

Quality assessments for individual studies using a
modified Downs and Black checklist are provided in the
Online Supplementary Table S1.13 

Random-effects models were used to pool ORR,
CR/CRi and CR rates. All effect sizes underwent logarith-
mic transformation prior to pooling using an inverse vari-
ance weighting approach. Heterogeneity of studies was
determined using Cochran Q and I2 indices and signifi-
cant heterogeneity (I2 > 60%) was further explored with
sensitivity analyses. Subgroup analyses were planned for
venetoclax or venetoclax + HMA/LDAC. All analyses
were performed with Comprehensive Meta-Analysis
(CMA version 2.2, Biostat). 

We identified 813 publications after removal of dupli-
cates. Based on the title and the abstract review studies
were excluded if they did not report results from AML or
myelodysplastic syndromes (MDS) patients (n=459 
studies), were reviews (n=84), basic research articles
(n=159), or non-clinical studies (n=36). Of the remaining
75 articles, 34 were excluded because they were com-
mentaries (n=11), had insufficient reporting of data
(n=20) or listed venetoclax among “other treatments”
(n=3). Articles reporting results of venetoclax in the
frontline setting, in combination with agents other than
HMA or LDAC, or publications of interim data were also

excluded. Of the seven studies included, five were retro-
spective studies,5,6,8,11,12 one prospective cohort study,10 and
one phase I/II clinical trial.7 Patients were treated with
venetoclax monotherapy in two studies7,8 and with vene-
toclax in combination with either HMA or LDAC in five
studies (Table 1).5,6,10-12

There was a total of 224 patients of whom 219 patients
had R/R-AML, three MDS patients, and two blastic plas-
macytoid dendritic cell neoplasm (BPDCN) patients. The
average median age was 68.9 years (range: 59-76). A total
of 156 patients (69.6%) had previously received HMA
and 48 patients (21.4%) had a prior allogeneic stem cell
transplant. The average median duration of follow-up
was 7.3 months (range: 1.8-15.8). 

Among patients with a reported cytogenetic profile, 13
(7.3%) patients had a favorable, 61 patients (34.5%) had
an intermediate and 102 patients (57.6%) had an unfa-
vorable cytogenetic risk profile. Five studies (n=211
patients) reported data on molecular testing which
showed rates of IDH1/2, FLT3, NPM1, and TP53 muta-
tions of up to 38%, 28%, 13%, and 23%, respectively
(Online Supplementary Table S2).6-8,10,11 

All seven studies reported the ORR (Figure 2A), com-
posite CR/CRi rate (Figure 2B) and CR rate (Figure 2C).
For all studies combined, the ORR was 31.1% (95% con-
fidence interval [CI]: 21.8-42.2). The ORR was 20.7%
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Figure 2. Response to venetoclax in relapsed/refractory acute myeloid leukemia (R/R-AML). Forest plots of odds ratios (squares, proportional to study weights
used in meta-analysis, 95% confidence intervals) of response for venetoclax alone and in combination hypomethylating agents (HMA) or low-dose cytarabine
(LDAC) with the summary measures (center line of diamond) and associated confidence intervals (lateral tips of diamond). Odds ratios for overall response rate
(ORR), combined complete response (CR) and complete response with incomplete count recovery (CRi) rate and CR alone are shown in panel A, B and C respec-
tively. Odds ratio for the ORR for patients, who received prior HMA therapy, is shown in panel D. 

A B

C D



(95% CI: 10.7–36.3) for venetoclax monotherapy and
38.7% (95% CI: 25.5–53.9) for venetoclax +
HMA/LDAC. There was significant heterogeneity among
studies examining venetoclax + HMA/LDAC (Q=11.8;
I2=66.2%; P=0.02). 

The CR/CRi rate was 26.7% (95% CI: 17.6–38.3),
20.7% (95% CI: 10.7–36.3) and 32.8% (95% CI: 19.1-
50.3) for all studies combined, venetoclax monotherapy
and venetoclax + HMA/LDAC, respectively. There was
significant heterogeneity among studies examining vene-
toclax + HMA/LDAC (Q=15.1; I2=73.5%; P=0.004). 

The CR rate was 18.3% (95% CI: 11.3–28.4), 13.5%
(95% CI: 2.6–47.4) and 19% (95% CI: 11.4–29.9) for all
studies combined, venetoclax monotherapy and veneto-
clax + HMA/LDAC, respectively. There was significant
heterogeneity for studies examining venetoclax alone
(Q=2.6, I2=61.6%, P=0.11).

Median OS reported in individual studies of all patients
treated with venetoclax monotherapy and venetoclax +
HMA/LDAC ranged between 1.8 to 7.8 months and 3.0
to 6.6 months, respectively. Among responding patients,
the median OS in individual studies of all patients treated
with venetoclax monotherapy and venetoclax +
HMA/LDAC was 12.1 to 16.6 months and 4.8 to 12.1
months, respectively.6-8,10-12

In all studies combined, the ORR for patients with
prior HMA exposure was 29% (95% CI: 19.7–40.4)
(Figure 2D) and 25.9% (95% CI: 13.5–43.9) and 31.1%
(95% CI: 19-46.6) for venetoclax monotherapy and vene-
toclax + HMA/LDAC, respectively. Data on the compar-
ative efficacy of venetoclax + HMA versus venetoclax +
LDAC were not available.  

Separate analyses of response rates to various treat-
ment combinations were available for only 3 of the 5
studies reporting venetoclax + HMA or LDAC.5,6,11 The
ORR ranged from 13-23%, 33-50%, and 0-47% for vene-
toclax in combination with LDAC, azacitidine, and
decitabine, respectively.5,6,11 

We have previously reported ORR and CR rates for
HMA monotherapy in R/R-AML of 30% and 11%,
respectively.14 An ORR of 23% (18% CR) has been
reported for LDAC monotherapy in R/R-AML.15 In our
meta-analysis, patients treated with venetoclax +
HMA/LDAC demonstrated an ORR of 38.7% and a CR
rate of 19% suggesting a greater efficacy of the combina-
tion treatment compared to HMA or LDAC monothera-
py. Our results also suggest that prior exposure to HMA
did not preclude a response to subsequent therapy with
venetoclax-based therapies. Acknowledging the limita-
tions of cross-study comparisons, our findings need to be
verified in clinical trials directly comparing these treat-
ment strategies. 

Sensitivity analyses for ORR, CR/CRi and CR rate
showed that exclusion of any one study did not change
the overall effect size. The study by DiNardo et al. had
the largest influence on the heterogeneity of the ORR,
CR/CRi and CR rate.6  Removal of this study increased the
ORR by 5.4% (from 38.7% to 44.1%) in the subgroup
analysis of studies examining venetoclax + HMA/LDAC
and led to a loss of heterogeneity (Q=4.7, I2= 36.6%,
P=0.19). 

Data on the mutational profile of patients were 
reported in five studies and the presence of TET2-,
IDH1/2-, ASXL1-, and RUNX1-mutations were reported
to be associated with higher response rates to treatment
with venetoclax-based regimens.6-8,10,11 However, 
reporting of predictive biomarkers was inconsistent
among the studies.

Our study has several limitations. The significant 
heterogeneity between studies in terms of the number of
patients included in each arm and the reporting of results
precluded a comparison of the response rates for the 
various venetoclax combination strategies in a formal 
meta-analysis. While response rates seemed higher for
the combination of HMA with venetoclax compared to
LDAC with venetoclax, our study does not support any
formal conclusion and highlights the lack of evidence.
Second, there were insufficient data to assess adverse
events in our meta-analysis. Third, we were unable to
determine whether specific mutations could serve as bio-
markers to predict response to venetoclax. Additionally,
we could not differentiate between primary refractory,
early and late relapses as well as first or advanced 
relapses and the impact of prior stem cell transplantation
receipt or HMA treatment duration. Finally, we were
unable to assess the effect of venetoclax-based treatment
on OS. 

In conclusion, this systematic review and meta-analy-
sis of venetoclax treatment in R/R-AML included seven
studies with a total of 224 patients and demonstrated an
ORR of 38.7% and 20.7% for patients treated with vene-
toclax + HMA/LDAC and venetoclax monotherapy,
respectively. Prior treatment with HMA did not preclude
a response to subsequent venetoclax treatment.
Additional studies testing venetoclax combination thera-
pies in R/R-AML are ongoing and urgently needed.
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Efficacy of anti-PD1 re-treatment in patients with
Hodgkin lymphoma who relapsed after anti-PD1 
discontinuation

Patients with relapsed/refractory Hodgkin lymphoma
(R/R HL) experience high response rates upon anti-PD1
therapy. In these patients, there is limited data about the
optimal duration of treatment and the risk of relapse
after anti-PD1 discontinuation. We have previously
reported the outcome of 11 patients with R/R HL who
discontinued anti-PD1 therapy after achieving a com-
plete response (CR) upon nivolumab.1 These patients
experienced a favorable outcome as only two of them
had relapsed after a median follow-up of 21.2 months
from discontinuation. Despite the low relapse rate
observed in that study, physicians may be worried
about the possibility to further rescue these heavily pre-
treated patients in case of relapse after anti-PD1 discon-
tinuation. Notably, it is still unknown whether these
patients will remain sensitive to a second course of anti-
PD1. 

Here, we investigated the efficacy of anti-PD1 re-
treatment in patients that were initially sensitive to
anti-PD1 therapy but who relapsed after anti-PD1 dis-
continuation. 

We retrospectively analyzed patients with R/R HL
who experienced a partial (PR) or CR  upon anti-PD1
monotherapy and discontinued the treatment either
because of unacceptable toxicity or due to prolonged
remission, based on the physician’s decision. Patients
who discontinued anti-PD1 therapy because of
relapse/progression or underwent consolidation with
allogenic stem cell transplantation (alloSCT) were not
included. Patients meeting the eligibility criteria were
identified through the French lymphoma network
(LYSA).

We identified seven patients who met the inclusion
criteria. Their characteristics are summarized in Table 1.
At anti-PD1 initiation, most patients presented with
advanced disease (five of them had Ann Arbor stage
III/IV) and had been heavily pre-treated (median num-
ber of prior systemic lines =6, seven had received prior
brentuximab vedotin, five prior autologous stem cell
transplantation (SCT) and two prior allogenic SCT).
Overall, anti-PD1 was discontinued after a median
duration of 11.4 months (range: 0–26.7) and a median of
23  infusions (range: 1–51). Anti-PD1 was discontinued
because of prolonged remission (n=5) or toxicity (n=2,
patient 5 had experienced grade 4 acute liver graft-ver-
sus-host-disease [aGvHD] and patient 7 grade 3 laryn-
geal tightness). The disease status at anti-PD1 discontin-
uation was CR for six patients and PR for one patient.
The median time to relapse after anti-PD1 discontinua-
tion was 12.1 months (range: 5.3–26.7). All patients
were re-treated with the same anti-PD1 antibody as ini-
tially administered (six with nivolumab and one with
pembrolizumab). 

All patients responded to anti-PD1 re-treatment
(Figure 1). The best response was CR for four patients
and PR for three patients. At the time of analysis (medi-
an follow-up of 19.2 months from anti-PD1 re-treat-
ment), 4 of 7 patients have ongoing responses to anti-
PD1 monotherapy, three of them beyond 12 months.
Interestingly, three patients discontinued anti-PD1
treatment after achieving a second objective response
upon anti-PD1 re-treatment (patients 3, 5 and 7).
Patient 3 discontinued anti-PD1 treatment a second
time due to hyper-eosinophilia and then relapsed 2

months later. Patient 7 tolerated the second course of
nivolumab well (notably, there was no recurrence of
laryngeal tightness), achieved a PR and discontinued the
treatment after 12 months. Unfortunately, he relapsed 5
months later. The patient then received a third course of
nivolumab and achieved another PR which is still ongo-
ing at 18 months.

Patient 5 had undergone alloSCT prior to anti-PD1
therapy. He discontinued nivolumab after a single infu-
sion due to grade 4 liver GvHD. Nevertheless, he
achieved a CR which lasted 9 months. At relapse, he
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Table 1. Patients’ characteristics at anti-PD1 initiation.
Patients’ characteristics                                                    N=7

Age, median, years (range)                                                       47 (34-71)
Sex, male, number (%)                                                                2 (28.6)
cHL subtype, number (%)

Nodular sclerosis HL                                                                6 (85.7)
Unclassifiable                                                                             1 (14.3)

Performance status (ECOG), No (%)
0 – 1                                                                                              5 (71.4)
≥ 2                                                                                                 2 (28.6)

Stage disease, number  (%)
I/II                                                                                                  2 (28.6)
III/IV                                                                                              5 (71.4)

Prior lines of systemic therapy, median (range)                   6 (4-11)
Prior radiation therapy, number  (%)                                       4 (57.1)
Prior treatment with Brentuximab Vedotin, number  (%)   7 (100)
Prior autologous HSCT, number  (%)                                       5 (71.4)
Prior allogenic HSCT, number  (%)                                           2 (28.6)
Anti-PD1, number  (%)

Nivolumab                                                                                    6 (85.7)
Pembrolizumab                                                                          1 (14.3)

Number of anti-PD1 infusions                                                  23 (1-51)
during 1st course, median (range)                                                     
Duration of 1st course of anti-PD1                                         11.4 (0-26.7)
therapy (months), median (range)                                                  
Best Overall Response to 1st course of anti-PD1, number (%)

CR                                                                                                  6 (85.7)
PR                                                                                                  1 (14.3)

Reason for anti-PD1 discontinuation, number (%)
Prolonged response                                                                 5 (71.4)
Toxicity*                                                                                       2 (28.6)

Disease status at anti-PD1 discontinuation, number (%)
CR                                                                                                  6 (85.7)
PR                                                                                                  1 (14.3)

Time between discontinuation                                            12.1 (5.3-26.7)
and relapse (months), median (range)                                          
Follow-up from anti-PD1 re-treatment                              19.2 (4.8-39.9)
(months), median (range)                                                                 
Best response to 2nd course of anti-PD1

CR                                                                                                  4 (57.1)
PR                                                                                                  3 (42.9)

*One grade 4 acute liver graft-versus-host-disease, and one grade 3 laryngeal tight-
ness. HL: Hodgkin lymphoma; cHL: chronic Hodgkin lymphoma; CR: complete
response; PR: partial response. 



received a salvage therapy with GVD (gemcitabine,
vinorelbine, and pegylated liposomal doxorubicin) fol-
lowed by ibrutinib without efficacy. At progression, he
received a reduced dose of nivolumab (total dose of 30
mg) which induced a GvHD flare. The patient further
experienced two disease progressions which were 
treated with two additional infusions of low dose
nivolumab (10 mg) which resulted again in GvHD
flares. These sequential treatments induced transient
lymphoma regression, with PR as the best response.  

The GvHD flares observed in this patient are not
unexpected. Indeed, prior studies have reported that
anti-PD1 therapy potentially induces GvHD reactiva-
tion in patients that  previously underwent alloSCT.2,3

Anti-PD1 re-treatment did not induce other significant
toxicities in the other patients.

There is only limited data regarding the efficacy of re-
challenge with anti-PD1 antibodies in cancer patients.
Only a few cases have been reported in patients with
solid tumors, namely in non-small cell lung cancer4 and
melanoma.5 However, most of these patients had failed
initial anti-PD1 therapy and received chemotherapy
prior to anti-PD1 re-treatment. This is in contrast to our
study in which all patients were sensitive to initial anti-
PD1 therapy and were responsive (CR or PR) at the time
of discontinuation.

At the ISHL11 meeting, Ansell et al. reported in an
abstract the efficacy of anti-PD1 re-treatment in five
patients who achieved remission upon nivolumab but
relapsed after treatment discontinuation.4 All patients
responded to nivolumab re-treatment (one CR and four
PR).6 Recently, Chen et al. reported an update of the
KEYNOTE-087 study after 2 years of follow-up.7 This
study evaluated pembrolizumab in R/R HL. In a subset
analysis, Chen et al. reported the outcome of 10 patients
who received a second course of pembrolizumab after
anti-PD1 discontinuation. Eight patients were evaluable
and six of them (75%) experienced an objective
response upon re-treatment with pembrolizumab (four
CR and two PR). The study neither reported on the effi-
cacy of the first course of anti-PD1, the reasons for anti-
PD1 discontinuation nor the tumor status at anti-PD1

discontinuation in these patients. Nevertheless, the
study shows that most patients responded to anti-PD1
re-treatment.

Our study, along with the studies recently published
by Ansell et al.6 and Chen et al.,7 are the first to report on
the efficacy of anti-PD1 re-treatment in anti-PD1 sensi-
tive, R/R HL patients who relapsed/progressed after
anti-PD1 discontinuation. These two studies show high
response rates (75-100%) after anti-PD1 re-treatment
suggesting that these patients usually remain “anti-PD1
sensitive” at relapse. These observations suggest that
anti-PD1 is an effective salvage therapy for HL patients
who relapse after anti-PD1 discontinuation. Larger stud-
ies are warranted to confirm these results.
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Figure 1. Efficacy of anti-PD1 re-treatment.
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A 70% cut-off for MYC protein expression in diffuse
large B-cell lymphoma identifies a high-risk group of
patients 

We recently examined the reproducibility of MYC and
BCL-2 immunohistochemical (IHC) scoring and the
impact of high expression of MYC and BCL-2 (double
expresser status, DE) on survival and progression in a
large retrospective cohort of aggressive B-cell lymphoma
patients treated with rituximab plus cyclophosphamide,
doxorubicin, vincristine and prednisone (R-CHOP) or 
R-CHOP-like regimens.1 We found that IHC scoring for
MYC and BCL-2 was highly reproducible when cut-off
values of ≥70% for MYC and ≥50% for BCL-2 were used.
This threshold also predicted the presence of gene
rearrangements identifying MYC translocations in 88%
of cases. Patients with dual MYC expression of ≥70%
and BCL-2 expression of ≥50% showed a  significantly
inferior clinical course and, therefore, represent candi-
dates for novel treatment modalities.1 We have now vali-
dated these findings in an independent cohort of 461
patients enrolled in prospective clinical trials of the
German High-Grade Non-Hodgkin Lymphoma Study
Group (DSHNHL).2,3 

In these trials, patients underwent R-CHOP-14 if >60
years of age and R-CHOEP/R-MegaCHOEP if ≤60 years
of age. In the MegaCHOEP trial reported by Schmitz et
al.,4 no significant differences in outcome between R-
CHOEP-14 and R-MegaCHOEP had been observed, but
to date, no randomized trial has been conducted to
answer if R-CHOEP in younger patients is superior in
comparison with R-CHOP. In a subgroup analysis for
young low-risk patients from the MInT trial reported by
Pfreundschuh et al.,5 no difference in outcome was
observed between R-CHOEP-21 and R-CHOP-21. In eld-
erly patients, the Cunningham trial6  revealed that the
outcome of R-CHOP-14 is not better than that of 
R-CHOP-21. In the German cohort of 428 patients with
MYC and BCL-2 IHC scoring available, 104 cases (24%)
were MYC–/BCL-2– (double negative, DN), 283 (66%)
were MYC–/BCL-2+ (BCL2only), 8 (2%) were
MYC+/BCL-2– (MYConly), and 33 were MYC+/BCL-2+

using the above-mentioned cut-off values, meaning that
8% of DLBCL were assigned a DE status. Results from
both MYC IHC scoring and MYC fluorescence in situ
hybridization (FISH) were available from samples of 415
patients. In this analysis, 19 of 43 (44%) samples with
high MYC expression (70/71-100%) harbored a MYC
translocation (Table 1). The lower number of cases noted
in our report with both high MYC expression and MYC
breakage in comparison with the Ambrosio paper1 are
not easily explained. Most probably, this is due to a dif-
ference in the genetic constitution of the two different
patient populations that were examined or to the analysis
strategy: in the German cohort, the analysis was made on
TMA while in the paper of Ambrosio et al.,1 full sections
were analyzed.7 According to the results of molecular cell
of origin (COO) analysis, we identified 50% of patients
with an ABC subtype within the DE cohort using a MYC
cut-off point of 70% and 68% using a cut-off point of
40%. The sample sizes, however, are too small to con-
clude that the groups differ from the proportion of the
ABC subtype. It has to be stressed, however, that the DE
status does not identify a homogeneous biological group
of tumors and, especially, that the DE status in ABC-
DLBCL arises through very different mechanisms.

In the German cohort, the DE subgroup had a signifi-
cant inferior clinical course, while the DN subset had a

superior outcome and the MYC–/BCL-2+ subset had an
intermediate prognosis. The differences were statistically
significant for event-free survival (EFS), progression-free
survival (PFS), and overall survival (OS) (EFS: DN vs. DE,
P<0.001; DN vs. BCL2only P=0.004; BCL2only vs. DE
P=0.032) (Figure 1A-C). These results could be confirmed
in a multivariate analysis (Hazard ratios [HR] for DE vs.
other: EFS: 2.1 95%CI:1.2-3.5, P=0.005; PFS: 2.5
95%CI:1.5-4.3, P=0.001; OS: 2.7 95%CI:1.5-4.8,
P=0.001) adjusted for the factors of the International
Prognostic Index (IPI) (age > 60 years, lactate dehydroge-
nase [LDH]>N, Eastern Cooperative Oncology Group
[ECOG]>1, stage III/IV, extralymphatic involvement >1).
In multivariate analyses adjusted for the International
Prognostic Index (IPI) factors (age > 60 years, LDH>N,
ECOG>1, stage III/IV and more than one site of extra-
lymphatic involvement) both MYC (70/71-100% vs.
other) and BCL2 (50/51-100% vs. other) expression were
significant risk factors in EFS (MYC: HR1.9, 95%CI: 
1.2-3.1, P=0.007 and BCL2: HR1.8, 95%CI: 1.2-2.7,
P=0.006), PFS (MYC: HR2.1, 95%CI: 1.3-3.5, P=0.004
and BCL2: HR2.4, 95%CI: 1.5-3.8, P<0.001) and OS
(MYC: HR2.3, 95%CI: 1.3-4.0, P=0.004 and BCL2:
HR2.0, 95%CI: 1.2-3.3 and P=0.009). When cases were
stratified according to MYC protein expression only,
patients with MYC ≥70%, again, experienced inferior
outcome in EFS (P=0.005), PFS (P=0.004), and OS
(P=0.002) in comparison with patients with low MYC
expression (≤40%) (Figure 1D-F), while no difference in
prognosis was seen between patients whose tumors had
MYC expression ≤40% and >40-70%. Within the DE
group, the occurrence of a genetic double hit for MYC
and BCL-2 (n=8 of 32, 25%) failed to confer a significant
prognostic difference in EFS (P=0.628), PFS (P=0.375),
and OS (P=0.059) between patients with DH positive
and DH negative tumors (Figure 2A-C). Within the non-
DE group, we observed a genetic double hit for MYC and
BCL-2 in only 11 of 354 (3%) patients with no relevant
survival differences between patients with DH positive
and DH negative tumors (Figure 2D-F). However, due to
the low number of events, these results have to be inter-
preted with caution.

In essence, these results are in agreement with our pre-
vious findings indicating that high (≥70%) MYC expres-
sion identifies a subset of DLBCL with adverse clinical
outcome independent of the presence of a double hit of
MYC and BCL-2.

Increasing evidence suggests that the sole identification
of the double hit (MYC and BCL-2) status may not be the
optimal tool to identify patients in need of alternative
therapies and in many studies, a proportion of DE
patients nevertheless experience long-term survival. Two
recent papers shed light on this seeming discrepancy.8,9 In
the first paper, the authors defined a clinically and biolog-
ically distinct subgroup of aggressive lymphomas with
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Table 1. Results from both MYC immunohistochemical (IHC) scoring
and MYC fluorescence in situ hybridization.
MYC IHC                              MYC break     
                                 Negative             Positive                    Total

0-40%*                          257 (97%)                7 (3%)                     264 (64%)
40%-70%*                     96 (89%)               12 (11%)                   108 (26%)
70%-100%*                   24 (56%)               19 (44%)                    43 (10%)
Total                              377 (91%)               38 (9%)                   415 (100%)

P<0.001. *Cut-off points were slightly different between clinical trials included in
the analysis. 
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Figure 1. Event-free survival (EFS), progression-free survival (PFS) and overall survival (OS) of patients stratified according to Myc and BCL-2 expression. (A-C)
The double expressor (DE) subgroup had a significant inferior clinical course, while the double negative (DN) subset had a superior outcome and the MYC-/BCL-
2+ subset had an intermediate prognosis, with the differences being statistically significant for EFS, PFS and OS. (D-F) The cases were stratified according to
MYC protein expression only, patients with MYC >70% experienced inferior outcome in EFS (P=0.005), PFS (P=0.004) and OS (P=0.002) in comparison to
patients with low MYC expression (<40%). No difference in prognosis was seen between patients whose tumors had MYC expression <40% and 40-70%.  
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Figure 2. Comparison of double hit in double expressor and non-double expressor (DE). (A-C) Within the DE group, the occurrence of a genetic double hit for
MYC and BCL-2 (n=8 of 32, 25%) failed to confer a significant prognostic difference in EFS (P=0.628), PFS (P=0.375) and OS (P=0.059) between patients with
DH positive and DH negative tumors. (D-F) Within the non DE group, the occurrence of a genetic double hit for MYC and BCL-2 (n=11 of 354, 3%) failed to confer
a significant prognostic difference in EFS (P=0.099) and OS (P=0.222) between patients with DH positive and DH negative tumors. 



inferior prognosis among GCB-DLBCL. This tumor sub-
group was characterized by a gene expression signature
derived from HGBL-DH/TH lymphomas (DHIT signa-
ture).8 Using this signature, however, only 50% of the
cases stratified into the subgroup actually had dual
rearrangements of MYC and BCL-2 genes, and some DE
cases were not assigned into the DHIT signature positive
group. Gene set enrichment analysis demonstrated 
(over-) expression of MYC and E2F target genes, and of
genes associated with oxidative phosphorylation and
MTORC1 signaling in the DHIT-positive tumors, imply-
ing a pivotal role for MYC protein expression irrespective
of the DH status. Unfortunately, the study did not docu-
ment the precise percentage of MYC protein expression;
it also did not correlate MYC protein expression to MYC
gene rearrangements. The second paper identified 9% of
DLBCL (83 of 928) as “molecular high grade (MHG)” B-
cell lymphomas using gene expression analysis.9 Most
MHG (75 of 83) were GCB-like, and again, only half of
them were MYC rearranged or double-hit lymphomas.
The MHG subset treated with R-CHOP had a significant-
ly poorer outcome than MHG negative DLBCL.
Furthermore, in vivo experiments demonstrated that
MYC-expressing lymphoma cells were obviously addict-
ed to its oncogenic effect and, therefore, were critically
relying on MYC expression regardless of MYC gene
rearrangements.10

Although genomic testing has entered clinical practice,
sophisticated tests like those reported are not yet widely
available in all laboratories. Therefore, gene expression
signatures identifying high-risk subgroups are currently
difficult to apply in the clinic. Our findings describe a
more readily available tool to identify patients at risk
with a high MYC protein expression cut-off circumvent-
ing problems related to interobserver variability.11 Our
findings are corroborated in a recent paper by Pedersen et
al.12 who demonstrated that stratification by MYC
expression has prognostic impact in MYC translocated
DLBCL.12

In summary, we have confirmed that the prognosis of
DLBCL is inversely correlated with MYC protein expres-
sion levels, and, by using diagnostic thresholds of high
reproducibility, we were able to identify a subset of
patients with adverse outcome in need of alternative
therapeutic strategies.
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High rate of minimal residual disease responses in
young and fit patients with IGHV mutated chronic
lymphocytic leukemia treated with front-line 
fludarabine, cyclophosphamide, and intensified dose
of ofatumumab (FCO2)

Since its first use at the MD Anderson Cancer Center,
FCR (fludarabine, cyclophosphamide, rituximab)
chemoimmunotherapy has been considered the gold
standard for the front-line treatment of young and fit
patients with chronic lymphocytic leukemia (CLL).1-3

Superior outcomes with this regimen have been observed
in IGHV mutated (M-IGHV) compared to IGHV unmu-
tated (UM-IGHV) patients.3-5 Responses with unde-
tectable minimal residual disease (uMRD) have been
associated with a significantly longer progression-free
survival (PFS) and overall survival (OS). Ofatumumab, a
fully human anti-CD20 monoclonal antibody, revealed 
in vitro higher complement-mediated activity compared
to rituximab. The clinical efficacy of ofatumumab as a
single agent or combined with chemotherapy has been
demonstrated in relapsed/refractory (R/R) patients as
well as in treatment naïve (TN) patients with CLL.6-8 In a
meta-analysis that included six randomized trials, an
improvement in the PFS, with no differences in the OS,
was seen in the group of patients who received an ofatu-
mumab-based treatment compared to the group of
patients who received different regimens or who were
only observed.9

In a study by Wierda et al.,10 50% of fit patients with
CLL who received the front-line FC regimen combined
with ofatumumab (FCO), given at a flat dose of 1000 mg,
achieved a complete response (CR). Based on the efficacy
of this regimen, the Gruppo Italiano Malattie
Ematologiche dell'Adulto (GIMEMA) carried out a
prospective, multicenter study (the LLC 0911 study) to
evaluate the efficacy and safety of a front-line FCO regi-
men that was intensified with an additional dose of 1,000
mg of ofatumumab (FCO2). The primary endpoint of this
study was the rate of CR obtained with the FCO2 regi-
men. 

Between November 2013 and November 2015, 78 fit
and young patients with CLL requiring front-line therapy
according to the 2008 International Workshop CLL
(iwCLL) criteria11 were enrolled in this study. Age ≤65
years, Cumulative Illness Rating Score (CIRS) score up to
6, creatinine clearance of at least 60 mL/min, Eastern
Cooperative Oncology Group (ECOG) performance sta-
tus 0-1, were required for inclusion in the study. A central
screening included immunophenotype, fluorescence in
situ hybridization, the assessment of the IGHV and TP53
mutation status. 

Treatment consisted of six cycles of intravenous flu-
darabine (25 mg/m² daily) and cyclophosphamide (250
mg/m2 daily) given on the first three days of each 28-day
cycle. Ofatumumab was administered intravenously on
day 14 of cycle 1 at the dose of 300 mg and on day 21 at
the dose of 1000 mg. During the subsequent five cycles
(cycles 2-6), ofatumumab was given at the dose of 1,000
mg on days 1 and 14 of each course. An additional dose
of 1,000 mg of ofatumumab was given on day 28 of cycle
6. To prevent infusion reactions with ofatumumab, a pre-
medication consisting of paracetamol 1,000 mg, chlor-
phenamine 10-20 mg, prednisolone 100 mg, or equiva-
lent, was administered. All patients received Pneumocystis
Carinii prophylaxis with co-trimoxazole and, as primary
prophylaxis of granulocytopenia, pegfilgrastim on day 5
of each FCO2 course.

Response was assessed according to the iwCLL
criteria.11 In patients who achieved a CR, MRD was
checked both in peripheral blood (PB) and bone marrow
(BM) by a 6/4-color flow cytometry assay with a sensitiv-
ity of at least 10-4.12 MRD was further assessed by allele-
specific oligonucleotide polymerase chain reaction (PCR)
in the PB and BM of patients with no evidence of MRD
by flow cytometry. According to the MRD levels, CR was
sub-classified as follows: (i) MRD-positive CR in the pres-
ence of residual disease by flow cytometry in the PB
and/or BM; (ii) CR with undetectable MRD by flow
cytometry (Flow-uMRD-CR) in the absence of residual
cytometric disease in both the PB and BM; (iii) CR with
uMRD by flow cytometry and allele-specific oligonu-
cleotide PCR (PCR-uMRD-CR) in the absence of MRD by
flow cytometry and PCR in the PB and BM. In patients
with a Flow-uMRD-CR or PCR-uMRD-CR, MRD was
monitored during the follow-up every six months. The
baseline clinical and biologic characteristics of patients
and patient disposition are summarized in Online
Supplementary Table S1 and Online Supplementary Figure
S1. Median follow-up of patients was 31 months; median
age 55 years (range: 36-65 years). A TP53 disruption,
del17p and/or TP53 mutation, was detected in 11% of
the cases, and 64% of patients were UM-IGHV. 

Median number of administered cycles was six (range:
1-6). On an intention-to-treat (ITT) basis, 72 patients
(92.3%) achieved a response with a CR in 60 (77%)
(Table 1). The presence of TP53 disruption was the only
significant and independent variable with an impact on
the achievement of CR (P=0.014) (Online Supplementary
Tables S2 and S3). A Flow-uMRD-CR was achieved in 36
of 78 (46.1%) patients and a PCR-uMRD-CR in 17 of 78
(21.8%) (Table 1). In multivariate analysis (MVA), Binet
stage was the only factor with statistical significance on
the achievement of a Flow-uMRD-CR (P=0.042) while
the IGHV mutational status was the only significant fac-
tor with an impact on the achievement of a PCR-uMRD-
CR (Online Supplementary Table S3). 

In the subset of patients without TP53 aberrations, a
CR was recorded in 84.4% of the cases, a Flow-uMRD-
CR in 50% and a PCR-uMRD-CR in 23.4%. When the
analysis was further restricted to the M-IGHV patients
without TP53 disruption, Flow-uMRD-CR and PCR-
uMRD-CR rates were 68.2% and 45.4%, respectively,
and significantly higher than those observed in UM-
IGHV patients: 39% (P=0.036) and 12.2% (P=0.005),
respectively (Online Supplementary Table S4). The IGHV
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Table 1. Intention-to-treat response to the FCO2 regimen.
                                                                          N (%)

All patients                                                                  78 (100)
ORR                                                                             72 (92.3)
CR                                                                                  60 (77)
PB and BM Flow-uMRD-CR1                              36 of 78 (46.1)
PB and BM PCR-uMRD-CR2                               17 of 78 (21.8)
PR                                                                                 12 (15.4)
Failures3                                                                        6 (7.7)

FCO2: front-line fludarabine, cyclophosphamide, and intensified dose of ofatumum-
ab; N: number; ORR: overall response rate; CR: complete response; MRD: minimal
residual disease; Flow-uMRD: undetectable minimal residual disease by flow-
cytometry; PCR: polymerase chain reaction; PCR-uMRD: undetectable minimal
residual disease by PCR. 1Peripheral blood (PB) and bone marrow (BM) Flow-
uMRD in 36 of 60 (60%) patients with CR. 2PB and BM PCR-uMRD in 17 of 60
(28.3%) patients with CR. 3Failures: no response in five patients (stable disease, n=4;
progressive disease, n=1) and unknown in 1.



mutational status was the only factor with a significant
and independent impact on the achievement of both a
Flow-uMRD-CR and a PCR-uMRD-CR in patients with-
out TP53 disruption (Online Supplementary Table S3).

The 36-month PFS was 76.4% (Online Supplementary
Figure S2A). The only variable with a significant and inde-
pendent impact on PFS was the presence of a TP53 dis-
ruption (Online Supplementary Tables 3 and 5; P=0.002).
After excluding patients with TP53 disruption, none of
the baseline factors revealed an impact on PFS (Online
Supplementary Table S6). A significantly higher PFS was
observed in patients who achieved a CR (P=0.0003).
Moreover, a significantly higher PFS was seen in patients
who achieved a CR with Flow-uMRD (P=0.042) (Figure
1A and B). All M-IGHV patients and 91% of UM-IGHV
patients with a Flow-uMRD-CR were progression-free at
32 months (Figure 1C). All 17 patients (11 M-IGHV and
6 UM-IGHV) who achieved a PCR-uMRD-CR were pro-
jected as progression-free at 32 months. After a median
time of 40 months (range: 28-56 months) from the initial
response, residual disease was still absent in 11 of 13
patients at the last re-assessment of MRD by PCR. The

36-month OS was 94.7% (Online Supplementary Figure
S2B). A significantly inferior survival probability was
observed in patients with TP53 disruption (P<0.001) and
≥5cm enlarged nodes (P=0.0015) (Figure 2).  However, in
MVA TP53 disruption emerged as the only significant
factor with an impact on OS (Online Supplementary Tables
S3 and S7 and Online Supplementary Figure S3A). Patients
who achieved a CR with Flow-uMRD showed a signifi-
cantly superior survival than those with residual disease
(P=0.055) (Figure 2). All CR patients with Flow-uMRD
(19 patients) or PCR-uMRD (17 patients) were still alive
at 32 months.

Adverse events recorded during treatment are listed in
Online Supplementary Table S8. No unexpected toxicities
were observed. Despite the prophylactic use of growth
factors, grade ≥3 granulocytopenia leading to fludarabine
and cyclophosphamide dose reduction was observed in
33 patients (42.3%). However, a severe infection was
experienced by 21 (27%) patients. Taken together, the
results of this study show that the FC regimen combined
with a double dose of ofatumumab was associated with
a high rate of CR and Flow-uMRD-CR in young and fit
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Figure 1. Progression-free survival (PFS) by the response to treatment. 
CR: complete response; MRD: minimal residual disease; PCR: poly-
merase chain reaction; MRD pos: positive MRD; Flow-uMRD: unde-
tectable MRD by flow cytometry; PCR-uMRD: undetectable MRD by PCR;
UM-IGHV: unmutated IGHV; M-IGHV: mutated IGHV. (A) PFS by CR. 24-
month PFS, CR versus no CR; 94.7% versus 66.7% (hazard ratio [HR]:
0.139; 95% confidence interval [CI]: 89.1-100 versus 48.1-92.4);
P=0.0003. (B) PFS in CR patients by MRD. 32-month PFS, Flow-uMRD-CR
versus Flow-MRD pos CR, 95.5% versus 69% (95%CI: 87.1-100 vs. 43.1-
100]: P=0.042; Flow-uMRD-CR vs. PCR-uMRD-CR, 90% versus 100%
(95%CI: 73.2-100 vs. 100-100); P=0.27. (C) PFS in CR patients by MRD
and IGHV mutational status. 32-month PFS, UM-IGHV patients with Flow-
MRD pos CR versus M-IGHV patients with Flow-MRD pos CR, 67% versus
78.8% (HR 0.729; 95%CI: 0.15-3.4); UM-IGHV patients with Flow-MRD
pos CR versus UM-IGHV patients with Flow-uMRD-CR, 67% versus 91%
(HR 0.166; 95%CI: 0.02-1.34); M-IGHV patients with Flow-MRD pos CR
vs. M-IGHV patients with Flow-uMRD-CR, 78.6% versus 100% (HR: 0.145;
95%CI: 0.01-1.16); P=0.0189.

A B

C

P=0.0003 P=0.102

P=0.0189



patients with CLL. IGHV-M patients without TP53 dis-
ruption had the highest benefit from the FCO2
chemoimmunotherapy; about two-thirds of them
achieved a Flow-uMRD-CR and were progression-free at
32 months. These findings confirm the favorable out-
comes of M-IGHV patients treated with the FCR regi-
men3-5 and the survival benefit of patients who obtain an
uMRD at response.3-5,13 Direct cross-comparisons
between the results of this study and those of other trials
with the FCR regimen,1-3 or with the FC schedule com-
bined with obinutuzumab,14 or a single dose of ofatu-
mumab,10 are methodologically incorrect. These studies
differ on many points: the number and age of treated
patients, inclusion criteria, selection of patients who had
an MRD assessment, and supportive measures. In the
absence of a randomized study, the FCR regimen
remains the standard chemoimmunotherapy approach
for fit and young patients with CLL and no deletion 17p.
However, recent studies highlight the superiority of
front-line chemo-free regimens over conventional
chemoimmunotherapy. In the randomized ECOG E1912
study,15 young and fit patients with CLL who received
front-line treatment with ibrutinib and rituximab

showed a significantly higher PFS and OS than those
treated with FCR. A superior PFS than that observed
with FCR was seen in UM-IGHV patients, while it was
less evident in M-IGHV patients. Given the favorable
outcomes with front-line chemoimmunotherapy in
young and fit patients, IGHV mutated and without TP53
disruption, the role of novel agents in this subset of
patients should be better defined.
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Figure 2. Prognostic impact of baseline biologic factors and
response on overall survival (OS). CR: complete response; TP53+:
TP53 disruption present; TP53-: TP53 disruption absent; MRD:
minimal residual disease; Flow-pos MRD: positive MRD by flow-
cytometry; Flow-uMRD: undetectable MRD by flow-cytometry. (A)
OS by TP53 disruption. 24-month OS, TP53 disruption, absent 
versus present, 98.3% versus 62.5% (hazard ratio [HR]: 31.19;
95% confidence interval [CI]: 31.21-303.15); P<0.001. (B) OS by
the size of enlarged nodes. 24-month OS, nodes ≥5 cm, absent
versus present, 97% versus 71.4% (HR: 12.095; 95%CI: 1.693-
86.418); P=0.0015. (C) OS in CR patients by MRD. 36-month OS,
Flow-uMRD-CR versus Flow-MRD-pos-CR, 100% versus 90%; (HR
0.289, 95%CI: 0.03-2.60); P=0.0558.
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The role of 18F-FDG-PET in detecting Richter 
transformation of chronic lymphocytic leukemia in
patients receiving therapy with a B-cell receptor
inhibitor

Chronic lymphocytic leukemia (CLL) is a low grade 
B-cell malignancy. Approximately 2-10% of CLL can
undergo Richter transformation (RT) to an aggressive
lymphoma, most commonly diffuse large B-cell 
lymphoma (DLBCL).1-3 Management of RT is extremely
challenging and the clinical outcome is dismal.4 In CLL

patients with suspected disease progression, distin-
guishing between progressive CLL and RT is critically
important, as the management and prognosis are dif-
ferent.

While tissue biopsy is the gold standard for diagnosing
progressive CLL versus RT, 18F-fluorodeoxyglucose (FDG)
positron emission tomography (PET) may play an impor-
tant role in the diagnostic workup. In the chemoim-
munotherapy (CIT) era, several studies showed that a
maximum standardized uptake value (SUVmax) ≥5 had
high sensitivity (88-91%) and varied specificity (47-80%)
in detecting RT,5-7 and a French study8  reported high sen-
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Table 1. Baseline characteristics at the time of B-cell receptor pathway inhibitors initiation.
                                                                      Total                               Without biopsy                        With biopsy                               P
                                                                     (N=92)                                   (N=38)                                 (N=54)                                   

Age at BCRi initiation                                                                                                                                                                                                           0.36
Median                                                                      68                                                    70                                                  67                                                
Range                                                                   (43-89)                                           (47-89)                                         (43-81)                                            

Sex                                                                                                                                                                                                                                            0.22
Female                                                              23 (25.0%)                                     12 (31.6%)                                   11 (20.4%)                                         
Male                                                                  69 (75.0%)                                     26 (68.4%)                                   43 (79.6%)                                         

BCRi                                                                                                                                                                                                                                          0.80
Ibrutinib                                                           90 (97.8%)                                     37 (97.4%)                                   53 (98.1%)                                         
Idelalisib                                                            2 (2.2%)                                         1 (2.6%)                                       1 (1.9%)                                           

BCRi as first-line treatment                                                                                                                                                                                                    0.32
Yes                                                                        13 (14.1%)                                      7 (18.4%)                                     6 (11.1%)                                          
No                                                                          79 (85.9%)                                     31 (81.6%)                                   48 (88.9%)                                         

Rai category                                                                                                                                                                                                                            0.27
Rai 0: Low risk                                                 14 (15.4%)                                      5 (13.2%)                                     9 (17.0%)                                          
Rai 1 or 2: Intermediate risk                       26 (28.6%)                                      8 (21.1%)                                    18 (34.0%)                                         
Rai 3 or 4: High risk                                       51 (56.0%)                                     25 (65.8%)                                   26 (49.1%)                                         
Missing                                                                      1                                                       0                                                    1                                                  

IGHV mutation                                                                                                                                                                                                                       0.56
Unmutated                                                       60 (80.0%)                                     25 (83.3%)                                   35 (77.8%)                                         
Mutated                                                            15 (20.0%)                                      5 (16.7%)                                    10 (22.2%)                                         
Missing                                                                     17                                                     8                                                    9                                                  

CLL FISH category                                                                                                                                                                                                                0.13
Del(17p)                                                           19 (27.5%)                                      8 (25.8%)                                    11 (28.9%)                                         
Del(11q)                                                           16 (23.2%)                                      8 (25.8%)                                     8 (21.1%)                                          
Trisomy 12                                                        10 (14.5%)                                      4 (12.9%)                                     6 (15.8%)                                          
Normal                                                              12 (17.4%)                                       2 (6.5%)                                     10 (26.3%)                                         
Del(13q)                                                            8 (11.6%)                                       6 (19.4%)                                      2 (5.3%)                                           
Other                                                                  4 (5.8%)                                         3 (9.7%)                                       1 (2.6%)                                           
Missing                                                                     23                                                     7                                                   16                                                

TP53 disruption (TP53 mutation or FISH del(17p)                                                                                                                                                        0.75
No                                                                      49 (70.0%)                                     23 (71.9%)                                   26 (68.4%)                                         
Yes                                                                     21 (30.0%)                                      9 (28.1%)                                    12 (31.6%)                                         
Missing                                                                     22                                                     6                                                   16                                                

CLL-IPI risk group                                                                                                                                                                                                                 0.90
Intermediate (2-3)                                        12 (20.0%)                                      6 (22.2%)                                     6 (18.2%)                                          
High (4-6)                                                        31 (51.7%)                                     14 (51.9%)                                   17 (51.5%)                                         
Very High (7-10)                                             17 (28.3%)                                      7 (25.9%)                                    10 (30.3%)                                         
Missing                                                                     32                                                    11                                                  21                                                

BCRi: B-cell receptor pathway inhibitor;  IGHV: immunoglobulin heavy-chain variable region gene; CLL: chronic lymphocytic leukemia; FISH: fluorescence in situ hybridiza-
tion; IPI: international prognostic index. 



sitivity (91%) and specificity (95%) using a cut-off of
SUVmax ≥10. 

B-cell receptor pathway inhibitors (BCRi) such as
Bruton tyrosine kinase (BTK) inhibitor ibrutinib and
phosphatidylinositol 3-kinase (PI3K) inhibitor idelalisib
have significantly improved the outcome of CLL.
However, CLL patients who progress through BCRi often
develop clinically aggressive disease.9-12 Recently Mato et
al.12 reported that in CLL patients who progressed on a
BCRi therapy and were screened for participation in a
clinical trial of venetoclax, SUVmax ≥10 on PET scan had a
low sensitivity (71%) and specificity (50%) in detecting
RT. However, this study included only eight patients
with RT. Given the increasing use of BCRi in clinical prac-
tice and the importance of differentiating between RT
and progressive CLL, we conducted a single-institution
study to further evaluate the diagnostic role of PET scan
in CLL patients receiving BCRi therapy with suspected
disease progression.

CLL patients on a BCRi treatment who underwent a
PET scan for evaluation of potential disease progression
between November 2012 and March 2019 were identi-
fied from the Mayo Clinic CLL Database.13 CLL patients
with no clinical suspicion of disease progression who
underwent a PET scan for restaging (i.e., evaluation of
treatment response) were excluded. Patients with known

RT or a second malignancy who underwent a PET scan
for initial staging or restaging were also excluded. PET
images were centrally reviewed by a nuclear radiologist
(MSB). Pathology slides in a subset of patients were inde-
pendently reviewed by a hematopathologist (MS) for ver-
ification. 

Between November 2012 and March 2019, 92 CLL
patients, who were on a BCRi (ibrutinib [n=90] or idelal-
isib [n=2]) and underwent a PET scan to evaluate for
potential disease progression, were identified (Table 1).
The median age at BCRi initiation was 68 years (range:
43-89), and 69 (75%) were male. Sixty (80%) patients
had unmutated immunoglobulin heavy-chain variable
region (IGHV). The CLL fluorescence in situ hybridization
(FISH) panel showed del(17p) in 19 (28%) and del(11q) in
16 (23%) patients. The median time from BCRi initiation
to PET scan was 14 months (range: 0.3-62 months). The
median SUVmax was 7.0 (range: 1.1-27.3). The number of
patients with a SUVmax of <5 was 33 (36%), ≥5 but <10
was 34 (37%), and ≥10 was 25 (27%). After the PET scan,
38 patients did not undergo tissue biopsy; among those,
34 were treated as persistent CLL (median SUVmax 3.6
[range: 1.1-10.3]), two were treated as presumed RT
(SUVmax 19.5 and 27.3, respectively), and two died before
a biopsy could be performed (SUVmax 7.8 and 13.5, respec-
tively). There were no differences in baseline characteris-
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Figure 1. SUVmax on a PET scan. (A) Distribution of SUVmax by pathology. (B) Sensitivity,
specificity, and positive and negative predictive values of different SUVmax thresholds in
detecting Richter transformation (n=54): ©ROC analysis of SUVmax cut-off for identifying
Richter transformation. SUV:  standardized uptake value; PET: positron emission 
tomography.
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tics between patients who underwent a biopsy versus
those who did not. 

Fifty-four patients (median SUVmax of 8.6 [range: 1.8-
24.0]) underwent a tissue biopsy. The median time from
PET scan to biopsy was 4 days (range: 0-40). The biopsy
was targeted towards either the area of maximum SUV
(n=29, median SUVmax 7.8) or an alternative area that was
easier to access (n=25; median SUVmax 6.7, median SUVmax

difference=2.7 compared to the maximum SUV area).
The biopsy sites included lymph node (n=34; 10 
excisional and 24 core needle), soft tissue mass (n=9; two
excisional and seven core needle), bone marrow (n=3),
cerebrospinal fluid (n=1) and other organ (n=7; spleen
[n=2, splenectomy], kidney, lung, bone [n=1 each, core
needle], and stomach [n=2, esophagogastroduo-
denoscopy]). 

The final pathology was RT in 25 (46%) patients (21
with DLBCL and four with classical Hodgkin lymphoma),
CLL in 18 (33%; 15 can be classified as histologically
aggressive CLL according to the World Health
Organization 2016 criteria, with the presence of expand-
ed proliferation centers that are broader than a 20x field
or becoming confluent, or a Ki-67 proliferation index
>40%), second malignancy in nine (17%; six with 
recurrent malignancy, three with new malignancy), and
inflammation in two (4%) patients (Table 2). 

The median SUVmax was 11.3 (range: 4.6-24.0) for
patients with RT, 6.4 (range: 1.8-12.5) for patients with
progressive CLL (P<0.001 vs. RT; Figure 1A), and 8.9 
(range: 3.1-17.4) for patients with a second malignancy
(P=0.18 vs. RT; Figure 1A). Only 1 of 7 patients with a
SUVmax <5 had RT. In patients with a SUVmax ≥5 but <10,
10 of 26 (38%) had RT; and in patients with a SUVmax ≥10,
14 of 21 (67%) had RT. The sensitivity and specificity for
identifying RT (vs. other pathology) using a threshold of
SUVmax ≥5 was 96% and 21%, respectively; and using a
threshold of SUVmax ≥10 was 56% and 76%, respectively
(Figure 1B). The negative predictive value (NPV) of
SUVmax <5 in predicting RT was 86%, and the positive
predictive value (PPV) of SUVmax ≥10 in predicting RT was
67%. Using the ROC analysis, a threshold of SUVmax ≥9
was determined to be the best discriminator for detecting
RT vs. other pathology in all 54 patients who underwent
a biopsy, with a sensitivity of 72% and specificity of 72%
(Figure 1C). The PPV and NPV of this cut-off was 69%
and 75%, respectively. Additional results regarding ibru-
tinib hold and survival after PET are available in the
Online Supplementary Materials and Methods.

Our study confirms findings by Mato et al.12 In CLL
patients receiving a BCRi who underwent a PET scan for
evaluation of potential disease progression, although a
SUVmax of 9 was the best cut-off to discriminate RT versus
other pathology, the sensitivity (72%) and specificity
(72%) at this cut-off were both low. The sensitivity

(96%) and NPV (86%) for identification of RT using a
lower cut-off of SUVmax ≥5 was excellent, but the speci-
ficity (76%) and PPV (67%) remained low using a higher
cut-off of SUVmax ≥10. The role of PET in detecting RT
needs to be revisited in the novel agent era. 

While tissue biopsy still remains the gold standard for
diagnosing RT in CLL patients with suspected transfor-
mation of disease, a PET scan helps by i) determining if a
biopsy should be considered if the SUVmax exceeds a cer-
tain cut-off; and ii) identifying the area with the highest
FDG uptake for an excisional or core needle biopsy. Mato
et al.12 reported a sensitivity of 71% and a specificity of
only 4% using a cut-off of SUVmax ≥5 and a sensitivity of
71% and a specificity of 50% using a cut-off of SUVmax

≥10 in CLL patients who progressed after BCRi. In our
study, a cut-off of SUVmax ≥5 had a sensitivity of 96% and
a specificity of 21%, while a cut-off of SUVmax ≥10 had a
sensitivity of 56% and a specificity of 76%. We propose
using SUVmax ≥5 as the cut-off to strongly consider biopsy
given the high sensitivity (96%) and NPV (86%) in our
study. In our cohort, only one patient with SUVmax <5 was
diagnosed with RT on excisional biopsy of a cervical
lymph node that was enlarging asynchronously. In con-
trast, approximately 40% of the patients with a SUVmax ≥5
but <10 and two-thirds of the patients with a SUVmax ≥10
were diagnosed with RT, emphasizing the need to per-
form a tissue biopsy in patients with a SUVmax ≥5. 

CLL progression on BCRi can be associated with a 
relatively high SUV in a PET scan, as ibrutinib can change
the metabolism of CLL cells by increasing glucose
uptake,14,15 and CLL progression developed on ibrutinib is
often clinically aggressive.9-12 It is important not to
assume a diagnosis of RT even with a high SUVmax (e.g.,
≥10), and tissue biopsy is still the gold standard to make
a diagnosis. 

The strengths of our study include a relatively homo-
genous study population from a single institution (CLL
patients on BCRi therapy who underwent PET scan for
the evaluation of disease progression), and a central
review of PET images for SUV measurement/confirma-
tion. The limitations include the retrospective design,
lack of a tissue biopsy in a subset of patients (although
the majority had a low SUVmax), incomplete central
pathology review, potential referral bias, and the small
cohort size.

In summary, the role of a PET scan in identifying RT in
the era of novel agent CLL therapy has evolved owing to
the changing biology of CLL with novel targeted therapy.
A biopsy should be strongly considered in patients receiv-
ing BCRi therapy with suspected RT with a SUVmax ≥5 on
PET. Prospective re-examination of the diagnostic value of
PET in CLL patients with suspected transformation in the
novel agent era with larger cohorts of patients and with
central imaging and pathology review is warranted. 
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Table 2. SUVmax in patients with different pathology on biopsy (n=54).
Pathology                                             N                  Median SUVmax (range)          SUVmax <5               SUVmax ≥5 but <10                 SUVmax ≥10

Richter transformation                               25                              11.3 (4.6-24.0)                            1                                          10                                             14
Progressive CLL                                           18                               6.4 (1.8-12.5)                             5                                          10                                              3
Second malignancy*                                     9                                8.9 (3.1-17.4)                             1                                           5                                               3
Inflammation†                                                 2                               12.6 (7.4-17.7)                            0                                           1                                               1
Total                                                                 54                               8.6 (1.8-24.0)                             7                                          26                                             21

*Six with recurrent malignancy (two metastatic squamous cell carcinoma of the skin, one each with low grade B-cell lymphoma with plasmacytic differentiation, metastatic
melanoma, metastatic Merkel cell carcinoma, and metastatic lung cancer) and three with new malignancy (one each with renal cell carcinoma, soft tissue sarcoma, and
metastatic carcinoma of unknown primary origin). †One with reactive gastropathy, the other with acute and chronic granulomatous changes due to herpes simplex virus.
SUV: standardized uptake value; CLL: chronic lymphocytic leukemia.
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Peripheral neuropathy and monoclonal gammopathy
of undetermined significance: a population-based
study including 15,351 cases and 58,619 matched
controls

Monoclonal gammopathy of undetermined signifi-
cance (MGUS) is a common benign precursor condition
of multiple myeloma (MM) and related disorders.1,2

MGUS is considered asymptomatic but has been shown
to be associated with peripheral neuropathy (PN).3

However, the literature is unclear regarding the preva-
lence, clinical implications, and even the existence of
MGUS-associated PN.4 We therefore conducted a large
population-based study of MGUS and PN. We found PN
to be truly associated with MGUS and under-recognized
in clinical practice. Furthermore, PN was associated with
a 2.9-fold risk of a light-chain amyloidosis (AL).

We included individuals with MGUS diagnosed in
Sweden between 1986-2013, as has been described pre-
viously.5 Four controls that were alive and free of lym-
phoproliferative disease were matched to each case on
the day of MGUS diagnosis by sex, year of birth, and
county of residence. Data from Swedish national reg-
istries were cross-linked to participants using a unique
identification number.

The primary endpoint was PN as recorded in the
Swedish Patient Registry using International
Classification of Diseases (ICD) codes by Swedish physi-
cians recording their clinical diagnoses. However, under-
lying symptoms or diagnostic testing leading to PN diag-
nosis were not available. Acute inflammatory neu-
ropathies and critical care neuropathy were excluded.
Symptomatic codes were included but were excluded in
a sensitivity analysis. We assessed the prevalence of PN
in the full cohort and followed those who did not have
PN at inclusion until PN or censoring at death as recorded
in the Swedish Cause of Death Registry, lymphoprolifer-
ative disease as recorded in the Swedish Cancer Registry,
or end of follow-up. We then estimated hazard ratios
(HR) using Cox proportional hazard regression adjusting

for age, sex, and year of inclusion. PN is common in the
general population but is often undetected.6 Individuals
with MGUS, who are under medical surveillance, might
therefore have more diagnoses of a PN that might other-
wise have stayed subclinical in the control population. To
mitigate this bias, we also stratified the cohort by dia-
betes mellitus (DM) and repeated the analysis. DM
patients are under regular medical surveillance, similar to
that of patients with MGUS. Furthermore, PN is a well-
known feature of DM, and DM patients often undergo
PN screening during follow-up, presenting a more appro-
priate comparison group.

In a secondary analysis, we assessed the association of
PN and MGUS progression and death. We included all
participants with MGUS and considered PN as the expo-
sure. We then followed them until death or the diagnosis
of MM, Waldenström’s macroglobulinemia (WM), and
AL in four separate analyses while censoring at the other
endpoints or loss to follow-up. In order to prevent
immortal time bias in those participants who developed
PN after MGUS diagnosis, we included PN as a time-
dependent covariate in a Cox proportional hazard regres-
sion model. The models were adjusted for age, sex, and
year of MGUS diagnosis, as well as for DM when assess-
ing risk of death.

A total of 15,351 participants with MGUS and 58,619
matched controls were included in the study. The preva-
lence of PN was higher in participants with MGUS than
controls (6.5% vs. 2.8%) (Table 1). The reported preva-
lence of PN varies widely but more recent observational
studies estimate the prevalence at 15-20%.7 Therefore,
these findings, based on clinical diagnoses of PN, indicate
under-recognition of PN during the clinical care of indi-
viduals with MGUS.

Individuals with MGUS had 2.7-fold risk of PN com-
pared to matched controls (HR=2.7; 95% confidence
interval [95%CI]: 2.4-3.1; P<0.001). After stratification
for DM, we found MGUS and DM to be associated with
higher risk of PN as compared to controls without MGUS
and DM (MGUS alone: HR=3.0; 95%CI: 2.6-3.4; P<0.001
and DM alone: HR=3.6; 95%CI: 3.2-4.2; P<0.001).
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Table 1. Baseline characteristics of study participants in the original cohort and after additional stratification for diabetes mellitus (DM) as
well as results of a Cox proportional hazard regression model of risk of peripheral neuropathy (PN) for each group.
                                                                   Original cohort                                                              After DM stratification
                                                         MGUS                      Control             MGUS alone                DM alone          MGUS+DM             Control

N                                                                   15,351                             58,619                        12,818                              7,953                       2,533                       50,666
Median age (years)                                     73                                    72                               72                                    74                            74                             72
Age range (years)                                     18-104                             18-101                       18-104                              26-97                      26-95                      18-101
% male                                                           51%                                 51%                            50%                                 58%                         58.1                          50%
N by year of inclusion                                                                                                                                                                                                                         

1986-1995                                                  22%                                 22%                            22%                                 23%                         22%                          21%
1996-2005                                                  33%                                 33%                            33%                                 35%                         31%                          33%
2006-2013                                                  45%                                 45%                            45%                                 42%                         47%                          46%

PN                                                             996 (6.5%)                   1,644 (2.8%)              681 (5.3%)                    620 (7.8%)           315 (12.4%)           1024 (2.0%)
before MGUS/matching                  549 (55%)                      770 (47%)                376 (55%)                     310 (50%)             173 (55%)              460 (45%)
(% of PN)                                                     

Median follow-up (years)                          4.0                                   6.1                              4.1                                   6.1                           3.7                            6.1
Risk of PN in HR (95% CI)1            2.7 (2.4-3.1)***                Reference                        -                                     -                             -                              -
                                                                          -                                      -                   3.0 (2.6-3.4)***           3.6 (3.2-4.2)***   7.5 (6.3-9.1)***         Reference
                                                                           -                                      -                      0.8 (0.7-1.0)*                  Reference        2.1 (1.7-2.5)***    0.3 (0.2-0.3)***

1Adjusted for sex, age, and year of inclusion. *P<0.05, ***P<0.001, MGUS: monoclonal gammopathy of undetermined significance; HR: hazard ratio, 95% CI: 95% confidence
interval; N: number. 



MGUS was associated with a 0.8-fold risk of PN as com-
pared to DM (HR=0.8; 95%CI: 0.7-0.9, P=0.02).
Participants with MGUS and DM had a 2.1-fold risk of
PN as compared to those with DM alone (MGUS and
DM: HR= 2.1; 95%CI: 1.7-2.5; P<0.001) (Table 1 and
Figure 1). Although these findings could suggest a syner-
gistic effect of MGUS and DM, it is more likely that
excess PN caused by MGUS is being detected during DM
or MGUS follow-up in individuals with DM and MGUS
as compared to those with DM alone. These findings
indicate that PN is truly associated with MGUS, contra-
dicting previous findings that questioned this.4

In the secondary analysis, 1,368 participants pro-
gressed to MM, 449 progressed to WM, and 173 pro-
gressed to AL (Table 2). PN was associated with lower
risk of MM (HR=0.7; 95%CI: 0.5-0.9; P=0.02) but was
not associated with WM progression (HR=1.3; 95%CI:
0.9-1.9; P=0.2). PN has been shown to be more common
in IgM MGUS3 that rarely progresses to MM, but rather
to WM,8 potentially leading to selection bias.
Unfortunately, isotype data are not available for this
cohort making it difficult to interpret these results.
However, these findings could indicate that PN is unlike-
ly to be associated with increased risk of MM or WM,
suggesting that the development of PN in MGUS might
be unrelated to progression of the underlying plasma cell
disorder.

Interestingly, we found PN to be associated with a 2.9-
fold risk of MGUS progression to AL (HR=2.9; 95%CI:
1.8-4.6; P<0.001). Furthermore, we found that nine out
of the 11 individuals (82%) with PN at diagnosis who
later progressed to AL did so within a year of MGUS
diagnosis. Diagnosis of AL can be difficult, leading to
under-recognition and a delay in diagnosis of AL.9

Furthermore, virtually all cases of AL are preceded by
MGUS,10 so it is likely that these participants had AL, not
MGUS, at inclusion. These findings stress the importance

of a thorough evaluation for AL in individuals with
MGUS and PN, especially at MGUS diagnosis.

We found PN to be associated with a 1.3-fold risk of
death in MGUS (HR=1.3; 95%CI: 1.2-1.5; P<0.001).
When associated with other disorders, PN can lead to
falls and fractures11-13 which might contribute to this
increased risk of death. However, PN is also associated
with various other diseases that might lead to increased
risk of death, such as other cancers and alcohol misuse.6

Therefore, it is unclear whether this represents a causal
relationship. Further studies are needed to validate these
findings.

Our study has several strengths. We included a nation-
wide population of 15,351 MGUS cases and 58,619
matched controls diagnosed over a 28-year period. Data
were acquired with high accuracy and completeness
from well-established registries. As far as we know, this
is the largest study of MGUS-associated PN so far.
Secondly, by including clinical data from routine care, the
study provides an insight into the real-world care of indi-
viduals with MGUS. Finally, by also stratifying partici-
pants for DM, we mitigated detection bias that would
otherwise have affected the results of this type of study.

The study also has important limitations. Firstly, PN
diagnoses were acquired from diagnostic coding without
data on the underlying symptoms or diagnostic tests,
relying on detection, and accurate diagnosis of PN by
physicians. By stratifying for DM, we mitigated some of
the effects of any unequal detection and reporting of PN
in the cohort. Secondly, study participants were not
screened for MGUS, but were diagnosed during the
work-up of other medical problems, leading to biased
selection of participants with other medical problems
into the MGUS group. Furthermore, MGUS might have
been diagnosed as a result of PN. However, this applies
to all real-world MGUS populations, and individuals with
PN before MGUS diagnosis were excluded from analyses

2680 haematologica | 2020; 105(11)

Letters to the Editor

Figure 1. Kaplan-Meier graph illus-
trating the cumulative hazard of
peripheral neuropathy (PN) through-
out the study period by assigned
study group. MGUS: monocloncal
gammopathy of undetermined sig-
nificance; DM: diabetes mellitus.
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Years

Number at risk



assessing risk of PN. Thirdly, and unfortunately,
immunoglobulin isotype data are not available for this
cohort, and some isotypes, especially IgM, might be asso-
ciated with higher risk of PN and skew the average risk
for the whole cohort so that it might not be representa-
tive for each isotype. Furthermore, this limits the inter-
pretation of analyses of progression to MM and WM.
Prospective studies including screening for MGUS and
PN are needed to validate these findings. We are current-
ly conducting a population-based screening study for
MGUS (clinincaltrials.gov identifier: NCT03327597). A sub-
study is ongoing assessing the prevalence, symptoms,
clinical impact, and associated disease factors of MGUS-
associated PN.

In conclusion, in this large population-based study,
including 15,351 MGUS individuals and 58,619 matched
controls, we found that a significant proportion of indi-
viduals with MGUS have clinically evident PN (6.5%)
and that PN is truly associated with MGUS. In addition,
our findings suggest under-recognition of PN in the real-
world care of individuals with MGUS. Interestingly, we
found PN to be associated with a 2.9-fold risk of AL and
that PN is not associated with increased risk of MM or
WM. PN was associated with increased risk of death, but
multiple confounders make it impossible to establish a
causal relationship. When associated with other disor-
ders, PN leads to falls, fractures,11-13 and lower quality of
life.14 It is, therefore, reasonable to assume that PN causes
considerable morbidity in MGUS that may go unrecog-
nized. Our findings should help increase awareness of
MGUS as a cause of PN among all clinicians and promote
closer monitoring of individuals with MGUS for symp-
toms of PN.
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Table 2. Baseline characteristics, rates and incidence of progression,
and risk of progression to MM, WM, and AL as well as death for study
participants with MGUS with and without PN as assessed by Cox
proportional hazard regression with PN as a time dependent covari-
ate.
                                                MGUS without PN        MGUS and PN

N                                                                   14,355                                996
Male                                                               51%                                 63%
Median age                                                     73                                    69
Median follow-up (years)                          4.0                                   3.0
Progressed to MM (incidence1)       1,328 (1.6)                       40 (1.0)

HR (95%CI)2                                               -                           0.7 (0.5-0.9)*
Progressed to WM (incidence1)         422 (0.5)                         27 (0.7)

HR (95%CI)2                                               -                            1.2 (0.8-1.8)
Progressed to AL (incidence1)           153 (0.2)                         21 (0.5)

HR (95%CI)2                                               -                         2.3 (1.5-3.7)***
Death (mortality rate1)                       5,522 (6.8)                      315 (8.0)

HR (95%CI)3                                               -                         1.3 (1.2-1.5)***
1Incidence per 100 person-years. 2Adjusted for sex, age, and year of inclusion.
3Adjusted for sex, age, year of inclusion, and diabetes mellitus (DM). ***P<0.001,
MGUS: monoclonal gammopathy of undetermined significance; PN: peripheral
neuropathy; MM: multiple myeloma; WM: Waldenström’s macroglobulinemia; AL:
amyloid light-chain amyloidosis; HR: hazard ratio; 95%CI: 95% confidence interval.



Long-term outcomes after splenectomy in children
with immune thrombocytopenia: an update on the
registry data from the Intercontinental Cooperative
ITP Study Group

Immune thrombocytopenic purpura (ITP) is an
acquired immune-mediated disease characterized by a
decrease in platelet count due to antiplatelet autoanti-
body-mediated increased platelet destruction and, in
some cases, associated impaired platelet production.1

There has been a decline in the number of splenec-
tomies performed as a second-line treatment after the
introduction of new therapies, such as thrombopoietin-
receptor agonists. However, the current availability of
long-term data on these new second-line therapeutic
options seems to suggest that splenectomy remains the
more effective second-line intervention in ITP.2

Therefore, data on long-term outcomes of splenectomy
in children are relevant.

The Splenectomy Registry of the Intercontinental
Cooperative ITP Study (ICIS) Group collects information
regarding children who underwent splenectomy to treat
ITP, including perioperative management and follow-up
data. A report of the first 134 patients was published in
2007.3 The present study aims to update the findings of
the ICIS Splenectomy Registry by analyzing over a
decade of new data, with a focus on long-term outcomes
of children with primary ITP.

Details of the data collection forms of the Splenectomy
Registry have been previously described.3 Investigators
included patients with ITP in whom splenectomy was
planned. For the analysis, we excluded records in which
splenectomy was not reported or no platelet counts were
available at follow-up.  Investigators sought local ethics
approval prior to patient entry, according to the regulato-
ry requirements of each institution. Response to splenec-
tomy was classified as a complete response (CR: ≥60% of
platelet counts performed ≥1 month post-splenectomy
≥100x109/L), response (R: ≥60% of platelet counts ≥1
month post-splenectomy ≥30x109/L), or no response
(NR: <60% of platelet counts ≥1 month post-splenecto-
my  ≥30x109/L).4 At least two counts after the first month
post-splenectomy were required for outcome assess-
ment. Refractoriness was defined as either the failure to
achieve at least R or loss of R after splenectomy + clini-
cally relevant bleeding.5

Bleeding events were classified as major and clinically
relevant non-major (CRNM) according to current defini-
tions of the International Society on Thrombosis and
Haemostasis for patients on anticoagulants.6,7

The trajectory of platelet counts over time was investi-
gated using generalized estimating equations (GEE) mod-
els with basic splines to accommodate for the non-linear
shape of the regression line. Predictors of response to
splenectomy were explored using logistic regression
analysis. Predictors associated with the outcome at
P≤0.20 in univariable analysis were considered for multi-
variable modeling. For model performance, simple boot-
strap with 200 replications was used to estimate the opti-
mism corrected (internally validated) area under the
Receiver Operating Characteristic (ROC) curve.
Significance was set at an alpha of 0.05. Analysis was
performed in R.

A total of 267 patients were entered in the Registry
between June 1997 and September 2017 by 82 investiga-
tors from 63 institutions and 26 countries. Seventeen
records were excluded due to incompleteness and 11 due
to secondary ITP diagnosis. Hence, 239 patients were

included in the analysis. Eighty of those patients (80 of
239, 33%) came from a single institution (The Hospital
for Sick Children [SickKids], Toronto, Canada). Patients
at SickKids were identified using the ICD-9-CM and
ICD-10-CA codes, which explains the large number of
participants identified in this institution.

The median duration of follow-up was 25 months
(25th-75th percentile: 7.8-53.4 months). One hundred and
thirty-five patients (135 of 250, 54%) were females.
Median age at the time of ITP diagnosis was 9.2 years
(25th-75th percentile: 4.8-13.0 years). 

Splenectomy was performed at a median age of 11.7
years (25th-75th percentile: 7.9-15.3 years). Sixty-two of
the 239 patients (26%) had their splenectomy performed
<1 year after diagnosis (i.e., before reaching chronic ITP
status) and ten of those 62 patients (16%) had their
splenectomy performed <3 months after ITP diagnosis
(i.e., before reaching persistent ITP status).

There was one intra-abdominal bleeding event docu-
mented during surgery. Eleven patients (11 of 239, 5%),
including the patient with intra-abdominal bleeding,
received peri-procedural red blood cell transfusions.
Twenty-four patients (24 of 239, 10%) had fever at a
median of 41 hours post-procedure (range: 6-99 hours).
No deaths or episodes of sepsis in the immediate post-
operatory period were recorded. 

One-hundred and eighty-six patients were followed up
for >6 months. No major bleeding events were reported
on those patients. Sixteen patients (16 of 184, 8.7%) had
a documented CRNM bleed; all cases were classified as
CRNM bleed because of the need for hospitalization.
Twenty patients (20 of 186, 11%) had at least one admis-
sion due to fever or infection and five patients (5 of 186,
2.7%) were reported to have had sepsis (one viral, one
due to Streptococcus B) on long-term follow-up. A system-
atic review of studies conducted between 1966 and 1996
reported an incidence of invasive infection of 2.1%
among 484 patients with ITP, including adults and chil-
dren.8 In comparison, a more recent report including
nearly 10,000 adults with ITP estimated the cumulative
incidence of sepsis at 11.1% in splenectomized versus
10.1% in non-splenectomized patients.9 Age and the
number of co-morbidities and longer follow-up of these
patients (median of 25 months of total observation in our
study vs. 35 months median time from surgery to sepsis
in the adult study) were also associated with higher risk
of sepsis and might explain the lower frequency seen in
our study. 

Trend of platelet count post-surgery in the first 30 days
and up to 4 years post-surgery is shown in Figure 1. The
peak platelet count after surgery was 549x109/L (range: 5-
1,944x109/L) at a median of 7 days (range: 1-35 days).
The median platelet count between 30-60 days post-
surgery was 337x109/L (25th-75th percentile: 128-
493x109/L). Generalized estimating equations showed a
non-statistically significant decline in platelet count over
time of 0.56x109/L per month, 95%CI: 1.15-0.04, P=0.08,
after the first month post-splenectomy.

Frequency of CR/R/NR is shown in Figure 2. Overall,
93% of patients showed CR/R; this frequency is slightly
higher than that reported among adult patients10 and
might be explained by the high frequency of splenectomy
performed before reaching chronic ITP status (26%) and
by a relatively low number of patients who received sec-
ond-line therapy (51 of 239, 21%). In addition, we
observed a significant difference on the median time to
surgery from ITP diagnosis before and after 2009 (median
time: 1.7 years, 25th-75th percentile: 0.9-3.1 years, before
and including 2009, and 3.2 years, 25th-75th percentile:
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2.0-4.3 years after 2009) when standardized definitions
for chronic and persistent ITP were published.4

Importantly, the higher frequency of bleeding document-
ed as the response category decreases (Figure 2), suggest-
ing that the classification used in this study approximates
clinically relevant outcomes. 

Refractoriness was 1.7% (4 of 239) among all children
and 2.6% (4 of 152) in children with ≥1 year of follow-
up. These estimates of refractoriness are slightly lower
than those for adult patients,5 as we did not take into
account administration of platelet-enhancing therapy on
follow-up since administration of platelet-enhancing

therapy at the time of each platelet count was not report-
ed in the Registry. 

Results of simple logistic regression are shown in Table
1. In multivariable analysis, both age at the time of sur-
gery and average platelet count on the first 30 days post-
splenectomy predicted CR/R. For every year increase in
age at the time of surgery, the odds of CR/R increased by
1.18 (95%CI: 1.02-1.40) and for every 10x109/L increase
in the average platelet count in the first month, the odds
of response increased by 1.09 (95%CI: 1.05-1.16). In
terms of model performance, the optimism-corrected
area under the ROC curve was estimated as 0.87.
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Figure 1. Spaghetti plot showing
platelet counts over time. Spaghetti
plots of platelet count for each individ-
ual over time after splenectomy. The
upper panel shows platelet counts in
the first 30 days and the lower panel
shows platelet counts in the first 50
months of follow-up. The blue solid
line represents the regression line
(loess).

Table 1. Simple logistic regression results for complete response or response to splenectomy in primary immune thrombocytopenia (ITP).
Predictor                                                                                                                                       OR (95%CI)                                        P

Sex (male vs. female)                                                                                                                                          0.94 (0.30-3.05)                                           0.92
Age at time of ITP diagnosis, years                                                                                                                   1.12 (0.99-1.29)                                           0.09
Age at time of surgery, years                                                                                                                              1.15 (1.01-1.33)                                           0.04
Time from diagnosis to surgery, years                                                                                                             1.05 (0.86-1.41)                                           0.71
N. of previous treatment modalities                                                                                                                0.70 (0.41-1.24)                                           0.21
Second-line therapy (yes vs. no)                                                                                                                       0.30 (0.09-0.97)                                           0.04
Steroids as part of initial therapy (yes vs. no)                                                                                               1.02 (0.05-5.83)                                           0.99
IVIG as part of initial therapy (yes vs. no)                                                                                                      0.59 (0.03-3.25)                                           0.99
Platelet count immediately before splenectomy*                                                                                        1.01 (1.01-1.03)                                           0.01
Average platelet count in first 30 days post-splenectomy*                                                                        1.09 (1.04-1.15)                                        <0.001
Any platelet count <100x109/L in first 30 days post-splenectomy (no vs. yes)                                   26.32 (6.62-176.30)                                     <0.001
Peak platelet count in first 30 days post-splenectomy*                                                                              1.03 (1.01-1.06)                                          0.009

OR: odds ratio; CI: confidence interval; N: number; IVIG: intravenous immunoglobulin. *For every 10x109/L increase. 



Older age at the time of diagnosis was reported to be
an independent predictor of CR in the previous analysis
of this Registry3 and age at the time of diagnosis was
highly correlated with age at the time of splenectomy in
the present study. Younger age is considered a predictor
of CR/R in adult patients with ITP undergoing splenecto-
my,11,12 perhaps indicating that there might be a similar
underlying mechanism among teenagers and young
adults. Older age is also a predictor of chronic ITP in
pediatrics,13 further indicating a distinct pathophysiology
in ITP affecting teenagers and young adults. It is also pos-
sible that patients who undergo splenectomy at a young
age are also more refractory to treatment. 

Higher platelet counts in the first month post-splenec-
tomy was also an independent predictor of both CR/R in
this population. Interestingly, higher platelet counts
immediately before surgery, not having platelet counts
<100x109/L in the first 30 days post-splenectomy, and
higher peak platelet count in the first 30 days post-
splenectomy were predictors of CR/R in univariable
analysis. Ahmed et al. reported that platelet count at the
time of splenectomy was one of the predictors of CR/R in
a cohort of 254 patients that included 87 children.14 In
addition, high platelet count in the first week after
splenectomy has been shown to predict response in some
studies conducted in adult patients, although results are

inconsistent.10 A more recent study among 174 adults
splenectomized for ITP showed that higher pre- and
post-operative platelet count were predictors of response
in univariable analysis.12 Importantly, pre-surgical and
early post-surgical platelet counts may be influenced by
platelet enhancing therapy administered pre-operatively
in addition to the thrombocytosis seen after splenectomy.
Taken together, these observations indicate that individ-
uals able to increase and sustain platelet counts in
response to an intervention are more likely to show
CR/R in the long term.

The present study has some limitations. For example,
biases such as selection bias and information bias of an
intercontinental registry cannot be ruled out. However,
one-third of the patients included in the Registry come
from a systematic search at a single center (SickKids)
which could help, in part, overcome the issue of selection
bias. In addition, the median follow-up time was 25
months, despite the fact that the registry has been open
for two decades. Retention can be problematic in reg-
istries, particularly when they are voluntary. However,
use of registry data can be beneficial as registries are also
characterized by strong external validity in view of the
heterogeneous populations included, thus better reflect-
ing clinical practice.15 In addition, the differential diagno-
sis in terms of primary or secondary ITP was left to the
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Figure 2. Frequency of response and bleeding in primary immune thrombocytopenia. Center column shows the overall response category and percentage of
patients in each of them. Left column shows the frequency of bleeding and clinically relevant non-major (CRNM) bleeding according to response category. Right
column shows the frequency of patterns of response in each response category depending on whether the response was sustained or there were fluctuations
over time. n: number.  



decision of the treating physician, and therefore misclas-
sification cannot be ruled out. However, the high fre-
quency of response found herein suggests misclassifica-
tion is unlikely and may not have impacted the results.
Lastly, there was no specific protocol attached to the reg-
istry, and care of the patient was left to the discretion of
the clinician, thus reflecting general practice.

In conclusion, splenectomy is a very effective approach
for the management of selected children with primary
ITP as evidenced by platelet count recovery. Although
low, the risk of adverse events both peri-operative and in
the long-term should be carefully considered when indi-
cating this therapeutic modality. The only predictor of
response available prior to indication of splenectomy is
patient age; the older the patient, the higher the odds of
response.  
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Decolonization of multi-drug resistant bacteria by
fecal microbiota transplantation in five pediatric
patients before allogeneic hematopoietic stem cell
transplantation: gut microbiota profiling, infectious
and clinical outcomes

Fecal microbiota transplantation (FMT) is playing a
prominent role in the treatment of recurrent Clostridium
difficile infection in adults, showing high efficacy and
safety.1 It has also been proposed for treatment of other
diseases associated with alterations of intestinal micro-
biota, including intestinal inflammatory diseases (inflam-
matory bowel disease)2 and graft-versus-host disease
(GvHD).3 Moreover, FMT has been proposed for decolo-
nization of multi-drug resistant (MDR) germs from the
intestinal tract, with good results in adults.4,5 Indeed,
antimicrobial resistance (AMR) is of great concern in the
hemato-oncologic field, since a very high mortality rate
has been demonstrated in patients infected by MDR bac-
teria (up to 36-95% in patients undergoing allogeneic

hematopoietic stem cell transplantation [HSCT]).6

Moreover, up to 70% of cases of bacteremia originate
from the gut in these patients.7

Between October 2018 and March 2019, five consecu-
tive patients colonized by MDR bacteria underwent FMT
before HSCT (see Table 1 for details),  on a compassion-
ate use basis after local ethical committee approval and
informed consent of parents/legal guardians of patients.
Notably, three patients had a prior history of systemic
infections by a colonizing MDR pathogen, which had
required intensive care unit admission. Isolated MDR
pathogens were Pseudomonas aeruginosa and carbapenem-
resistant Enterobacteriaceae (CRE) (Table 1); three
patients had isolation of different species of CRE in stools
(Figure 1). Real-time polymerase chain reaction (RT-PCR)
targeting carbapenemases detected blaVIM in three cases,
blaNDM in one case, and blaOXA48-181-232 in another case. 

For each subject, the same unrelated healthy volunteer
adult donor was used. Donor screening was performed
according to European consensus guidelines on FMT,1 our
institutional FMT protocol and Italian recommendations
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Table 1. Characteristics of patients undergoing fecal microbiota transplantation (FMT) for multidrug resistant (MDR) decolonization. 
                                                                    Patient 1                          Patient 2                         Patient 3          Patient 4                          Patient 5

Age (years) at FMT                                              18                                             17                                            11                          9                                               2
Gender                                                                    M                                             M                                             M                           M                                             F
Hematologic disease                                           AML                                         AML                                        AML                      ALL                                          SCID
Phase of disease                                                   CR1                                          CR1                                         CR1                       CR2                                          Disease present
MDR pathogen                                                      PA                                            CF, KOr, EntCl                      KP, EC                  EC                                            EC, KO, KP
AMR gene                                                               blaVIM                                        blaVIM                                       blaVIM                     blaOXA 48-181-232                             blaNDM

Pre-FMT relevant infections                              Sepsis by Carb-R-PA           Sepsis by Carb-R-EC          None                    None                                       Multiple sepsis and 
                                                                                                                                                                                                                                                                   meningoencephalitis
                                                                                                                                                                                                                                                                   by Carb-R-EC
Donor                                                                      UD                                           UD                                          UD                        UD                                           UD
Stool                                                                         Fresh                                      Frozen                                   Frozen                 Frozen                                    Frozen
N. of FMT                                                                1                                               1                                              1                            1                                               1
Volume administered                                          170 mL                                    200 mL                                   150 mL                 240 mL                                    100 mL
Preparation with oral antibiotic                        N                                              Y                                              Y                            Y                                               Y
MDR bacteria clearance at 1 week                   Y                                               Y                                              N                           Y                                               Y
MDR bacteria clearance at 1 month                N                                              N                                             Y                            N                                              N
MDR bacteria clearance at last follow-up      N                                              N                                             Y                            N                                              N
Last microbiological follow-up (days)            44                                            28                                           53                          42                                            113 
Time elapsing between FMT and HSCT          12 days                                    14 days                                   13 days                 16 days                                    16 days
Type of donor and stem cell source                HLA-haploidentical             HLA-haploidentical             HLA-identical     HLA-haploidentical              HLA-haploidentical
                                                                                   relative, PBSC                       relative, PBSC                      sibling, BM          relative, PBSC                       relative, PBSC
Conditioning regimen                                          TBI + TT + LPAM +           TBI + TT + LPAM +           Bu + Cy +           TBI + TT +                           Treo + Flu +
                                                                                   ATLG + rituximab                ATLG + rituximab              LPAM                   Flu + ATLG                           ATLG + rituximab
                                                                                                                                                                                                                  + rituximab
Graft manipulation                                               TCRaβ/CD19-depletion    TCRaβ/CD19-depletion    None                    TCRaβ/CD19-depletion     TCRaβ/CD19-depletion
CD34+ infused/kg                                                  9.6x106                                     14.4x106                                  5.2x106                  18.2x106                                   18.0x106

Engraftment Y/N, days                                         Y, 9                                           Y, 12                                        Y, 17                      Y, 16                                         Y, 12
Acute/chronic GvHD                                             N                                              Y, acute, grade I,                 N                           N                                              N
                                                                                                                                    +40 after HSCT                   
Follow-up (days after FMT)                               302                                           264                                          204                        162                                           120

AMR: antimicrobial resistant; ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia; ATLG: anti-T lymphocyte globulins; blaNDM: New Delhi metallo-beta-lactamase; blaVIM:  Verona
imipenenase; blaOXA oxacillinase; BM: bone marrow; Bu: busulfan; CF: Citrobacter freundii; Carb-R: carbapenem-resistant; CR: complete remission; Cy: cyclophosphamide; EC: Escherichia
coli; EntCl: Enterobacter cloacae; Flu: fludarabine; GvHD: graft-versus-host disease; HSCT: hematologic stem cell transplantation; KP: Klebsiella pneumoniae; KOr: Klebsiella ornithinolytica;
KO: Klebsiella oxytoca; LPAM: melphalan; M: male; N: number; PA: Pseudomonas aeruginosa; PBSC: peripheral blood stem cells; SCID: severe combined immune deficiency; TBI: total body
irradiation; TCR: T-cell receptor; Treo: treosulfan; TT: thiotepa; UD: universal donor. 



of the National Health Authority (Consiglio Superiore
Sanità) (http://www.regione.lazio.it/binary/rl_sanita/tbl_nor-
mativa/SAN_DCA_U00111_14_03_2019.pdf). FMT emul-
sion was prepared under aerobic conditions, from either
frozen or fresh preparation, according to stool bank avail-
ability and clinical need.  FMT infusion was performed
via esophagogastroduodenoscopy (EGDS) in the duode-
num. A naso-gastric tube was placed after FMT in order
to protect the patient from vomiting/inhalation. During
the week before FMT, no systemic antibiotics were
administered. All patients, except one, received a 3-day
course of oral colistin before FMT to improve decoloniza-
tion efficacy. Stool sample collection was performed at
the FMT day (T0), day 1(T1), 3(T2), 7±1(T3), 10±2(T4),
20±3(T5), 25±2(T6), 28±2(T7), according to patients’
clinical condition and sample availability.

After a minimum of three days post-FMT, based on
physician's evaluation, the conditioning regimen for
HSCT was started. Anti-infectious prophylaxis/treatment
strategy is reported in the Online Supplementary Appendix.
Adverse events (AE) were graded according to Common
Terminology Criteria for Adverse Events (CTCAE), ver-
sion 4.03. MDR bacteria surveillance and gut microbiota
profiling are reported in the Online Supplementary
Appendix. 

Multi-drug resistant decolonization was achieved
within one week in 4 of 5 patients (80%), for whom RT-
PCR for bla alleles resulted negative on stools. However,
at 1-month follow-up, the only patient who was still col-
onized after FMT, achieved decolonization, while the
four previously decolonized patients switched to a new
colonization status (from the same pathogen identified
before FMT) (see Figure 1 for details). At last microbio-

logical follow-up (mean time 56 days, range 28-113
days), 4 of 5 patients were colonized by MDR pathogens.
Details on gut microbiota ecology are reported in Figure
2 and in the Online Supplementary Appendix.

Patient 1, after achieving decolonization, experienced a
sepsis due to the same MDR-colonizing pathogen (Figure
1) 5 days post-HSCT (17 days after FMT). Patient 5 expe-
rienced a sepsis 24 hours after FMT from the same
pathogen colonizing her stools; however, after careful
clinical revision, this was attributed to contamination of
the central venous line by the caregiver. Both episodes
were promptly treated with targeted antibiotics, and
patients fully recovered without sequelae. The remaining
three patients did not present any major infective
episodes.  Other AE recorded were nausea (two patients
with grade 1 and 2, respectively), abdominal pain (grade
1), and bloating (grade 1) in single patients.

Globally, FMT for MDR decolonization in pediatric
patients has been reported only twice. The first case
refers to a 14-year-old patient treated for hemophagocyt-
ic lymphohistiocytosis, experiencing recurrent carbapen-
em-resistant Klebsiella pneumoniae (CR-KP) infections,
successfully decolonized by FMT, and with no recurrence
of infection in the following 1.5 years.8 The second
patient described in a recent retrospective study focusing
on adult hematologic patients was a 16-year-old female
with acute myelogenous leukemia.9 This patient under-
went two FMT for VRE (Vancomycin-resistant
Enterococci) and CP-producing bacteria colonization 98
days after HSCT, resulting in decolonization of VRE and
persistence of carbapenemase (CP)-producing bacteria,
with no reported AE.

In our study, FMT using samples from the same donor
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Figure 1. Distribution of multidrug resistant (MDR) pathogens isolated before and after fecal microbiota transplantation (FMT) and characterized. CF:
Citrobacter freundii; EC: Escherichia coli; EntCl: Enterobacter cloacae;  KP: Klebsiella pneumoniae; Kor: Klebsiella ornithinolytica; KO: Klebsiella oxytoca; NDM:
New Delhi metallo-beta-lactamase; OXA: oxacillinase; PA: Pseudomonas aeruginosa; Pt: patient; VIM: Verona imipenenase. 
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Figure 2. Targeted-metagenomics-based gut microbiota profiling. Barr plots represent operational taxonomic unit distribution of universal donor (U-DONOR)
and patient follow-up time-points; line graph represents the Shannon index values for each time points; pie charts report phylum distributions for each time
points. Histogram abbreviations: Acid.: Acidaminococcus; A.muc.: A. muciniphila; Aer.: Aerococcaceae; Ato.: Atopobium; B.e.: B. eggerthii; B.fr.: B. fragilis; B.lon.:
B. longum; B.ov.: B. ovatus; B.u.: B. uniformis; Bac.: Bacteroides; Ba.: Barnesiellaceae; Bla.: Blautia; C.aer.: C. aerofaciens; Clos.: Clostridiaceae; Do.: Dorea;
E.len.: E. lenta; E.bif.: E.biforme; Entb.: Enterobacteriaceae; Entc.: Enterococcaceae; F.p.: F. prausnitzii; H.para.: H. parainfluenzae; L.reu.: L. reuteri; La.,
Lachnospiraceae; Lt.: Lactobacillus; Osc., Oscillospira; P., Parabacteroides; P. dis.: P. distasonis; Pse.: Pseudomonas; Ros.: Roseburia; Rum.: Ruminococcaceae;
Rums.: Ruminococcus; Rik.: Rikenellaceae; R.tor.: R. torques; Sta.: Staphylococcus.



resulted in 80% (4 of 5) MDR decolonization within one
week after the procedure. Since repeated FMT could
increase the chances of durable decolonization, this pro-
tocol might be indicated for patients with a predicted
long-lasting immunosuppression or in the presence of
other risk factors for recurrent infections. 

Our data suggest FMT safety and feasibility in pediatric
patients with hematologic disorders immediately before
the aplastic phase of HSCT. Four patients did not experi-
ence serious AE, while patient 1 suffered from an episode
of sepsis (from the same pathogen for which he received
FMT) 17 days after the procedure. In all patients, only
few symptoms related to the FMT procedure were
recorded, all being transient and easily controlled by
symptomatic drugs. Recently, two episodes of life-threat-
ening/fatal sepsis due to ESBL E. coli were reported in
adults undergoing FMT in two different clinical trials.10

However, based on the last European Consensus11 and
national recommendations, extensive MDR bacteria test-
ing is a cornerstone of donor screening in our institution. 

Antibiotic-driven decolonization is a matter of discus-
sion in the context of FMT. Oral colistin was proposed as
a treatment to decolonize gut microbiota MDR bacteria
before FMT. Stoma et al. randomized 62 adult hemato-
logic patients colonized by MDR bacteria to receive oral
colistin or placebo for 14 days,12 showing improved
decolonization at the end of treatment not persisting 1
week later; moreover, the incidence of bloodstream
infections in the case/control groups was similar. Based
on these results, oral colistin was administered to four of
our patients before FMT to provide an “induction” thera-
py followed by “consolidation” through FMT, with the
idea of improving donor microbiota “engraftment”. From
our data, it seems that, at early time points after FMT
preceded by oral colistin administration, the gut micro-
biota composition was more similar to that of the FMT-
donor. However, more patients are needed to assess the
effective role of oral colistin as FMT preparation on
microbiome composition.

After the exclusion of related donors, who were not
eligible because of the presence of pathogens/commen-
sals at screening, a healthy unrelated volunteer was
selected, in agreement with previous literature. Indeed,
systematic reviews/meta-analysis13 in patients receiving
FMT for C. difficile infection did not report any difference
in outcomes based on donor selection. Donor (unrelated-
versus-related) and sample (fresh-versus-frozen) types are
emerging topics, since availability of stool banks could
widen and facilitate FMT,14 especially under emergency
regimes. We used both fresh and frozen emulsions from
the Ospedale Pediatrico Bambino Gesù FMT bank. Since
the screening of potential donors can require weeks, the
use of frozen material can reduce the time to perform the
procedure.

We administered the stool preparation during EGDS
directly in the duodenum. Battipaglia et al. used enema as
a way of administration, reporting good rate of decolo-
nization.9 We preferred upper gastrointestinal tract (GI)
administration to extend as much as possible the effect of
FMT to the whole intestine.15 Current literature reports
the administration via upper GI in most cases. 

Results obtained in 4 of 5 patients suggest that micro-
biota changes following FMT occur after T1, when its
composition is still similar to T0. In particular, the recip-
ients’ microbiota seems to be colonized by donor bacteria
starting from one week after the procedure. These simi-
larities are not long-lasting. Indeed, at approximately 10
days after FMT, the recipients' microbiota display a con-
sistently different profile both from the donor and the

recipient's T0. These changes could be secondary to the
conditioning regimen and/or antibiotic prophylaxis.
Therefore, boosts of FMT should be considered within
one week after first procedure to consolidate MDR decol-
onization (e.g., leaving in place a naso-jejunale tube in
pediatric patients).

From an ecological point of view, 1 day after FMT we
recorded the overgrowth of facultative anaerobes and
aerobes, as Enterobacteriaceae, probably promoted by
the O2-conditions generated during the FMT emulsion.
Afterward, the slow growth of strict anaerobes from
donor reduced the O2-conditions suppressing the relative
amount of Enterobacteriaceae. Thus, we suggest that
future FMT emulsion preparations should be performed
under anaerobic conditions to reduce the
Enterobacteriaceae overgrowth favoring MDR species. 

Main limitations of this report are: (i) its non-prospec-
tive nature; (ii) some heterogeneity of the FMT protocol
(e.g., use of colistin, fresh/frozen material); (iii) the small
number of cases, all affecting the possibility to draw firm
conclusions. 

In conclusion, we showed that FMT for MDR-decolo-
nization of pediatric hematologic patients is safe, feasi-
ble, and effective in the short-term. Stool preparations
from universal donors, starting from either fresh or
frozen material, are readily available and safe, thus
paving the way to stool banks. Further studies enrolling
more populations are needed to confirm these prelimi-
nary data and to improve effectiveness of decolonization
and infection clearance during the HSCT window.
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CASE REPORTS

COVID-19 in patients with sickle cell disease – a
case series from a UK tertiary hospital 

At the time of this manuscript going to press, Europe
remains the epicenter of the COVID-19 pandemic and
new cases and deaths in the UK continue to demonstrate
an exponential rise.1 London has the highest number of
reported UK cases.2 Clinical reports indicate that older
adults with comorbidities such as diabetes and hyperten-
sion are most at risk of severe COVID-19.3,4

Overwhelming inflammation and cytokine associated
lung injury are potential pathological features. Secondary
hemophagocytic lymphohistiocytosis-like syndrome
with raised pro-inflammatory cytokines has been associ-
ated with adverse outcomes.5

King’s College Hospital is a teaching hospital in South
London, caring for approximately 500 adults and 500
children with sickle cell disease (SCD). South London
currently has some of the highest numbers of confirmed
cases of COVID-19 in England2 and a large local SCD
cohort. It is thought that patients with SCD might
demonstrate a more severe illness if infected with SARS-
CoV-2 due to associated functional hyposplenia, high
prevalence of concomitant chronic respiratory disease
and increased levels of inflammation.6

In this report we describe the clinical features of the
first 10 confirmed cases of COVID-19 in patients with
SCD in the King’s College Hospital. At the time of this
report, there were 22,141 confirmed cases of COVID-19
in the UK, of which the majority of cases were from the
boroughs of Lambeth and Southward in South London.2

All patients underwent real-time quantitative PCR assay
from RNA extracted from nasopharyngeal swabs using a
locally validated procedure recommended by Public
Health England.7 All patients had homozygous SCD
(HbSS) and presented with symptoms such as cough,
fever, coryza and associated acute sickle vaso-occlusive
pain. None had any recent travel history (Table 1).

Apart from patient 9 who has severe pre-morbid di-
sease with intensive care admission within the last 12
months due to SCD-related cerebrovascular disease, all
patients had relatively mild clinical symptoms related to
COVID-19 (Table 2). 

In this series, seven patients were female, and the
median age was 37 years (range: 25-54 years). No chil-
dren were seen with SCD and COVID-19. All but two
patients were on some disease modification treatment,
either hydroxycarbamide (2 of 10) or transfusions (6 of
10). Patients on top-up transfusions were on a 4-weekly
program with a post-transfusion hemoglobin target of
120-130 g/L. One patient was on an angiotensin convert-
ing enzyme inhibitor (patient 6), and this was not discon-
tinued during the period of illness. Two patients had a
history of overt strokes and one patient had a history of
recurrent transient ischemic attacks. All patients had on-
going comorbidities, ranging from end stage renal failure
to hyperhemolysis. All admitted patients received stan-
dard thromboprophylaxis with low molecular weight
heparin injection as per hospital venous thromboem-
bolism prevention guidelines. 

The mean number of days from onset of symptoms to
PCR testing was 2.5 days. Of the seven patients in this
cohort needing hospital admission, the mean number of
days from the onset of symptoms to hospital admission
was two days. Nine of 10 patients made a full recovery.
Two patients presenting with cough and hypoxia
received early top up transfusions. See Figure 1 for the
chest radiograph of patient 2 who was hypoxic on admis-
sion and received an additive transfusion. All in-patients
received broad spectrum antibiotics to cover community
acquired pneumonia. No COVID-19 specific treatment
was given. The lymphocyte count fell significantly during
infection compared to the baseline, from a median of 3.7
to 1.9 x109/L (P=0.037, Wilcoxon signed-rank test).

One patient died of respiratory complications follow-
ing COVID-19. She had multiple comorbidities, inclu-

Table 1. Characteristics of COVID-19 positive patients with sickle cell disease.
Patient        Genotype           Sex               Age        Baseline Hb       Baseline       Smoker           BMI         HC        Regular             Comorbidity
number                                                    (years)     concentration         HbF                                                         transfusions 
                                                                                      (g/L)          percentage

1                          HbSS                   M                      36                      -                        5.2                    N                    26.9            N            Top up             ACS in the last 12 
                                                                                                                                                                                                                                                months, chronic pain 
2                          HbSS                   F                      38                      87                        3.2                    N                    40.8            N            Top up         Recurrent leg ulcers
3                          HbSS                   F                      34                     106                       0.8                    N                    20.9            N            ARECT       Stroke, severe cerebral 
                                                                                                                                                                                                                                                        vasculopathy
4                          HbSS                   F                      46                      91                        1.5                    N                    25.7            N            Top up           ESRF, HDx, Chronic 
                                                                                                                                                                                                                                                        pain, asthma
5                          HbSS                   M                      37                     104                       0.4                    N                     24              N            ARCET                       Stroke
6                          HbSS                   F                      52                     115                       18                     N                    28.3            Y                 N             Chronic shoulder pain
7                          HbSS                   M                      25                     114                       0.8                    N                    25.8            N            ARCET               Recurrent TIA
8                          HbSS                   F                      35                      97                       19.6                   N                      -               Y                 N                  Chronic hip pain
9                          HbSS                   F                      54                     105                     11.9                   N                    33.4            N                 N                  Hyperhemolysis, 
                                                                                                                                                                                                                                                    asthma, bilateral 
                                                                                                                                                                                                                                                            hip AVN 
10                        HbSS                   F                      44                     108                       0.9                    N                    31.5            N            ARCET            ACS in the last 12 
                                                                                                                                                                                                                                                     months, stroke, 
                                                                                                                                                                                                                                                       iron overload 
ACS: acute chest syndrome, ARCET: automated red cell exchange transfusion, AVN: avascular necrosis, Hb: hemoglobin, HbF: fetal hemoglobin, ESRF: end stage renal failure,
HDx: hemodialysis, HbSS: homozygous sickle cell disease, TIA: transient ischaemic attack, HC: hydroxycarbamide. 



ding a history of brittle asthma and hyperhemolysis with
multiple red cell alloantibodies, making it difficult to
transfuse her. Escalation to ventilation was deemed
unsuitable due to existing comorbidities. 

Based on our small early cohort of 10 individuals with
HbSS who have tested positive for COVID-19, patients
seem to be experiencing a relatively mild course despite
having significant associated comorbidities such as end
stage renal failure, severe cerebral vasculopathy and
recurrent painful episodes. Half were managed at home
with regular telephone contact by the clinical team. 

Our first (and so far) only fatality was in an individual
of >50 years with poor pre-infection performance status
and severe pre-existing lung disease, who had had admis-
sions to intensive therapy unit (ITU) within the last 12
months, as well as multiple red cell alloantibodies and a
previous history of severe delayed hemolytic transfusion
reactions, which precluded transfusion. This patient had
lymphopenia, thrombocytopenia and a high C-reactive
protein (CRP), which have been identified as poor prog-
nostic markers in patients without SCD.

Seven of 10 patients in this series were female, all
patients were non-smokers and all but two were on a di-
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Table 2. COVID-19 clinical features in SCD patients.
Patient          Temp         Cough     Acute      Mode of       Hemoglobin    Lymphocyte    Platelet      Maximum      Transfused             Outcome
number     >37.8°C at                    pain     respiratory   concentration       count           count            CRP                 on
                presentation                                 support        nadir(g/L)          nadir            nadir          (mg/L)         admission                    
                                                                                                                 (x10x9/L)     (x10*9/L)                                   

1                            Y                    Y              N              None                     -                       2.2                  243                 10.7                      N                     Full recovery 
                                                                                                                                                                                                                                               following inpatient 
                                                                                                                                                                                                                                                      in hospital
2                            Y                    N              N              Nasal                    75                      2.35                 410                 59.3                  Top up                Full recovery 
                                                                                      canula                                                                                                                                             following inpatient 
                                                                                                                                                                                                                                                      in hospital
3                            Y                    N              Y              None                    96                        1                    189                  5.1                       N                     Full recovery 
                                                                                                                                                                                                                                               following inpatient 
                                                                                                                                                                                                                                                      in hospital
4                            N                   N              N              None                    91                      2.21                 463                 31.5                      N              Self-limiting illness, 
                                                                                                                                                                                                                                                    not admitted
5                            N                   N              N              None                   103                      2.7                  327                  6.6                       N              Self-limiting illness, 
                                                                                                                                                                                                                                                    not admitted
6                           N                   N              N              None                   122                     1.22                  90                  66.1                      N              Self-limiting illness, 
                                                                                                                                                                                                                                                    not admitted
7                            N                   N              Y              None                   114                     1.56                 261                  N/A                       N              Self-limiting illness, 
                                                                                                                                                                                                                                                    not admitted
8                            Y                    Y               Y              None                    93                      5.16                 415                 10.1                      N              Self-limiting illness, 
                                                                                                                                                                                                                                                    not admitted
9                            Y                    Y               Y        Nasal canula              96                      0.83                 122                  339                       N                   Died of severe 
                                                                                                                                                                                                                                           respiratory failure and
                                                                                                                                                                                                                                                other co-existing 
                                                                                                                                                                                                                                                       morbidity
10                          Y                    Y               Y              None                    79                      1.41                 177                  3.6                   Top up                Full recovery 
                                                                                                                                                                                                                                               following inpatient 
                                                                                                                                                                                                                                                      in hospital

Figure 1. Chest radiograph of patient 2 who was hypoxic on admission and
received an early additive transfusion. This showed bilateral congestive
changes with no additional pulmonary parenchymal pathology and was
obtained on day 2 of admission.



sease modifying treatments, such as regular a blood
transfusion programme or hydroxycarbamide. These
demographic features may have contributed to the mild
clinical course in all but one patient.

SCD is mentioned in the Public Health England list of
conditions which should prompt individuals to be shield-
ed from infection, by rigorous self-isolation. Our series
shows that patients with SCD can have a relatively mild
course with COVID-19. It is difficult to speculate why
this might be the case, and it may be postulated that
most of our patients were already on some form of di-
sease modification, which may have helped with the host
response. It is unclear whether hyposplenism has played
a role in the apparent lack of a hyperimmune syndrome
and this is likely to be an area of research in the future.
The one patient who died was in a poor prognostic
group, based on risk factors identified in the general pop-
ulation. So far, we have seen no children with COVID-19
and SCD, suggesting that this may be a mild condition in
children with SCD, as has been found in the general po-
pulation. It is not entirely clear why more women are
represented in this group. It is possible that with time,
this ratio may become more skewed to the male sex. The
relatively low case fatality is evidence that affected indi-
viduals should not be excluded from potentially lifesa-
ving measures including respiratory support and artificial
ventilation, particularly as our well-studied cohort have a
median survival of 67 years.8
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Anti-C5 antibody treatment for delayed hemolytic
transfusion reactions in sickle cell disease 

Delayed hemolytic transfusion reaction (DHTR) is an
unpredictable severe complication of transfusion in
patients with sickle cell disease (SCD). It presents clini-
cally as a vaso-occlusive crisis (VOC), often associated
with the failure of one or more organs, after the transfu-
sion of packed red blood cells (pRBC).1,2 Hyperhemolysis
is encountered in the most severe forms. Both transfused
and autologous red blood cells (RBC) are lysed. 

The mechanisms underlying DHTR remain unclear.

Alloantibodies against RBC antigens were initially
thought to underlie the pathophysiology, but no such
antibodies are detected in about a third of the cases.3

RBC degradation products, such as hemoglobin and
heme, are released into the bloodstream during intravas-
cular hemolysis. These elements and heme-loaded mem-
brane microvesicles have recently been implicated in
inflammation and organ injury in DHTR.4 Complement is
activated via the classical pathway, by alloantibodies,
and/or via the alternative pathway, by free heme.5 Heme-
dependent complement deposits on the endothelium
contribute to organ damage.6 Due to these vascular
lesions, hyperhemolysis often progresses to multiple

Table 1. Clinical and biological findings at diagnosis and during follow-up. 
                                                                                               This series                                        Habibi et al.                                        

Patient characteristics                                                                                                                                                                                                                      
Number of patients; DHTR episodes                                                18; 18                                                             69; 99                                                       
Hb βSβS                                                                                                 18 (100%)                                                   65 (94.2%)                                                  
Sex F/M                                                                                                      11/7                                                               48/21                                                        
Age, years                                                                                            24.6 ± 12.6                                                       30 ± 9                                                      

Number of pRBC units in transfusion episode                                  2 ± 1.9                                                            2 ± 3                                                       
Transfusion indications                                                                                                                                                                                                                     

Preventive measure                                                                           5 (27.8%)                                                    51 (51.5%)                                                  
Vaso-occlusive complications                                                        11 (61.1%)                                                   48 (48.5%)                                                  
Other                                                                                                    2 (11.1%)                                                                                                                          

Timeline                                                                                                                                                                                                                                                
Days from transfusion to DHTR diagnosis                                   8 [7-12.8]                                            10 [8-14] (MD=19)                                          
Days from transfusion to anti-C5 infusion                                10.5 [9-15.5]                                                                                                                        

Biological findings in the emergency room                                                                                                                                                                                  
Total Hb level, g/dL                                                              63.5 [53.3-77.8] (NA=6*)                             78 [69-93] (MD=5)†                                   P=0.03
LDH level, IU/L                                                                     1612 [ 825-2702] (NA=6*)                        758 [554-958] (MD=16)                                P<0.01

Treatment**                                                                                                                                                                                                                                     
EPO                                                                                                        17 (94.4%)                                                         45%                                                        
Corticosteroids                                                                                    1 (5.6%)                                                            3%                                                         
Plasma or albumin exchange                                                           4 (22.2%)                                                                                                                         
IV immunoglobulins                                                                            9 (50%)                                                             4%                                                         
Anti-CD20 antibody                                                                             7 (38.9%)                                                           2%                                                         
Anti-C5 antibody                                                                                 16 (100%)                                                           2%                                                         
Secondary pRBC transfusion                                                          14 (77.8%)                                                         35%                                                        

Extreme biological findings                                                                                                                                                                                                          
Lowest total Hb level, g/dL                                                         30.5 [25.5-42.8]                                      55 [45-63] (MD=5)†                                   P<0.01
Highest LDH level, IU/L                                                              3337 [2573-7986]                                1335 [798-2086] (MD=7)                               P<0.01
Lowest reticulocyte count, 109/L                                       46.1 [35.8-84.8] (MD=2)                          180 [121-240] (MD=14)                                P<0.01
Delta Hb‡, g/dL                                                                       57.5 [45.8-67.5] (MD=4)                            46 [31-53] (MD=26)†                                  P=0.06

Outcome                                                                                                                                                                                                                                            
ICU admission                                                                                    17 (94.4%)                                                     41 (40%)                                                    
ICU-stay duration, days                                                                    17.7 ± 10.2                                                       6.2 ± 4                                                P<0.01
Hospital-stay duration, days                                                            35.6 ± 25.3                                                     15.9 ± 10                                             P<0.01
Transfusion-to-death interval, days                                              51.7 ± 47.9                                                       10 ± 2                                                      
Death                                                                                                     3 (16.7%)                                                           6%                                                         

Continuous variables are expressed as means ± one standard deviation (SD) or medians (MD, [interquartile range]), depending on whether they are normally or asymmet-
rically distributed. Categorical variables are expressed as numbers (%). For comparison with the largest published delayed hemolytic transfusion reaction (DHTR) series,
the data in column 2 are reprinted from Habibi et al.1 with permission. The patients of our series, who received anti-C5 antibody,  had very severe DHTR with hyperhemolysis
(P-values in column 3 compare our patients with those of the historical series). *Six patients had not even been discharged, due to the severity of their DHTR, **All patients
in both series also received supportive vaso-occlusive crisis (VOC) treatment, hydration, oxygenation, and analgesia. †Values were converted to g/L (from g/dL in Habibi et
al.). ‡Delta hemoglobin ( Hb) is the difference between the highest and lowest values available post-transfusion. F: female; M: male; pRBC: packed red blood cells, LDH: lac-
tate dehydrogenase, EPO: erythropoietin. 



organ failure and, in some cases, death.
These pathophysiological findings suggest that

inhibitors of complement activation may be useful for
treating DHTR with hyperhemolysis. Eculizumab is a
monoclonal anti-C5 antibody that inhibits the cleavage
of C5 into C5a by the C5 convertase, thereby preventing
the late stages of the complement cascade. Anti-C5 ther-
apy has been offered to several SCD patients for DHTR
treatment at our SCD referral center in France since
2013.1,7 Other teams have also treated DHTR in patients
with and without detectable allo- or auto-antibody for-
mation with Eculizumab, with promising results.8-11 The
American Society of Hematology (ASH) guidelines
include a conditional recommendation for the use of anti-
C5 antibodies in patients with SCD presenting DHTR
and ongoing hyperhemolysis, based on currently very
low levels of certainty.12

This retrospective study focuses on the biological and
clinical findings and the effects of anti-C5 therapy on
DHTR, for patients treated between 2013 and 2019 who
experienced particularly severe DHTR. 

DHTR was diagnosed1,2 on the basis of VOC signs
occurring 5-20 days after pRBC transfusion, with no
other identifiable cause of intravascular hemolysis, in
association with at least one of the following signs:

- rapid decrease in, or unexpectedly low, hemoglobin A
(HbA) concentration (the diagnostic nomogram for
DHTR diagnosis was used),2

- hemoglobinuria, as revealed by dark urine,
- positive direct antiglobulin test (DAT) results or new

antibody formation.
The criteria for the use of anti-C5 therapy was based

either on the existence, at the time anti-C5 infusion was
decided, of one or more organs with dysfunction and/or
very low total Hb concentration (< 50 g/L), and/or a rap-
idly worsening clinical state.7

Data were collected retrospectively from patient

records. The clinical and biological findings available at
transfusion, at the time of DHTR diagnosis and during
follow-up were collected. We also noted patient sex, age,
history of DHTR, pRBC transfusion, and antibody
screens. We recorded the number of pRBC units and the
indication of the transfusion(s) occurring within a time-
frame compatible with DHTR (some patients had
received pRBC on several occasions during the 5-20 days
preceding DHTR). Clinical (hemoglobinuria, pain and
VOC signs, organ failure) and biological (hemoglobin
concentration, reticulocyte count, LDH, total bilirubin)
findings at DHTR diagnosis were collected. The first clin-
ical signs compatible with DHTR were noted, particular-
ly pain indicative of VOC recurrence, and hemoglobin-
uria indicative of intravascular hemolysis. We collected
follow-up data for biological tests, intensive care unit
admission and discharge, organ failure and treatments.
This study was performed in accordance with the
Declaration of Helsinki.

We used R3.6.1 and lme413 for a linear mixed-effects
model analysis of the relationship between Hb and lac-
tate dehydrogenase (LDH) levels and anti-C5 treatment.
Hb and LDH levels were modeled before and after treat-
ment. An initial blind statistical analysis was performed,
and several models were then proposed, with days and
pRBC transfusions as fixed effects, and different combi-
nations of random effects for subjects, days and pRBC
transfusions. We obtained P-values for likelihood ratio
tests of the full model with random effects against the
model without additional terms, which we used to select
the best model.

Eighteen SCD patients received anti-C5 treatment for
DHTR with hyperhemolysis. All patients had signs of
VOC 5-20 days after pRBC transfusion, with low HbA
concentrations (<10 g/L) in five patients, a rapid decrease
in HbA concentration in 10 patients (estimated by the
nomogram2 as a high (n=4) or intermediate (n=6) risk of
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Figure 1. Best mixed-effects model for total hemoglobin and lactate dehydrogenase during delayed hemolytic transfusion reaction, before and after anti-C5
antibody infusion. Hemoglobin (Hb) levels are predicted for a “theoretical” patient receiving anti-C5 antibody infusions on days 0 and 7 and no packed red blood
cell (pRBC) transfusions. Before anti-C5 antibody infusion, basal total Hb concentration in this model was 51.0 g/L (the intercept of the model), with an increase
of +3.8 g/L for each pRBC unit transfused, and ongoing hemolysis at a rate of -4.4 g/L for each passing day (the fixed effects of the model). However, after anti-
C5 antibody infusion, Hb levels gradually increased, with a basal Hb concentration of 46.2 g/L: the effect of each transfusion was an increase of 1.58 g/L for
each pRBC unit transfused and an increase in Hb levels of 0.94 g/L.



DHTR), hemoglobinuria in 11 patients, and positive DAT
results or antibody formation in 12 patients (anti-MNS3,
anti-KEL6, anti-RH10 + anti-RH20, anti-MNS5, anti-FY5
in one patient each, one patient developed multiple anti-
bodies including anti-MNS3, anti-RH20 and auto-anti-
bodies, two patients developed auto-antibodies and two
patients delevopde allo-antibodies for which the speci-
ficity could not be determined and two patients had pos-
itive DAT but no new antibody was subsequently identi-
fied). A 19th patient received anti-C5 antibody for hyper-
hemolysis but it was impossible to determine whether
this patient had DHTR due to hemolysis under extracor-
poreal membrane oxygenation,14 so this patient was
excluded from the analysis.

The main characteristics of the patients are presented
in Table 1. Sixteen patients (89%) had risk factors for
DHTR: a history of previous DHTR (n=2), a history of
RBC antibodies (n=11), or the administration of fewer
than 12 pRBC units before the episode leading to DHTR
(n=11).15 Three patients had a history of ineffective
pRBC transfusions, possibly due to previous undetected
episodes of DHTR. None of the patients were enrolled in
chronic transfusion programs. Five patients underwent
repeat transfusions before the diagnosis of DHTR, which
may have worsened their clinical presentation at diagno-
sis.

The findings at diagnosis and during follow-up, com-
pared with those of a historical cohort1 are presented in
Table 1 (see Online Supplementary Data for individual
timelines). At diagnosis, the patients had particularly
severe DHTR, with parameters highly indicative of
hemolysis (low Hb, high LDH concentrations), and the
failure of at least one organ in 50% of cases (n=9): kidney
failure (n=7), liver failure (n=4, including two with indi-
cations for liver transplantation), respiratory failure (n=5).
Five patients had hemodynamic failure requiring treat-
ment with vasoactive agents.

One to three anti-C5 doses were administered at 1-
week intervals (one dose n=6, two doses n=9 and three
doses n=1), in association with other treatments (Table
1). Unfortunately, complement activation measurements
were not performed for most patients. The number of
pRBC units transfused was restricted as much as possi-
ble, to limit exacerbations of hyperhemolysis.

Remarkably, a worsening of clinical conditions during
follow-up occurred only in the hours immediately fol-
lowing anti-C5 infusion (i.e., due to the progression of
pre-existing organ damage due to DHTR; n=2), or as a
result of sepsis due to additional infectious complications
(n=2). One patient suffered hemodynamic failure within
a few hours of anti-C5 infusion. One patient (16P) with
kidney failure, hemodynamic failure and a severe hepatic
alteration before anti-C5 infusion rapidly progressed to
hepatic failure a few hours after the first infusion.

The outcome was favorable in 15 patients (83%), with
a complete recovery of all failing organs. Three patients
died (17%). All three had acute liver failure requiring
emergency transplantation (already present at DHTR
diagnosis in two of these patients). Two patients
improved after one and two anti-C5 infusions and were
able to undergo transplantation. However, both died
from infectious complications due to encapsulated bacte-
ria unrelated to anti-C5 treatment but promoted by the
immunosuppressive regimen: ventilator-associated pneu-
monia 11 days after transplantation in patient 8H, and
digestive and urinary infection 47 days after transplanta-
tion in patient 16P. No compatible organ could be found
for patient 3C, who died one day after anti-C5 antibody
infusion.

Despite the heterogeneity of the data, linear mixed-
effect model analysis with adjustment to produce the
best model (P<0.05) highlighted an influence of the anti-
C5 antibody treatment on total Hb and LDH levels
(Figure 1). The inversion of the slope for total Hb and
LDH levels before and after anti-C5 treatment indicated
that hyperhemolysis was stopped, or at least greatly
decreased, by treatment. The gradual increase in Hb lev-
els may also be due to the other treatments received by
the patients, especially erythropoietin (EPO) (Table 1).
The stimulation of erythropoiesis improves the reticulo-
cyte count, and proportionally increases hemoglobin S
(HbS). In several patients who received secondary RBC
transfusion, HbA concentration was maintained post
transfusion (e.g., patients 2B, 15O, 16P, 17Q).

In conclusion, this is the largest series to date of cases
of severe DHTR with hyperhemolysis in SCD patients,
treated with anti-C5 antibody. It demonstrates the effect
of anti-C5 therapy against hyperhemolysis in DHTR,
with remarkable beneficial effects on pre-existing organ
failure and additional organ failure once the effects of the
treatment are established. These findings consolidate the
recommendation in the ASH guidelines to use anti-C5
antibody in patients with SCD and ongoing hyperhemol-
ysis.12 Other anti-complement drugs may also be useful
for treatment in this context. A prospective clinical trial
would be required to determine whether all DHTR
patients would benefit from anti-C5 therapy or whether
such treatment is beneficial only for the most severe clin-
ical presentations.
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Figure 5. Platelet transfusion efficacy and donor platelet function analysis of iDTRPlt mice. (A) Graphical overview for comparison of platelet transfusion. DT treatment started 7
days prior to transfusion and R300 treatment 12 hours prior to transfusion. Blood was taken at basal and depleted state, and 2, 24, 48, and 72 hours after transfusion. (B)
Percentage of total, transfused, and endogenous platelet counts, relative to initial counts. Transfused platelets were labeled with an anti-GPIbβ-Dylight649 antibody. Theoretical,
maximal transfusion is depicted as grey area. n = 5. (C) Graphical overview of donor platelet function evaluation. DT treatment started 7 days prior to transfusion and blood was
taken at basal and depleted state, and 24 h after transfusion. (D) Comparison of percentage of CD62P+ and activated GPIIb/IIIa+ platelets in whole blood, freshly drawn from donors
and after circulating for 24 hours in iDTRPlt mice. n = 4-9. (E) Concentration of plasma CXCL4 of iDTRPlt mice at basal and depleted levels, and 24 h after platelet transfusion. n = 5
(F) Concentration of circulating exogenous platelets after transfusion of indicated numbers of platelets. n = 5-10.
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An incorrect version of Figure 5 appeared in the June 2020 issue on page 1744.
The correct version of Figure 5 is published on this page.








