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100-YEAR OLD HAEMATOLOGICA IMAGES: DI GUGLIELMO DISEASE OR PURE ERYTHROID

LEUKEMIA
Carlo L. Balduini

Ferrata-Storti Foundation, Pavia, Italy
E-mail: CARLO L. BALDUINI, - catlo.balduini@unipv.it

doi:10.3324/haematol.2020.248039

n 1917, Giovanni Di Guglielmo, at that time a young collab-

orator of Adolfo Ferrata at the University of Naples, Italy,

described in Folia Medica a patient with an hematological
disorder characterized by an increased number of granulo-
cytes, erythrocytes and platelets and the presence of precursors
of all these elements in circulation.' He classified this patient as
affected by eritroleucopiastrinemia (erythro-leuko-thrombo-
cythemia), a form that we would nowadays include in the con-
text of myeloproliferative diseases. Until the description of this
patient only leukemias characterized by proliferation of
myeloid or lymphoid series were known, but the observation
of this patient gave Di Guglielmo the idea that primitive bone
marrow elements can abnormally proliferate not only along
the myeloid line, but also along the erythropoietic and throm-
bopoietic lines. In particular, he hyphothesized that general-
ized erythroblastic proliferation throughout all organs of the
body could be expected. Ten years later, he described in
Haematologica two cases of what he had claimed would ulti-
mately be found: acute erythremic myelosis.”

The image on the cover of this issue of Haematologica is
one of the fine, hand-drawn color plates illustrating this arti-
cle published in 1928 (Figure 1). Immature and atypical ery-
throid precursors were the dominant elements in peripheral
blood and bone marrow of these severely anemic, neu-
tropenic and thrombocytopenic patients. Abnormal ery-
throblasts were found also in the liver and spleen. The course
of the disease was hyperacute and both patients died within

G. DI GUGLIELMO - Le Eritremie Tav. 1l

Figure 1. One of the figures of the Haematologica article describing for the first
time acute erythremic myelosis, presently known as pure erythroid leukemia.
According to the author's caption: “Images 1-5, erythroblastic elements in peripheral
blood; Images 6- 8, groups of erythroblasts in the spleen (smear preparations) and

a few weeks.
Old concepts are cast in cement and the idea of a leukemia

of the erythroid line was new and unorthodox at that time
and, therefore, Di Guglielmo was unable to convince anyone
for a long time, his mentor Ferrata included,” that the prolifer-
ation of erythroblasts can not only have a reactive origin, but
that it can also represent a genuine leukemia in rare cases.

Image 9, erythroblastic karyokinesis (spleen smear preparation)”.

However, other similar cases were reported by Di Guglielmo References
himself and by other authors in subsequent decades and, o o .

tually. most people accepted the idea that leukemia of the 1. Di Guglielmo G. [Un caso di eritroleucemia]. Folia Med. 1917;13:386.
eventually, most people accep 2. Di Guglielmo G. [Le eritremie]. Haematologica. 1928;9:301-347.
erythroid series really exists. In 1940, Dameshek proposed for 3. Wintrobe MM. The role of Giovanni Di Guglielmo in the history of hema-

this disorder the name of Di Guglielmo disease.* Then, the
French-American-British (FAB) cooperative group, in their first
proposal in 1976, included it within the Acute Myeloid
Leukemia classification system as erythroleukemia, M6.” The
2016 revision to the World Health Organization classification
of myeloid neoplasms and acute leukemia gave this disorder
the name of pure erythroid leukemia,’ a denomination that
would have had full approval by Di Guglielmo.

In conclusion, the first patients with pure erythroid
leukemia were described by Di Guglielmo in Haematologica
in 1928.7%

tology, in: Commemorazione di Giovanni di Guglielmo nel centenario
della nascita. (E. Ascari, C.L. Balduini, M. Cazzola, M. Gobbi, A. Riccardi,
G. Ucci EDS) Edizioni Medico Scientifiche Pavesi, Pavia (1986), pp 8-17.

. Dameshek W. The Di Gugliemo syndrome. Blood. 1940;13:192
. Bennett JM, Catovsky D, Daniel MT, et al. Proposals for the classification

of the acute leukaemias. French-American-British (FAB) co-operative
group. Br ] Haematol. 1976;33(4):451-458.

. Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the World

Health Organization classification of myeloid neoplasms and acute
leukemia. Blood. 2016;127(20):2391-2405.

. Boddu P, Benton CB, Wang W, Borthakur G, Khoury JD, Pemmaraju N.

Erythroleukemia-historical perspectives and recent advances in diagnosis
and management. Blood Rev. 2018;32(2):96-105.

. Mazzarello P. One hundred years of Haematologica. Haematologica.

2020,105(1):12-21.
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Genetic fingerprint defines hematopoietic stem cell pool size and function

Tatsuya Morishima'? and Hitoshi Takizawa'?

'Laboratory of Stem Cell Stress, International Research Center for Medical Sciences, Kumamoto University; *Laboratory of
Hematopoietic Stem Cell Engineering, International Research Center for Medical Sciences, Kumamoto University and *Center for
Metabolic Regulation of Healthy Aging, Kumamoto University, Kumamoto, Japan

E-mail: HITOSHI TAKIZAWA - htakizawa@kumamoto-u.ac.jy or TATSUYA MORISHIMA - tatsuyam@kumamoto-u.ac.jp

doi:10.3324/haematol.2019.241299

the hematopoietic tree, with self-renewal and
L multilineage differentiation potential. On the one
hand, HSC can replenish the mature blood cells by differ-
entiating into lineage-committed progenitor cells in
response to the shortage of blood cells under both home-
ostatic and stressed conditions, such as bleeding and
infection. On the other hand, HSC replicate themselves
to maintain their number. This differentiation and self-
renewal needs to be strictly regulated by gene expression
regulation in order to maintain life-long hematopoiesis.'
Gene expression is in general regulated by “cis- and trans-
regulatory elements”.” Trans-regulatory elements are
defined as factors which regulate expression of distal
genes (e.g. transcription factors), while cis-regulatory ele-
ments are defined as non-coding DNA sequences which
regulate expression of proximal genes (e.g. promoter and
enhancer regions). These cis-regulatory elements play
important roles in evolution in which polymorphisms
occur in cis-regulatory elements and contribute to pheno-
typic diversity of organisms within well-conserved
genes.’ Epigenetics plays important roles in HSC regula-
tion, as epigenetic dysregulation in HSC is a key driver
for HSC aging and hematopoietic malignancies.
Epigenetic regulation is also controlled by cis- and trans-
regulatory elements. For example, histone modifications
function as trans-regulatory elements, whereas DNA
methylations function as cis-regulatory elements.

Phenotypic diversity is frequently caused by genetic
variations such as single nucleotide polymorphism (SNP).
It was reported that the size and function of the HSC
pool vary between mice strains,” which suggests genetic
background, such as SNP and copy number variations,
define HSC homeostasis. In 2007, Liang et al. identified
latexin (Lxn) as an HSC regulatory gene whose expression
level is inversely correlated with HSC number.” Although
a variation in Lxn gene expression and HSC number in
different tested mouse strains was shown, the mecha-
nism underlying regulation of Lxn gene expression and its
variation between mice strains remained unknown.

In this issue of Haematologica, the same group who
published the above-mentioned paper,'® Zhang et al. iden-
tified the promoter region of the Lxn gene that controls
the level of Lxn gene expression via both HMGB2, a chro-
matin protein, and genetic variations in the promoter
region." To study the transcriptional regulation of Lxmn,
the authors characterized the upstream region of the Lxn
gene. Based on the natural variation of Lxn expression,
they searched SNP with CpG island and identified a
region with strong promoter activity in the upstream.
Subsequently, DNA pulldown in combination with mass
spectrometry analysis were performed to identify pro-

l Y ematopoietic stem cells (HSC) are at the apex of
<

teins bound to this region, and HMGB2 was found to
bind to the promoter region and to suppress Lxn gene
promoter activity. To further confirm the regulatory role
of HMGB2 in Lxn gene expression, Zhang et al. per-
formed a gene knockdown experiment with EML cells,
which share some of the characteristics of HSC.” This
showed that HMGB2 knockdown suppresses EML cell
growth and that additional Lxn gene knockdown could
rescue this growth, suggesting that Lxn was one of the
transcriptional targets of HMGB2. Consistent with the
previous reports concerning the phenotype of cells over-
expressing Lxn,"* the HMGB2 knockdown cells showed
enhanced apoptosis and cell cycle arrest, which could in
part be rescued by Lxn gene knockdown. These data sug-
gest HMGB?2 positively regulates HSC survival and prolif-
eration by suppressing expression of Lx#n and Lxn-regulat-
ed apoptosis. Similar data were also shown in Lin'Sca-1*c-
Kit® (LSK) cells primarily isolated from mouse bone mar-
row that contain HSC. HMGB2 knockdown in LSK cells
showed suppressed proliferation, enhanced apoptosis
and cell cycle arrest in vitro. In transplantation experi-
ments, HMGB2 knockdown in LSK cells showed
decreased reconstitution of whole peripheral blood cells
and bone marrow LSK cells and long-term HSC in trans-
plant recipients, indicating that HMGB2 plays an impor-
tant role in HSC function in vivo.

The previous finding that Lxn expression level is correlat-
ed with HSC numbers' led the authors to hypothesize
that the SNP in the promoter region of the Lxn gene may
contribute to a variation in Lxn expression and HSC num-
ber. To test this, the authors introduced G to C mutation in
the HMGB2 binding sequence in the Lxn gene promoter
region and found that the G allele showed higher promoter
activity for Lxn expression compared to the C allele.
Furthermore, when Lxn gene expression and bone marrow
HSC number were analyzed in different mouse strains car-
rying the G or C allele in this SNP region, the mice strain
carrying the C allele showed relatively lower Lxn protein
expression and higher HSC number compared to those car-
rying the G allele. These data suggest that a genetic variant
in the Lxn gene promoter region defines the variation in
Lxn gene expression level and HSC number.

Together, Zhang et al. revealed that the transcription of
Lxn regulating HSC function, at least as far as apoptosis is
concerned, was controlled by both trans-regulatory ele-
ment, HMGB2, and cis-regulatory element, as genetic
variation was observed in the Lyn gene promoter region
(Figure 1). HMGB?2 is known as a chromatin-associated
protein which remodels chromatin structure and gene
expression.” Although the molecular mechanism by
which HMGB2 regulates Lyn gene transcription remains
unclear, all the data provided in this study suggest Lxn
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Figure 1. Cis- and trans-regulation of Lxn gene transcription modulates hematopoietic stem cell function. In trans-regulatory mechanisms of hematopoietic stem
cell (HSC) function and number, HMGB2 protein binding to the Lxn gene promoter region positively regulates HSC by suppressing Lxn gene transcription and blocks
apoptosis. In the cis-regulatory mechanism of HSC, the G allele in the SNP found in Lxn gene promoter region is associated with higher Lxn gene transcription and
lower HSC number, whereas the C allele is associated with suppressed Lxn gene transcription and higher HSC number.

gene transcription may be regulated through epigenetic
modification. HMGB2 is also known to regulate senes-
cence-associated gene expression by orchestrating the
chromatin landscape of the gene loci.'* As the authors dis-
cussed, it would be interesting to study the role of Lx#n
gene regulation by HMGB?2 in the context of HSC senes-
cence and aging. The SNP identified in this study was in
the CG-rich region. Although direct evidence was not
shown, these data imply a functional role of the genetic
variation, such as SNP, in Lxn gene regulation via DNA
methylation. Taken together, this report suggests epige-
netic regulation of HSC via Lxn gene transcriptional regu-
lation. The molecular mechanism of how epigenetic reg-
ulation by HMGB?2 protein and genetic variation in the
Lxn gene promoter region work together needs to be bet-
ter understood.

This report is the first demonstration that genetic vari-
ation, especially SNP, is a determinant for the variations
among different mouse strains in HSC pool size and func-
tion. The authors also discussed a similar observation
made in humans," opening the possibility that the genetic
variation in the Lxn gene promoter region may contribute
to the pathogenesis of hematopoietic aplasia/neoplasia,
such as bone marrow failure or leukemia. If epigenetic
regulation of Lxn gene transcription is involved in these
hematopoietic diseases, it could be a new therapeutic tar-
get for genetic correction/modification such as genome

editing. Since other genes that regulate HSC function,
besides the Lxn gene, could undergo genetic variation
through cis-regulatory elements, it would be interesting
to characterize SNP in the regulatory region of HSC reg-
ulatory genes. This would help to develop therapeutic
strategies for personalized medicine.
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Staying hydrated is important also for erythroblasts
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n this edition of Haematologica, Caulier and colleagues

provide new insights into the role of PIEZO1, a

mechanosensitive ion channel, in regulating normal
human erythropoiesis.! Defects in PIEZO1 have also been
shown to lead to disordered erythropoiesis in hereditary
xerocytosis, an inherited red cell disorder leading to red
cell dehydration.*® Using in vitro cellular models of human
erythropoiesis, the authors documented that the chemi-
cal activation of PIEZO1 either in an erythroid cell line
model or in normal human hematopoietic stem cells
(HSC) repressed erythroid differentiation. Importantly,
they further documented that there was delayed ery-
throid differentiation in HSC from patients with PIEZO1
mutations. These findings provide unexpected and novel
insights into the role of ion channels in the regulation of
human erythropoiesis.'

Anemia is a significant health problem that affects near-
ly two billion people around the world. The major causes
of anemia are: (i) an increased rate of destruction of circu-
lating red cells in disorders that include red cell membrane
disorders, sickle cell disease, immune hemolytic anemia,
nutritional anemias and malaria; (ii) acute blood loss or
splenic sequestration; and (iii) decreased production of red
cells in the bone marrow due to ineffective erythro-
poiesis,which includes thalassemias, inherited bone mar-
row failure syndromes, infiltrative processes such as
myelodysplastic syndrome and acute myeloid leukemia
and suppression of erythropoiesis due to infection and
medications. While significant progress has been made
over the years to improve our understanding of the contri-
bution of increased red cell destruction to anemia, much
less is known about the extent of the effect of ineffective
erythropoiesis and its contribution to anemia in the vari-
ous red cell disorders. This is particularly true in the case
of inherited red blood cell membrane disorders. The lack

of progress has been due in part to a lack of an adequate
and easily implementable methodology to study the com-
plex process of human erythroid differentiation.

The generation of enucleated circulating human red
cells is a complex biological process that begins in the
bone marrow with the commitment of pluripotent HSC
to the erythroid lineage (Figure 1). Subsequent stages of
maturation include erythroid progenitors, burst-forming
unit—erythroid and colony-forming unit—erythroid (CFU-
E), which can be identified by their development into
representative clonal colonies of red cells in vitro. The
CFU-E then undergoes terminal differentiation, progress-
ing through four to five morphological stages, each hav-
ing characteristic light microscopic and ultrastructural
features. During terminal erythroid differentiation there
is an increasing amount of hemoglobin synthesis accom-
panied by nuclear chromatin condensation and in the
final stage of differentiation there is nuclear extrusion to
generate an anucleate reticulocyte which over 2 to 3 days
matures, first in the marrow and then in the circulation,
into the discoid erythrocyte.

Significant progress has been made during the last
decade in developing culture systems to study the differ-
entiation of human CD34 cells intto enucleate reticulo-
cytes and using various cell surface markers to monitor
the progression through all stages of erythroid differentia-
tion.”” These developments are enabling detailed charac-
terization of normal and disordered human erythro-
poiesis.*” Importantly, as a result of this progress it is now
possible to obtain insights into at what stage of the com-
plex process of erythroid differentiation various genes
contribute to ineffective erythropoiesis.

Using these in vitro cellular models of human erythro-
poiesis, the study by Caulier and colleagues documented
that the chemical activation of PIEZO1 either in an ery-
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Figure 1. Schematic representation of the various developmental stages of hematopoietic stem cells during erythroid differentiation. The multipotent hematopoi-
etic stem cell first commits to the erythroid lineage to generate erythroid progenitors, which are recognized by their ability to form erythroid colonies in a semisolid
methylcellulose culture system in response to interleukin-3, stem cell factor and erythropoietin. They cannot be distinguished based on their morphology. It is esti-
mated that hematopoietic stem cells undergo approximately eight to ten cell divisions prior to the generation of the first morphologically recognizable erythroid cell
in the bone marrow, the proerythroblast. During terminal erythroid differentiation, the proerythroblast undergoes five mitoses to generate an orthochromatic ery-
throblast. This ordered progression during normal erythropoiesis may be disturbed at any of the different developmental stages in various pathological states, leading
to ineffective erythropoiesis. HSC: hematopoietic stem cell; BFU-E: burst-forming unit-erythroid; CFU-E: colony-forming unit-erythroid; ProE: proerythroblast; EBaso:
early basophilic erythroblast; LBaso: late basophilic erythroblast; Poly: polychromatic erythroblast; Ortho: orthochromatic erythroblast.

throid cell line model or in primary normal HSC
repressed erythroid differentiation. Importantly, the
authors also showed that there was delayed erythroid
differentiation of HSC from patients carrying PIEZO1
mutations. Delayed erythroid differentiation due to
PIEZO1 activation was shown to be dependent on calci-
um entry and transcriptional control through the phos-
phorylation of transcription factors NFAT, STATS and
ERK1/2.

These findings provide unexpected and novel insights
into the role of ion channels in regulating human ery-
thropoiesis. Although the reported findings represent an
important step in our understanding of the role of
PIEZO1 in regulating human erythropoiesis and ineffec-
tive erythropoiesis in hereditary xerocytosis, a number
of questions remain unanswered. The variability in the
delayed erythoid differentiation among different patients
has not been defined. Furthermore, while ineffective ery-
thropoiesis has been documented to be a feature of ter-
minally differentiating erythroblasts, it is less clear at
what specific stage of terminal erythroid differentiation
apoptosis dominates. There is also no information about
whether ineffective erythropoiesis is a feature of ery-
throid progenitors. It is anticipated that these important
issues will be pursued in future studies.

In spite of some of these unanswered questions, the
studies by Caulier and colleagues are significant in that
they provide new and previously unsuspected insights
into the role of ion channels in regulating human ery-
thropoiesis. These valuable insights expand our current
understanding of the role not only of growth factors and
cytokines but also of ion channels in human erythroid
differentiation. It is likely that the experimental strate-
gies used in the study will be useful in furthering our
understanding of the regulation of human erythropoiesis

in general and the contribution of ineffective erythro-
poiesis to anemia in various human red cell disorders.
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heterogeneous malignant myeloid disorder

included in the 2016 revision to the World Health
Organization (WHO) classification of myeloid neoplasms
and acute leukemia in the category of myelodysplastic
syndromes/myeloproliferative  neoplasms. CMML
patients show a diverse biological, clinical picture and
heterogeneous prognosis, with short overall survival (OS)
and increased risk of progression to acute myeloid
leukemia. The diagnosis of CMML requires a monocyto-
sis, defined as an absolute monocyte count above 1x107/L
that should represent >10% of the white blood count
(WBC) differential, which persists for more than 3
months and for which other causes of reactive monocy-
tosis have been excluded. The current World Health
Organization classification includes three CMML groups,
divided on the basis of blast counts, for better prognosti-
cation: CMML-0 [<2% peripheral blood (PB) and <5%
bone marrow (BM) blasts]; CMML-1 (2-4% PB and/or 5-
9% BM blasts); and CMML-2 (5-19% PB and/or 10-19%
BM blasts). The classical French-American-British classifi-
cation, still widely used, divides CMML into so-called
“dysplastic” CMML (WBC <13x10°/L) and "myeloprolif-
erative” CMML (WBC >13 x10°/L).

Cytogenetic abnormalities and somatic mutations are
found in, respectively, 25-30% and up to 95% of CMML
patients and both have a strong influence on OS. The val-
idated CMML-specific cytogenetic risk classification rec-
ognizes three risk categories: low-risk (normal karyotype
or loss of the Y chromosome as a single anomaly; ~78%),
high-risk (trisomy 8 or abnormalities of chromosome 7,
or complex karyotype; ~12%), and intermediate-risk (all
other abnormalities; ~9%).' The most frequently mutated
genes in CMML affect epigenetic regulation and DNA
methylation (ASXL1 and TET2), RNA splicing (SRSF2),
and transcription (RUNX1) and signaling pathways
(RAS).** Frameshift and nonsense ASXL1 mutations con-
fer an adverse prognosis,”* aggravated when EZH2 and
ASXL1 mutations co-occur.” DNMT3A and TP53 muta-
tions, although less common in CMML, have also been
associated with poorer OS.%” It is noteworthy that the
number of mutations also influences patients’ outcomes,
as recently demonstrated in a study in which a shorter OS
was observed in CMML patients with three or more con-
comitant mutations.”

Specific prognostic scoring systems for individual risk
assessment are essential in order to provide risk-adapted
treatment. The most commonly used are the CMML-spe-
cific prognostic scoring system (CPSS),® the MD
Anderson Cancer Center prognostic score (IMDAPS)’ and

Chronic myelomonocytic leukemia (CMML) is a

the revised International Prognostic Scoring System (IPSS-
R)" (the last only being applicable to “dysplastic”
CMML). More recent scoring systems that also include
somatic mutations are those by the Groupe Frangais des
Myélodysplasies (GEM),* the Mayo Clinic®, and the molec-
ular CPSS.* All these molecular prognostic scoring sys-
tems consider ASXL1 mutations; the molecular CPSS also
takes into account mutations in NRAS, SETBP1, and
RUNX1.

Allogeneic hematopoietic cell transplant (HCT) is the
only potentially curative therapy for patients with
CMML but the number of transplant-eligible patients is
low because of these individuals’ advanced age, comor-
bidities, and frailty. A recent multicenter retrospective
study with 1,656 CMML patients of whom 89 received
an allogeneic HCT demonstrated the benefit of HCT for
patients with higher-risk disease as determined by the
CPSS" and multiple retrospective studies have document-
ed a 3-year OS rate of 30-40%."" For high-risk trans-
plant-ineligible and/or lower-risk patients the most wide-
ly used therapies are hydroxyurea, hypomethylating
agents, and best supportive care. Recent evidence sug-
gests that hypomethylating agents might be superior to
hydroxyurea."

Many studies have evaluated the prognostic factors for
transplantation outcomes in CMML patients, with con-
tradictory results.” As would be expected, patients trans-
planted in complete remission” as well as those with
<5% blasts at transplantation* had better outcomes in
comparison to those with more advance disease at trans-
plantation. The favorable effect of using hypomethylat-
ing agents before transplantation over intensive
chemotherapy is debatable."*" In a large study by the
Center for International Blood and Marrow
Transplantation Research (CIBMTR), the CPSS score at
the time of HCT strongly influenced OS after transplan-
tation.” Table 1 shows the predictive factors for increased
relapse or reduced OS evidenced in major studies on allo-
genic HCT for CMML.

In this issue of Haematologica, Woo and colleagues, ana-
lyze long-term outcomes after allogeneic HCT in 129
patients with CMML from a single institution and evalu-
ate clinical and molecular risk factors associated with out-
comes.” Of note, this study is the first to evaluate the
impact of somatic mutations determined by next-genera-
tion sequencing (NGS) on allogeneic HCT outcomes in a
large and homogeneous series of patients from a single
institution. In a subcohort of 52 patients in whom a NGS
panel of 75 genes was used, 85% of patients had at least
one mutation, congruent with previous reports on



Table 1. Predictive factors for overall survival after allogeneic hematopoietic cell transplantation in relevant series of patients with chronic

myelomonocytic leukemia.
EBMT

CIBMTR FHCRC

MDACC

{Symeonidis:2015} {Kongtim:2016"} {Liu:2017*} {Wo0:2019"}
Study period 1988-2009 1991-2013 2001-2012 1986-2017
N. of patients 513 83 209 129
Median age, years 53 (18-75) 57 (18-78) 57 (23-74) 55 (7-14)
(range)
Disease at HCT (CMML/AML, %) 56/44 57/43 100/0 71/29
Factors predicting OS
Complete remission at HCT Favorable Favorable NA No effect
Higher-risk categories by CPSS/MDAPS NA NA Unfavorable/NA Unfavorable/Unfavorable
Performance Status (KPS=90) NA No effect Favorable NA
HCT-CI =4 NA NA NA Unfavorable
High-risk CMML-specific cytogenetics No effect No effect NA Unfavorable
Graft source (peripheral blood) No effect NA Favorable No effect
Transplant from matched related donors No effect Favorable NA No effect
Prior HMA treatment No effect Favorable No effect No effect
Molecular profile NA NA NA Increased relapse:

-Mutations in NRAS, ATRX, WT1
- =10 gene mutations
- =4 mutations in epigenetic regulators

Conditioning intensity No effect No effect NA No
Development of chronic GvHD No effect Favorable NA NA
Age No effect No effect NA No effect
Year of transplant No effect No effect NA No effect

EBMT: European Society for Blood and Marrow Transplantation; MDACC: MD Anderson Cancer Center; CIBMTR: Center for International Blood and Marrow Transplantation
Research; FHCRC: Fred Hutchinson Cancer Research Center; HCT:: hematopoietic cell transplant; CMML; chronic myelomonocytic leukemia; AML: acute myeloid leukemia; OS:
overall survival; CPSS: CMML-specific prognostic scoring system; MDAPS: MD Anderson prognostic scores; KPS: Karnofsky Performance Score; HCT-CI: Hematopoietic Cell
Transplant-Comorbidity Index; PB: peripheral blood; HMA: hypomethylating agents, GvHD: graft-versus-host disease; NA: information not available.;

CMML. The most commonly mutated genes were ASXL1
(52%), TET2 (42%), and SRSF2 (25%). Other frequently
encountered mutations were evident for WT1 (27 %),
RUNX1 (17%), DNMT3A (17%), SMC1A (17%), EZH2
(12%), and ATRX (12%), highly likely because most
patients had intermediate-2 or high-risk disease according
to the CPSS."”

In the study by Woo ez al., mutations in NRAS were
associated with an increased relapse risk whereas muta-
tions in ATRX and WT1, conferred both a higher relapse
risk and inferior OS. Moreover, this study showed that a
high overall mutation burden (=10 mutations) as well as
the presence of four or more mutated epigenetic regulato-
ry genes were linked to a higher risk of relapse.
Unsupervised clustering revealed two higher-risk groups
with specific associations between mutations and clinical
features. The presence of a higher mutation burden was
closely related to a longer period between diagnosis and
transplantation but not with complex chromosomal
abnormalities or an excess of blasts. The currently pub-
lished recommendation of an international expert panel is
to use the CPSS for considering a patient as a candidate
for allogeneic HCT and to transplant those CMML
patients belonging to the intermediate-2/high CPSS risk
groups.”” Whether the better outcomes observed with
lower CPSS scores and the lower mutational burden
observed in less advanced disease could argue in favor of

transplanting patients with CMML earlier in the course of
their disease (e.g., extending transplantation to patients
with intermediate-1 CPSS risk score) is debatable and can
only be properly answered by a carefully designed study.

As previously reported in other HCT series on CMML,
in the study by Woo et al., relapse risk was also signifi-
cantly associated with adverse cytogenetics, higher-risk
CPSS and MDAPS scores, and measurable residual dis-
ease by cytogenetics at transplantation. A higher mortali-
ty was seen in patients with high-risk cytogenetics and a
high HCT Comorbidity Index. Of interest, neither dis-
ease status at transplantation (complete remission vs.
non-complete remission) nor pre-transplant therapy
(intensive chemotherapy or hypomethylating agents) nor
conditioning intensity had a clear and independent
impact on transplant outcomes. Additionally, the year of
transplant did not affect the risk of relapse or OS, clearly
indicating that newer transplant strategies are needed to
improve those outcomes."”

In summary, this study has identified both clinical and
novel molecular risk factors for outcomes after allogeneic
HCT that add relevant information which could be taken
into account when planning transplantation for CMML
patients. Table 2 illustrates the clinical and molecular risk
factors for allogeneic HCT outcome in CMML patients,
among whom different groups of higher-risk patients
amenable to transplantation can be detected at different
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Table 2. Schematic representation of the relationships between clinical

and hematologic characteristics, cytogenetics, somatic mutations, prog-

nostic scoring systems and transplant outcomes in patients with chronic myelomonocytic leukemia.
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time points of the course of the disease.

However, even though NGS studies could therefore be
used to select a group of high-risk CMML patients for
transplantation, our view is that it might still be prema-
ture to incorporate the results of NGS techniques into the
decision-making process for CMML patients undergoing
allogeneic HCT. The main reasons are that NGS tech-
niques and results are not well standardized, their repro-
ducibility is unproven, the characterization of allele vari-
ants as pathogenic is not homogenously defined, and the
variant allele frequency threshold used to define the pres-
ence of mutations is widely variable (5% in the series by
Woo et al.) Furthermore, the impact of co-occurring muta-
tions on prognosis is still unclear."” Additionally, the value
of molecular profiling for treatment decision-making in
CMML patients is diminished by the limited number of
treatment alternatives and because there is no single
somatic mutation that favors the use of a particular treat-
ment approach.”

In conclusion, molecular profiling will likely emerge in
the near future as highly valuable for planning transplan-
tation in CMML patients, adding up to other well-recog-
nized patient and disease characteristics such as higher-
risk CPSS and MDAPS categories and HCT-Cormorbidity
Index. Prospective cooperative studies focused on NGS

results before and after transplantation and involving
large numbers of patients will be eventually required to
improve the cure rate afforded by allogeneic HCT in
CMML.
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he majority of patients with acute myeloid

leukemia (AML) will die of their disease.

Nevertheless, the prognosis of AML varies widely.
Some AML patients may be cured by chemotherapy
alone, while others require approaches such as allogeneic
stem cell transplantation to have the best chance of long-
term survival. As physicians, we are often asked by our
AML patients: “How likely is this treatment going to
work, and how long do I have to live¢”

Prognostication in AML has evolved over time. Initially,
models for prediction of response to therapy were based
on patient’s parameters such as age and performance sta-
tus in combination with cell characteristics such as mor-
phology and chromosomal karyotype. With technologi-
cal advancements, our understanding of disease biology
has evolved and factors including molecular mutations
and minimal residual disease have been integrated into
prognostication schemes. Recently, an international
expert panel on behalf of the European LeukemiaNet
(ELN) published a revised version of a widely utilized
prognostication scheme that categorizes AML patients
into three risk groups (Favorable, Intermediate, and
Adverse) based on genetic abnormalities (incorporating
chromosomal karyotype and specific molecular muta-

tions).” These AML risk groups have profound clinical
implications, particularly with regard to post-remission
therapy for younger fit patients. In general, fit Favorable-
risk AML patients who achieve a first complete remission
after induction chemotherapy go on to consolidation
chemotherapy with curative intent. However, even fit
patients with Adverse- and Intermediate-risk AML are
unlikely to be cured by chemotherapy alone, and there-
fore it is reasonable to consider allogeneic stem cell trans-
plantation for Intermediate- and Adverse-risk patients
upon achievement of first complete remission.

Why is AML so often resistant to chemotherapy¢ The
biology of AML chemoresistance is complex. However,
at a basic level, adverse-risk AML cells are more likely to
evade conventional chemotherapeutics that target the cell
cycle. It has therefore been hypothesized that one pow-
erful driver of adverse prognosis in AML may be the
properties of the leukemia stem cell (LSC), a type of cell
that exhibits cell cycle quiescence, self-renewal, and
chemoresistance.*® Although AML LSC remain challeng-
ing to isolate, assessment of AML LSC gene expression
signatures has been proposed as a method to further
refine prognosis — with LSC-like AML phenotypes con-
tributing to adverse risk.
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Figure 1. The 17-gene leukemia stem cell score refines prognosis in acute myeloid leukemia beyond that afforded by the European LeukemiaNet risk categories.
(A) Patients with acute myeloid leukemia (AML) with a 17-gene"" leukemia stem cell (LSC) score more frequently have biallelic CEBPA, GATA2, and KIT mutations and
are more sensitive to chemotherapy. (B) Patients with AML with a 17-gene"" LSC score more frequently have unfavorable molecular abnormalities and are more
resistant to chemotherapy. (C) The 17-gene LSC score has a powerful prognostic impact, particularly in younger adult AML patients (aged <60 years).

A study by Ng et al. recently defined a list of genes dif-
ferentially expressed between LSC and non-LSC fractions
(validated by xenotransplantation) from 78 AML
patients.” The list of genes highly expressed in LSC was
subjected to statistical regression analysis to relate the
expression profile to patients’ survival, which yielded an
optimal “17-gene LSC score” prognostic signature. When
the scoring algorithm was applied to five cohorts of AML
patients, high scores consistently correlated with poor
prognostic factors such as older age, higher initial white
blood cell count, and unfavorable cytogenetics. High
scores also correlated with resistance to standard induc-

tion chemotherapy, higher rates of relapse, and poor out-
comes including inability to achieve complete response,
decreased overall survival, and shorter event-free and
relapse-free survival. Ng et al. proposed that this scoring
tool could be applied to guide selection of initial therapy
in newly diagnosed patients, specifically to identify high-
risk patients not likely to benefit from standard induction
chemotherapy.

In this issue of Haematologica, Bill et al. provide an
impressive validation of the 17-gene LSC scoring system
using RNA-sequencing data from a large number of
patients treated in cooperative group (CALGB) trials.’



This work confirms and expands upon the insights pub-
lished in 2016 by Ng et al., showing the prognostic value
of LSC gene expression signatures in an independent
large cohort of AML patients. Here, Bill ez al. apply the 17-
gene LSC score to 934 de novo AML patients and report
the association of the 17-gene LSC score with prognostic
clinical parameters, specific AML mutations, and ELN risk
classification.

Using unsorted pre-treatment bone marrow and/or
peripheral blood specimens, the group conducted tran-
scriptome analysis via RNA-sequencing. The 17-gene
LSC score was calculated as the weighted sum of the nor-
malized expression values of the 17 genes included in the
signature panel defined by Ng et al. The scores derived
were then divided into two groups using the median as
the cutoff to define “17-gene”®"” (more LSC-like) and “17-
gene” (less LSC-like) (Figure 1A, B).

Consistent with prior data, allocation into the 17-gene-
beb and 17-gene™” groups correlated with known prognos-
tic factors. 17-gene™ patients were more often younger
(age <60 years) and predominantly had favorable cytoge-
netic profiles. Bill er al. also correlated the 17-gene score
with known AML mutations.® Favorable mutations in
genes such as CEBPA, GATA2, and KIT were more fre-
quent in patients with a 17-gene®" score (Figure 1A) while
unfavorable mutations in genes including ASXL1,
RUNX1, and TP53 occurred more frequently in patients
with a 17-gene™" score (Figure 1B). Patients with
extremely high-risk EVI{1 rearrangements inv(3)/t(3;3)
were exclusively found in the 17-gene™ score group.
With respect to mutation burden, more LSC-like AML
harbored slightly more mutations, with a median of two
among patients with a 17-gene” score and of three
among those with a 17-gene™®" score.

Next, Bill er al. assessed outcomes in the groups with
17-gene®” and 17-gene™® scores. Both groups followed
known associations for favorable and poor outcomes
(complete remission rate, longer disease-free and overall
survival) in, respectively, the younger (Figure 1C) and
older cohorts of patients. In addition to validating the
prognostic impact of the 17-gene LSC score in a large
independent cohort and adding correlations with AML
mutations, Bill et al. also compared the 17-gene LSC score
to AML ELN risk stratification.®

When patients were classified according to the ELN
stratification into Favorable-, Intermediate-, and Adverse-
risk groups, there were significant differences in ELN risk
distribution between the 17-gene™ and 17-gene"* LSC
score patients of different ages. In younger patients with
a 17-gene™" score, most (66%) were classified as having
Favorable-risk, with 14% and 17% classified as having
Intermediate- and Adverse-risk, respectively. However,
younger patients with a 17-gene™" score were spread
across the ELN classification: Adverse-risk (41%),
Intermediate-risk (32%), and Favorable-risk (26%). In
older patients with a 17-gene*" score, only 36% were
classified in the Favorable-risk group, while 24% had an
Intermediate risk and 40% an Adverse risk. By compari-
son, older patients with a 17-gene"#" score clustered main-
ly into the Adverse-risk group (63%), with fewer in the
Intermediate- (18%), and Favorable-risk (18%) groups.

When assessing outcomes, the 17-gene LSC score failed
to add significant prognostic information to ELN classifi-
cation in older AML patients, in whom prognosis remains
poor across prognostic groups with conventional
chemotherapy.

Intriguingly, the data suggest that the 17-gene LSC
score can provide additional prognostic value particularly
for younger patients who may be currently misclassified
as having a favorable risk. Younger patients with an ELN
Favorable-risk classification with a high 17-gene LSC
score (20% of ELN Favorable-risk patients) have a worse
prognosis than would otherwise be expected from the
ELN classification alone. This unexpectedly high-risk
group of patients epitomizes the rationale for using
refined prognostication schemes such as the 17-gene scor-
ing tool, with the goal of tailoring first-line therapy more
precisely and identifying populations of patients in need
of prospective clinical trials.

The comprehensive RNA-sequencing approach
described by Bill ez al. does have some limitations. From a
practical point of view, while pre-treatment cytogenetics
as well as genomic profiling for mutations in specific
genes have become standards of care for patients with
AML, it is premature to recommend universal pre-treat-
ment RNA-sequencing. Future studies in adult AML may
validate the prognostic significance of pre-treatment pro-
filing of a limited list of LSC-related genes using more tar-
geted gene expression analysis, as was recently shown
using Nanostring technology in pediatric AML.

In a broader perspective, prognosis in any disease is
shaped by the efficacy of available therapy. All patients
evaluated in the current study by Bill er al. received
cytarabine/anthracycline-based induction
chemotherapy.® Although AML prognosis has traditional-
ly been evaluated in response to cytotoxic chemotherapy,
the prognostic impact of ELN genetic risk classification
and LSC gene expression signatures will need to be re-
evaluated in the context of novel and more targeted ther-
apeutics.

Recently, the BCL-2 inhibitor venetoclax in combina-
tion with hypomethylating agents has become a new
standard of care for adult patients with AML who are
unfit, by virtue of age or comorbidities, to receive inten-
sive chemotherapy.”” Although many patients still
relapse, this combination shows activity in disease often
refractory to standard induction chemotherapy, including
secondary AML, therapy-related AML, and AML with
high-risk cytogenetic and mutation profiles. One explana-
tion for the relatively mutation-agnostic efficacy of vene-
toclax + azacitidine is the combination’s suppression of
oxidative phosphorylation and disruption of energy
metabolism in LSC." The impact of LSC gene expression
signatures on prognosis in patients treated with
hypomethylating agents + venetoclax has yet to be deter-
mined. Similarly, the impact of LSC gene expression sig-
natures on prognosis in FLT3-mutated patients may also
need to be re-evaluated, as more effective and specific
FLT3 inhibitors enter clinical practice.” In general, as
more effective therapies are developed that target the
fundamental biology of AML, prognostic factors and even
post-remission therapies will need to be re-examined.

Editorials e

haematologica | 2020; 105(3) 535 -



References

1. Liesveld J. Management of AML: who do we really cure¢ Leuk Res.
2012;36(12):1475-1480.

2. Dohner H, Estey E, Grimwade D, et al. Diagnosis and management
of AML in adults: 2017 ELN recommendations from an international
expert panel. Blood. 2017;129(4):424-447.

3. Thomas D, Majeti R. Biology and relevance of human acute myeloid
leukemia stem cells. Blood. 2017;129(12):1577-1585.

4. Lapidot T, Sirard C, Vormoor J, et al. A cell initiating human acute
myeloid leukaemia after transplantation into SCID mice. Nature.
1994;367(6464):645-648.

5. Shlush LI, Zandi S, Mitchell A, et al. Identification of pre-leukaemic
haematopoietic stem cells in acute leukaemia. Nature.
2014;506(7488):328-333.

6. Pollyea DA, Gutman JA, Gore L, Smith CA, Jordan CT. Targeting
acute myeloid leukemia stem cells: a review and principles for the
development of clinical trials. Haematologica. 2014;99(8):1277-1284.

7. Ng SW, Mitchell A, Kennedy JA, et al. A 17-gene stemness score for

] Editorials

rapid determination of risk in acute leukaemia. Nature.
2016;540(7633):433-437.

8. Bill M, Nicolet D, Kohlschmidt ], et al. Mutations associated with a
17-gene leukemia stem cell score and the score’s prognostic rele-
vance in the context of the European LeukemiaNet classification for
acute myeloid leukemia. Haematologica.2020;105(3):721-729.

9. Duployez N, Marceau-Renaut A, Villenet C, et al. The stem cell-
associated gene expression signature allows risk stratification in
pediatric acute myeloid leukemia. Leukemia. 2019;33(2):348-357.

10. DiNardo CD, Pratz K, Pullarkat V, et al. Venetoclax combined with
decitabine or azacitidine in treatment-naive, elderly patients with
acute myeloid leukemia. Blood. 2019;133(1):7-17.

11. Pollyea DA, Stevens BM, Jones CL, et al. Venetoclax with azacitidine
disrupts energy metabolism and targets leukemia stem cells in
patients with acute myeloid leukemia. Nat Med. 2018;24(12):1859-
1866.

12. Perl AE, Martinelli G, Cortes JE, et al. Gilteritinib or chemotherapy
for relapsed or refractory FLT3-mutated AML. N Engl ] Med.
2019;381(18):1728-1740.

Thrombopoietin receptor agonists for the treatment of inherited thrombocytopenia

Michael Makris'?

'Department of Infection, Immunity and Cardiovascular disease, University of Sheffield, and *Sheffield Haemophilia and Thrombosis

Centre, Royal Hallamshire Hospital, Sheffield, UK
E-mail: m.makris@sheffield.ac.uk

doi:10.3324/haematol.2019.241786

he inherited thrombocytopenias are a heteroge-

neous group of increasingly recognized disorders,

which can be associated with bleeding of variable
severity. Their prevalence has been estimated to be
around 1 in 100,000 of the population,’ but it is likely that
this is an underestimate due to many individuals being
undiagnosed, wrongly diagnosed or not recorded on reg-
istries after a correct diagnosis. More recently, it has been
reported that the prevalence of MYH9-related disorders
can be as frequent as 1 in 20,000 of the population.”

The inherited nature of the thrombocytopenias has
been recognized for decades, with the main disorders
being the May-Hegglin anomaly, and the Sebastien,
Fechtner and Epstein syndromes. These disorders were
associated with a variable degree of renal impairment,
deafness and cataracts. Although initially believed to be
different disorders, when the genes responsible were iden-
tified, it became clear that all of these syndromes were
variants of defects in the same A YH9 gene encoding for
non-muscle myosin heavy chain A.> The nomenclature
was subsequently changed to reflect this, and they are
now known as the MYH9-related disorders (MYH9-RD).

The recent introduction of high throughput sequencing
(HTS), together with the formation of consortia with
large numbers of clinicians caring for inherited thrombo-
cytopenia patients, has led to a dramatic increase in the
number of genes responsible for the disorder. Inherited
thrombocytopenias can be syndromic, predisposing to
renal failure, hearing loss and cataracts, as in MYH9-RD,
while others, such as the RUNX1, ANKRD26 and ETV6,
can be associated with predisposition to hematologic
malignancy.*’

In contrast to the major advances in the genetic basis of
inherited thrombocytopenia, the management of these

disorders has hardly changed, with the main therapeutic
decision being whether to transfuse platelets or not. Part
of the difficulty is the variability in the number of
platelets, as well as the bleeding tendency which is often
not directly proportional to the platelet count. A possible
explanation for this is the variable and often large size of
the platelets in some of these disorders; since hemostatic
reactions take place on the cell surface, disorders associ-
ated with larger platelets would be expected to be associ-
ated with less bleeding. Treatment is usually required
when patients are actively bleeding, or to prevent bleed-
ing prior to surgery or invasive procedures.

Platelet transfusions, however, can be problematic
because of the potential for adverse events. They carry
the risk of transfusion-transmitted infection, alloimmu-
nization with production of platelet specific or HLA anti-
bodies, allergic reactions and transfusion-related acute
lung injury (TRALI). As a result, the use of platelet trans-
fusions tends to be avoided if possible, and clinicians use
tranexamic acid, sometimes with desmopressin, as non-
specific hemostatic agents to treat these patients.

Thrombopoietin receptor agonists have been available
for the treatment of immune thrombocytopenia in adults
and children for some time. The two products with the
longest availability are eltrombopag, which is given oral-
ly, and romiplostim, which is administered subcuta-
neously. In the UK, eltrombopag is available for use in
patients with thrombocytopenia of at least six months
duration whilst romiplostim is approved for ITP of 12
months duration or more.

In an important initial publication from 2010, Pecci et al.
showed that eltrombopag could increase the platelet
count of patients with M YH9-related thrombocytopenia.’
Twelve patients with a platelet count of <50x10°/L were
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treated with 50mg eltrombopag for three weeks, and
those who did not achieve a platelet count of >100x10°/L
received an additional three weeks of treatment at 75mg
once daily. Five patients achieved a platelet count of
>100x10°/L with the 50mg dose and an additional three
achieved this with the 75mg dose. Overall, 67% of
patients achieved a platelet count of >100x10°/L, 25%
achieved a minor response, and a single patient did not
respond. The treatment was well tolerated, and the
bleeding symptoms resolved in 8 of 10 patients who pre-
sented these at study entry.’

Since it is known that in most forms of inherited
thrombocytopenia the megakaryocytes respond to TPO
receptor agonists,” the next logical step was to investigate
these agents for the treatment of other forms of inherited
thrombocytopenia, and this is what Zaninetti et al. have
done.® In this issue of the Journal, they report on their
multicenter prospective investigation of eltrombopag in
patients with five different types of inherited thrombocy-
topenia. A total of 24 patients with MYH9-related dis-

linked/Wiskott-Aldrich syndrome, monoallelic Bernard-
Soullier syndrome, and ITGB3-related thrombocytopenia
were included. Patients awaiting procedures received an
escalating dose of 50-75mg eltrombopag for 3-6 weeks,
while individuals with active bleeding received an esca-
lating dose of 25-75mg for up to 16 weeks (Figure 1). The
responses varied between the different defects, but over-
all 48% of the patients responded, achieving a platelet
count of over 100x10°/L. All four patients who were
experiencing mucosal bleeding on entry, stopped bleed-
ing following the eltrombopag treatment. The treatment
with eltrombopag was well tolerated, but one patient
with Wiskott Aldrich syndrome discontinued the treat-
ment due to deterioration of his eczema.’

The trial by Zanetti er al. excluded some patients with
inherited thrombocytopenia and predisposition to hema-
tologic malignancy, such as those with mutations in the
RUNX1 (previously known as ANL1) and ETV6 genes;
ANKRD26 patients were, however, included. The evi-
dence that TPO receptor agonists accelerate disease pro-

ease, ANKRDZ26-related thrombocytopenia, X- gression is controversial. A study of the use of the TPO
Inherited thrombocytopenia
e Active bleeding symptoms
But waiting
@ for surgery or
invasive procedure
Eltrombopag Eltrombopag
&> 25mg once daily &» 50mg once daily
4 weeks 3 weeks
l l 9 Platelet count
Improvement Still bleeding or >100 x 10%/L
platelet count
<30x 10°/L l l
Continue on Increase dose Eltrombopag
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intervals to 3 weeks

&-75 mg once daily

Figure 1. Outline of the phase Il clinical trial using eltrombopag in patients with inherited thrombocytopenia.
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receptor agonist romiplostim in patients with myelodys-
plasia and thrombocytopenia was halted early despite
leading to an increase in the platelet count and improve-
ment in bleeding symptoms because of concern regarding
progression to acute myeloid leukemia (AML). In the final
analysis, however, the AML progression risk was not sig-
nificant, with a hazard ratio of 1.20 and a 95% confidence
interval of 0.38-3.84.° No such concern was observed in a
subsequent trial of eltrombopag monotherapy in similar
settings."

As mentioned before, there are at least 40 different
genes associated with inherited thrombocytopenia." At
this stage, it is not known whether patients with other
gene mutations will respond to eltrombopag in the same
way, or whether any of these disorders will respond to
the other TPO receptor agonists such as romiplostim;
while the answer to both of these questions is likely to be
yes, this is still speculation and needs to be confirmed in
clinical trials or case series.

Considering the rarity and variety of the inherited
thrombocytopenias, as well as the brief period for which
most of these individuals require treatment to improve
their platelet count, it is unlikely that a pharmaceutical
manufacturer will perform the required trials to get
approval of their drug for this indication.

The study by Zanetti et al. is important because it
establishes eltrombopag as a therapeutic entity in the
treatment of inherited thrombocytopenia. At this stage,
we do not know if patients with mutations in other
genes, or even different mutations in the same gene, will
respond the same way, if at all. In view of this, it would
be sensible to offer patients soon after diagnosis a 3-week
therapeutic trial of 50mg of eltrombopag daily with the
option of another three weeks at 75mg daily in the non-
or poor-responders. In this way, at moments of possible
future need, it will already be known whether they are
eltrombopag responders or not, in which case they are
likely to require platelet transfusions. I believe that, for
elective procedures, the use of eltrombopag as a first-line
agent is a very reasonable proposition, even when the
drug is not licensed for this indication.

Although in many countries there are national reg-
istries of patients with inherited bleeding disorders,
these tend to be for individuals with clotting factor defi-
ciencies and do not include persons with inherited
thrombocytopenia. I believe that all patients with inher-
ited thrombocytopenia should be entered in registries so
that the natural history, as well as the response to TPO
receptor agonist treatment for all the different genetic
defects, can be established. It is unlikely that this will be
achieved for most of the disorders without international
collaboration.
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Introduction

Patients with sickle cell disease (SCD) often receive red blood cell (RBC) trans-
fusion support for the prevention and management of many acute and chronic
disease complications.”® The beneficial effects of transfusion therapy observed in
recent clinical studies, and the lack of effective treatments for this population of
patients, have led to an increased use of blood.* While RBC transfusions may be
life-saving, we are concerned about their expanding use and would like to raise
awareness of RBC alloimmunization, a major complication of transfusion, partic-
ularly in patients with SCD in whom the incidence is much higher than in other
groups of patients.” Hemolytic transfusion reactions, which primarily occur in
RBC alloimmunized patients, are often under-recognized in patients with SCD, in
particular because the symptoms mimic those of acute vaso-occlusive crises, and
serological markers of new alloantibodies may be equivocal.”” In addition to
increasing the risk of potentially fatal acute or delayed-type hemolytic transfusion
reactions (DHTR),*" the development of RBC alloantibodies can also significantly
delay the procurement of compatible RBC for future transfusions."

Currently, there is a lack of evidence in this area to inform best practice, and
management is often based on anecdotal case reports. While there have been
reports of a variety of cases illustrating the challenges associated with recognizing
and treating hemolytic transfusion reactions in patients with SCD,"* the poten-
tial reasons for the higher incidence of RBC alloantibodies in SCD patients merit
discussion. Here, we share our experience in managing alloimmunized patients
and hemolytic transfusion reactions, and challenge the medical community to
consider lessons learned from diagnostic criteria and mitigation policies for trans-
fusion-related acute lung injury (TRALI) in order to minimize the morbidity and
mortality associated with transfusion in patients with SCD.

Why are patients with sickle cell disease at high risk of red blood cell
alloimmunization?

One possible reason for the relatively high incidence of alloimmunization
observed in patients with SCD is the mismatch in RBC antigens expressed in the
donor pool (primarily Northern European descent) and patients with SCD (mainly
of African descent).? Mismatch of RBC antigens is not the only reason, however, as
a significant proportion of patients with SCD who receive phenotypically matched
blood from exclusively ethnically matched donors still become alloimmunized.’
Molecular analyses of the RH genes in patients with SCD and African-American
donors reveal remarkable RH allelic diversity in this population, with mismatch
between serological Rh phenotype and RHD or RHCE genotype due to variant RH
alleles in a large proportion of the individuals."” Thus, RH genotyping in addition to
serological typing may be required to identify the most compatible RBC, though it
is not yet known if such an approach completed prospectively instead of reactively
(after antibodies against alloantigens in the RH family form) will decrease RBC
alloimmunization, and whether it will be possible to source rarer RH genotypes on
a regular basis for patients on a transfusion program. The clinical context of RBC
transfusion in SCD may also contribute to the higher rate of alloimmunization; the
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risk of alloimmunization in SCD is increased when
patients are transfused for acute complications, such as
acute chest syndrome, acute pain and acute multi-system
organ failure, which are clinical complications marked by
significant inflammation. Thus, unique aspects of transfu-
sion therapy in patients with SCD, in conjunction with
other possible immune perturbations, appear to place such
patients at a particular risk of RBC alloimmunization.

Definitions of acute and delayed hemolytic transfusion

reactions and hyperhemolysis

While acute hemolytic transfusion reactions can largely
be avoided by stringent alloantibody investigations prior
to transfusion, DHTR, which typically occur days or
weeks following the implicated transfusion episode of

5,14-17

seemingly compatible RBC,” are more difficult to avoid.
The delayed nature of DHTR is thought to reflect the
recrudescence of an alloantibody not detected at the time
of the RBC compatibility testing just prior to transfu-
sion.*"*" The inability to detect RBC alloantibodies at the
time of transfusion presumably reflects evanescence of a
prior alloantibody response to a level below the detection
threshold in routine clinical assays. Following re-exposure

to the implicated alloantigen, immunological memory

generated during the primary encounter facilitates an

amnestic immune response that results in the rapid pro-
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duction of alloantibodies against the transfused unit
(Figure 1). This in turn causes destruction of the trans-
fused RBC, which is often accompanied by clinical symp-
toms associated with accelerated hemolysis.”*”” DHTR

Figure 1. Delayed-type hemolyt-
ic transfusion reactions. (A)
Exposure to a red blood cell
(RBC) alloantigen through trans-
fusion or pregnancy can result
in the development of alloanti-
bodies (allo) that quickly
evanescence over time, possi-
bly preventing their detection
prior to a subsequent transfu-
sion. Re-exposure to RBC
expressing the same alloanti-
gen can induce an amnestic
alloantibody response, which
can cause accelerated clear-
ance of the transfused RBC,
resulting in hemolysis and a
delayed-type transfusion reac-
tion (DHTR). Alloantibody-
induced clearance of trans-
fused RBC can occasionally
result in hyperhemolysis, other-
wise known as hyperhemolytic
syndrome (HHS), which is signi-
fied by the accelerated clear-
ance of the patient’'s own RBC
and which can be particularly
fatal. (B). Alloantibodies that
develop in response to expo-
sure to alloantigens can lead to
direct clearance of RBC through
a variety of antibody effector
mechanisms, including comple-
ment activation. Sometimes
patients will experience a DHTR
in the absence of a detectable
alloantibody; an alloantibody
may be present and simply be
below the detection threshold of
clinical assays or an alloanti-
body may be absent entirely,
with the DHTR possibly reflect-
ing heme-mediated comple-
ment activation and RBC hemol-
ysis. Regardless of the mode of
hemolysis experienced by trans-
fused RBC in the setting of a
DHTR, heme released may acti-
vate complement, thereby
potentially contributing to the
development of hyperhemoly-
sis. Trx: transfusion; Hb: hemo-
globin.
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can be further complicated by bystander hemolysis or
hyperhemolysis, a process that results in the accelerated
clearance of both the transfused RBC and the patient’s
own RBC*” (Figure 1). Such hyperhemolysis can be par-
ticularly fatal in patients with SCD for reasons that
remain incompletely understood.

Attention to a high incidence of delayed hemolytic
transfusion reactions

While DHTR can be life-threatening, unawareness of
their frequency and lack of severity of these transfusion
reactions have likely resulted in too little attention regard-
ing their potential impact on overall SCD morbidity and
mortality. For years, the overall incidence of DHTR per
transfusion in SCD was estimated to be around 1:1000.”*
making it a relatively uncommon transfusion reaction in
this population of patients. However, newer reports sug-
gest that these data may be misleading. As mentioned pre-
viously, given the similarities between the clinical presen-
tation of DHTR and the more common complications of
vaso-occlusive crises, DHTR can be easily missed.””
Unless an alloantibody screen is performed, an amnestic
alloantibody response will not be detected and a diagnosis
of DHTR may not be entertained. Furthermore, as some
reports suggest that as many as 30% of DHTR can be
alloantibody-negative,”* clinicians must rely on HbA
measurements obtained within 48 h of the implicated
transfusion and at the time of a presumptive DHTR in
order to make a reliable diagnosis of DHTR"™” (Figure 1).
Unfortunately, alloantibody screens and HbA values are
not routinely ordered following transfusion or in recently
transfused patients admitted for acute pain, raising the
possibility that the incidence of DHTR in patients with
SCD may be much higher than previously appreciated.”

In an effort to assess the incidence of DHTR more accu-
rately, a recent prospective study evaluated adult patients
after transfusion using total Hb, HbA and HbS quantifica-
tion within 48 h after all transfusions and defined DHTR
as a significant decrease in HbA (>50%) and/or in total
Hb levels (>30%) within 25 days of a trigger transfusion
along with hemoglobinuria, symptoms of a vaso-occlu-
sive crisis, and/or worsening symptoms of anemia.”
Using this approach, a DHTR was found to occur follow-
ing 4.2% of episodic transfusions,” over ten times more
frequently than previously speculated, making DHTR the
single most common adverse event following episodic
transfusion in patients with SCD. Nearly 11% of all
patients with DHTR died,” suggesting that these reac-
tions are not only more common than previously suggest-
ed, but also likely to affect SCD mortality significantly.
These results provide one possible explanation for the
recent observation that alloimmunized patients with
SCD have a much higher mortality rate than non-alloim-
munized individuals with SCD.*

Comparison of delayed hemolytic transfusion reactions
with transfusion-related acute lung injury

There are resemblances between the underappreciated
incidence and impact of DHTR in patients with SCD and
the history of other transfusion reactions with fatal out-
comes.” Until relatively recently, TRALI was a rarely rec-
ognized complication of primarily platelet and plasma
transfusion defined by acute lung injury within 6 h of
transfusion in the presence of hypoxia, with radiographic
evidence of bilateral infiltrates in the absence of circulato-

Hemolytic transfusion reactions in SCD -

ry overload.” Because patients who are susceptible to
TRALI often have significant comorbidities, changes in
pulmonary function that accompanied transfusion were
historically attributed to other etiologies.” However, once
the impact of TRALI was recognized and regulatory agen-
cies heightened hemovigilance efforts, TRALI quickly
became identified as the most common cause of transfu-
sion-related mortality in the USA and Europe.”
Epidemiological studies found associations between
blood products donated from multiparous women and
other donor factors that increased the likelihood that a
recipient would develop TRALL* In particular, anti-HLA
and other anti-leukocyte alloantibodies that may bind
and activate leukocytes intravascularly became implicat-
ed in the pathogenesis of TRALL** Implementation of
manufacturing practices that excluded multiparous
females and other donors who appeared to increase the
risk of TRALI in transfusion recipients has resulted in a
significant reduction in TRALI cases.**” Thus, TRALI pro-
vides a key example of an underappreciated transfusion
complication that can result in significant morbidity and
mortality and that, upon additional study, improved diag-
nostic criteria and changes in clinical practice, has dramat-
ically reduced in incidence over time.”

Strategies to prevent delayed hemolytic transfusion
reactions

The most effective way to prevent a DTHR is to avoid
unnecessary RBC transfusion. When transfusion avoid-
ance is not feasible, provision of the most compatible
RBC units is recommended. In an effort to reduce the risk
of DHTR, transfusion services keep records of previously
identified alloantibodies in order to reduce the risk of re-
exposure to a particular alloantigen once an alloantibody
has been detected. Using this approach, hospital transfu-
sion services provide RBC that are negative for the partic-
ular alloantigens against which a patient has previously
made alloantibodies. However, when patients seek care
in multiple healthcare systems this information is often
not available.®®¥ In this setting, transfusion services can
only rely on transfusion histories at the presenting facility
or other facilities if obtainable, which are often either not
obtained or incomplete.*” As this approach often results
in inadequate alloimmunization histories,” multiple
encounters in different healthcare systems place patients
with SCD at a significantly high risk of DHTR.*
Furthermore, transfusions are often initiated when
patients present with acute complications at centers
where providers may not be familiar with SCD manage-
ment, including transfusion complications. Implemen-
tation of healthcare-wide acute care plans for patients
with SCD that include consideration of possible transfu-
sion complications may provide the type of guidance
needed to increase awareness among all providers within
a healthcare system.

Nonetheless, despite effective communication between
healthcare systems, alloantibodies may not be detected if
antibody evaluations are not routinely completed follow-
ing transfusion episodes that are at a higher risk of induc-
ing alloantibodies. This reflects the ability of newly
formed alloantibodies to fall below the level of detection
prior to a subsequent transfusion evaluation, which may
occur months to years later.” Thus, RBC alloantibody
evanescence can contribute significantly to the risk of
DHTR in the absence of systematic post-transfusion sero-
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logical evaluation. To avoid these challenges, routine
serological testing should be considered for all SCD
patients 1 to 3 months after each transfusion episode.”
Even with such a policy in place, up to 30% of DHTR
with bystander hemolysis occur in the absence of any
detectable alloantibody,"** making it particularly difficult
to predict and prevent these transfusion reactions fully.

Shared laboratory data between hospital systems is
critical

Significant barriers to laboratory information exchange
exist in many healthcare systems in many countries, and
efforts that allow alloantibody identification histories of
all patients (including those with SCD) to be shared
between such systems must become a priority. This criti-
cal patient safety initiative would facilitate antibody iden-
tification in a patient’s sample, would decrease the burden
of identifying optimal RBC units when working with
incomplete transfusion histories, would increase the time-
ly provision of fully compatible RBC units, and would
decrease the incidence of DHTR.**% Currently, the lack of
such data sharing prevents many transfusion services from
knowing the transfusion requirements of newly encoun-
tered patients with SCD at the time of a transfusion
request,” or from knowing the availability of compatible
RBC once alloantibodies have been characterized."* If
complex alloantibody profiles were known a priori and
corresponding donor databases were available, compati-
ble donor units could be readily identified, allowing trans-
fusion requirements to be addressed in a more timely and
safe manner.®¥*

Routine post-transfusion antibody screening and
HbA quantification should be considered to improve
identification of red blood cell alloantibodies
and delayed hemolytic transfusion reactions

Although additional studies are certainly needed to
establish the incidence of DHTR in various hospital set-
tings, more uniform detection of these reactions is

important if future DHTR are to be avoided and if effec-
tive treatment strategies are to be implemented.” While
patients may experience accelerated clearance of trans-
fused RBC in the absence of clinical systems, to facilitate
detection of clinically meaningful DHTR, we recom-
mend that patients with SCD with a history of transfu-
sion in the preceding 21 days who present with any com-
plication requiring medical attention should be evaluated
with an antibody screen regardless of whether or not
another RBC transfusion is warranted. Using this
approach, a higher percentage of alloantibodies that
form as a result of a recent transfusion should be identi-
fied. However, as nearly 30% of DHTR have been
reported to occur in the absence of detectable alloanti-
bodies,** evaluation for DHTR will also require acquisi-
tion of HbA values following transfusion and at the time
of clinical presentation of any complication requiring
medical attention.” As episodic transfusions are much
more likely to be initiated during acute complications
and result in DHTR,”” polices that include obtaining
HbA values within 48 h following an episodic transfu-
sion may be particularly helpful when interpreting a
HbA value at the time of suspected DHTR. Thus, we rec-
ommend considering routine HbA measurements fol-
lowing any episodic RBC transfusion and an antibody
screen and HbA measurement at the time of any hospital
presentation within 21 days of the most recent episodic
transfusion (Table 1).

Therapeutic options for ongoing delayed hemolytic
transfusion reactions

In addition to facilitating more accurate diagnoses of
DHTR, routine approaches aimed at identifying DHTR
will allow consideration of more effective therapeutic
options for ongoing DTHR; these therapies are particular-
ly important to consider for DHTR involving hyperhe-
molysis. Erythropoietin and intravenous iron are often
given to boost endogenous RBC production in a setting of
severe anemia.” Plasmapheresis has also been attempted

Table 1. Recommendations for better prevention, more accurate diagnosis and improved treatment of delayed-type hemolytic transfusion reac-

tions in sickle cell disease.

Prevention:

National and International
1) RBC alloimmunization databases
2) RBC donor databases

Institutional

1) Reduce RBC alloimmunization through prophylactic matching for Rh (C/c, E/e) and K antigens.

2) Judicious use of RBC transfusions

3) Routine alloantibody evaluation for all patients with SCD within 1 to 3 months after each episodic transfusion (while rare, some alloantibodies may

not be detectable within 3 months after transfusion)

Diagnosis:
Institutional

1) Alloantibody screen for any SCD exacerbation within 21 days of transfusion (regardless of whether another transfusion is being considered)
2) HbA quantification within 48 h following episodic transfusion and at the time of any SCD exacerbation occurring within 21 days of a transfusion

Treatment:

Institutional
1) Supportive care (including erythropoietin and iron)
2) Intravenous immunoglobin and corticosteroids

3) Consideration of treatment with complement inhibitors in cases of severe DHTR (including those with hyperhemolysis)
4) Consider rituximab prophylaxis in cases with a history of severe DHTR and only “least incompatible” blood can be sourced for transfusion.

RBC: red blood cell; SCD: sickle cell disease; HbA: hemoglobin A.



to reduce heme levels,* although the level of anemia and
inability to transfuse may prevent this from becoming a
realistic option in many patients. Intravenous
immunoglobulin and corticosteroids may further reduce
hemolysis in the setting of DHTR.” While characteristics
of the transfused unit, such as RBC storage, may have an
impact on transfusion outcomes in SCD,* recent studies
suggest that exuberant complement activation may
account for the most severe DHTR with accompanying
hyperhemolysis.” Consistent with this, treatment of
patients experiencing DHTR-associated hyperhemolysis
with eculizumab, an anti-C5 complement-blocking anti-
body, has been shown to reverse complement activation,
reduce hemolysis, and result in rapid clinical improve-
ment.**® While additional studies are needed, these
reports hold promise and suggest that more effective
treatment options that could significantly improve
patients’ care may be on the horizon (Table 1).

Avoiding additional RBC transfusion at the time of an
ongoing DHTR with bystander hemolysis is recommend-
ed, as transfusion of even seemingly compatible RBC that
are negative for all alloantigens that the patient is known
to be alloimmunized against may worsen the ongoing
hemolysis. If the alloantibody in question cannot be iden-
tified or if it is identified but compatible units cannot be
allocated, alloantibody function tests can be ordered to
assess the clinical significance of a patient’s alloantibod-
ies. This test typically involves evaluation of monocyte
engulfment of antibody-coated cells in vitro as a read out
of alloantibody function.”” However, this approach is
time-consuming, and may not provide timely results in an
acute setting.” Should the clinical status of the patient
necessitate consideration of a “least incompatible” RBC
transfusion, rituximab prophylaxis has been described to
reduce DHTR in small case reports.””

Summary

In conclusion, RBC alloantibodies and DHTR are not
uncommon in patients with SCD. They are underappreci-
ated and, in our opinion, are the single leading cause of
transfusion-associated morbidity and mortality in this vul-
nerable population of patients. Many of the challenges
associated with preventing and treating DTHR can be
addressed by developing international and national RBC
alloantibody databases, limiting RBC transfusions to situa-
tions that are evidence-based, implementing more accurate
diagnostic strategies (through routine use of HbA quantifi-
cation and standard antibody screening), better under-
standing the pathophysiology, and formally testing addi-
tional prophylactic and treatment approaches to prevent
and treat these reactions. We urge our colleagues in hema-
tology, transfusion medicine (from donor centers to trans-
fusion services), laboratory information technology, fund-
ing agencies, and regulatory agencies to view RBC alloim-
munization and DTHR in patients with SCD with a similar
urgency as TRALI was viewed in past decades. Such a
heightened awareness, and subsequent industry changes,
are predicted to directly reduce the significant transfusion-
associated complications that contribute to the current
morbidity and mortality of patients with SCD.
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ABSTRACT

the availability of plasma-derived concentrates of coagulation fac-

tor VIII (FVIII) and factor IX (FIX) provided efficacious treatment
of bleeding in patients with hemophilia A and B. This positive scenario
was consolidated in terms of greater safety and availability in the 1990s,
when the first recombinant coagulation factors were produced. This
meant that, instead of only treating episodic bleeding events, prophylaxis
regimens could be implemented as a preventive measure. Following the
demonstration of its superiority in the frame of two randomized clinical
trials, prophylaxis became evidence-based standard of care. In high-
income countries, these achievements have led to a patients’ life
expectancy being extended to close to that of the general male popula-
tion. Alongside this, the last decade has witnessed further spectacular
therapeutic progress, such as the availability of coagulation factors with
a longer plasma half-life that allow for wider intervals between treat-
ment. Moreover, new therapeutic products based on new mechanisms
other than the replacement of the deficient factor, have become available
(emicizumab) or are at an advanced stage of development. This review
celebrates the success story of hemophilia care, while also discussing cur-
rent limitations, issues and as yet unmet needs. The prospects of cure by
means of gene therapy are also outlined.

The success story of hemophilia care first began in the 1970s, when

Introduction

Among the more than 6,000 human diseases caused by single gene defects," the
plasma deficiencies of coagulation proteins are of great importance to the hematol-
ogist, entailing as they do a lifelong bleeding tendency with important morbidity
and mortality if not adequately managed. Inherited coagulation deficiencies are
rare diseases according to the definitions adopted in the United States (less than
200,000 cases nationwide) and Europe (less than 5 cases per 10,000 persons in the
general population).” The hemophilias are clinically relevant rare diseases: hemo-
philia A (HA), which results from the deficiency or dysfunction of coagulation fac-
tor VIII (EVIII), and hemophilia B (HB) of factor IX (FIX). Both are due to mutations
in genes located on chromosome X and thus largely affect males, with bleeding
symptoms roughly proportional to the degree of factor deficiency in plasma. The
main sites of spontaneous bleeding are joints and muscles, which, if inadequately
treated, cause chronic damage to the musculoskeletal system resulting in severe
handicaps and disability. Furthermore, trauma and surgical interventions are
accompanied by uncontrolled bleeding.

A recent report on the worldwide distribution® shows that the hemophilias are
more frequent than previously estimated: 17.1 cases per 100,000 males with HA for
all degrees of FVIII deficiency, 3.8 cases per 100,000 of HB, with a prevalence of 6
per 100,000 for HA and 1.1 per 100,000 for HB of cases with complete plasma fac-
tor deficiency, and thus a more severe clinical phenotype (Table 1).° Inherited coag-
ulation disorders are much rarer. These are due to defects in genes encoding other
factors, such as fibrinogen, prothrombin, factors V, VII, X, XI and XIII.* The defec-
tive genes are transmitted with an autosomal recessive pattern of inheritance and
thus affect both sexes at similar rates. Prevalence rates in the general population
range between 1 case per 500,000 for the more frequent factor VII deficiency and
1 in 2-3 million for the rarest prothrombin and factor XIII deficiencies (Table 1).*

The natural history and clinical phenotype of rarer coagulopathies are less accu-
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rately established than for the hemophilias, but, in gener-
al, they tend to be less clinically severe at the same level of
plasma deficiency.*” The inherited bleeding disorder von
Willebrand disease (vWD) is not included among coagula-
tion disorders because the primary defect is in the gene
encoding the huge multimeric protein von Willebrand fac-
tor (VWE), essential for platelet-vessel wall interactions
and the formation of the primary hemostatic plug.®
However, in vWD, there is often the additional deficiency
of coagulation FVIII secondary to the primary defect of
vWEF that functions as a physiological stabilizer of FVIII to
which is complexed in blood, and thus explains mechanis-
tically the secondary coagulation defect.® vWF is encoded
by a large gene on chromosome 12 (band 12p13.31), and
vWD is transmitted as an autosomal dominant trait or as
a recessive trait in the most severe and rarest type 3
(prevalence: 1 in 1-2 million).® The prevalence in the gen-
eral population of clinically relevant cases is similar to that
of HA, although mild vWF deficiencies of little clinical
significance are much more frequent in the frame of pop-
ulation studies.’ In general, most patients with vWD are
less severely affected clinically than those with the hemo-
philias, but they suffer more frequently from bleeding
from mucosal tracts, such as epistaxis, menorrhagia, and
gastrointestinal bleeding.® Soft tissue bleeding, such as
hemarthrosis and postoperative hemorrhages, is only fre-
quent in cases associated with moderately severe FVIII
deficiency, i.e. type 3 vWD.*

Besides this general background on the inherited coagula-
tion disorders, in this article it will be emphasized that, in
the last decade, there has been tremendous progress in the
available therapeutic armentarium, particularly for patients
with the hemophilias. Recent review articles show the
progress regarding rare coagulation disorders and vWD.*’

- P.M. Mannucci et al.

Early therapeutic progress in hemophilia

One hundred years ago, at the time when
Haematologica was first published, there was practically
no treatment for the hemophilias or for the other inherited
coagulation disorders. Whole blood was the only treat-
ment approach available and this was of poor clinical effi-
cacy (Figure 1), such that the life expectancy of hemophil-
iacs was 10-15 years, even in the most favorable circum-
stances. The few cases that survived were compromised
by severe musculoskeletal damage that confined them to
bed or to a wheelchair, and ice, analgesics and splinting
were the only measures that could be used to alleviate

Table 1. Prevalence of inherited deficiencies of coagulation proteins
and corresponding encoding genes and chromosomes.

Protein Case prevalence in Gene and
the general population* chromosome
Fibrinogen 1in 1 million FGA, FGB (4q31.3),
FGG (4¢32.1)
Prothrombin 1 in 2 million F2 (11p11.2)
Factor V 1in 1 million F5 (1q24.2)
Factor VII 1in 500,000 F7 (13q34)
Factor VIII 6 in 100,000 males F8 (x928)
Factor [X 1in 100,000 males F9 (x927.1)
Factor X 1 in million FI0 (13g34)
Factor XI 1in 1 million FIT (4q35.2)
Factor XIII 1 in 3 million FI3AT (6p25.1)
FI3B (1g31.3)

*Prevalences refer to the severe forms of the diseases due to homozygous or com-
pound heterozygous gene mutations.
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Figure 1. Progress in hemophilia therapy. Each decade of the last and current century features the main weapons available at the time for the treatment of patients

with hemophilia. Each column represents a decade.
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pain and other symptoms associated with joint and mus-
cle bleeding (Figure 1). The second World War and related
combat casualties were triggers for the improved prepara-
tion of plasma, that contains all the coagulation factors
(Figure 1). However, this form of replacement therapy was
not widely available and of limited clinical efficacy. So,
even until the 1960s, the life expectancy of patients with
hemophilia was no more than 20-30 years.

A first step forward was the demonstration in 1964 by
Judith Pool that cryoprecipitation of fresh-frozen plasma
was able to concentrate FVIII (and also vWF and fibrino-
gen) in the pellet (Figure 1). But the most significant
advance was seen in the 1970s with the industrial manu-
facturing and commercial availability of freeze-dried plas-
ma concentrates of FVIII for HA and of the coagulation
factors (II, VII, IX, X) of the so called prothrombin com-
plex (PCC) for HB and the corresponding rare coagu-
lopathies (Figure 1). The main advantages of these prod-
ucts was storage in simple refrigerators, reconstitution in
small amounts of fluid, and no need for a drip to adminis-
trate blood, plasma and cryoprecipitate. Their availability,
at least in European and North American countries and
Japan, was the success story of the 1970s because they
allowed home care and self-treatment. Some countries,
such as Sweden, were also pioneers in using these prod-
ucts to develop prophylactic treatment of hemorrhages
instead of only treating episodic bleeding events."” Our
demonstration in 1977 that the synthetic drug desmo-
pressin (DDVP) was clinically efficacious as a non-transfu-
sional form of FVIII replacement in mild HA and vWD
contributed to further progress in the field."”

However, the 1980s threw a dramatic shadow on this
favorable scenario when a large proportion of patients
treated with factor produced from very large plasma pools
developed serious or fatal blood-borne viral infections
such as hepatitis and HIV/AIDS." Fortunately, this gloomy
decade was accompanied by rapid progress in molecular
medicine that not only clarified the genetic basis of the
coagulation defects but also, and most importantly, led to
the therapeutic production in the 1990s of recombinant
coagulation FVIII and IX (Figure 1). Moreover, the addition
of virucidal or virus-removal steps to the manufacturing
process made plasma-derived coagulation products safer,
such that no bloodborne viral infections have been report-
ed since the late 1980s - early 1990s." The wider availabil-
ity of safer and more effective therapies for hemophilia
care attracted more attention among researchers and
resulted in progress in what had so far been the rather
hopeless management of a dire complication of HA: the
development in at least one-third of patients of alloanti-
bodies that make them refractory to replacement therapy;,
because the coagulant activity contained in FVIII replace-
ment products is neutralized by specific inhibitors (and
more rarely for FIX)."" In the late 1990s, plasma concen-
trates of activated factors of the prothrombin complex
(APCC), as well as the production of activated factor VII
(tFVIla) by recombinant DNA technology, offered novel
ways to bypass the coagulation defect associated with
FVIII inhibitors, and thus to improve the management of
acute bleeding and surgical interventions (Figure 1)."* It
was also demonstrated that inhibitory alloantibodies
could be eradicated in approximately two-thirds of cases
through the induction of immune tolerance (ITI) by means
of the long-lasting and highly expensive administration of
large doses of plasma-derived or recombinant FVIII prod-

Future of hemophilia therapy -

ucts, so that successful patients could resume replacement
therapy and prophylaxis with efficacious outcomes.""* All
this progress improved not only the pattern and quality of
patients’ lives, but also led to substantial changes in their
life expectancy, achieving figures very close to those of
males without hemophilia in the general population;'**
the figures are particularly encouraging if the ravages of
the early years of uncontrolled HIV infection and AIDS are
excluded.*” The late 1990s and the whole first decade of
the third millennium were years of consolidation and rel-
atively slow progress (Figure 1), mainly characterized by
the refinement of recombinant factors. There was a con-
tinuous improvement in the purity of these products, and
the use of animal and human proteins during manufactur-
ing and in the final formulation was avoided.

With this optimistic scenario of hemophilia care and of
patients’ life-expectancy, particularly in comparison with
other monogenic diseases such as cystic fibrosis, tha-
lassemia and muscular dystrophy, in the first decade of the
new millennium efforts were mainly addressed to the for-
midable and still unresolved challenges of the global avail-
ability and affordability of replacement therapy and to the
more widespread implementation of prophylaxis.”” On
the other hand, relatively little effort has been made to
develop new therapeutic products. In contrast, multiple
new therapies designed to address the challenges and the
gaps in the standard treatments are now being developed.

Recent progress in hemophilia therapy

Prophylaxis as standard of care

Primary prophylaxis of bleeding episodes became the
evidence-based standard of care following the random-
ized clinical trial of Manco-Johnson et al.,” who demon-
strated that this preventive regimen was clearly superior
to the episodic management of bleeds, because it reduced
the rate of their occurrence and also achieved a marked
reduction in joint damage. A subsequent randomized
study by Gringeri et al.”® confirmed and strengthened this
evidence, so that prophylaxis became the undisputed
standard of care in countries that could afford it.
Additional and important advantages were a much
improved patient quality of life, including less hospitaliza-
tions and days lost from school and work, and an
improved social life. However, the implementation of pro-
phylaxis met some obstacles,”” in addition to that of
affordability.** The degree of adherence was often less
than optimal, particularly in children and adolescents,
owing to the burden created by the need of 2-3 or more
weekly intravenous injections. This not only interfered
with the patients’ quality of life, but also created problems
of vein access, with the related frequent need to resort to
ports or other central venous access devices.”””!

Extended plasma half-life coagulation factors

Frequent intravenous injections are necessary due to the
relatively short plasma half-life of replaced coagulation
factors (range 10-14 hours for FVIII, 18-22 hours for FIX).
Thus, starting from the 2010s, attempts were made to
engineer these factors by recombinant technology, with
the goal of obtaining medications that remained in the cir-
culation longer and thus reducing the number of intra-
venous injections. Two main techniques were introduced:
(i) coagulation factor fusion to proteins like the Fc part of
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IgG1 or albumin;®”* and (ii) conjugation with chemicals
such as polyethylene glycol (PEG).”” The mechanism
whereby albumin and Fc fusion prolongs the plasma half-
life of coagulation factors is through the neonatal Fc recep-
tor,” which recycles them in plasma and thereby pro-
longs their effective circulation.”” PEG, attached randomly
or site-specifically to coagulation factors, acts by slowing
their degradation and renal elimination.”*

Two extended half-life (EHL) recombinant coagulation
factors were licensed in 2014: the Fc-fused FIX
eftrenonacog alfa and the Fc-fused FVIII efmoroctocog
alfa.***" Subsequently, other EHL FVIII and FIX products
were clinically evaluated, licensed and marketed (Tables 2
and 3), so that three pegylated FVIII products plus an albu-
min fusion and a pegylated FIX product, in addition to the
two Fc- fusion products, are now available.** FIX prod-
ucts can prolong the plasma half-life by from 4- to 5-fold
(Table 3), whereas the half-life of FVIII can still be pro-
longed by no more than 1.5-1.7 fold (Table 2) due to its
dependence on the half-life of its chaperone vWF to which
it is complexed in blood. Pivotal clinical studies, conduct-
ed in highly selected adults and children, showed that
these products were efficacious in stopping or preventing
bleeding in the frame of episodic and prophylactic treat-
ment regimens, and that they could also be used to safely
manage surgical interventions.**

The median annualized bleeding rate (ABR), the param-
eter most commonly used to evaluate the clinical efficacy

Table 2. Extended half-life factor VI products.

of antihemophilic products, ranged from 1 to 4 episodes,
accumulating all the different prophylactic dosing regi-
mens evaluated clinically for FVIII products.” These ABR
values compare favorably with those much higher values
obtained with episodic regimens, ranging from 18 to 41.*
For EHL FIX products, the ABR had a similar range of val-
ues with different prophylaxis regimens.*** In practice,
EHL FVIII products can be effectively administered twice
instead of thrice weekly, but most patients are not satis-
factorily protected from bleeds with weekly dosing regi-
mens.” EHL FIX products are much more satisfactory,
because they can be given every 10 or even 15 days,” and
thus allow a lower annual burden of intravenous injec-
tions, the average reduction being more prominent
(~60%) than for FVIII products (~80%) (Figure 2).
Furthermore, higher trough levels of both FVIII (2-3%)
and FIX (5-10%) could be achieved than with SHL prod-
ucts,"*” and there was, in general, a lower annual con-
sumption in units of EHL products.** From a practical
clinical standpoint these considerations broadly apply to
all the different products, and these may be considered
equivalent in terms of efficacy at a time when no face-to-
face comparative clinical study is available. The market
price of all these products is usually higher, but there are
exceptions in countries where the price per unit of EHL
FVIII is very close to that of SHL FVIIL.

A few limitations warrant our attention. Despite higher
trough plasma factor levels, the ideal goal of avoiding all

Engineered protein Year of first licensing Manufacturer Plasma half-life (hours) Half-life prolongation*
Efmoroctocog alfa 2014 Biogen/Sobi 19 1.5-1.7
Rurioctocog alfa pegol 2015 Baxalta/Takeda 143 1.3-1.5
Danoctocog alfa pegol 2018 Bayer 19 1.6
Turoctocog alfa pegol 2019 Novo Nordisk 184 1.6

Table 3. Extended half-life factor IX products.
Engineered protein Year of first licensing

Manufacturer

*Calculated from an average plasma half-life of standard coagulation FVIII of approximately 12 hours.

Plasma half-life (hours)

Half-life prolongation*

Efrenonacog alfa 2014 Biogen/Sobi 82 43
Albutrepenonacog alfa 2016 CSL Behring 101 5.3
Nonacog beta pegol 2017 Novo Nordisk 93 49

*Calculated from an average plasma half-life of standard FIX products of approximately 19 hours.

FVIII products

FIX products

Reduction of infusion number: 30%

Trough levels: 2-3 IU/dL

Patients with severe hemophilia A are converted to a moderate phenotype

Half-life: 1.3-1.7 fold increase

Reduction of infusion number: 60%

Trough levels: 5-10 IU/dL

Patients with severe hemophilia B are converted to a mild phenotype

Half-life: 4-6 fold increase

Figure 2. Summary features of Factor VIIl and Factor IX products with an extended half-life. Comparative main characteristics of the extended half-life coagulation
factor products (left FVIII, right FX), including the percentage reduction of the annual infusion number compared with the standard half-life products, trough plasma
factor levels that can be achieved, expected changes in the clinical phenotype the range of increase of plasma half-life.
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spontaneous bleeds was achieved in no more than 30-
40% of cases in the prophylaxis dosing regimens evaluat-
ed in the pivotal studies, even though higher rates of zero
bleeding were often obtained in the extension studies
through the personalization of the dosing regimens."
Because these products have only been marketed for six
years or less, no evaluation of long-term, real-life experi-
ence has yet been made. No theoretical concerns regard-
ing a higher rate of inhibitor development with these
highly engineered coagulation factors were raised in the
pivotal studies," although only previously-treated patients
at low risk of developing this complication were enrolled.
It remains to be seen whether or not this risk is smaller,
equal or higher than that of the SHL recombinant or plas-
matic products in high-risk patients, i.e. those not previ-
ously treated with any source of FVIII and thus with no
tolerance of this moiety. Finally, four of the seven current-
ly marketed EHL products use an exogenous chemical
such as PEG. Pegylation has been safely used to prolong
the length of time medication remains in the circulation in
several products, e.g. epoietin, interferon, the human
growth factor, and many others.” The amount of PEG
used to prolong the half-life of FVIII, present in tiny
amounts in plasma, is the smallest among all the pegylated
medications, but, as yet, this does not apply for FIX.* On
the other hand, none of the currently licensed pegylated
medications is administered lifelong from birth, a unique
situation for antihemophilic factors. For the moment, in
contrast to the US Food and Drug Administration (FDA),
the European Medicines Agency (EMA) has chosen to
restrict the use of most pegylated coagulation factors to
patients over the age of 12 years.

Non-factor therapies

In spite of the progress made with the availability of
EHL factors, unmet needs remained. In HA patients with-
out inhibitors, the reduction in the frequency of intra-
venous injections was not considered satisfactory,"* and
therapy still based on the need for a venous access contin-
ued to be unattractive. HA patients with FVIII inhibitors
remained poor candidates for prophylaxis that could only
be provided by bypassing products such as APCC and
rFVIla that are very expensive™ and difficult to administer
on a regular preventive basis. With these drawbacks in
mind, therapeutic approaches that were not based on the
replacement of the deficient factor were developed. This
took place in two main ways: (i) for HA, by mimicking the
coagulant activity of FVIII; and (ii) for both HA and HB, by
increasing defective thrombin formation through the inhi-

Future of hemophilia therapy -

bition of the naturally occurring anticoagulants
(antithrombin, tissue factor pathway inhibitor, and acti-
vated protein C). For the moment, only the monoclonal
antibody emicizumab that mimics FVIII activity has been
licensed and marketed. The approach of quenching the
anticoagulant pathways, potentially applicable not only to
both the hemophilias but also to all the inherited coagula-
tion disorders, is currently undergoing an advanced stage
of clinical development, but since no product has been
licensed yet, here this will receive less attention than emi-
cizumab.

Emicizumab

This bispecific monoclonal antibody supports the spa-
tial interaction between activated FIX (FIXa) and factor X,
and thereby promotes thrombin formation by mimicking
FVIIIa activity regardless of FVIII deficiency and the pres-
ence of FVIII inhibitors.” Administered subcutaneously,
this drug reaches a steady state with a long plasma half-
life that allows well-spaced dosing intervals of at least
every week or even every two weeks.*" It was first
licensed in 2017 in the USA, and then in Europe and Japan,
for the prophylaxis of bleeding in adults and pediatric
patients with HA, with and without inhibitors. The first
two pivotal studies were carried out in patients with FVIII
inhibitors: HAVEN 1 in adults and adolescents,® and
HAVEN 2 in pediatric patients under 12 years of age.”
Using various dosing regimens and intervals between the
subcutaneous injections, both the studies found that the
ABR ranged between 0.2 and 2.9, values that compare
favorably with those observed in inhibitor patients not on
prophylaxis (Table 4). The rate of zero bleeding events
ranged between 63% and 90%, the highest rate being
obtained in HAVEN 2 when the medication was given at
a dosage of 3 mg/Kg of body weight every two weeks
(Table 4). These results are impressive if one considers
that, until now, HA patients with FVIII inhibitors have
been poor candidates for a feasible prophylaxis of bleed-
ing, because attempts to use aPCC or rFVIII were jeopard-
ized by the need for very frequent intravenous injections,
let alone the very high costs.” Following the striking
results obtained in HAVEN 1 and 2, emicizumab has also
been evaluated in HA patients without inhibitors.”" In
the HAVEN 3 study, previously treated adult patients were
assigned to subcutaneous emicizumab administered
weekly or even every two weeks; study participants had
much lower ABR than those not on prophylaxis (1.5 and
1.3 vs. 38.2) and much higher rates of zero bleeds (50%
and 40% vs. 0%) (Table 4).

Table 4. Bleeding rates observed with different emicizumab dosing regimen(s) in patients with hemophilia A with and without inhibitors in the

context of the HAVEN studies.

STUDY DOSING REGIMEN ABR (MEDIAN) ZERO BLEEDING RATES
HAVEN 1 1xW prophylaxis (1.5 mg/kg) (n = 35) 29 63%
No prophylaxis (n = 18) 23.3 6%
HAVEN 2 1xW prophylaxis (1.5 mg/kg) (n = 68) 0.3 76.9%
E2W prophylaxis (3.0 mg/kg) (n = 10) 0.2 90%
E4W prophylaxis (6 mg/kg) (n = 10) 2.2 60%
HAVEN 3 1xW prophylaxis (1.5 mg/kg) (n = 36) 1.5 50%
E2W prophylaxis (3.0 mg/kg) (n = 35) 1.3 40%
No prophylaxis (n = 18) 38.2 0
HAVEN 4 EAW prophylaxis (6 mg/kg) (n = 41) 45 NR

ABR: annualized bleeding rate; NR: not reported; 1xW: once weekly; E2W: every 2 weeks; EAW: every 4 weeks. *‘Median ABR during the expansion phase.
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All in all, the main benefit of this first non-factor
replacement antihemophilic medication is the feasibility
of regular prophylaxis in patients with inhibitors, using
the advantageous and user-friendly subcutaneous admin-
istration route at weekly intervals or even less frequently.
The high cost of emicizumab is an issue, but all the prod-
ucts used so far to manage patients with inhibitors are
very expensive, including the traditional bypassing agents
and immune tolerance inductions (ITI). Furthermore, the
licensing of emicizumab also for HA patients without
inhibitors is an important alternative to the currently
available options of SHL and EHL coagulation factors,
with the advantage of the subcutaneous instead of the
intravenous route of administration. Efficacy parameters,
such as the ABR and the zero bleeding rates, appear to be
better than those obtained with the EHL FVIII products,
but since there have still not been any face-to-face com-
parison studies between replacement and non-replace-
ment products, this impression stems from indirect data.

A potential but still unexplored approach is the use of
this non-FVIII product in young, previously untreated
patients (PUP) with severe HA who, at high risk of devel-
oping inhibitors following exposure to FVIII replacement,
might be able to avoid this complication. Another definite
advantage is the subcutaneous route of administration,
which would promote early prophylaxis without the need
for venous ports. Emicizumab may also help to prevent
the intracranial hemorrhages that are relatively frequent in
the early years of life. Potential disadvantages may mate-
rialize in cases in which FVIII replacement is required to
prevent or treat breakthrough bleeds, because the delayed
FVIII inhibitors may develop in dangerous, high-risk cir-
cumstances, such as at the time of major trauma or sur-
gery. Thus, the use of emicizumab in PUP is still a subject
of debate and warrants a specific study to evaluate the
forementioned advantages and disadvantages of this
approach.

Other unanswered questions and causes for concern
remain (Table 4). It is still not known whether or not the
FVIII-mimicking activity of emicizumab provides the
same physiological benefits of the bona fide coagulation
factor, such as the long-term preservation of joint and
bone health and the optimal support of wound healing.”
In pivotal studies, a few patients developed thrombotic
microangiopathies and other thromboses when inhibitor
patients had a bleeding episode and were concomitantly
treated with large and frequent doses of APCC.* At least
23 deaths have been associated with the use of emicizum-
ab, mostly in patients with inhibitors, but also in some
without. The deaths occurred both in the context of the
pivotal clinical studies and as a result of the expanded
access, compassionate and post marketing use, as reported
by the manufacturer™ and by the FDA Adverse Events
Reporting System (FEARS).* As emphasized by Aledort,”
more information on causality or chance association is
needed to dissipate the uncertainty that surrounds these
cases among consumers and care-givers.

Other non-factor therapies

Medications with mechanisms of actions other than
that of emicizumab, and also mainly administered subcu-
taneously, are currently at an advanced stage of clinical
development. Concizumab, a monoclonal antibody
against the anticoagulant protein TFPI, increases the
potential for thrombin generation.™ A trend towards

lower bleeding rates was observed in patients with HA
and HB with and without inhibitors, but the cases were
too few to provide robust evidence of efficacy. Another
anti-TFPI monoclonal antibody is PE-06741086, currently
undergoing a phase 11 trial (NCT02974855).” Fiturisan is a
compound that interferes with RNA, and that decreases
the plasma concentrations of antithrombin.™® In early
clinical studies, this agent, given subcutaneously at pro-
gressively higher dosages and even at monthly intervals,
was accompanied by the progressive decrease in plasma
antithrombin paralleled by an increase in thrombin gener-
ation and reduction of the ABR. Phase III studies of fitur-
isan in patients with severe HA and HB with and without
inhibitors are at the advanced phase of development,**
but the drug is as yet not licensed for clinical use. A fatal
thrombotic event that occurred in 2017 in a patient with
severe HA during a phase II study® led to the FDA tem-
porarily stopping the study, but some protocol and guide-
line changes have allowed it to be restarted and to move
this product forward to phase III studies; these are current-
ly ongoing. On the whole, it is still too early to truly
understand the role of these additional non-factor prod-
ucts in the scenario of hemophilia care, but potential
advantages are their use not only in HA but also in HB and
other inherited coagulation disorders, with or without
inhibitors. Another advantage is that they can be adminis-
tered at intervals that are as widely spaced as once a
month.”®

Gene therapy

As we have seen, within the already positive scenario
that developed at the beginning of the third millennium in
terms of almost normal life expectancy, a new era of huge
innovation in hemophilia therapy is currently underway.”
A recent study attempted to identify the main players
involved in this almost miraculous progress. These include
outstanding and dedicated physician-scientists, patient
advocates and consumer organizations, but also more and
more pharmaceutical companies involved in the hemo-
philia market.* With this background, are there still rea-
sons and incentives for further progress¢ The main thrust
stems from patients, who want to be cured! For them,
cure means to be free of spontaneous bleeds, because the
ideal zero rate has not been fully achieved with the avail-
able weaponry.”® Thus, the ideal goal is gene therapy,
preferably with a single therapeutic intervention of life-
long duration.

The first vector associated with curative gene transfer in
animal models of hemophilia was the adeno-associated
virus (AAV), and, so far, AAV vectors are the only tools
used to achieve therapeutic levels of FVIII and IX in hemo-
philia patients.®” Historically, the first study involved ten
patients with severe HB at the Royal Free Hospital in
London, UK, who received single but increasing doses of
an AAVS vector, some of them with a current follow up of
9-10 years.”"”” They continue to have stable expression of
the transgene, with plasma levels ranging from 2% to 5%,
and a 90% reduction in bleeding episodes.” Among the
six additional ongoing studies in HB,® impressive results
were obtained in the SPK-9001 phase I-1I study, of partic-
ular interest because it used an AAV8 vector expressing
the gain-of-function FIX Padua gene mutation.”” The 15
patients who received a single infusion of this vector
attained mean plasma levels of FIX of 33.7% (range 14.3-
76.8%) over a period of at least 52 weeks.”* According to



the manufacturers, in the SPK-9001 study, a single vector
infusion was accompanied by a 98% reduction in the
ABR;” this has led to a pivotal phase II study, which is cur-
rently undergoing.” Satisfactory plasma FIX levels were
also obtained in the phase I-1I studies BAX335 and AMT-
060, using an AAV8 vector.”*”* In both studies, FIX levels
remained stable for 2-3 years and ABR were reduced, such
that a phase III AMT-061 study has begun. On the whole,
at least 56 HB patients have been treated with various
serotypes of AAV vectors (mainly AAV5 and AAVS), and
long-term expression of the transgene was obtained after
a single intravenous infusion of the vector.”

The use of gene transfer was initially slower in HA, due
to the much larger size of the FVIII gene that made it diffi-
cult to pack the corresponding cDNA in AAV vectors. This
problem was tackled by using a B-domain delated human
FVIII ¢cDNA endowed with a liver-specific promoter.””*
Striking clinical results in HA were first published in 2017
using increasing dosages of the vector AAVS-hFVIII-SQ
(valoctogene roxaparvovec).” One year after a single
administration, median FVIII in plasma was 77% and
ranged from 19 to as high as 164%." Importantly, the mean
ABR decreased by 97 % from previous values. According to
arecent update of the results obtained in 13 patients at year
2 after gene transfer,” two of them had normal plasma
FVIII levels (52% and 86%), ten had values within the
range of mild HA (from 6% to 38%), and one had levels
(4%) compatible with moderate HA. All these patients had
experienced a dramatic reduction in the incidence of
bleeds, in spite of the fact that they had stopped FVIII pro-
phylaxis. These excellent results were substantially main-
tained in the eight patients who were also evaluated at year
3 after gene transfer.” Additional patients are currently
being recruited into a phase III trial, which has set three
ambitious goals: (i) enrollment of 130 patients; (ii) to obtain
stable FVIII levels of at least 40%; and (iii) to demonstrate
superiority over the traditional therapies. At least five addi-
tional trials of gene therapy for HA are currently ongoing
using various AAV serotypes as vectors. The results avail-
able so far confirm the efficiency and durability of AAV-
mediated gene therapy. However, at the moment, maxi-
mum follow up is no longer than 1.5 years,” and, as for all
new therapeutic developments, long-term follow up is still
required to firmly consolidate the safety profile.

There are still important problems and issues that need to
be resolved before licensing procedures and availability of
gene therapy for the hemophilias can be carried forward.
Only adult patients have been enrolled in studies so far,
because in pediatric patients, the active dividing hepato-
cytes of children mean that there is no guarantee of achiev-
ing a persistent expression of a non-integrating vector, such
as AAV. On the other hand, the long-term expression that
followed a single vector infusion in the first UK-based FIX-
deficient patients is surprising, because, according to the
physiological turnover rate of hepatocytes (10% per year in
adults), a transgene expression drop by 50% should have
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ABSTRACT

lasminogen deficiency is an ultra-rare multisystem disorder charac-

terized by the development of fibrin-rich pseudomembranes on

mucous membranes. Ligneous conjunctivitis, which can result in
vision impairment or loss, is the most frequent symptom reported.
Affected systems may also include the respiratory tract, oropharynx,
female reproductive tract, gingiva, middle ear, renal collecting system,
skin and central nervous system. Untreated, plasminogen deficiency may
result in significant reduction in quality of life and morbidity with poten-
tial life-threatening complications. Non-specific therapies are inadequate
and plasminogen concentrates are not commercially available. The cur-
rent understanding of plasminogen deficiency and management of disease
symptoms and its progression are based on case reports/series and two
small clinical trials. To date there has never been a comprehensive, inter-
national study to examine the natural history or optimal therapeutic inter-
vention; knowledge gaps include identification of contributing factors and
triggers of disease manifestations, inability to predict disease course, and
insufficient real-world data for use of therapeutics. We have created an
international, observational study (HISTORY) in a large cohort of persons
with plasminogen deficiency and first-degree family members to address
these gaps and to advance knowledge and care. HISTORY will build upon
the established relationship between the Indiana Hemophilia and
Thrombosis Center and the Fondazione Angelo Bianchi Bonomi, IRCCS
Ca’ Granda Ospedale Maggiore Policlinico - University of Milan and will
utilize a modified version of the Prospective Rare Bleeding Disorders
Database (PRO-RBDD). A biorepository containing samples from sub-
jects with plasminogen deficiency will be established. This article
describes the rationale behind the study and efforts towards its goals.

Introduction

Diseases are defined as rare if they affect fewer than 200,000 people in the
United States of America (USA) or fewer than 1 in 2,000 in the European Union;
there are estimated to be approximately 6,500 clinically distinct rare diseases
across all medical specialties." Given the large number of diseases meeting this
broad classification, the term ‘ultra-rare disease’ has emerged to describe the rarest
of these disorders; this phrase is not well defined, but in the United Kingdom (UK)
it has come to mean fewer than 1,000 patients in that country (approximately 1 in
65,000). These diseases pose unique considerations for the researcher, clinician
and patient; these range from an understanding of the natural history of the dis-
ease and accurate diagnosis, to safe and effective treatment options and availabil-
ity of knowledgeable specialists.

Randomized and large prospective clinical trials are often not feasible for ultra-
rare diseases as the limited number of eligible patients and phenotypic hetero-
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geneity affect recruitment, interpretation of data and
applicability of conclusions to the larger real-world popu-
lation of patients; in many cases it may not be possible to
design a clinical trial accurately because of insufficient
knowledge of the disease.” Instead clinicians have often
relied on personal experience, case studies/series and
patient registries to understand the natural history of
these diseases and to collect data on therapeutic interven-
tions and patient outcomes. Patient registries may be
national, regional or international, each with its own
advantages and disadvantages. The value of international
patient registries in rare diseases has long been recog-
nized; however, given the large number of rare diseases
and the small number of affected patients, funding oppor-
tunities are frequently limited, particularly for long-term
maintenance.'

Some diseases are so rare that many clinicians may
never see a case; for example, plasminogen deficiency
(PLGD) is an ultra-rare disease with an estimated preva-
lence of approximately 1.6 per million population. Most
commonly it presents as ligneous conjunctivitis, an
extravascular accumulation of fibrin-rich, woody (lig-
neous) pseudomembranes on the mucous membrane of
the eye; it can also manifest on other mucous mem-
branes, and as a life-long, systemic disease impacting
multiple systems either intermittently or continuously.
No specific therapies are approved by the Food and Drug
Administration or European Medicines Agency and non-
specific treatments are inadequate.

Current knowledge of PLGD stems from case reports
and small series; systematic prospective data collection
coupled with serial biological samples collected from per-
sons with PLGD and first-degree family members has not
been performed. Knowledge gaps include identification
of contributing factors to and triggers of disease manifes-
tations, inability to predict disease course, and insuffi-
cient real-world data for individualized use of potential
new therapeutics. To address unmet needs, a retrospec-
tive and prospective data collection system of a large
cohort of people with PLGD and their family members
has been developed to define the natural history of PLGD
and is entitled Hypoplasminogenemia: An International
RetroSpecTive and PrOspective CohoRt StudY (HISTORY).
HISTORY addresses key gaps in the knowledge about the
natural history of PLGD and builds on the
productivity/infrastructure of the established collabora-
tive efforts of research teams at the Indiana Hemophilia
and Thrombosis Center (IHTC), the Fondazione Angelo
Bianchi Bonomi, IRCCS Ca’ Granda Ospedale Maggiore
Policlinico of Milan (IRCCS) and the University of Milan
(UNIMI). Phenotypic data combined with genetic and
advanced laboratory testing will be used to investigate
disease course predictors and evaluate/elucidate pheno-
typic relationships. A specimen biorepository will serve
as a resource for further analyses. Overarching study
goals are to analyze phenotypic heterogeneity, to identify
markers to predict disease course, and to develop
improved methods to utilize new therapeutics.

Plasminogen deficiency

Congenital PLGD is an autosomal recessive disorder
caused by mutations in PLG that result in functionally defi-
cient and/or reduced levels of circulating plasminogen.* An

epidemiological study performed in the UK observed a
0.26% prevalence of asymptomatic heterozygous PLGD;**
similar prevalences of heterozygous PLGD have been
reported in other countries.”” The UK data suggest that the
prevalence of individuals with symptomatic PLGD
(homozygous/compound heterozygous) is 1.6 per million
population;"" there are estimated to be 500 symptomatic
people with PLGD in the USA and 12,000 worldwide.
Based on experience with other rare bleeding disorders, a
higher prevalence of PLGD is likely to occur in regions
where consanguineous marriages are more common;'"* for
this reason, a national study would likely misstate the true
prevalence and phenotypic diversity of the disease. An
increased number of females are reported to be sympto-
matic compared to males (ratio of 1.27-1.88:1).”*

People with PLGD may exhibit a multi-organ systemic
disease that commonly manifests as the extravascular
accumulation of  fibrin-rich, woody (ligneous)
pseudomembranes on mucous membranes. PLGD is a
lifelong disease, although the most severe symptoms are
observed in infants and children.*" Ligneous conjunctivi-
tis is the most common disease symptom (81% preva-
lence);’ pseudomembrane growth may be triggered by a
local infection or injury and can result in impairment or
loss of wvision if untreated and/or persistent.*"
Approximately one-third of people with PLGD have
corneal involvement with potential for blindness,""” and
30% present with ligneous gingivitis resulting in peri-
odontal destruction and tooth loss.*** Other common
symptom locations include the respiratory tract (20%),
ears (14%), female genitourinary tract (9%), and kidneys
(4%) 311518

Lesions are often inflamed and painful and can compro-
mise organ function, resulting in life-threatening condi-
tions including renal and respiratory failure (e.g., tracheo-
bronchial lesions).""® Central nervous system complica-
tions have been noted, including Dandy-Walker malfor-
mation and occlusive hydrocephalus® in 14% of children
due to fibrin deposition in the cerebral ventricular system;
shunts used to drain cerebrospinal fluid are prone to
occlusion or poor peritoneal absorption, leading some
neurosurgeons to recommend ventriculocholecystic
shunts.” In women, dysmenorrhea, abnormal menses,
dyspareunia, and infertility have been reported.” Wound
healing may be severely impaired.” Lesions in the middle
ear may result in hearing loss." Although the initial case
of PLGD was documented in a patient with recurrent
venous thromboembolism, an association between PLGD
and increased thrombotic risk has not been demonstrat-
ed.””" Patients may suffer substantial morbidity and mor-
tality and experience reduced quality of life and educa-
tion/work potential."

Surgical removal of lesions often results in accelerated
pseudomembrane regrowth compounding clinical mor-
bidity.”” Case reports describing use of topical or systemic
heparin, corticosteroids, cyclosporine, azathioprine,
hyaluronidase, a-chymotrypsin, oral contraceptives, war-
farin, and amniotic membrane placement have been pub-
lished; these approaches show inconsistent success
(examples of therapies utilized are shown Table 1)."%*
Fresh-frozen plasma has been reported to be successful in
some cases when eye drops, subconjunctival injection
and/or intravenous infusions are utilized;*** however, as
fresh-frozen plasma contains low concentrations of plas-
minogen, volume overload may occur when the intra-
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venous route of administration is used. Infusion reac-
tions, time required for administration and need for
repeated infusions may also limit intravenous use of
fresh-frozen plasma.

Several case studies have reported on topical ophthal-
mological application of plasminogen for the treatment of
ligneous conjunctivitis. Watts et al. noted that following
surgical removal of pseudomembranes, plasminogen eye
drops administered every 2 h prevented regrowth; a
maintenance dose every 6 h prevented symptoms for
over 1 year.” Similarly, Pons et al. reported resolution of
ligneous conjunctivitis with administration of plasmino-
gen eye drops; in this patient, multisystem manifestations
subsequently developed that could not be treated.® An
interim analysis of a phase II/III clinical trial studying
ophthalmological plasminogen (2 drops, 4-12 times daily)
was reported by Nakar et al®* Ten out of 11 subjects
(91%) experienced full regression of ophthalmological
lesions and/or absence of recurrence following surgical
excision (the 11* subject was withdrawn because of non-
compliance). This clinical trial (NCT01554956) is ongo-
ing.
Shapiro et al. have reported results from a phase II/III
clinical trial (NCT02690714) investigating the use of an
intravenous plasma-derived plasminogen concentrate (6.6
mg/kg iv, every 2-4 days depending on individual phar-
macokinetic profile)." All 14 subjects achieved trough
plasminogen levels at least 10% above baseline; all preex-
isting clinical manifestations of PLGD (including lesions
on the conjunctiva, gingiva, nasopharynx, bronchus,
colon, kidney, cervix, and vagina) resolved or improved.
An amended biologics license application is expected to
be filed with the Food and Drug Administration for this
product in the first half of 2020.

The rarity of PLGD results in frequent mis- and delayed
diagnoses by professionals lacking specialist knowledge.
Difficulty with diagnosis and disease rarity have con-
tributed to an inability to document the natural history,
develop clinical guidelines, and optimize treatment regi-
mens. An exclusively USA-based registry would be of
limited value as this would restrict recruitment and might
fail to identify the full spectrum of the disorder.
Therefore, an international effort has been undertaken to
gain unique and broad insights into the disease, its pro-
gression and optimal treatment.

Registries in rare coagulation disorders

Hemophilia A and B are two of the more common rare
coagulation disorders; they affect approximately 1:5,000
and 1:30,000 persons, respectively. Our current under-
standing of hemophilia and the wide availability of spe-
cialized care and therapeutic options are a result of the
many clinical trials and patient registries that have been
developed over the years.

Patient registries in hemophilia may be national,
regional or international. O’Mahony et al. noted that
27/35 European countries had their own national hemo-
philia patient registry and some countries have multiple
national registries operated by different organizations
with little consideration given to interoperability.** This
lack of interoperability and the wvariability in
inclusion/exclusion criteria for enrolled subjects, defini-
tions utilized, data collected, and different goals of these

Table 1. Examples of published therapies for the most common mani-
festations of plasminogen deficiency, ligneous conjunctivitis and lig-
neous gingivitis.

Therapy* LC LG
[reference] [reference]
Fresh-frozen plasma [31] [22]

Plasminogen concentrate [14,34] [14]
Anticoagulants
Heparin [23]
Warfarin (28]
Argatroban [33]
Immunosuppressants
Corticosteroids [23] [10]
Azathioprine [11]
Cyclosporine A [24,25]
Oral contraceptives [27]
Thrombolytic
Anistreplase [10]
Hyaluronidase [26]
Alpha chymotrypsin [26]
Mast cell stabilizer
Cromoglicic acid [11]
Anti-proliferative agent
Mitomycin C [11]

LC:ligneous conjunctivitis; LG: ligneous gingivitis. *Not all reported therapeutic results
have been shown to be reproducible.

national registries all limit the pooling of data to the detri-
ment of all stakeholders. One example of the issues asso-
ciated with multiple registries pursuing similar goals may
be observed in those that examined the determinants of
hemophilic inhibitor development and predictors of
immune tolerance induction success: different registries
reported different conclusions based on the patients
enrolled and the data collected.” Ideally, collaboration
between registries and harmonization of data collection
are necessary to achieve minimal datasets for advance-
ment of shared clinical goals in these rare disorders.**

Advantages and disadvantages of national, regional and
international registries are highlighted in the following
examples.

The American Thrombosis and Hemostasis Network

The American Thrombosis and Hemostasis Network
(ATHN) collects data on patients in the USA with rare
coagulation disorders. The centralized database and stan-
dardized definitions for data entry enhance research and
clinical goals; these include the generation of the largest
genetic hemophilia repository (My Life, Our Future) and
the surveillance of over 80,000 persons with rare coagula-
tion disorders (Community Counts).* Despite these
successes, Gupta et al. noted limitations in data collection;
for example, of the known 3,626 patients with an ultra-
rare coagulation disorder, less than 11% had been includ-
ed in the Community Counts registry.” Furthermore, the
strictly USA-centric dataset may limit wider applicability
of results to other countries with different medical
resources and population diversity. These limitations
highlight why efforts to create a comprehensive ultra-rare
coagulation disorder registry in a single country may be
less successful than desired.



European Network of Rare Bleeding Disorders

The Rare Bleeding Disorders Database (RBDD) project
was established at UNIMI in 2004 to organize and ana-
lyze clinical, genetic and treatment data on rare bleeding
disorders, including deficiencies of fibrinogen and factors
I, V, combined V and VIII, VII, X, XI and XIII. In 2007,
this database was modified to include the use of a web-
based application to create the retrospective European
Network of Rare Bleeding Disorders (EN-RBD) project.”
Data on 592 patients from 11 European countries were
included. These data led to the first authoritative under-
standing of the relationship between coagulation factor
activity level and clinical bleeding severity in ultra-rare
bleeding disorders; in turn this resulted in the develop-
ment of a new severity classification system for bleeding
symptoms.®

Prospective Rare Bleeding Disorders Database

To overcome limitations of retrospective data collec-
tion, EN-RBD was subsequently modified to incorporate
prospective data on patients. This registry, the
Prospective Rare Bleeding Disorders Database (PRO-
RBDD), enrolled patients from 62 centers in Europe, Asia,
the Middle East, the Americas, Africa, and Oceania.* The
greatly expanded international network of participating
centers was considered essential for a registry focusing on
diseases for which the prevalence may approach 1 per
million population; this extended outreach may permit
increased and more rapid enrollment, and greater pheno-
typic and genetic diversity.

The aims of PRO-RBDD are a more accurate determi-
nation of the prevalence of rare bleeding disorders, the
incidence of bleeding episodes, the use of treatment prod-
ucts, and the optimization of clinical management.
Currently, subjects with deficiencies in fibrinogen and
factors V, V/VIII, XI and XIII are being enrolled in PRO-
RBDD with phenotype/genotype evaluation performed
at a central laboratory to ensure consistency. Initial results
have helped define minimal factor XIII plasma levels (15
[U/dL) necessary to prevent spontaneous major bleeding
in people with factor XIII deficiency;* this observation
highlights the importance of registry data to clinical prac-
tice.

The plasminogen deficiency registry (HISTORY project)

HISTORY is an extension of PRO-RBBD; it is an obser-
vational cross-sectional study that will contain both retro-
spective and prospective data from an international pop-
ulation of people with PLGD and their immediate family
members. PRO-RBDD was selected as the ideal infra-
structure for HISTORY as previously gained experience,
proven track-record and established collaborations should
ensure timely and efficient achievement of study goals.
Retrospective data will be collected for 1 year prior to
study entry; prospective data will be collected for each
subject for a 3-year on-study period.

The overarching goals driving data analysis are devel-
opment of disease severity categories, disease course pre-
dictors and need for specific surveillance in particular sub-
populations, and treatment algorithms and recommenda-
tions to guide clinical care and management. As such, the
registry design will allow collection of general informa-
tion about each subject’s health, with specific details
regarding: original diagnosis (age, reason for screening);
phenotype and genotype analysis; type, site and number

of clinical manifestations indicative of pseudomembrane
formation; detailed information on type, intensity, and
duration of any prophylactic treatment, frequency and
dose; type, frequency and dose of therapy administered
to treat acute or chronic pseudomembranes; laboratory
parameters; use of concomitant therapy; detailed infor-
mation of management of surgical procedures; obstetric
data; and complications associated with treatment.

The coordinating centers for this study are the IHTC
and IRCCS/UNIMI. The IHTC is enrolling subjects from
North, South and Central America and IRCCS/UNIMI is
enrolling subjects from the rest of the world. The data-
base will be located at UNIMI and specimens will be
stored at the IHTC and/or IRCCS/UNIMI biorepositories.
Safeguards have been implemented to protect confiden-
tial medical information to meet national regulations; all
clinical information and biological samples will be stored
in accordance with the Health Insurance Portability and
Accountability Act of 1996 or General Data Protection
Regulation in the USA and Europe, respectively.

Clinical study protocols and laboratory manuals have
been developed and approved by local institutional
review boards. HISTORY will be conducted in compli-
ance with Good Clinical Practice as stated in the
Declaration of Helsinki; it is registered at clinicaltrials.gov
(NCTO03797495).

Patient recruitment and study visits

There is currently no authoritative natural history study
for PLGD; HISTORY is a 4-year study (Figure 1A) that
will be the first international effort to define the natural
history of this disorder by reviewing retrospective and
prospective data from up to 100 probands and their first-
degree family members (approximately 500 subjects in
total). Asymptomatic family members will be recruited in
addition to symptomatic individuals. Asymptomatic fam-
ily members are not routinely tested for PLGD; study
testing will provide a unique opportunity to prospectively
monitor any newly diagnosed patients to investigate the
deficiency prior to symptom development. The inclusion
of heterozygous family members may additionally reveal
the relationship between minimal plasminogen activity
levels and natural history. Inclusion and exclusion criteria
are listed in Table 2.

The registry will include a minimum of seven data
entry points per subject (baseline and every 6 months for
3 years) with data also collected at other non-scheduled
visits (Figure 1B and Table 3). Retrospective baseline data
(demographic and clinical history for 1 year prior to
enrollment) will be collected at each study site, with
prospective follow-up data acquired by telephone if an
in-person visit is not required. In-person evaluation will
occur in cases of suspected clinical manifestations indica-
tive of pseudomembranes or other intermittent medical
events including pregnancy. Laboratory evaluation and
physical examination will be performed at baseline and at
study termination.

To accelerate recruitment and meet the study objectives
efficiently, PLGD patients/families/providers held within an
IHTC tracking system (~50 probands) will be contacted to
determine interest in the study, as will authors of published
literature on cases/series of PLGD. Advertisements will be
placed in scientific journals that focus on diseases for which
clinicians may interface with people with PLGD.
Furthermore, an outreach program using social media, a
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dedicated website (www.plgdeficiency.com), presentations at
international meetings, and direct contact with interested
colleagues will be pursued. Study coordinators at
IRCCS/UNIMI will contact their established treatment cen-
ter network throughout the world. In addition to hematol-
ogists, specialists including gynecologists and ophthalmolo-
gists will also be contacted; these healthcare professionals
may be the first to observe a patient with PLGD. A multi-
disciplinary approach including such specialists is essential
to improve overall awareness and understanding of the dis-
order; it may also prevent the loss of patients to follow-up
by a hematologist as some patients may continue treatment
outside of a specialist hematology center. As PLGD may
affect different systems throughout life, the investigators
are enrolling subjects across a wide range of ages, countries,
phenotypes and genotypes. People with PLGD are motivat-
ed to participate in studies to advance PLGD understanding
as few study opportunities exist.

A  Overall study timeline

To date, 26 centers from 12 countries have agreed to par-
ticipate in HISTORY; 51 subjects (24 probands and 27
first-degree family members) are currently enrolled in the
study. Demographic data for these 51 subjects are shown
in Table 4. Initial results have identified asymptomatic
siblings with PLGD; these subjects are being monitored
to understand the factors that trigger initial symptom
development.

Therapeutic interventions

Regular monitoring and individualization of therapy is
required for people with PLGD as there is currently no
compelling evidence that a patient’s clinical course can be
predicted from their plasminogen activity level or genetic
defect.” Similarly, if a patient presents with ligneous con-
junctivitis, the likelihood of developing multisystem dis-
ease cannot be predicted; it is unknown what routine
scans should be performed, what surveillance methods

15t Subject Last subject 15t Subject Last subject
enroliment enrollment closeout visit closeout visit

} | ! |

1 Year lookback 4 Year study period

1 Year enrollment
First subject: 3 year on-study period
Last subject: 3 year on-study period

B Subject visits & data collection

Retrospectl.ve
data collection

3-Year prospective N

data collection

1 Year lookback Maximum 3 year on-study period (per subject)

Enrollment 6-month  12-month
(baseline visit visit
Visit)

t t t t

18-month 24-month 30-month Closeout
visit visit visit visit

Figure 1. Overall study timeline and scheduled study visits. (A) The 4-year study plan includes a 1-year enrollment period and a maximum 3-year on-study period for
each subject enrolled. Retrospective clinical data for 1 year prior to study enroliment will also be collected. (B) The initial baseline visit will include informed consent,
demographics, screening, laboratory investigations, genetic testing, medical examination and history, and a 1-year retrospective collection of relevant clinical data.
Subsequent study visits will occur every 6 months and will include a medical history review; the closeout visit will occur at the 3-year time point. See also Table 3.

Table 2. Inclusion and exclusion criteria for enrollment in HISTORY

Inclusion criteria

Males or females with plasminogen deficiency diagnosed locally

with plasminogen activity levels <50% OR first-degree family members
of a person diagnosed with plasminogen deficiency (to include parents,
siblings, half-siblings)

All ages eligible

Exclusion criteria

Any psychiatric disorder, other mental disorder, or any other medical
disorder that impairs the subject’s ability to give informed consent or to
comply with the requirements of the study protocol (unless a caregiver
or authorized representative is willing to provide consent/assent)

Previous organ transplant recipient

Available clinical history and treatment for at least 1 year prior
to entry except for infants <1 year of age

Willingness to provide samples for analysis including DNA, plasma etc.

Refusal to provide informed consent

Special patient populations, including prisoners or those who are deemed
medically or cognitively unsuitable for research by their treating physician

Willingness to participate in prospective follow-up for up to 3 years

Inability to obtain a blood sample due to poor or limited venous access
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Table 3. Details of the study visits.

Assessments Year One

6 months

Baseline

Informed consent X
Re-consent (if minor reaches 18 years)

Eligibility criteria

>

12 months

Year Two Year Three Unscheduled*
18 months 24 months 30 months 36 months

><

Demographics

Laboratory investigations
Plasminogen antigen level
Plasminogen activity level
Genetic testing

<P < <

Family history
Medical history
Initial comprehensive history/review X
of systems
Medical history since last visit (procedures, X
pregnancy, treatment, other symptoms or
complications, etc.)
Concurrent medications X X

X X X X X X

*Additional data will be collected at the time of an unscheduled visit for re-consent, illness, pregnancy (plasminogen activity level and banked plasma will be collected at con-
firmation of pregnancy, during the third trimester and at delivery), and development of lesions.

should be used, or how frequently clinical visits should
occur to monitor for symptoms to ensure early interven-
tion and prevent sequelae. Furthermore, it is unknown if
treatment should be lifelong, intermittent, or may be
withdrawn over time and how this varies by patient, dis-
ease severity, and affected system.

All non-specific therapeutic interventions to treat acute
and chronic manifestations of PLGD will be recorded,
along with efficacy, safety and complications. Specific
treatments, including ophthalmological plasminogen
drops and systemic intravenous plasminogen replace-
ment therapy are currently under clinical investigation;"*
any use of these investigational agents will also be record-
ed. Currently, data to support wider real-world optimal
therapeutic regimens are lacking. There are no standard
dosing regimens for intravenous plasminogen replace-
ment therapy and the required minimal plasminogen
plasma levels to treat or prevent specific manifestations
are unknown; treatment for each patient must be individ-
ualized based on their pharmacokinetic profile."* HISTO-
RY will explore development of a population pharmaco-
kinetic model® for the investigational intravenous plas-
minogen concentrate to estimate plasma levels and
adjust doses if symptoms emerge.

Factors that correlate with disease expression and
severity

No screening test for PLGD exists; specific plasminogen
activity/antigen levels are required, but assays are not
uniformly available. This study will collect methodologi-
cal details of locally performed tests to review their diag-
nostic utility; testing will be repeated centrally to confirm
diagnosis and local assay utility. Peyvandi et al. demon-
strated that clotting level activity in some rare bleeding
disorders does not correlate with clinical bleeding severi-
ty.” Published data suggest that this may also be true for
PLGD; therefore, global coagulation assays (including
thrombin generation, thromboelastography, simultane-
ous thrombin/plasmin generation and fibrinolytic poten-
tial)”™ will be performed to evaluate their utility in phe-
notypic prediction and clinical management.
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Table 4. Demographics of the initial 51 enrolled subjects.
Demographics Subjects with Unaffected family

plasminogen deficiency ~ members

Gender

Male 9 11

Female 15 16
Age

<18 years 14 8

=18 years 10 19
Ethnicity

White 21 22

Hispanic/Latino 3 5
Consanguineous parentage

Yes 0 0

No 22 21

Unknown 2 0
Endogenous plasminogen activity

Median (%) 18.5 n/a

Range (%) 1-42 n/a
Endogenous plasminogen antigen

Median (mg/dL) 34 /a

Range (mg/dL) 1-12 n/a

n/a:not applicable.

The true prevalence of PLGD is not well established
and likely depends on the population in any particular
region or country; similarly, the genetic alterations influ-
encing disease expression and severity are not well
defined. A genome-wide association study conducted by
Ma et al. determined genetic modifiers of plasminogen
levels in normal adults;” the study revealed that four sin-
gle nucleotide polymorphisms were associated with vari-
ations in plasminogen levels. How these variations affect
the severity or progression of PLGD is unknown. The
PLG(K38E) mutation is known to result in a milder clini-
cal course;"”" conversely, other mutations are known to
not be predictive (for example, in one family with the
conserved W597C mutation, one member was asympto-
matic, another had ligneous periodontitis, and a third had
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ligneous conjunctivitis).” HISTORY will record the preva-
lence of different mutations in the affected and heterozy-
gote population and attempt to determine the relation-
ship between mutation and clinical penetrance hetero-
geneity; it will also examine polymorphisms that may
influence fibrinolytic capacity (e.g., in fibrinogen Aa and
plasminogen activator inhibitor 1).” The enrollment of
relatives of people with PLGD may enable a refinement
of plasminogen activity levels observed in heterozygotes.

The registry will also incorporate environmental and
host-specific factors that may modify plasminogen levels
and/or disease symptoms. A study in healthy subjects
found that smoking contributes to plasma plasminogen
levels;™ it is not known whether this and other environ-
mental factors affect plasminogen plasma levels in patients
with PLGD. It is also not clear whether an environmental
trigger is required for symptom development and/or dis-
ease expression, or whether and, if so, how specific plas-
minogen antibodies develop. HISTORY will address some
of these unknown environmental/host factors.

Plasminogen deficiency biorepository

Research involving human genetic or genomic informa-
tion analyzed in conjunction with personal or health data
has become increasingly important for untangling genet-
ic, lifestyle and environmental disease determinants. A
biorepository containing DNA, plasma, and serum will be
created; samples will be stored for up to 15 years. If
planned analyses are not revealing, stored samples will be
utilized to explore other biomarkers to elucidate a corre-
lation/prediction of phenotypic heterogeneity (e.g., poly-
morphisms in inflammatory markers, whole genome
analyses).

Data analyses

To understand the impact of specific data on disease
expression, all collected data will be analyzed. Clinical
data on people with PLGD will be evaluated for categor-
ical characterization (i.e., asymptomatic, intermittently
symptomatic, and continuously symptomatic). The
probands’ age in each category will be analyzed to evalu-
ate age as a variable for symptom expression. Categories
will be modeled and analyzed against a range of variables
including gender, environmental factors, genetic studies,
laboratory coagulation parameters including specific and
exploratory global assays, and treatment administration.
Subjects with clinical symptoms will be evaluated for the
presence of individual affected sites versus multiple/sys-
temic symptoms, and also analyzed based on prior listed

variables. A descriptive analysis of symptoms reported by
physiological system will be performed and modeled
against study variables (levels, genetics, global assays, and
exploratory investigations) to determine whether any of
them are predictive. Symptoms and data will be reviewed
to determine whether severity categories can be estab-
lished. Urine analysis will be performed, as unpublished
data suggest that PLGD may be associated with microal-
buminuria; its prevalence in the wider PLGD population
is unknown. Data will be collected on subjects who
receive nonspecific and/or specific treatments if available;
they will be analyzed for therapeutic response, disease
control, and recurrence or emergence on therapy.
Further details of the methods, procedures, and planned
analyses are reported in the Online Supplementary Material.

Conclusions

There is currently no central repository to collect and
analyze data from people with PLGD; clinicians rely on
case reports and individual experience to diagnose and
treat patients, resulting in treatment variability and less
than optimal outcomes. The HISTORY study may play a
substantial role in addressing these deficits by collecting
clinical, genetic, and laboratory data which will be ana-
lyzed to identify potential markers that can assist in dis-
ease course prediction and understanding heterogeneity
in phenotypic expression. This study may also enable the
development of standardized assays, the identification of
at-risk groups, and guidelines for non-specific and specific
therapies.

To date, no other international team of dedicated
experts has been assembled to investigate the natural his-
tory of PLGD and fill knowledge gaps; HISTORY pro-
vides the first comprehensive effort to address this ultra-
rare disease. It is not possible for one center or country to
singlehandedly complete this study; all interested parties
are therefore strongly encouraged to view the study web-
site (wwiw.plgdeficiency.com), participate if they know of or
care for anyone with PLGD or contact the authors direct-
ly to discuss potential involvement in this registry. Full
enrollment and patient diversity will benefit all those
with this disorder.
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ABSTRACT

ntiphospholipid syndrome (APS) is a systemic autoimmune disease
characterized by arterial and venous thrombotic manifestations
nd/or pregnancy-related complications in patients with persistently
high antiphospholipid antibodies (aPL), the most common being represent-
ed by anticardiolipin antibodies (aCL), anti-beta 2 glycoprotein-I (af2GPI),
and lupus anticoagulant (LAC). A growing number of studies have showed
that, in some cases, patients may present with clinical features of APS but
with temporary positive or persistently negative titers of aPL. For these
patients, the definition of seronegative APS (SN-APS) has been proposed.
Nevertheless, the negativity to classic aPL criteria does not imply that other
antibodies may be present or involved in the onset of thrombosis. The diag-
nosis of SN-APS is usually made by exclusion, but its recognition is impor-
tant to adopt the most appropriate anti-thrombotic strategy to reduce the
rate of recurrences. This research is in continuous development as the clin-
ical relevance of these antibodies is far from being completely clarified. The
most studied antibodies are those against phosphatidylethanolamine, phos-
phatidic acid, phosphatidylserine, phosphatidylinositol, vimentin/cardi-
olipin complex, and annexin A5. Moreover, the assays to measure the levels
of these antibodies have not yet been standardized. In this review, we will
summarize the evidence on the most studied non-criteria aPL, their poten-
tial clinical relevance, and the antithrombotic therapeutic strategies avail-
able in the setting of APS and SN-APS.

Introduction

The prevalence of antiphospholipid antibodies (aPL) in the general population is
difficult to estimate due to the lack of population-based studies. The most fre-
quently detectable aPL are anticardiolipin antibodies (aCL), antif2-glycoprotein I
antibodies (anti-B2-GPI), and lupus anticoagulant (LAC)." A large review of the lit-
erature in 2013 estimated that the prevalence of aPL positivity is 6% among
women with pregnancy complications, 10% among patients with deep venous
thrombosis (DVT), 11% among patients with myocardial infarction, and 17%
among patients with juvenile stroke (<50 years of age). As acknowledged by the
Authors, this prevalence should be considered with caution, because 60% of the
papers were published before 2000, all three criteria aPL tests were performed in
only 11% of the papers, and 36% of papers used a low-titer aCL cut off.?

Subjects carrying aPL who develop thrombotic complications are diagnosed with
the antiphospholipid syndrome (APS), which was first described in 1983 by
Hughes, who initially defined it as “anticardiolipin syndrome”.’ This definition was
derived from clinical observation of recurrent miscarriages, central nervous system
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disease, and recurrent venous thromboembolism (VTE) in
patients with systemic lupus erythematosus (SLE) and
serum positivity for anticardiolipin antibodies (aCL) and
lupus anticoagulant (LAC).* Recently, Duarte-Garcia et al.
found an annual incidence of APS of 2.1 per 100,000 per
year, with a prevalence of 50 APS patients per 100,000,
equally distributed between males and females.”

A more clinically challenging scenario is represented by
patients with a clinical history characterized by episodes
of thrombosis (especially if recurrent) without cardiovas-
cular risk factors, and more in general, in absence of an
identifiable cause of thrombosis, suggestive of a throm-
bophilic condition, such as APS, but in absence of any pos-
itivity of aPL. For these patients, the definition of seroneg-
ative APS (SN-APS) was proposed.’ In the context of SN-
APS, several non-criteria aPL have been investigated with
divergent results.

In this review, we will discuss criteria for defining the
SN-APS, the new potential non-criteria antibodies implied
in SN-APS and its clinical management.

Antiphospholipid syndrome

Diagnosis of antiphospholipid syndrome
Antiphospholipid syndrome is a systemic autoimmune
disorder characterized by arterial and venous thrombotic
manifestations and/or pregnancy morbidity in patients
with persistently high levels of aPL.® APS may be classified
as primary or secondary, the latter being present in 30-
40% of patients with SLE.” The 2006 Sapporo criteria are
those currently recommended to diagnose APS.’ They
include the presence of one clinical criterion and high val-
ues of at least one aPL among IgM/IgG aCL in serum or

plasma, IgM/IgG anti-B2 glycoprotein-I (ap2GPI) antibod-
ies in serum or plasma, and LAC in plasma. Clinical and
laboratory criteria are listed in Figure 1./

The persistence of high antibody values should be test-
ed at least 12 weeks apart, and, in addition, the antibody
titers should be dosed at least 12 weeks after the throm-
botic event but no more than five years afterwards.”® Of
note, not all patients remain positive over time, and fac-
tors associated with persistence of aPL positivity are not
well known, but may include inflammation and oxidative
stress.’

Subjects positive for aPL have a low risk of developing
thrombotic events (<1%/year), but after a first episode,
the risk of recurrence increases by 10-67%." This finding
was supported by a recent study performed by Kearon et
al.," in which 307 patients with a first unprovoked VTE
were tested for aPL. In this study, the persistence of aPL on
=2 occasions was associated with an increased risk of
recurrent thrombosis, despite negative D-Dimer values
(HR 4.5: 95%CI: 1.5-13.0; P=0.006)."

Clinical presentation of antiphospholipid syndrome
Antiphospholipid syndrome can be broadly classified in
venous, arterial or obstetric APS, which are, however, not
mutually exclusive. In a retrospective analysis of a cohort
of 160 patients with a definite APS, VIE was the most
common manifestation (47.5%), followed by arterial
thromboembolism (43.1%), while obstetrical complica-
tions was found in only 9.7% of patients; in this study,
catastrophic APS (C-APS) represented 2.5% of the cases.”
Stroke and transient ischemic attack often involve APS
patients, but also lower limb ischemia and myocardial
infarction can occur.” In this context, the relationship
between aPL and myocardial infarction seems to be bidi-
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Laboratory criteria 1bosi ! ve
y Thrombosis morbidity
Unexplained
Lupus miscarriage >10 weeks
antico;)gulant Arterial fif gastaitn
- thrombosis (normal fetal morphology
(dosing according to ISTH g e documented by ultrasound or by
guidelines) (EanBinied y taging \_direct examination_of the fetus) /

~
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antibody I

(> 40 GPL or MPL. or >09 |
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Venous thrombosis
(confirmed by imaging)
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standardized ELISA)
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ISTH: International Society on Thrombosis and Haemostasis

Figure 1. Summary of criteria for antiphospholipid syndrome (APS) diagnosis according to Sapporo criteria. GPL: glycopeptidolipid; MPL: monophosphoryl lipid A.
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rectional. Therefore, patients carrying aPL have an
increased risk of ischemic heart disease, and conversely,
after a first coronary artery disease event, patients positive
for aPL showed twice the risk of recurrent major adverse
cardiovascular events at 12 and 24 months." This risk was
also evident in subjects with juvenile myocardial infarc-
tion in absence of cardiovascular risk factors."

Concerning obstetric complications, fetal loss, especially
after 10™ week of gestation and premature birth due to
eclampsia or placental insufficiency are frequent complica-
tions in APS women." In young women with a history of
multiple miscarriage, the immunological study for aPL
should be considered.

Finally, catastrophic APS (C-APS) is a severe and life-
threatening manifestation characterized by simultaneous
venous or/and arterial thrombosis, often triggered by
infections and surgical procedures. C-APS involves multi-
ple organs and systems due to excess of proinflammatory
cytokines, coagulation cascade, and platelet activation,
leading to thrombosis and microangiopathic hemolytic
anemia.”

In addition to the above described signs and symptoms,
the clinical presentation of patients with APS may be
more heterogeneous, involving thrombosis of medium
and small vessels (Table 1).%'**® The relevance in clinical
practice of non-conventional APS criteria was investigated
during the 14* Congress on Antiphospholipid Antibodies,
in which each relevant clinical manifestation was ana-
lyzed and each evidence was evaluated by the GRADE
system. This system also considers the balance of patient-
important outcomes, the overall quality of the evidence
for each outcome, and any uncertainty about values."

The most commonly affected sites are the kidney, the
skin, and the cardiovascular and nervous systems. In the
kidney, it is possible to find an acute thrombotic
microangiopathy or a chronic pattern of vaso-occlusive
lesions such as cortical ischemic lesions, arterial fibrous
intimal hyperplasia or interstitial fibrosis.® APS
nephropathy can be identified with a urine test associat-
ed with a 24-hour investigation of proteinuria. A biopsy
is mandatory in cases where the cause is not clearly iden-
tifiable, as in patients with concomitant diabetes, uncon-
trolled arterial hypertension or other autoimmune dis-
eases such as SLE.

Concerning the skin, livedo reticularis can be found, and
recurrent ulcerations called livedoid vasculopathy have
also been described.® To evaluate skin abnormualities, a
clinical examination is often adequate, and there is usually
no need for skin biopsy.

Cardiac abnormalities include valve leaflet thickening,’
and diastolic dysfunction, especially of the right ventri-
cle.” Heart valve disease and diastolic dysfunction can be
investigated by resting transthoracic echocardiography
and by cardiac magnetic resonance imaging (MRI) if a
myocardial involvement is suspected (i.e. myocarditis).
Pericardium may also be involved, especially in patients
with APS and SLE.

Finally, APS is associated with an increased risk of
dementia, seizures, multiple sclerosis-like illness,
migraine, myelitis transversa and chorea, due to vascular
damage and a direct action of antibodies on neurons and
ependymal cells.””*” However, unlike other neurological
disorders, seizure is not considered a non-conventional
criterion due to lack of strength of evidence.”® To identify
critical illness such as neurological disorders, instrumental
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examinations are mandatory. An MRI and an electroen-
cephalogram could be useful in recognizing brain atrophy
associated with dementia and seizures, and could identify
more elusive symptoms such as chorea and migraine if
associated with an accurate physical examination.

Other blood alterations include thrombocytopenia
(commonly mild with platelet count between 50x10°/L
and 150x10°/L, but also severe with platelet counts
<20x10°/L often associated with microangiopathy) and
hemolytic anemia with the possible presence of schisto-
cytes.’ In particular, thrombocytopenia is common in APS,
affecting 20-46% of patients and could paradoxically be
associated with an increased risk of thrombosis.”
Thrombocytopenia may be the result of an increased acti-
vation and destruction of platelets by an immune-mediat-
ed mechanism involving aPL or by thrombotic microan-
giopathy.”

After the exclusion of a pseudo-thrombocytopenia, and
performing a Coombs test to ascertain the autoimmune
nature of thrombocytopenia, corticosteroids, immunosup-
pressive agents, immunoglobulins and new drugs such as
Mammalian target of rapamycin (mTOR) inhibitors and
monoclonal antibodies could be helpful in patients with
autoimmune thrombocytopenia.”

Definition of seronegative antiphospholipid
syndrome and non-criteria antiphospholipid
antibodies

The first definition of SN-APS was given in 2003 by
Hughes and Khamashta® who described patients with clin-
ical manifestations highly suggestive of APS in absence of
the laboratory criteria such as LAC, aCL and ap2GPI anti-
bodies.

Seronegative APS is usually a diagnosis of exclusion and
should be suspected in patients with a clinical history sug-
gestive of APS, such as those with recurrent arterial venous
thrombotic events, recurrent miscarriage, or unexplained
thrombocytopenia, with persistent negativity of aPL tested
on at least two occasions, and when other causes of throm-

Table 1. “Extra-criteria” manifestations of antiphospholipid syndrome.

Nervous system
Dementia
Seizures
Multiple sclerosis—like illness
Chorea
Myelitis
Skin
Livedo reticularis
Livedoid vasculopathy

Heart
Valve vegetations or thickening (Libman-Sacks Endocarditis)
Diastolic dysfunction

Blood
Thrombocytopenia
Hemolytic anemia

Kidney
Microangiopathy
Chronic vaso-occlusive lesions (atherosclerosis, glomerular
ischemia, interstitial fibrosis, arterial fibrous intimal hyperplasia)
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bosis are excluded, such as genetic thrombophilia (factor V To better characterize the entity of SN-APS, antibodies
and I mutations), active cancer, trauma, major surgery, or  against different phospholipids or protein co-factors have
prolonged bed rest. This is particularly evident in young been investigated in patients negative to conventional aPL
patients without established cardiovascular risk factors (i.e.  (Table 2).
obesity, diabetes, hypertension, dyslipidemia). Most The antibodies that have been most studied so far are
importantly, other forms of coagulopathy should be those directed against: 1) a zwitterionic phospholipid,
excluded first, including Protein C and S and anti-thrombin  namely phosphatidylethanolamine (PE); 2) negatively
deficiency. In addition, the patient's personal medical his-  charged phospholipids other than cardiolipin, including
tory should be carefully investigated to exclude previous phosphatidic acid (PA), phosphatidylserine (PS), phos-
positivity to aPL. phatidylinositol (PI); 3) vimentin (forming a complex with
Table 2. Summary of positivity for extra-criteria antibodies in each study of seronegative antiphospholipid syndrome (SN-APS).
Authors Study typology Population aPL positivity in SN-APS (n) Main findings
(year) P=prospective; studied
R=retrospective
CS=cross-sectional | APS SN-APS | IgAaPL aPE NCP AVA/CL aPS/PT aANX
CaS= case series | (n) (n)
Sanmarco’ CS 67 18 - 18
(2001)
Sanmarco®” @5} - 25 - 25 - - - - 25 of the 40 aPE-positive patients (63%) were
(2007) negative for the APS laboratory criteria
Kumar® CaS - 5 5
(2009)
Ortona® 5 40 29 - - - 27 - - Vimentin seems to be positive in a large
(2010) number of mainly SN-APS patients.
Conti ® CS 25 24 - - - 11 1 1 SN-APS were positive for 11/24 (45.8%) for
(2013) anti-vimentin/cardiolipin antibodies, 3/24 (12.5%)
for anti-prothrombin antibodies, and 1/24 (4.2%) for
anti-annexin V antibodies.
Ruiz-Garcia® G5 22 35 35 - - - Isolated IgA ap2GPI antibodies were found in 22%
(2014) of patients. Patients with arterial thrombosis were
positive only for IgA ap2GPI.
Cousins® CS 40 40 1 - - - - - IgA aCL or IgA app2GPI antibodies, were present in
(2015) a significant proportion of patients with APS,
and in a small proportion of SN-APS.
Mekinian” CS 83 96 - 47 - 5 57 68% of patients with obstetrical SN-APS have
(2016) non-conventional aPL
Zohoury" CS 107 68 - 8 - 11 8 - 1/3 of SN-APS patients showed reactivity to 1
(2017) or more non-criteria markers
Tortosa® R - 38 38 - - - - - The presence of IgA ap2GPl in people with no history
(2017) of APS-events is the main independent risk factor
for the development of these types of events,
mainly arterial thrombosis
Litvinova® CS 41 17 - - 5 - 4 4 87 patients: 41 APS, 11 aPL carriers, 17 SN-APS.
(2018) <1% of patients with thrombotic/obstetrical
SN-APS had non-conventional aPL
Anti-PS/PT antibodies were correlated with LA.
APS triple patients were also positive for
anti-PS/PT antibodies
Truglia® S - 61 - - - 33 - - Non-conventional tests, mainly aCL/Vim and aCL
(2018) seem to be the most sensitive approaches
for identifying aPL in patients with obstetric SN-APS
Billoir* R - 23 - 23 - - - - aPE persists in 23 patients (10%): 15 with
(2019) a thrombotic event, 6 with obstetrical morbidity
and 2 with a combined event
Ganapati® R 58 12 - - - - 7 - Addition of aPS/PT to current APS criteria to SN-APS
(2019) patients led to reclassification of additional 12.1%
patients as APS overall and 42.8% in obstetric
APS category
aANX: Annexin A5 antibody; aPE: phosphatidylethanolamine; aPL: antiphospholipid antibodies; APS: antiphospholipid syndrome; aPS/PT antiphosphatidylserine/prothrombin; AVA/CL:
anti vimentin/cardiolipin complex; LA: lupus anticoagulant; NCP: negatively charged phospholipids (phosphatidic acid, phosphatidylserine and phosphatidylinositol); SN-APS: seronega-
tive APS.
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cardiolipin); 4) prothrombin (forming complex with PS —
anti-PS/PT); and 5) the anticoagulant protein Annexin A5
(Table 2). In addition, the IgA isotype ap2GPI is under
investigation in APS and SN-APS patients.

A collaborative USA/UK study analyzed a comprehen-
sive panel of ‘non-criteria’ aPL tests in a series of 175 con-
secutive patients matching the criteria for APS and 68 SN-
APS patients with clinical manifestations suggestive of
APS but having negative serology. The Authors found that
one-third of the ‘seronegative’ sera gave positive results.”
The study concluded that patients with clinical features of
APS, but negative for conventional criteria markers,
should undergo additional testing for non-criteria bio-
markers.”

A recent study evidenced that positivity for the extra-
criteria aPL was <1% in SN-APS (thrombotic or obstetric);
however, the lack of clear inclusion and exclusion criteria
does not allow a precise estimation of the prevalence to be
made.”

Similarly, non-criteria antibodies were detected in
18.8% of SN-APS patients also in a Chinese cohort com-
posed of APS and patients with only clinical criteria for
APS.”* This is also confirmed in obstetric SN-APS patients,
in whom 68% were positive for non-conventional aPL.”

Here we will provide an overview of current evidence
on the most studied non-criteria aPL that, although not
validated in large cohort studies, may have a potential role
in the pathogenesis of APS.

IgA antibody isotype anti-f} 2 glycoprotein-I
and anticardiolipin antibodies

There is a growing body of evidence to suggest a poten-
tial usefulness of IgA in the context of APS.” Very recent
evidence suggested that, while IgG/M isotypes recognize
an epitope in domain 1, the epitopes recognized by IgA
are the domains 3, 4 and 5.” However, as reported by the
13" International Congress on Antiphospholipid
Antibodies, testing for IgA-ap2GPI should be considered
only in patients negative for IgG and IgM isotypes with
APS symptoms.”

Studies investigating the prevalence of IgA aPL reported
a variable prevalence ranging from 14% to 72% according
to different reports;*® however, these studies have a retro-
spective design, used different assays to measure IgA aPL,
and used different cut-off values to define aPL positivi-

31,32

A large study including 5,892 patients (803 with SLE and
5,089 from the Antiphospholipid Standardization
Laboratory sent for evaluation for APS) found that IgA
ap2GPl isotype was positive in 255 (4.3%) patients, in 198
cases in association with other aPL, while only aPL was
detectable in 57.% Isolated IgA ap2GPI positivity was asso-
ciated with an increased risk of arterial thrombosis
(P<0.001), venous thrombosis (P=0.015), and all thrombo-
sis (P<0.001).%

A second study evaluated, in addition to IgM and IgG,
the positivity and predictivity of IgA aCL and IgA ap2GPI
in 430 patients: 111 with APS, 119 with SLE, and 200
healthy controls.* Positivity for IgA aCL was 38%; IgA
ap2GPl was 46% in patients with APS. All three antibody
isotypes (IgM, IgG and IgA) were significantly associated
with a diagnosis of APS, with high specificity but not
good sensitivity, based on receiver operating characteristic
(ROC) analysis. Looking at likely hazard ratios, the IgA
ap2GPI (HR 33.9, 95%CI: 10.5-109.5) was similarly asso-
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ciated to APS as compared to IgG ap2GPI (HR 33.4,
95%CI: 13.0-86.1), but showed a higher association com-
pared to IgM ap2GPI (HR 9.2, 95%CI: 4.6-18.4) and was
associated with thrombotic but not obstetric complica-
tions in patients with APS.*

Indeed, IgA aPp2GPI levels seem to be associated with
thrombotic events in patients without other aPL.** Thus,
a case-control study including 244 asymptomatic patients
screened for aPL and positive only for IgA ap2GPI and 221
negative patients followed for five years showed that the
presence of IgA ap2GPl was associated with an increased
risk for developing clinical thrombotic APS events (OR
5.15; P<0.001).*

Although attractive, these data were not confirmed by
another study evaluating the presence of IgA ap2GPI anti-
bodies in SN-APS.”?

Based on this evidence, it is not clear whether testing for
IgA aCL and IgA ap2GPI antibodies in addition to the rou-
tine tests may improve thrombotic risk stratification.
Thus, the use of IgA antibodies to identify a SN-APS
needs to be further investigated.

Antibodies to phosphatidylethanolamine

Phosphatidylethanolamine is mainly found in the inner
leaflets of plasma membranes and contributes to 20-50%
of total phospholipids. It works as an anticoagulant by
enhancing activated protein C (APC) activity. Other
investigators have demonstrated that PE inhibits coagula-
tion activity interfering with the factor Xa-prothrombin
system.”

Several studies reported that antibodies against PE (aPE)
are significantly associated with major clinical events
such as fetal loss and/or thrombosis, and are mainly pres-
ent in the absence of the laboratory criteria of APS. Bérard
et al. showed that aPE were the only aPL found in 6 of 34
patients suffering from thrombotic events and with a neg-
ative screening for antibodies to anionic phospholipids,
including LA.* A second study focused on patients with
unexplained thrombosis and no criteria for APS. Thus, in
98 patients with unexplained thrombosis, 142 with
thrombophilia, 67 with APS, 75 with hereditary hemo-
static defects and 110 without thrombosis, the authors
found that aPE prevalence was significantly higher both
in patients with APS (43%; P<0.0001) and in those with
unexplained thrombosis (18%; P=0.001) compared to
patients without thrombosis.” Subsequently, in a large
multicenter study including 317 patients with deep
venous thrombosis and 52 with arterial events, aPE were
found in 15% of the thrombotic patients, most of whom
were only positive for aPL.* Some interesting data were
also reported regarding the association between aPE and
obstetric complications. Gris et al. measured various aPL
in a large cohort of 518 women with unexplained or
explained early fetal losses and a control group of healthy
mothers. [gM-aPE were found to be independent risk fac-
tors for unexplained early fetal loss."

A retrospective study on 228 SN-APS demonstrated a
positivity for aPE in 10% of the patients.” In contrast, a
recent study on a Chinese population composed of APS
and patients with only clinical criteria for APS failed to
demonstrate any aPE positivity in SN-APS.”

The above reported results suggest that aPE could be
considered as markers of a variant of APS when they are
associated with thrombosis and a potential tool to define
the SN-APS subjects.
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Antibodies against phosphatidic acid,
phosphatidylserine and phosphatidylinositol

In an effort to expand the panel of aPL to other negative-
ly-charged phospholipids, antibodies against phospha-
tidic acid (PA), phosphatidylserine (PS), and phos-
phatidylinositol (PI), which fall under the category of
anionic phospholipids, were proposed.” Anti-PS antibod-
ies inhibited the development and invasion of the tro-
phoblast, decreased hCG levels, and retarded the forma-
tion of syncytiotrophoblast in i1 vitro models.* Few clinical
studies have investigated this issue. In a first study on 866
women with recurrent pregnancy loss (RPL), the authors
found that 87 of 866 women who were negative for aCL
had a positivity for one of the other aPL.” In a second
study on 872 women with RPL, 49 (3.6%) were negative
for both aCL and LA but positive for aPS.* In this second
study, the presence of aPS had a positive correlation with
the number of consecutive pregnancy losses.” This result
was not confirmed when the same author analyzed a larg-
er population of 1,020 woman with RPL. Moreover,
Zhang et al. did not find any positivity for aPE, aPS or aPI
in an evaluation study of 288 subjects (86 patients with
APS, 30 patients with non-APS thrombosis, 32 patients
with non-APS pregnancy-related morbidity, 42 patients
with SLE, and 39 healthy controls).”

Based on the current evidence, testing for aPA, aPI and
aPS is not recommended, as these antibodies appeared to
overlap with the accepted diagnostic markers of APS.
Nonetheless, the results obtained on RPL with a seroneg-
ative profile suggest a potential role for aPA, aPI and aPS
in defining SN-APS in this particular setting.

Anti-vimentin/cardiolipin complex

Vimentin is the most abundant type III intermediate fil-
ament of the cytoskeletal system and it was recently local-
ized on the surface of apoptotic neutrophils and T cells,
activated macrophages, platelets, and vascular endothelial
cells. After becoming antigenic with a still unexplained
mechanism, Vimentin is exposed and could be bound by
anti-vimentin antibodies (AVA).”* Vimentin could also
electrically interact with cardiolipin on the surface of
apoptotic cells generating the vimentin/cardiolipin com-
plex. Antibodies against this complex (vimentin/cardi-
olipin antibodies, AVA/CL) show a prothrombotic effect.
Thus, Ortona et al. demonstrated an AVA/CL-mediated
activation of the TLR4/IRAK/Nf-kB molecular pathway
that leads to the release of pro-inflammatory and procoag-
ulant factors by endothelial cells.” Hence, AVA/CL could
play a role in arterial thrombosis by inducing platelet and
coagulation cascade activation.

The role of AVA/CL in SN-APS has been investigated
only in a few clinical studies. Thus, Ortona et al? ana-
lyzed serum IgG AVA/CL antibodies detected by ELISA in
29 SN-APS, 40 APS, 30 patients with SLE, 30 with
rheumatoid arthritis, and 32 healthy controls. They found
a positivity for AVA/CL in almost all APS patients (92%),
and also in a large proportion of SN-APS (55%); interest-
ingly, this positivity was persistent in almost all cases.
Similarly, Conti et al. found AVA/CL positivity in 24 SN-
APS patients.” Moreover, in a retrospective analysis of 61
obstetric SN-APS, 76% resulted positive for AVA/CL.”
However, the overlapping presence of AVA/CL antibodies
in SLE and APS weakens the specificity of such a diagnos-

tic marker. Hence, the observation by Ortona er al.” needs
to be confirmed by larger prospective clinical studies in
order to better define the role of AVA/CL in SN-APS.

Anti-prothrombin and
antiphosphatidylserine /prothrombin antibodies

Prothrombin is a plasma glycoprotein involved in the
coagulation cascade converted to thrombin by extrinsic
thromboplastin during the second stage of blood clotting.™
A large amount of data, obtained from various, mainly ret-
rospective, studies gave contrasting evidence concerning
the clinical significance of anti-prothrombin antibody
(aPT). Thus, in a comparison between 106 subjects who
experienced either a non-fatal myocardial infarction or
cardiac death and 106 subjects without coronary disease,
Vaarala et al. found that a high level of aPT (highest tertile
of distribution) predicted a 2.5-fold increase in the risk of
cardiovascular events.” Conversely, Atsumi ef al. did not
find any correlation between clinical manifestation of aPT
and APS in an evaluation of 265 APS patients.”® More
recently, two prospective studies validated the role of aPT
in predicting the first or recurrent risk of thrombosis in
patients with APS.*** Considering a group of 142 LA pos-
itive patients, Forastiero et al. found that a higher rate of
thrombosis in patients with positive anti-PT compared
with patients without anti-PT (8.6% vs. 3.5% per patient
year). The highest incidence of thrombosis was detected
in patients positive for both ap2GPI and aPT (8.4% per
patient year).” Moreover, a 15-year longitudinal prospec-
tive study by Bizzaro et al. identified IgG aPT antibody as
the most useful thrombosis predictor in SLE patients.”

Another intriguing issue is represented by the different
potential role of IgG/IgM antiphosphatidylserine/pro-
thrombin (aPS/PT) compared to aPT. Indeed, a high corre-
lation between APS classical antibody panel and aPS/PT
IgG/IgM suggests that this marker may be useful in the
evaluation of APS.* The clinical significance of aPT and
aPS-PT was evaluated by testing for the presence of these
antibodies in 212 SLE patients and in 100 healthy individ-
uals. Results show that aPT and aPS-PT were found in
47% of the patients (aPT in 31% and aPS-PT in 31%).
Their presence did not correlate with that of aCL, ap2GPI,
LA and/or anti-protein S. IgG but not IgM aPT were more
frequently found in patients with thrombosis than in
those without. IgG and IgM aPS-PT were also more fre-
quent in patients with thrombosis (venous and/or arterial)
than in those without. Levels of IgG aPT and IgG and IgM
aPS-PT were higher in patients with thrombosis than in
those without. More significantly, 48% of the patients
with aPL-related clinical features who were negative for
standard tests had aPT.” Recently, the clinical significance
of aPS/PT antibodies was prospectively evaluated in a
cohort of 191 aPL carriers:® IgG aPS/PT antibodies were
detected in 40 (20.9%) and IgM aPS/PT in 102 (53.4%) of
the carriers. The cumulative incidence rate of thrombotic
events was significantly higher in the IgG aPS/PT positive
(P=0.035) but not in the IgM aPS/PT positive carriers.
Similar results were obtained in a second study evaluating
152 patients with a previous thrombosis of whom 90
were SN-APS; 10% of SN-APS patients in this study were
positive for aPS/PT.” Of note, aPS/PT are associated with
recurrent early or late abortions and with premature deliv-
ery irrespective of other aPL.”

Based on the above studies, aPT and aPS/PT can be
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potentially used as confirmatory diagnostic markers and
as indicators of the risk of thrombosis. Recently, the pres-
ence of IgG and IgM aPS/PT was also detected in 9 of 17
SN-APS.” Similar, and even stronger evidence was provid-
ed by two retrospective studies on SN-APS patients that
found approximately 50% of subjects were positive for
aPS/PT.®** Nonetheless, further studies must be undertak-
en before these antibodies can be included in the diagnos-
tic criteria of SN-APS.

Annexin A5 antibody

Annexin Ad is a glycoprotein that binds to negative
phospholipids such as PS. It has been proposed that
annexin A5 forms a protective anticoagulant shield on vas-
cular endothelial cells and that a2GPI antibodies in com-
plex with B2GPI may disturb the shield and hence predis-
pose to thrombosis. Due to this marked heterogeneity, it
remains controversial whether anti-annexin A5 antibodies
(aANX) are associated with clinical manifestations. In a
comparison of 112 APS patients with 40 healthy controls,
Singh et al. found aANX positivity in 69 APS and in only 3
controls.” On the contrary, de Laat et al. found no associ-
ation between aANX and history of thrombosis in 198
patients with primary APS, SLE or lupus-like disease.”
aANX was also found to be predictive for fetal loss in a
study of three groups (total 518 women) of patients with
unexplained primary recurrent early fetal loss, patients
with explained episodes, and mothers with no previous
obstetric incident, respectively.”

Annexin A5 resistance was proposed as a mechanism
for APS. The annexin A5 resistance (A5R) assay identifies
patients with an antibody-mediated disruption of annexin
A5 on endothelial surfaces. This is demonstrated by the
resistance to the annexin A5 anticoagulant effects (i.e.
annexin AS resistance) in vitro. This test was validated in
750 patients with a history of thrombosis, pregnancy
complications, and controls.” The authors found a reduc-
tion in A5 anticoagulant ratios in aPL antibody-positive
patients with thrombosis and/or pregnancy complications
compared with aPL antibody-negative patients and con-
trols. This suggests that reduced ASR could identify
patients with a propensity for thrombosis or pregnancy
complications.”

Very recently, a case report described the presence of
multiple annexin autoantibodies in a patient with recur-
rent miscarriages, fulminant stroke, and SN-APS.® Hence,
although attractive, the evaluation of aANX or ASR in
clinical practice for the management of SN-APS requires
larger prospective studies.

From risk assessment to antithrombotic
treatment

The first step in the assessment of thrombotic risk in
APS and SN-APS patients is represented by antibody char-
acterization and evaluation of cardiovascular risk factors.
Thus, the thrombotic risk varies according to aPL positiv-
ity and antibody titers. For example, a retrospective study
on 3,088 APS patients demonstrated that single positivity
for aCL or ap2GPI was associated with low risk of event
[odds ratio (OR) <5], while LA positivity alone conferred a
medium risk of event (OR 5-9); this risk increased in

patients with double or triple positivity (OR >9).”

Some scores have also been proposed to stratify the risk
of events in APS patients; the APL Score has no clinical
items and is based exclusively on the antibody titers
(Table 3).* An aPL score of =30 was an independent risk
factor for thrombosis (hazard ratio 3.144, 95%CI: 1.383-
7.150; P=0.006) in patients with autoimmune diseases.”

Another score is the Global Anti-Phospholipid
Syndrome Score (GAPSS), which was developed in a
cross-sectional study on a cohort of 211 patients with SLE.
The score includes traditional cardiovascular risk factors
such as hypertension and hyperlipidemia and the presence
/ absence of aPL70 (Table 3). Of note, both scores also
include one non-criteria aPL, such as aPS/PT.

These scores, although potentially useful in clinical
practice, require further prognostic validation.

The thrombotic risk stratification is more challenging in
patients with SN-APS. It is important to identify and char-
acterize the presence of non-criteria aPL, as they seem to
be associated with different thrombotic complications
(Table 4). Thus, aPS/PT and antibodies to vimentin/CL
complex increase the risk of arterial thrombosis, while
pregnancy-related complications are associated with the
presence of PE, PA, PS and PI antibodies (Table 4).

Table 3. Scores for risk stratification in antiphospholipid syndrome.

APL Score - ITEMS CUT-OFF POINTS
APTT mixing >49 sec 5
CONFIRMATION TEST, ratio >1.3 2
>1.1 1
KCT mixing >29 sec. 8
DRWT mixing >45 sec. 4
CONFIRMATION TEST, ratio >13 2
>1.1 1
13G ACL, GPL.
High titers >30 20
Medium/low titers >18.5 4
IgM ACL, MPL >T7 2
1G Anti-B2GPI
High titers >15U 20
Medium/low titers >22U 6
IgM anti-B2GPI >6U 1
IgG aPS/PT
High titers >10 U 20
Medium/low titers >2U 13
IgMaPS/PT >92U 8
GAPSS ltem Points
CLINICAL Hyperlipidemia 3
Arterial hypertension 1
LABORATORY aCL IgG/1gM 5
Anti B2GPI IgG/IgM 4
aPS/PT IgG/IgM 3
LA
Total 20

APTT: activated partial thromboplastin time; KCT: kaolin clotting time; dRVVT: dilute
Russell’s viper venom time; aCL: anticardiolipin antibodies; B2GPI: p2-glicoprotein I;
aPS/PT: phosphatidylserine prothrombin complex; aPL: antiphospholipid antibody;
GPL: IgG phospholipid units; MPL: IgM phospholipid units; LA: lupus anticoagulant.
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Primary and secondary prevention strategies

Antiphospholipid antibody carriers

In subjects with positivity for aPL in the absence of clin-
ical thrombotic events, primary prevention strategy
includes cardiovascular risk factors such as arterial hyper-
tension, diabetes, dyslipidemia and cigarette smoking
(Figure 2). Treatment with low-dose aspirin (LDA, 75-100
mg/die) is still controversial® and could be considered in
patients at high risk, such as those with triple positivity or
persistent positivity with medium-high titer of aCL.*”
Recently, the positivity for IgG aPS/PT has been suggested
as a marker of thrombotic risk in aPL carriers in addition
to triple positivity (Figure 2).” Regarding oral anticoagula-
tion, with or without LDA, the quality of evidence is too
low to demonstrate benefit or harm of anticoagulant use
in aPL carriers.”®

In women with a high-risk aPL profile but no history of
thrombosis or pregnancy complications, treatment with
LDA (75-100 mg daily) during pregnancy should be con-
sidered according to 2019 European League Against
Rheumatism (EULAR) recommendations.

Secondary antiphospholipid syndrome

In APS patients with previous arterial or venous throm-
boembolism, use of unfractionated or low molecular
weight heparins (LMWH) is recommended in the acute
phase’ followed by long-term treatment with warfarin,
with an international normalized ratio (INR) range
between 2-3.

Warfarin therapy in APS has several critical points.
Indeed, a recent study" showed that, in the APS popula-
tion, the management of anticoagulant therapy is more
problematic compared to a population of patients with

Table 4. Suggested extra-criteria antibodies in seronegative antiphospholipid syndrome and its clinical manifestations.
Clinical manifestations

Extra-critera antibodies

Anti-prothrombin/phosphatidylserine antibodies
Anti-annexin V antibodies/annexin A5 resistance

Thrombosis
Thrombosis and/or pregnancy complications

Antibodies to vimentin/CL complex
Phosphatidylethanolamine

Arterial thrombosis
Fetal loss and/or thrombosis

Phosphatidic acid Fetal loss
Phosphatidylserine Fetal loss
Phosphatidylinositol Fetal loss
IgA aCL and ap2GPI antibodies Thrombosis

CL:cardiolipin; ap2GPI: anti- 2 Glycoprotein 1.

aPL carriers

R auyom LMWH or UFH

(APS and SN-APS) hydroxychloroquine

Secondary prevention in * LDA(Clopidogrel

arterial thrombosis

(aBSiand SN AES) « Add statin if indicated

Prevention of pregnancy
complications*
(APS and SN-APS)

*EULAR 2019
L 0 heparin might be considered

* Management of cardiovascular risk factors
* Consider LDA in high-risk patients (triple positivity or high titers aCL)

» Warfarin (INR range 2.0-3.0), If recurrence under warfarin, add on statin, LDA or

» Warfarin (INR range 2.0-3.0). Consider LDA association in patients with recurrent
arterial thrombosis and low risk of bleeding.

« First pregnancy with no history of thrombosis: consider LDA

« History of >3 recurrent spontaneous miscarriages <10th week of gestation and/or fetal loss (>10th
week of gestation): LDA + prophylactic heparin

« History of delivery <34 weeks of gestation: LDA or LDA + prophylactic heparin.

« Patients with clinical ‘non-criteria’ obstetric APS, treatment with LDA alone or in combination with

Figure 2. Summary of antithrombotic treatment options in patients with antiphospholipid syndrome and seronegative antiphospholipid syndrome.” APS: antiphos-
pholipid syndrome; aPL: antiphospholipid antibodies; aCL: anticardiolipin antibodies; VTE: venous thromboembolism; LDA: low-dose aspirin, LMWH: low molecular
weight heparin, UFH: unfractionated heparin; INR: international normalized ratio; EULAR: European League Against Rheumatism.
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atrial fibrillation (AF). Thus, APS patients had a shorter
time within the therapeutic range than those with AF
(53.5% vs. 68%; P=0.001) and needed a higher mean
weekly dose of warfarin to reach the therapeutic range."

In the case of low-quality therapy with warfarin or recur-
rent thrombosis, two possible therapeutic approaches could
be considered. The first is to adopt a higher intensity war-
farin therapy with target INR 3-4, which is, however, not
current practice given its association with a reduced risk of
thrombosis in the majority of patients.*”””” A second
approach is represented by the addition of LDA to antico-
agulation, which should, however, be reserved for high-
risk patients, particularly after an arterial thrombotic
event.””

More recently, non-vitamin K antagonist oral anticoagu-
lants (NOAC) have been investigated in patients with APS
with divergent results.” Following the results from the Trial
on Rivaroxaban in AntiPhospholipid Syndrome (TRAPS),”
which included triple positive thrombotic APS, rivaroxaban
is contraindicated in APS patients with triple aPL positivi-
ty.”” An analysis from the RE-COVER/RE-COVER II and
RE-MEDY trials showed similar safety and efficacy of dabi-
gatran in patients with thrombophilia and previous venous
thromboembolic events, in whom APS represented the sec-
ond most common inherited disorders, accounting for 20%
of all patients.” These results need to be confirmed in real-
world studies. A randomized trial investigating the efficacy
and safety of apixaban in APS patients is currently ongo-
ing;® this study will include patients with both venous and
arterial thrombosis. Laboratory testing of NOAC may be
useful in patients with APS as no pre-clinical data in this
patient population are available.

Recently, new drugs have been administered in APS
patients with thrombotic events. A first example is repre-
sented by mTOR inhibitors; these were found to reduce the
onset of new vascular lesions after transplantation in
patients with APS nephropathy.” Monoclonal antibodies
such as rituximab® (anti-CD20 agent) and eculizumab®
(anti-C5 agent) are currently administrated to manage non-
criteria symptoms refractory to standard therapy and to
add-on in catastrophic APS and kidney transplantation in
APS patients, respectively. Despite these findings, the use of
these drugs should be avoided due to lack of strong evidence
in APS patients; their use could be considered in patients
with refractory C-APS, as suggested by EULAR guidelines.”

Obstetric antiphospholipid syndrome

Women who are diagnosed with confirmed APS should
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be treated with antepartum administration of prophylac-
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Conclusions

The diagnosis of SN-APS should be formulated only
after the exclusion of other causes of inherited and
acquired thrombophilic conditions. Although several dif-
ferent antibodies to a number of antigens are involved in
SN-APS, the routine testing of these non-criteria antibod-
ies is not recommended, but may be considered in
patients with a high clinical suspicion of APS, such as
those presenting with recurrent unexplained thrombosis,
thrombosis at unusual sites, or women with recurrent
pregnancy-related complications. The assessment and
interpretation of these non-conventional antibodies
should be performed by specialized centers of hemostasis
and thrombosis to reduce laboratory variability.

The detection of non-criteria aPL may help guide
antithrombotic strategies in SN-APS patients with arterial
or venous thrombosis. As an example, patients treated
with NOAC for recurrent VIE events, who become posi-
tive for non-criteria aPL, may be switched to VKA or
LMWH, especially in cases of a recurrent thrombotic
events. Moreover, in case of an unprovoked DVT, and
among patients who could be withdrawn from anticoagu-
lation, the positivity for a non-criteria aPL may help decide
whether or not to continue long-term anticoagulation.

In conclusion, there is growing evidence to suggest a
role for non-criteria aPL in those patients defined as
“seronegative”.
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ABSTRACT

ematopoietic stem cells provide life-long production of blood cells

and undergo self-renewal division in order to sustain the stem cell

pool. Homeostatic maintenance of hematopoietic stem cell pool
and blood cell production is vital for the organism to survive. We previously
reported that latexin is a negative regulator of hematopoietic stem cells in
mice. Its natural variation in the expression is inversely correlated with
hematopoietic stem cell number. However, the molecular mechanisms reg-
ulating latexin transcription remain largely unknown, and the genetic fac-
tors contributing to its natural variation are not clearly defined. Here we dis-
covered a chromatin protein, high-mobility group protein B2, as a novel
transcriptional suppressor of latexin by using DNA pull-down and mass
spectrometry. High-mobility group protein B2 knockdown increases latexin
expression at transcript and protein levels, and decreases hematopoietic
stem cell number and regeneration capacity in vivo. Concomitant blockage
of latexin activation significantly reverses these phenotypic changes, sug-
gesting that latexin is one of the downstream targets and functional medi-
ators of high-mobility group protein B2. We further identified a functional
single nucleotide polymorphism, rs31528793, in the latexin promoter that
binds to high-mobility group protein B2 and affects the promoter activity.
G allelic variation in rs31528793 associates with the higher latexin expres-
sion and lower hematopoietic stem cell number, whereas C allele indicates
the lower latexin expression and higher stem cell number. This study
reveals for the first time that latexin transcription is regulated by both trans-
acting (high-mobility group protein B2) and cis-acting (single nucleotide
polymorphism rs31528793) factors. It uncovers the functional role of natu-
rally occurring genetic variants, in combination with epigenetic regulator, in
determining differential gene expression and phenotypic diversity in the
hematopoietic stem cell population.

Introduction

Stem cells are key to the homeostatic maintenance of mature and functional cells
in a variety of tissues and organs. They have the unique ability to perpetuate them-
selves through self-renewal and to replenish dying or damaged cells through multi-
lineage differentiation. The balance between self-renewal and differentiation is crit-
ical for tissue homeostasis, and any disruption in this balance could lead to serious
problems such as tissue degeneration and development of cancer.' Probably the
best-studied adult stem cells are hematopoietic stem cells (HSC), which are respon-
sible for life-long production of all hematopoietic lineages.” The total number of
HSC is kept constant under steady-state conditions, but it also changes in response
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to stress or injury. The flexibility of stem cells to adapt to  diversity is a powerful but underused tool for unraveling
physiological needs is achieved by precise regulation of the critical gene networks in stem cell regulation. Using
self-renewal and differentiation. Many molecules and sig- genome-wide association studies, increasing numbers of
naling pathways have been found to be involved in this  gene regulatory variants have been strongly implicated in
process.” However, identification of the collection of genes  hematologic phenotypes and diseases in humans, such as
contributing to critical stem cell functions is far from com-  fetal hemoglobin-associated genetic variants in patients
plete. with sickle cell disease (SCD) and B-thalassemia.'™"

Hematopoietic stem cell number and function exhibit Recently, several reports have revealed an important yet
natural variation among humans as well as among differ-  previously unrecognized role of genetic variants in regu-
ent mouse strains.”® The natural variation is largely attrib-  lating epigenetics.”"*** For example, DNA variations may
uted to DNA variants in the genome that function as reg-  affect the recruitment and binding affinity of transcription
ulatory elements to control gene expression.” The genetic  factors, which in turn lead to histone tail modifications.
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67,457,998bp 67,463,926bp
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Such variations in the epigenetic environment result in sig-
nificant variations in gene expression, which collectively
manifest as a phenotypic trait. Despite these advances, the
precise molecular mechanisms underlying the association
between the genetic variants and hematopoietic pheno-
types remain largely unknown.

Inbred mouse strains provide a model system for explor-
ing the myriad of regulatory gene network contributing to
hematologic diversity."*'® We carried out a comparative
study of two inbred strains, C57BL/6 (B6) and DBA/2
(D2), in which we documented large natural variation in a
number of stem cell traits.”® One of the most significant
traits is the natural size of the HSC population, i.e. young
B6 mice have 3- to 8-fold fewer stem cells in bone marrow
(BM) than D2 mice, depending on the assay used for stem
cell quantification. We further identified Lx# as the regula-
tory gene whose expression is negatively correlated with
HSC number.”** Lxn regulates HSC in a cell-autonomous
manner through concerted mechanisms of decreased self-
renewal and increased apoptosis. Even though we identi-
fied several genetic variants that might be associated with
the differential expression of Lx# in B6 and D2 stem cells,
there is no direct evidence of how these variants regulate
Lxn transcription and whether they have any functional
effects.

In this study, we report for the first time that a chro-
matin protein, HMGB2, binds to Lxn promoter and plays
an important role in the transcriptional regulation of Lxn.
Knockdown of HMGB?2 increases Lxn expression at both
transcript and protein levels, suggesting a suppressive role
of HMGB2 in Lxn transcription. HMGB2 knockdown
decreases the number of functional HSC by promoting
apoptosis and reducing proliferation. Concomitant knock-
down of Lxn reverses these functional effects, suggesting
that Lxn is one of the downstream targets of HMGB2.
Moreover, we discovered that a functional polymorphism,
SNP rs31528793, is associated with the differential expres-
sion of Lxn in different mouse strains, including B6 and
D2. This study, for the first time, reveals the genetic and
epigenetic regulation of Lxn transcription, suggesting that
both trans- and cis-elements (HMGB2 and SNP, respec-
tively) contribute to the differential gene expression and
phenotypic diversity in the HSC population

Methods

Luciferase reporter assay

Lxn promoter activity and HMGB2 transcription activity were
measured by luciferase reporter assay with a Tropix TR717 lumi-
nometer using a dual luciferase assay kit.

Identification of Lxn promoter binding proteins

Lxn promoter binding proteins were isolated by pMACSTM
FactorFinder Kit (Miltenyi Biotec Inc., Auburn, CA, USA). The
high purity double-strand DNA oligonucleotides containing SNP
1531528793 was used as the DNA bait for protein pull-down. The
associated proteins were determined by mass spectrometry at the
Mass Spectrometry and Proteomics Facility at Ohio State
University.

Protein-DNA binding assays

Chromatin immunoprecipitation: chromatin immunoprecipitation
(ChIP) assay was performed on LK (Lin- ¢-KIT+) cells using ChIP
assay kit (Sigma Aldrich, #CHP1) with HMGB2 polyclonal anti-

Table 1. Lxn promoter binging protein.

Lxn promoter sequence containing SNP rs31528793

Histone H2A type 1- F (H2A1F)
Histone H2A type 2- A (H2A2A)
Protein S100-A9 (S10A9)
Protein 5100-A8 (S10A8)
Histone H2A.X (H2AX)
High mobility group protein B2 (HMGB2)
Histone H2B type 1- H (H2B1H)
Histone H2AV (H2AV)
Histone H1.3 (HL.3)
Peptidyl-prolyl cis-trans isomerase A (PPIA)
Eosinophil cationic protein 1 precursor (ECP1)
Myeloperoxidase precursor (PERM)
Histone H1.1 (H11)
Histone H1.5 (H15)
Coronin-1A (COF1)

Double-strand DNA oligonucleotides containing single nucleotide polymorphism
(SNP rs31528793) were used as “bait” to capture associated proteins from bone mar
row cell lysate of C57BL/6 mouse. Proteins binding to Lxn promoter sequences were
isolated by tMACSTM FactorFinder Kit (Miltenyi Biotec Inc., Auburn, CA, USA) and
identified by Mass Spectrometry. Proteins with a Mascot score of 100 or higher with a
minimum of two unique peptides from one protein having a -b or -y ion sequence
tag of five residues or better were considered significant.

bodies (ab67282), H2A.X antibody (ab11175), or Rabbit IgG con-
trol (ab171870) (Abcam, Cambridge, MA, USA). HMGB2 binding
affinity was determined by SYBR green quantitative polymerase
chain reaction (qPCR).

Electrophoretic mobility shift assay: electrophoretic mobility shift
assays (EMSA) were performed in 293T cells transduced with
HMGB?2 lentivirus using the LightShift™ Chemiluminescent
EMSA Kit (Thermo Scientific™).

Gene knockdown and expression measurement

EML or cKIT" (LSK) cells were transduced with HMGB2
shRNA (MSH027321-LVRU6GP, GeneCopoeia), Lxn Mission
shRNA (Sigma-Aldrich) virus. Gene expression was measured by
real-time PCR with commercially available primer/probe mix for
Hmgb2 or Lxn in ABI PRISM 7700 (Applied Biosystems, Foster
City, CA, USA). Protein expression was measured by western blot
with anti-Hmgb2 antibody (ab67282), goat polyclonal anti-Lxn
antibodies (ab59521, Abcam), or mouse monoclonal anti-f-actin
antibody (A5441, Sigma).

Immunostaining and flow cytometry

Hematopoietic stem cells and hematopoietic progenitor cells: young (8-
12 week) female C57BL/6, DBA2, 129X1/Sv], A/J] and CD45.1
mice (Jackson Laboratories, Bar Harbor, ME, USA) were used for
HSC/hematopoietic progenitor cell isolation (HPC). HSC/HPC
were defined as Lin, Sca-1" (clone E13-161.7) and ¢-KIT"* (LSK)
cells. Long-term HSC (LT-HSC) were identified as LSK plus CD34
and FLT3 negative cells.

Cell cycle: cell cycle was analyzed by BrdU incorporation using
BrdU Flow Kit.

Apoptosis: apoptosis was evaluated by Annexin V staining.

Active caspase 3 analysis: active caspase 3 analysis was analyzed
using PE Active Caspase-3 Apoptosis Kit. All kits are from BD
Pharmingen™. Flow cytometry was performed on a FacsAria II
(Becton Dickinson) and the data were analyzed with FlowJo soft-
ware (Tree Star, Ashland, OR,; USA).
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Figure 2. HMGB2 knockdown increases Lxn expression and decreases the number of hematopoietic stem cell (HSC) cell line. (A) Knockdown of HMGB2 in EML
cells increases Lxn mRNA expression. EML cells were infected by control lentivirus (Con) or HMGB2 knockdown shRNA (HMGB2 KD). HMGB2 and Lxn mRNA levels
were measured by quantitative real-time polymerase chain reaction (PCR). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was the endogenous control for
mRNA expression normalization. (B) Knockdown of HMGB2 in EML cells increases Lxn protein expression. EML cells were infected by control lentivirus (Con) or
HMGB2 knockdown shRNA (HMGB2 KD). HMGB2 and Lxn protein levels were measured by western blot. Actin was the normalization control. (Top) Representative
western blot out of three independent experiments. (Bottom) Quantification of intensity of HMGB2 (left) and Lxn (right) proteins. (C) HMGB2 knockdown decreases
EML cell number. EML cells infected with empty (Con) or HMGB2 shRNA (HMGB2 KD) were cultured for 12 days and counted at different time points. (D) Lxn mRNA
was decreased in HMGB2-knockdown EML cells with simultaneous knockdown of Lxn. HMGB2-knockdown EML cells (HMGB2 KD) were co-transfected with Lxn
shRNA lentiviral vector (HMGB2 KD + Lxn KD). Lxn mRNA and protein was measured by real-time PCR and western blot. (E) Lxn protein was decreased in HMGB2-
knockdown EML cells with simultaneous knockdown of Lxn. HMGB2-knockdown EML cells (HMGB2 KD) were co-transfected with Lxn shRNA lentiviral vector (HMGB2
KD + Lxn KD). HMGB2 and Lxn protein levels were measured by western blot. Actin was the normalization control. (Top) Representative western blot out of three
independent experiments. (Bottom) Quantification of intensity of HMGB2 (left) and Lxn (right) proteins. (F) Lxn knockdown restores the number of HMGB2-knock-
down EML cells to a level comparable to control group. Data shown are EML cell number at day 3 of cell culture. All data are the average of three independent exper-
iments with triplicates in each experiment (n=9). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Figure 3. HMGB2 knockdown increases apoptosis and decreases proliferation. (A) HMGB2 knockdown increases apoptosis of EML cells. Representative FACS plots
(left) and quantification (right) of Annexin V+ and 7AAD- apoptotic EML cells transduced with control-shRNA (Con) or HMGB2 knockdown shRNA lentivirus (HMGB2
KD). (B) HMGB2 knockdown increases the percentage of active caspase 3 positive EML cells. Representative flow cytometry profile (left) and quantification (right)
of active caspase 3 immnuofluorescence signal in EML cells. (C) HMGB2 knockdown decreases proliferation of EML cells. Representative FACS plots showing the
GO/G1 (BrdU- and 7AAD-), S (BrdU+), and G2/M (BrdU- and 7AAD+) phages of cell cycle in EML cells (left). (Right) Frequencies of each phase. (D) Lxn knockdown
(HMGB2 KD + Lxn KD) restores the percentage of apoptotic (Annexin V+) HMGB2-knockdown EML cells (HMGB2 KD) to a level comparable to control group (Con).
(E) Lxn knockdown (HMGB2 KD + Lxn KD) restores the percentage of active caspase-3 positive HMGB2-knockdown EML cells (HMGB2 KD) to a level comparable to
control group (Con). (F) Lxn knockdown (HMGB2 KD + Lxn KD) did not restore the cell cycle status of HMGB2-knockdown EML cells (HMGB2 KD) to control group
level (Con). Data presented as the averaget+Standard Deviation of six measurements from two independent experiments. *P<0.05; **P<0.01; ***P<0.001.
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Functional analysis of hematopoietic stem cells and Limiting Dilution Analysis Software (Stem Cell Technologies,
hematopoietic progenitor cells Vancouver, Canada).
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analyzed by Student's r-test or One-way ANOVA using Tukey’s
test. P<0.05 was considered statistically significant. All statistical
analyses were conducted with Graphpad Prism.”

All animal work and experiments were performed under the
guideline of approved Institutional Review Board and Ethics
Committee, Biosafety Committee, and Animal Care and Use
Committee protocols at the University of Kentucky.

Results

HMGB2 binds to Lxn promoter and suppresses its
activity

The transcriptional regulation of the Lxn gene remains
largely unknown. We used two criteria to identify the
potential promoter in the upstream regulatory region of
Lxn. First, we looked for the regions containing SNP
because the natural variation of Lxn expression is mainly
caused by genetic variants. Secondly, we and others have
shown that promoter hypermethylation is involved in the
downregulation of Lxn in several types of cancer cells,
including leukemia stem cells.”** This prompted us to
search for regions enriched with CG dinucleotides (CpG
island). We thus analyzed the mouse Lxn upstream puta-
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tive promoter sequence (htty://www.methprimer.com) and
identified a CG-enriched region that contains a SNP
131528793 (Figure 1A). Using the NCBI SNP database
(https://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi¢rs=rs3152879
3) search, we confirmed the presence of this polymor-

hism. This region spans from the canonical 5’ promoter
(-333 nucleotide, nt) to the transcription start site (+1 nt),
and extends through the first exon (+27 nt). We next
amplified and sequenced this region, confirming the exis-
tence of this SNP (data not shown). To determine whether
it has promoter activity, we performed in vitro luciferase
reporter assay and found that this sequence in Lxn
upstream regulatory region had a strong promoter activity
(Figure 1B).

We next performed in silico analyses to search for the
potential transcription factors in the Lx#n promoter region
by using the transcription factor prediction program,
TRANSFAC  (www.cbre.jp/research/db/TFSEARCH. html).
Results from this analysis showed that SNP rs31528793
falls within the consensus binding motif for the transcrip-
tion factors, Adr-1 and Ets-1. Our previous microarray data
showed that only Ets-1 was expressed in HSC (data not
shown). We thus only evaluated the binding of Ets-1 to Lxn
promoter with chromatin immunoprecipitation (ChIP)

*%

1l mm

Con HMGB2 KD

Figure 5. HMGB2 knockdown
decreases hematopoietic stem
cell (HSC) regenerative capaci-
ty. (A) Experimental scheme for
competitive repopulation
assay. Donor cells were 3x10°
LSK cells transduced with
HMGB2 shRNA (HMGB2 KD) or
control vector (Con), and trans-
planted into myeloablated
recipient mice along 2x10°
competitor cells. Donor derived
cells were determined by
CD45.2 markers in the periph-
eral blood (PB), bone marrow
(BM) LSK cells and long-term
HSCs (LT-HSC) at 16 weeks
post-transplantation. Long-
term HSC were determined by
the markers lineage-Sca-1c-
kit'flk2-CD34". (B) Frequencies
of HMGB2 KD or control
(CD45.2)-derived leukocytes,
(C) BM LSK cells, and (D) LT-
_— HSC. Data are the
averagexStandard Deviation
pooled from two independent
experiments with five recipients
in each group per experiment
(n=10 per donor group).
**P<0.01.
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Figure 6. SNP rs31528793 associates with Lxn promoter activity and hematopoietic stem cell (HSC) number. (A) SNP rs31528793 affects Lxn promoter activity. G
allele is associated with the higher promoter activity whereas C allele lowers its activity. HMGB2 has transcription suppressor activity in both alleles. The luciferase
reporter assay was performed on G or C containing vectors (G or C) and on the vectors co-transfected with HMGB2 plasmids (G+ HMGB2; or C+ HMGB2). The average
values of three independent experiments are shown with standard deviation (SD) (n=12). (B) HMGB2 binds to G/C containing Lxn promoter. Electrophoretic mobility
shift assay (EMSA) was performed with HMGB2 polyclonal antibody and biotin labeled oligonucleotides containing G or C allele. One representative experiment shown
out of three independent experiments. (C) G/C allele in SNP rs31528793 indicates LXN protein level. Western blot measured LXN protein in bone marrow cells of
different mouse strains carrying either G or C allele. One representative experiment shown out of three independent experiments. (D) G/C allele in SNP rs31528793
indicates HSC number. Long-term HSC and frequency (%) were determined by the markers lineage-Sca-1+c-kit+flk2-CD34-. Results are average (+ 1 Standard
Deviation) of nine mice from three independent experiments. *P<0.05; **P<0.01. (E) Model of transcriptional regulation of Lxn by HMGB2 and the effect of SNP
rs31528793 on the natural variation of Lxn expression and HSC number. HMGB2 binds to the Lxn promoter and acts as a transcriptional suppressor. SNP
rs31528793 in the Lxn promoter sequence causes the differential promoter activity in which G allele is associated with higher Lxn expression and lower HSC number
whereas C allele is associated with higher Lxn expression and lower HSC number. HMGB2 is involved in Lxn transcriptional regulation either by itself or by modifying
chromatin structure in the Lxn promoter region, thereby facilitating access of other transcription factors to the region.
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and found that Ets-1 did not bind to Lxn promoter (data not
shown). These results prompted us to use the “DNA-pull
down” and mass spectrometry to directly look for proteins
that bind to this region. We found 15 candidate binding
proteins (Table 1). HMGB2 and H2A.X are of particular
interest because of the involvement of their family mem-
bers in the regulation of stem cell function and differenti-
ation as the chromatin modifiers.”* We thus focused on
these two proteins and examined their role in Lxn tran-
scriptional regulation.

We performed ChIP-qPCR assay to measure the binding
and occupancy of HMGB2 and H2A X to the Lxn promot-
er. The result showed that HMGB2, but not H2A. X, were
significantly enriched at the Lx# promoter region in com-
parison to IgG control and to the control region at the
downstream 500 bps of the promoter (Figure 1C and D).
This result supports the idea of the specific binding of
HMGB?2 to Lxn promoter. We next performed luciferase
assay, and found that HMGB2 suppressed Lxn promoter
activity (Figure 1E). Altogether, to our knowledge, this is
the first time HMGB2 has been identified as a novel tran-
scription suppressor of Lxn gene.

HMGB2 knockdown increases Lxn expression and
changes the function of a HSC cell line

We next examined the regulatory role of HMGB2 in
Lxn transcription and its effects on EML cells. EML is the
only known hematopoietic cell line with both lympho
and myelo-erythroid differentiation potential, and is
considered to represent HSC.*¥ Knockdown HMGB?2 in
EML cells significantly increased Lxn expression at both
mRNA and protein level (Figure 2A and B, respectively),
reinforcing the finding of transcriptional suppression of
HMGB?2 on Lxn expression. We previously reported Lxn
as a negative regulator of HSC number,” we thus
hypothesized that knockdown of HMGB2 would
decrease EML cell number via upregulation of Lxn. We
therefore monitored the growth of EML cells with
HMGB2 knockdown for two weeks, and found that
HMGB2 knockdown led to a dramatic decrease in the
cell number compared to control group (Figure 2C). Since
HMGB?2 is a chromatin binding protein, its effect on
EML number may not act solely through Lxn upregula-
tion. We simultaneously knocked down Lxn in HMGB2
shRNA-transduced cells, and determined whether block-
ing Lxn upregulation could attenuate HMGB2-induced
growth inhibition. We confirmed that the expression of
Lxn mRNA and protein in HMGB2-shRNA transduced
EML cells was reduced by the co-transduction with Lxn-
shRNA (Figure 2D and E). Figure 2F shows that HMGB2
knockdown significantly decreased EML cell number,
and the concomitant Lxn knockdown reversed this
change, resulting in an increase in the cell number to the
level comparable to control group. These data imply that
Lxn is one of the downstream transcriptional targets of
HMGB?2, and that HMGB2 suppresses Lxn transcription
which in turn increases EML number.

We previously reported that Lxn negatively regulates
HSC function through increasing apoptosis and decreas-
ing proliferation,”** we hypothesized that HMGB2
inhibition may have similar effects on EML cells. Indeed,
we found that knocking down HMGB2 significantly
increased the percentage of apoptotic EML cells (Figure
3A). The change was further confirmed by the increased
proportion of active caspase 3 positive cells (Figure 3B).

Genetic and epigenetic regulation of latexin transcription -

Moreover, knocking down HMGB2 significantly
decreased the percentage of cells in the S phase in the cell
cycle (Figure 3C). The concomitant increase in apoptosis
and decrease in proliferation by HMGB2 inhibition may
contribute to the decreased cell number (Figure 2B). We
next tested whether apoptosis and proliferation could be
rescued by blocking Lxn upregulation in HMGB2 knock-
down condition (see also Figure 2E and F). The results
showed that Lxn knockdown on the top of HMGB2
knockdown decreased apoptosis (Figure 3D) and the pro-
portion of active caspase 3 positive cells (Figure 3E), and
restored their changes to the level of control group.
However, the cell cycle changes were not fully restored
(Figure 3F), suggesting that Lxn may be a major player in
regulating apoptosis, and other downstream targets of
HMGB2 might be involved in cell cycle regulation that
counteract Lxn function. Overall, these data suggest that
HMGB?2 positively regulates HSC function via the sup-
pression of Lxn expression.

HMGB2 knockdown increases Lxn expression in bone
marrow hematopoietic stem cells and decreases their
number and regenerative function

Because of the observed effect of HMGB2 on Lxn
expression and EML function, we next asked whether
HMGB2 plays a similar role in primary HSC. We
knocked down HMGB?2 in bone marrow lineage- Sca-1*
c-Kit" (LSK) cells (Figure 4A, left), which are enriched
with HSC and hematopoietic progenitor cells (HPC),
and then determined the effect of HMGB2 knockdown
on Lxn expression and HSC and HPC cell numbers,
apoptosis and cell cycling. We found that knockdown
HMGB?2 in LSK cells also led to a significant increase in
Lxn expression at both transcript and protein levels
(Figure 4A, middle and right). We next performed in vitro
short-term CFC and long-term CAFC assays to deter-
mine functional HPC and HSC, respectively. The result
showed that the numbers of HPC and HSC in HMGB2-
knockdown cells were nearly 2-fold lower than those in
control cells (Figure 4B and C). Moreover, HMGB2
knockdown led to an increase in apoptosis (Figure 4D)
and the proportion of active caspase 3 positive cells
(Figure 4E), and a decrease in proliferation in LSK cells
(Figure 4F), similar to those seen in the EML cells. These
data confirm that HMGB2 also regulates Lxn transcrip-
tion in primary HSC, and thereby affects the number
and clonality of HSC and HPC.

We next performed a more stringent transplantation
experiment to determine the effect of HMGB2 inhibi-
tion on HSC regenerative capacity in vivo. Donor cells
are LSK cells that were transduced with either HMGB2
shRNA or control shRNA. They were next transplanted
into the myeloablated recipient mice with helper cells,
and blood and BM regeneration were examined at 16
weeks post transplantation (Figure 5A). The results
showed that HMGB2 knockdown resulted in significant
decreases in the regeneration of blood cells, BM
HSC/HPC-enriched LSK cells, and the most primitive
long-term HSC with unlimited self-renewal capacity
(Figure 5B-D). These results suggest that HMGB2 inhibi-
tion impairs HSC regenerative functionality. Altogether,
our data obtained from the EML cell line and primary
HSC strongly support the idea that the HMGB2 sup-
presses Lxn expression, which in turn affects HSC and
HPC number and function.
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SNP rs31528793 affects Lxn promoter activity and
hematopoietic stem cell number

The level of a given mRNA transcript is controlled by
trans-acting factors and/or cis-acting modulators. Our data
suggest that HMGB2 might act as a trans-acting modula-
tor to regulate Lyu transcription. Since we previously
reported that several SNP identified by us may contribute
to the natural variation of Lxn expression,” we next asked
whether any of these SNP is associated with Lxn expres-
sion as a cis-acting regulator. SNP rs31528793 is the only
genetic variant in the Lxn promoter region (Figure 1A), we
thus asked whether it affects the Lxn promoter activity.
We made a G to C mutation in the luciferase reporter con-
struct containing the Lxn promoter sequence and per-
formed the luciferase reporter assay. The G to C change
decreased the promoter activity by more than 2-fold
(Figure 6A), suggesting a potential suppressive role of this
polymorphism in Lyn transcription (Figure 6A, left two
columns). Since HMGB2 binds to this region, we next
examined whether G/C variant affects HMGB2 binding.
The result showed that HMGB2 further suppresses Lxn
promoter activity, and C allele still causes nearly 2-fold
decrease of the promoter activity. We next performed the
EMSA assay and further confirmed the interaction of
HMGB2 with the Lxn promoter containing SNP
rs31528793 (Figure 6B). These results indicate that SNP
131528793 influences Lxn promoter activity, with the G
allele conferring a high activity, while the C allele is asso-
ciated with a low activity. Therefore, the genetic variants
of the Lxn promoter add another layer of regulatory mech-
anism of Lx#n transcription.

We previously reported that Lxn is differentially
expressed in HSC of C57BL/6 (B6) and DBA2 (D2) mice,
and its expression level is inversely correlated with HSC
number.” It is known that B6 mice carry G allele where-
as D2 mice have C allele. We therefore hypothesized
that the G allele is associated with the higher promoter
activity, high Lxn expression and low HSC numbers,
whereas the C allele has the opposite effect. Next, we
examined Lxn expression and HSC numbers in B6, D2
and the other two mouse strains, 129X1/Sv] and A/] that
carry G allele at the SNP rs31528793 position (hutp://wwi.
informatics.jax.org/snp/rs31528793). We found that D2
mouse strain had the lowest expression of Lxn and highest
HSC number, whereas all the other three strains showed
higher Lxn expression and lower HSC number (Figure 6C
and D), suggesting that G/C allelic variant could be indica-
tive of Lxn expression level and HSC number variation. It
is noted that Lxn expression level varies in strains carrying
G allele suggesting that other SNP outside of the Lxn pro-
moter region may contribute to such variation.

Discussion

Lxn plays an important role in regulating HSC func-
tion."”* It was originally identified via the natural variation
of HSC numbers between B6 and D2 inbred mouse strains
in which B6 mice have fewer HSC than D2 mice at a
young age. The expression of Ly is inversely correlated to
the size of HSC population, i.e. its level in B6 is higher
than that in D2 cells. Therefore, Lx# is a negative regulator
of HSC number and its mode of action is primarily
through increasing HSC apoptosis and decreasing HSC
regenerative capability and proliferation. However, noth-

ing is known about how Lx# is transcriptionally regulated
in HSC and other stem cells, or why it is differentially
expressed in different inbred mouse strains.

Here, we identified a Lxn upstream regulatory sequence
with a strong promoter activity. More importantly, the
SNP (rs31528793) in this region significantly affects its
promoter activity, and the G allele carried in B6,
129X1/Sv] and A/] mouse strains confers the promoter a
stronger activity than the C allele in D2 strain. Genetic
variants have been recently identified to play an important
role in transcriptional regulation and thereby resulting in
gene expression and phenotype variation.”**** We thus
proposed that the G/C containing promoter might be
involved in Lxn transcriptional regulation. Using DNA
pull-down and mass spectrometry, we, for the first time,
identified a chromatin binding protein, HMGB2, as a
novel transcriptional suppressor of Lxn expression.
HMGB?2 binding was validated by ChIP-qPCR assay in
which the endogenous HMGB2 demonstrated a stronger
affinity to the Lxn specific promoter sequence. HMGB2
knockdown increases Lxn expression and decreases HSC
numbers in both HSC cell line and BM-derived primary
LSK cells. This effect was abrogated when the increased
level of Lxn was blocked, indicating that Lx# is one of the
downstream targets and functional mediators of HMGB2
in HSC. Altogether, these results suggest that both cis- and
trans-factors are involved in the regulation of Lxn tran-
scription (Figure 6E). In trans-regulating mode, HMGB2
acts as a suppressor for Lxn transcription. In cis-regulating
mode, G allele at SNP rs31528793 is associated with
stronger promoter activity, a high level of Lxn expression,
and a small size of HSC pool. In contrast, the C allelic vari-
ant attenuates these effects and Lxn transcription is less
responsive to HMGB2, which leads to a lower Lxn expres-
sion and an increased stem cell number. Therefore, our
work not only identified HMGB2 as a novel transcription
regulator of Lxn, but also provides a potential functional
significance of SNP rs31528793 in contributing to natural
variations in Lxn expression and HSC number. Despite
these findings, how H2MGB2 regulates Lxn transcription
requires further investigation. We cannot exclude the pos-
sibility that HMGB?2 directly regulates Lx# transcription as
the transcription factor. But it is also likely that HMGB2
acts as a chromatin adaptor or modifier to recruit other
transcription factors for the initiation of the transcription
process (Figure 6E). This mode of action was shown in the
GFI1b transcription during erythroid differentiation
process in which the binding of HMGB2 to GFI1b pro-
moter enhances the binding of other factors, such as Oct-
1, GATA-1 and NE-Y, which collectively activates Gfilb
transcription.” In addition, the relationship of HMGB2
binding site to SNP rs31528793, and how they co-ordi-
nately or independently regulate Lxn transcription
requires further investigation. However, our current data
provide more support for the independent regulatory
mechanism because of the following observations. Firstly,
the suppression extent of HMGB2 on G-containing pro-
moter (ratio of “G+ HMGB2” to “G” is 0.47) is similar to
that on C-containing promoter (ratio of “C+ HMGB2” to
“C” is 0.48) (Figure 6A). These data suggest that suppres-
sion of HMGB?2 on Lxn promoter activity is independent
of allelic variant. Secondly, results of EMSA also show the
similar intensity of shifted bands, suggesting that G/C
variant does not affect HMGB2 binding (Figure 6B). Lastly,
to further confirm binding of HMGB2 to the Lx#n promoter



and determine the effect of SNP rs31528793 on HMGB2
binding in vivo, we performed ChIP-qPCR assay on BM
cells of C57BL/6 and DBA/2 mice which naturally carry
the SNP. The binding affinity of HMGB2 was quantita-
tively measured by real-time PCR with primers spanning
the promoter sequence containing G/C SNP (see also
Figure 1C). We did not detect any difference in the binding
affinity, suggesting that the G/C allelic variant does not
cause differential binding of HMGB2 to Lyn promoter
(data not shown). Altogether, this evidence strongly sug-
gests that HMGB2 and SNP rs31528793 act independently
to regulate Lyu transcription.

HMGB2 is a member of the high mobility group family
proteins. It is a non-histone chromatin-binding protein
that remodels chromatin architecture, therefore affecting
gene expression. HMGB2 has been shown to play an
important role in maintaining stem cell population in a tis-
sue-specific manner. For example, in the nervous system,
HMGB?2 deletion leads to the increased neural stem/prog-
enitor cells by increasing their proliferation.”” However, in
articular cartilage, loss of HMGB2 reduces the regenera-
tive capacity of mesenchymal stem cells by increasing
apoptosis.” Similarly, knockdown of HMGB2 decreased
the number of muscle stem (satellite) cells by inhibiting
proliferation and stimulating differentiation, thereby lead-
ing to the impaired muscle regeneration.® Our study
showed that the functional effects of HMGB2 on HSC and
the blood system are similar to those in mesenchymal and
muscle stem cells. Knockdown of HMGB2 decreased HSC
number and blood regeneration by increasing apoptosis
and decreasing proliferation. These effects are mediated,
at least in part, via the upregulation of Lx#n, which is a neg-
ative regulator of HSC function. HMGB2 has also been
shown to play an important role in cellular senescence
and aging.** It binds to the chromosome loci of key
senescence-associated secretory phenotype (SASP) genes
and prevents their incorporation into transcriptionally
repressive heterochromatin environment during senes-
cence, thereby inducing SASP gene expression. Since we
found that Lxn is one of the transcriptional targets of
HMGB2, whether Lx# is involved in senescence and aging
remains a subject of great interest and remains to be
determined. Our unpublished data show that Lxn expres-
sion increases with aging, and old HSC with Lxn deple-
tion have the increased regenerative capacity that is com-
parable to young HSC. Thus, inhibition of Lxn may reju-
venate old HSC.

Natural genetic variation is associated with a variety of

hematologic phenotypes in humans. Genome-wide asso-
ciation studies have revealed DNA variants that are impli-
cated in hematologic traits such as fetal hemoglobin levels,
hematocrit, cell counts and sizes of different types of
blood cells, as well as in disease susceptibility."” One of
the best examples of the functional effect of genetic varia-
tion is a regulatory SNP that causes the blood disorder
o-thalassemia. This SNP creates a new transcriptional pro-
moter that interferes with normal transcription of a-glo-
bin genes and leads to disease development.” However,
very few genes underlying the vast majority of these DNA
variants have been uncovered and very little is known
about how they contribute to the phenotypic diversity in
the population.” Lxn is the first stem cell regulatory gene
reported that accounts for the natural diversity of HSC
function."” Here, also for the first time, we discovered that
SNP rs31528793 is one of the DNA variants that are asso-
ciated with the differential expression of Lx# in mouse.
The Lxn gene is evolutionarily conserved. Since it is iden-
tified by the genetic diversity that arises through natural
selection, it may physiologically regulate a function in
other natural populations, such as humans. In fact, our
preliminary data have indicated that there is also a nega-
tive correlation between Lxn level and the number of HSC
and HPC in healthy humans (C Zhang et al., 2019, unpub-
lished data). Therefore, Lxn may be involved in human
hematopoiesis and there might be polymorphisms in
human genome that are functionally similar to mouse SNP
1s31528793. Interestingly, a recent report has shown that
a SNP rs6441224 in Lxn promoter is associated with its
expression level in humans.* So it would be very interest-
ing to determine whether HMGB2 binds to this SNP-con-
taining promoter region and regulates human Lxn and
HSC function. These would become very useful genetic
markers for screening of transplantation donors with a
larger stem cell reservoir or for prediction of better recov-
ery of cancer patients from the therapy-induced BM and
stem cell suppression.
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ABSTRACT

heumatoid arthritis (RA) is a debilitating autoimmune disease

characterized by chronic inflammation and progressive destruc-

tion of joint tissue. It is also characterized by aberrant blood phe-
notypes including anemia and suppressed lymphopoiesis that contribute
to morbidity in RA patients. However, the impact of RA on hematopoi-
etic stem cells (HSC) has not been fully elucidated. Using a collagen-
induced mouse model of human RA, we identified systemic inflamma-
tion and myeloid overproduction associated with activation of a
myeloid differentiation gene program in HSC. Surprisingly, despite
ongoing inflammation, HSC from arthritic mice remain in a quiescent
state associated with activation of a proliferation arrest gene program.
Strikingly, we found that inflammatory cytokine blockade using the
interleukin-1 receptor antagonist anakinra led to an attenuation of
inflammatory arthritis and myeloid expansion in the bone marrow of
arthritic mice. In addition, anakinra reduced expression of inflammation-
driven myeloid lineage and proliferation arrest gene programs in HSC of
arthritic mice. Altogether, our findings show that inflammatory cytokine
blockade can contribute to normalization of hematopoiesis in the con-
text of chronic autoimmune arthritis.

Introduction

Rheumatoid arthritis (RA) is a chronic, systemic inflammatory autoimmune dis-
ease affecting up to 1% of the population.' RA is associated with significant mor-
bidity and mortality, and substantial healthcare-related costs.” While the pathogen-
esis of RA is most often associated with breaking of central tolerance and activa-
tion of autoimmune T and B lymphocytes, all types of blood cells contribute to the
RA disease process. Platelets and myeloid cells, such as neutrophils and
macrophages, have been shown to infiltrate the joint synovia, damaging tissue and
presenting antigens that initiate autoimmunity.’ RA is also associated with co-mor-
bid hematologic manifestations including chronic anemia, impaired production of
naive T cells, autoimmune cytopenias and leukocytosis during disease ‘flares’.*” In
addition, RA is associated with elevated levels of pro-inflammatory cytokines
including interleukin-1 (IL-1), tumor necrosis factor (TNF) and interferon (IEN)-y.*
Therapeutic blockade of these factors has been used with success to alleviate the
symptoms of inflammatory arthritis in patients, underscoring the importance of
pro-inflammatory cytokines in the pathogenesis of RA.
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Maintenance of the blood system requires a carefully
orchestrated interaction between blood-forming
hematopoietic stem cells (HSC) and cell-extrinsic signals
provided by their microenvironment in the bone marrow
(BM).® Such signals regulate HSC quiescence and/or direct
HSC differentiation into lineage-biased multipotent pro-
genitors (MPP) and mature blood cells.” Pro-inflammatory
cytokines can activate 'emergency' gene programs in HSC
associated with overproduction of myeloid- and platelet-
biased MPP subsets that, in turn, overproduce myeloid
cells and platelets at the expense of other lineages.”"
Along these lines, hematopoietic defects in RA patients
have been ascribed to pro-inflammatory cytokines."
However, the underlying molecular mechanism(s) and
impact of therapeutic intervention on HSC function have
not been well characterized.

Here, we used the type II collagen-induced arthritis
(CIA) mouse model of human RA to identify the impact
of chronic autoimmune arthritis on HSC function. We
found that CIA leads to expansion of myeloid progenitors
in the BM and overproduction of myeloid cells. HSC from
CIA mice activated a myeloid gene program, although
they retained their quiescence and long-term repopulating
function. Interestingly, HSC quiescence was associated
with a proliferation arrest program, characterized by
downregulation of cell cycle and mRNA translation genes,
which may serve to limit spurious HSC activation.
Notably, we showed that pharmacological cytokine
blockade using the recombinant IL-1 receptor antagonist
anakinra alleviated inflammatory arthritis and myeloid
expansion in the blood and BM of mice with CIA. In addi-
tion, anakinra treatment reduced activation of inflamma-
tion-induced myeloid and proliferation arrest gene pro-
grams in HSC. Taken together, our findings suggest that
anti-inflammatory therapies such as cytokine blockade
can restore hematopoietic function in the context of
chronic inflammatory diseases such as RA.

Methods
The methods are described in detail in the Online Supplement.

Mice and in vivo treatments

Male, 6- to 12-week old C57BL/6] (strain #000664) and
B10.RIII (strain #000457) mice from The Jackson Laboratory (Bar
Harbor, ME, USA) were maintained in a temperature- and light-
controlled environment with irradiated chow and water ad libi-
twm for all experiments. Arthritis was induced by intradermal
injection of type II chicken (for C57BL/6] mice) or bovine (for
B10.RIII mice) collagen (Sigma-Aldrich) emulsified in Complete
Freund Adjuvant (CFA; Sigma-Aldrich).” Anakinra (Swedish
Orphan Biovitrum) was administered daily at a dose of 50
mg/kg via subcutaneous injection. All animal procedures were
approved by the University of Colorado Denver Anschutz
Medical Campus Institutional Animal Care and Use Committee
(IACUC).

Flow cytometry and hematopoietic stem cell isolation
BM was flushed from femora and tibiae with Hank’s balanced
salt solution (HBSS) without calcium or magnesium salts but
containing 2% heat-inactivated fetal bovine serum (FBS). BM
cells were depleted of red blood cells using ACK lysis except for
the erythroblast analysis. Next, 1x107 cells were stained for
hematopoietic stem and progenitor cells or 1x10° for mature BM

cells and were analyzed on a BD FACSCelesta or LSRII instru-
ment. For HSC isolation, posterior limb, anterior limb and pelvic
bones were crushed in HBSS + 2% FBS, treated with ACK,
placed on a Histopaque 1119 gradient and enriched in c-Kit cells
using anti-c-Kit microbeads (Miltenyi) and separation on an
AutoMACS Pro (Miltenyi). Cells were double-sorted to purity
on a FACSAria ITu or FACSAria Fusion (Becton Dickenson) at 20
psi using a 100 um nozzle.

Hematopoietic stem cell and bone marrow
transplantation assays

Lethally irradiated (11 Gy, split dose 3 h apart) CD45.1" Boy/J
congenic recipient mice were transplanted with either 250
CD45.2" donor HSC plus 5x10° CD45.1* Sca-1 depleted cells, or
5x10° unfractionated BM cells, via the retro-orbital vein in a 100
uL volume of HBSS + 2% FBS. Recipient mice were maintained
on autoclaved water containing Bactrim for 4 weeks following
transplantation, and donor blood chimerism was assessed every
4 weeks up to 16 weeks via bleeding from the tail vein or retro-
orbital sinus.

Gene expression analyses

RNA-sequencing analysis was performed on three bio-
logical replicate pools of 4x10° to 1x10* HSC isolated
from groups of two mice per condition (control and CIA).
DESeq2-1.12.3 within R-3.3.0 was used for data normal-
ization and differential expression analysis with an
adjusted P-value threshold of 0.05. Fluidigm analyses
were performed using commercially designed DeltaGene
primer sets on a Biomark instrument (Fluidigm). Relative
gene expression was calculated using the ACt method.
Data were normalized to Actb.

Cytokine analysis

Serum cytokine levels were determined using a Luminex 36-
analyte ProCartaPlex cytokine array (Thermo Fisher) according
to the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed using Prism 7 software
(GraphPad). P-values were determined using a Mann-Whitney
U-test or one-way analysis of variance. P-values <0.05 were con-
sidered statistically significant.

Results

Aberrant blood system in mice with collagen-induced
arthritis

The CIA system is the most commonly studied model
of RA, and faithfully recapitulates several disease features,
including B- and T-cell-driven autoimmunity and chronic
production of pathogenic cytokines.” To assess the impact
of RA on the blood system, C57BL/6 mice were injected
intradermally at the base of the tail twice 21 days apart
with an emulsion of CFA and type II collagen (Figure 1A).
Non-arthritic control mice were injected with CFA alone
on the same treatment schedule. After the second (boost)
injection, mice rapidly developed polyarthritis character-
ized by swelling and erythema of the front and rear paws,
metatarsals and/or ankles within a week of the boost
injection (Figure 1A, Ounline Supplementary Figure S1A).
Peripheral blood parameters in CIA mice 21 days after the
boost injection showed a significant increase in neu-
trophils, while lymphocyte and platelet numbers were not



significantly different (Figure 1B). While the overall num-
ber of BM cells in the femora and tibiae of CIA mice were
unchanged, (Figure 1C), Mac-1"Gr1* BM granulocytes
were significantly increased in CIA mice while the num-
bers of Mac-1"Gr1"Ly6C immature granulocytes and
Mac-1"Gr1™Ly6C* monocytes were unchanged (Figure 1D
and Online Supplementary Figure S1B). On the other hand,
the numbers of CD19'IgM* immature B cells and CD19*
IgM" B cells were significantly decreased, as were the

numbers of CD4* and CD8" T cells (Figure 1D-F and

Cytokine blockade reduces myeloid expansion in RA

Ounline Supplementary Figure S1B). CIA mice were anemic,
with significantly decreased hematocrit and hemoglobin
levels (Figure 1G). CIA BM was also pale, with decreased
basophilic erythroblasts (population II) (Figure 1H, I and
Online Supplementary Figure S1B). Altogether, CIA mice
exhibited myeloid expansion, consistent with previously
published studies using the KRNxG7 genetic autoimmune
arthritis model.” Importantly our findings mirror features
of human RA, such as leukocytosis, anemia and
immunosenescence.'
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Figure 1. Altered blood system in mice with collagen-induced arthritis. (A) The strategy for producing collagen-induced arthritis (CIA) and representative images show-
ing swelling and anklyosis in the hind paws of a CIA mouse and a control (Ctrl) mouse 21 days after disease induction. (B) Peripheral blood (PB) parameters, deter-
mined by a complete blood count, of Ctrl and CIA mice (n=5 per group). (C) Total bone marrow (BM) cellularity of hind legs, and (D-F) numbers of the indicated pop-
ulations (see Online Supplementary Figure S1 for FACS gating and surface marker definitions) expressed as number per million BM cells (n=6 Ctrl and 11 CIA). (G)
Red blood cell parameters in PB (n=5 per group). (H) Representative image of flushed BM. (I) Erythroblast number per million BM cells (n=6 Ctrl and 11 CIA). *P<0.05;
**P<0.01 ***P<0.001, as determined by the Mann-Whitney U-test. The data were compiled from three independent experiments. CFA: complete Freund adjuvant;
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Figure 2. Myeloid expansion in the bone marrow of mice with collagen-induced arthritis. (A) Experimental design and numbers of colony-forming units (CFU)-granu-
locyte-macrophage (GM), CFU-burst (CFU-B) (n=4 per group) and CFU-erythroid (CFU-E) (n=8/group) in unfractionated bone marrow cells from control mice (Ctrl) and
mice with collagen-induced arthritis (CIA). (B-l) Numbers of the indicated populations (see Online Supplementary Figure S1 for FACS gating and surface marker def-
initions) expressed as number per million cells. (H) Representative FACS plots showing the gating strategy for identifying the CD41" fraction of hematopoietic stem
cells (HSC) (n=6 Ctrl and 11 CIA). The data were compiled from three independent experiments. (J) Experimental design and (K, L) Fluidigm gene expression analysis
of HSC from Ctrl and CIA mice showing (K) myeloid and (L) megakaryocyte (Mk), erythroid (E) and lymphoid (Ly) lineage genes. The data are presented as log,, fold
expression in CIA HSC versus Ctrl HSC. Ct values were normalized to Actb (n=8-16 per group). Data are compiled from two independent experiments. *P<0.05;
**P<0.01 ***P<0.001, as determined by the Mann-Whitney U-test. BM: bone marrow; Pre GM: precursor granulocyte-macrophage; GMP: granulocyte-macrophage
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Collagen-induced arthritis leads to myeloid
expansion and activation of a myeloid gene program
in hematopoietic stem cells

We next assessed BM lineage potential using methylcel-
lulose-based colony-forming unit (CFU) assays (Figure
2A). Strikingly, the numbers of granulocyte-macrophage
colonies (CFU-GM) (Figure 2A) were significantly
increased, whereas erythroid colony formation was
impaired (Figure 2A). CFU-GM were also significantly
increased in the spleens of CIA mice alongside a signifi-
cant increase in splenocyte numbers, indicative of
extramedullary hematopoiesis'® (Online Supplementary
Figure S2A-C). While granulocyte-macrophage progenitors
(GMP; Linc-Kit'CD41 CD150FcyR") were unchanged in
the BM, common lymphoid progenitors (CLP; Lin
FIk2IL7R*c-Kit™Scal™) and phenotypic CFU-E cells (Linc-
Kit'CD41FcyRCD150CD105°) were significantly reduced
(Figure 2B-D and Oumnline Supplementary Figure S1C).
Recently, distinctive lineage-biased MPP populations
downstream of HSC were identified and termed MPP2,
MPP3 and MPP4, (LSK Flk2:CD48'CD150", LSK Flk2
CD48°CD150, and LSK Fk2*, respectively); these popula-
tions exhibit megakaryocyte/erythroid, myeloid and lym-
phoid lineage priming, respectively.” CIA mice exhibited
expansion of myeloid-biased MPP3 in the BM (Figure 2E
and Online Supplementary Figure S1C), consistent with
myeloid overproduction. Within the phenotypic LSK Flk2-
CD48CD150" compartment, hereafter referred to in the
text as HSC, the distribution of CD34 long-term HSC
(HSC") and metabolically-activated CD34* MPP1 subsets
was unchanged (Figure 2G and Online Supplementary Figure
S1C). Despite some heterogeneity between individual
mice, we also did not observe a significant increase in the
abundance of CD41-expressing (CD41%) HSC, which rap-
idly differentiate into megakaryocytes in the context of
inflammation (Figure 2H, I).”*® Likewise, the numbers of
short-term HSC (HSC®'; LSK Flk2:CD48CD150) were
unchanged (Figure 2F and Ownline Supplementary Figure
S§1C). Since remodeling of BM stroma occurs in RA
patients and animal models,” we analyzed stromal cell
populations comprising the endosteal HSC niche® and
observed a significant decrease in bone-forming mes-
enchymal stromal cells (MSC), consistent with reduced
bone-forming activity in a genetic mouse model of RA
(Online Supplementary Figure S2D, E).”” Lastly, we con-
firmed activation of a myeloid lineage gene program in
HSC from CIA mice using custom Fluidigm real-time
quantitative polymerase chain reaction (qQRT-PCR) assays
(Figure 2J). Consistent with prior reports,” expression of
myeloid genes was increased in HSC from CIA mice,
including the myeloid master regulator Spi1/PU.1 and its
target genes ligam1 and Csf2rb, as well as Mpo (Figure 2K).
On the other hand, other lineage determinant genes were
minimally altered (Figure 2L). Altogether, these data iden-
tify aberrant activation of an 'emergency' myeloid differ-
entiation pathway in CIA mice, characterized by BM
remodeling, myeloid expansion and activation of a
myeloid gene program in HSC.

Impact of collagen-induced arthritis on long-term
reconstitution of hematopoietic stem cells

We and others previously showed that chronic inflam-
mation impairs HSC long-term reconstitution capacity.*To
interrogate long-term HSC potential, we transplanted
purified CD45.2* HSC from control and CIA donor mice

into lethally-irradiated (11 Gy) CD45.1* recipient mice
(Figure 3A and Ounline Supplementary Figure S3A).
Strikingly, overall reconstitution capacity of HSC from
CIA mice 16 weeks after transplantation was not signifi-
cantly different from that of controls (Figure 3B), consis-
tent with short-term CFU assays on purified HSC (Online
Supplementary Figure S3B). Interestingly myeloid lineage
output at week 16 was significantly increased (Figure 3C),
with a significantly increased proportion of CIA donor-
derived phenotypic MPP3, consistent with a myeloid
biased phenotype (Online Supplementary Figure S3C, D). In
parallel, we assessed HSC function independently of sur-
face markers via transplantation of unfractionated BM
cells from control and CIA mice (Figure 3D). We observed
no defect in reconstitution, save for a slight myeloid bias
(Figure 3E-F) and a decreased frequency of CIA donor-
derived phenotypic HSC, likely related to a decreased fre-
quency of HSC in the BM of CIA mice (Ounline
Supplementary Figures S1D and S3E, F). These results sug-
gest that long-term HSC potential is not compromised,
although a degree of myeloid bias is present, consistent
with prior published results in the KRNxG7 arthritis
model* Likewise, expression of genes associated with
HSC identity and self-renewal was largely unchanged
(Figure 3G-I) except for an increase in Cd48 expression,
suggesting that HSC from CIA mice may be primed
toward differentiation into MPP (Figure 3I). However, at
the protein level CD48 and other key surface markers
associated with lineage bias or differentiation, such
CD150, were unchanged,” suggesting that such MPP
priming could be restricted primarily to the mRNA level
(Online Supplementary Figure S4A, B). In addition, reactive
oxygen species, which accompany differentiation and can
impair HSC function if chronically elevated,®* were
unchanged in HSC from CIA mice (Online Supplementary
Figure $4C). Taken together, these data indicate that, apart
from myeloid priming, the functional and molecular prop-
erties of HSC are largely unperturbed in CIA mice.

A proliferation arrest gene program is associated with
quiescence in hematopoietic stem cells from mice
with collagen-induced arthritis

To gain additional insight into the impact of CIA on
HSC molecular regulation, we performed RNA-sequenc-
ing analysis on HSC isolated from control and CIA mice
(Figure 4A). Differential expression analysis identified 292
significantly downregulated genes and 237 upregulated
genes based on an adjusted P-value (P.q) of >0.05 (Figure
4B and Online Supplementary Table S1). To uncover poten-
tial mechanisms regulating HSC function in CIA mice, we
used the Upstream Regulator analysis function in
Ingenuity Pathway Analysis (IPA) software. Strikingly,
few regulatory pathways were significantly activated in
HSC from CIA mice, most notably APC and PTEN, which
both suppress HSC activity and enforce quiescence (Figure
4C and Ounline Supplementary Table S2).° On the other
hand, pathways activated in response to inflammatory
and mitogenic cues were downregulated, including ERK,
MYC and IL-1/NF-kB (Figure 4C and Ounline Supplementary
Table S2).” In parallel, gene ontology (GO) analysis” iden-
tified enrichment of downregulated genes involved in pro-
tein translation initiation, G1/S cell cycle transition, posi-
tive regulation of gene expression and transcription
(Figure 4D and Online Supplementary Table S3). Conversely,
significantly upregulated genes in HSC from CIA mice

Cytokine blockade reduces myeloid expansion in RA -
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were enriched for cell cycle arrest, negative regulation of
transcription, and regulation of cell proliferation categories
(Figure 4E and Ounline Supplementary Table S4). Reinforcing
these findings, gene set enrichment analysis identified sig-
nificant (false discovery rate<0.1) enrichment of downreg-
ulated genes related to mRNA translation initiation, elon-
gation and termination in HSC from CIA mice (Online
Supplementary Table S5), whereas only two gene sets were
significantly enriched, both related to mitochondrial ribo-
some function (Online Supplementary Table S6). The GEO

accession number for the RNA-sequencing data reported
in this paper is GSE129511.

Using Fluidigm gRT-PCR to validate our RNA-sequenc-
ing analyses, we found decreased expression of Myc,
Mycn, Cend1 and Cend2, which are all required for HSC
cell cycle entry (Figure 4F). Conversely, cyclin-dependent
kinase inhibitors (CKI) Cdkn1a (p21) and Cdknic (p57),
which enforce HSC quiescence, were significantly upreg-
ulated in HSC from CIA mice (Figure 4G). In addition,
Eif4b, which is required for Eif4a activity during mRNA
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Figure 3. Hematopoietic stem cells from mice with collagen-induced arthritis retain reconstituting capacity. (A-C) Long-term engraftment of purified hematopoietic
stem cells (HSC) isolated from control mice (Ctrl) and mice with collagen-induced arthritis (CIA). (A) Experimental design. (B) Donor chimerism and (C) lineage distri-
bution in peripheral blood of recipient mice over time (n=8 Ctrl and 7 CIA recipient mice). (D-F) Long-term engraftment of unfractionated bone marrow isolated from
Ctrl and CIA mice. (D) Experimental design. (E) Donor chimerism and (F) lineage distribution in peripheral blood of recipient mice over time (n=10 Ctrl and 9 CIA recip-
ient mice). The data are representative of one of two independent experiments. (G) Experimental design and (H-I) Fluidigm gene expression analysis of HSC from Ctrl
and CIA mice showing (H) HSC genes and () HSC surface marker genes. The data are presented as log,, fold expression in CIA HSC versus Ctrl HSC. Ct values were
normalized to Actb (n=8-16 per group). *P<0.05, as determined by the Mann-Whitney U-test. The data were compiled from two independent experiments.
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translation, was decreased (Figure 4H). Collectively, these
data identify a global downregulation of HSC activation
pathways despite chronic inflammation.

To identify the functional impact, we analyzed the cell
cycle distribution of HSC in control and CIA mice (Figure
4]). Strikingly, HSC from CIA mice retained a quiescent
cell cycle phenotype (Figure 4]-K). Likewise, the cell cycle
distribution of phenotypic MPP or LincKit'Sca-1 CD34*
myeloid progenitors (MyPro) was unaltered (Online
Supplementary Figure SS5E). This suggests that myeloid
expansion in CIA mice likely arises from preferential dif-
ferentiation into myeloid-biased progenitors from HSC
and/or MPP, rather than from increased proliferative activ-
ity. Thus, despite ongoing inflammatory arthritis, HSC
retain a quiescent phenotype associated with a prolifera-
tion arrest gene program that could serve to prevent cell
cycle entry during chronic inflammatory stress.

Systemic pro-inflammatory cytokine production in mice
with collagen-induced arthritis

RA-associated cytokines, such as IL-1, TNE IFN-y, and
myeloid growth factors, such as granulocyte-colony stim-
ulating factor (G-CSF), can activate myeloid gene pro-
grams in hematopoietic stem and progenitor cells, leading
to altered blood lineage output.®”® We therefore used a
Luminex-based 36-plex array to analyze cytokine levels in
the serum of control and CIA mice (Figure 5A, Online
Supplementary Figure S6). Several cytokines were increased
in the serum of CIA mice, including TNE, G-CSF and IEN-
y. On the other hand, IL-1f, which is often produced local-
ly at the joint synovia in RA patients,” was not detected
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(Figure 5B). Using qRT-PCR, we found IFN target genes
unchanged in HSC from CIA mice, consistent with
unchanged Sca-1 surface expression (Figure 5C, Online
Supplementary Figure S4A, B)." In contrast, IL-1 receptor
(Il1r1), which is a target of multiple cytokines including IL-
1 itself, was increased in HSC from CIA mice (Figure 5D).
These data suggest that systemic production of pro-
inflammatory cytokines is a feature of CIA mice, similar
to human RA patients.

Impact of cytokine blockade on myeloid expansion in
mice with collagen-induced arthritis

Cytokine blockade therapy, particularly against IL-1 and
TNE is efficacious in reducing inflammatory arthritis. It
can also normalize blood parameters in RA patients,”
although its impact on hematopoiesis is not well
described. We used anakinra, a recombinant form of
human IL-1 receptor antagonist (IL-1Ra) that is approved
for treatment of RA in human patients and is considered a
paradigm for cytokine blockade therapy.” We induced
CIA in C57BL/10.RIII (B10.RII) mice (Figure 6A), a
C57BL/6-related strain that develops a severe and highly
penetrant autoimmune arthritis following CIA induction.”
These mice are thus ideal for testing therapeutic interven-
tions. Consistent with prior mouse studies, anakinra treat-
ment significantly reduced arthritis severity based on clin-
ical scoring of paw swelling (Figure 6B).” Strikingly,
anakinra normalized peripheral blood neutrophil and, to a
lesser extent, red blood cell counts (Figure 6C, Online
Supplementary Figure S7A). Anakinra treatment also nor-
malized granulocyte and B-cell numbers in the BM, with a
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slight but statistical increase in immature granulocytes in
anakinra-treated mice, perhaps reflecting slowed differen-
tiation of these cells into mature granulocytes (Figure 6D,
E). While the numbers of common lymphoid progenitors
were not restored, anakinra treatment modestly reduced
GMP and MPP3 expansion in CIA mice to a point below
statistical significance relative to controls, suggesting
reduced activation of myeloid differentiation pathways
(Figure 6F-H). On the other hand, HSC" and MPP1 num-
bers were unchanged in all conditions (Figure 6I).
Altogether, these data indicate that pro-inflammatory
cytokine blockade can at least partially alleviate myeloid
expansion and neutrophilia associated with CIA.

Cytokine blockade reduces myeloid expansion in RA -

Cytokine blockade reverses inflammation-driven gene
programs in hematopoietic stem cells from mice with
collagen-induced arthritis

Given the impact of anakinra treatment on
hematopoiesis, we next assessed the effect of anakinra on
cell cycle activity in HSC, MPP and MyPro in CIA mice.
We found their cell cycle distribution remained unchanged
(Figure 7A-C), indicating that anakinra treatment does not
alter cell cycle distribution in these populations.
Nonetheless, anakinra treatment partially normalized
expression of Cend1 and almost completely normalized
expression of the cell cycle inhibitors Cdkn1b, Cdln2c and
Rb1 (Figure 7D). Strikingly, anakinra also significantly
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Figure 6. Cytokine blockade reduces myeloid expansion in mice with collagen-induced arthritis. (A) Induction of collagen-induced arthritis (CIA) and anakinra (Ana)
treatment strategy in B10.RIIl mice. (B) Representative images showing swelling and anklyosis in the hind paws of mice 17 days after disease induction (top left, CIA
mice not treated with Ana; bottom left, CIA mice treated with Ana) and impact of Ana treatment on arthritis score (right) (n=9 per group). (C) Peripheral blood neu-
trophil count and (D-) number of the indicated bone marrow populations expressed as number per million BM cells of control, CIA and CIA+Ana mice (n=9 per group).
The data were compiled from two independent experiments. *P<0.05; **P<0.01 ***P<0.001, as determined by one-way analysis of variance or the Mann-Whitney
U-test. CFA: complete Freund adjuvant; Col: collagen; Ctrl: control; PB: peripheral blood; Gr: mature granulocytes; Pre Gr: immature granulocytes; Mon: monocytes,
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decreased expression of aberrantly activated myeloid line- Discussion

age genes in HSC from CIA mice, including PU.1 and tar-

gets such as Csfr2b, Itgam, as well as [l1r1 and the myeloid Human RA is associated with deregulations in the blood
transcription factor Irf8 (Figure 7E), consistent with system that can contribute to disease pathogenesis and
reduced myeloid expansion in anakinra-treated CIA mice. patient morbidity.""*® Here, we used the CIA mouse
Taken together, these data indicate that inflammation-dri- model of human RA to better understand the impact of
ven myeloid and proliferation arrest gene programs in disease and therapeutic intervention on the hematopoietic
HSC are at least partially reversible, and can be alleviated —system. We found that CIA induced a profoundly
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by selective expansion of myeloid progenitors and mature
myeloid cells and activation of myeloid lineage genes in
HSC. Despite chronic inflammation, HSC from CIA mice
retained their long-term potential and maintained a quies-
cent cell cycle state associated with the induction of a pro-
liferation arrest gene program. Strikingly, we found that
cytokine blockade therapy was able to attenuate these
effects (Figure 8).

Myeloid expansion, chronic anemia of inflammation and
immunosenescence are well-documented hematopoietic
phenotypes in human RA patients, although the precise
causes remain elusive and may be multifactorial."*"**
Strikingly, myeloid expansion in CIA mice closely resembles
that in other models of chronic inflammation including
those induced by lipopolysaccharide, IL-1, IEN and
pathogen infection.”** Pro-inflammatory signals can direct-
ly activate myeloid transcription factors including Spi1/PU.1
and C/EBP family members, which 'override' competing lin-
eage programs and drive expansion of myeloid-biased pro-
genitors.*¥ In line with this, we observed increased expres-
sion of Spi1/PU.1 and its target genes in HSC from CIA
mice. In addition, transplantation of purified CIA HSC
revealed an increased proportion of donor-derived myeloid
cells and phenotypic MPP3, suggesting that BM inflamma-
tion primes HSC to differentiate preferentially into myeloid-
lineage progenitors. Given that PU.1 activation in HSC and
myeloid expansion are features of both our CIA and chronic
IL-1 models, they are likely stereotypical responses to ongo-
ing inflammation rather than a disease-specific mechanism,
wherein PU.1 could serve as a central 'node' that activates a
myeloid gene program in HSC following a variety of inflam-

Cytokine blockade reduces myeloid expansion in RA -

inhibitors of PU.1% could thus provide therapeutic benefit by
blocking this ‘node’ independently of cytokines in an
inflammatory disease.

In the literature, inflammation is often associated with
increased HSC proliferation, typically in response to acute
challenges.*" On the other hand, we previously found that
HSC can maintain quiescence in the context of ongoing
chronic type I IEN signaling." Likewise, here we showed
that HSC quiescence, phenotypic pool size and long-term
repopulating capacity are maintained in CIA mice.
Quiescence protects HSC by preventing excessive apopto-
sis, differentiation, or replicative ‘aging’ associated with pro-
liferation, and HSC lacking quiescence maintenance genes,
such as Ckdn1a and Cdkn1c, become exhausted in response
to stress.” Notably, we found that HSC maintained a quies-
cent state despite ongoing BM remodeling, including
decreased phenotypic endosteal MSC. MSC are required for
HSC maintenance and quiescence,’ and there is evidence
that MSC function may be degraded in the context of RA.**
Our data suggest there are mechanism(s) that may limit
HSC proliferation in response to ‘emergency’ inflammatory
signals and/or BM niche remodeling. Indeed, HSC from CIA
mice activated a proliferation arrest gene program character-
ized by downregulation of genes including Myc and
Ccnd1/2, alongside upregulation of Cdkn1a, Cdkn1b and
Cdkenic. Likewise, MYC and CCND2 are downregulated in
CD34" hematopoietic stem and progenitor cells from
human RA patients.” Such a program could protect HSC
pool integrity by increasing the threshold necessary for HSC
cell cycle entry, thereby compensating for impaired BM
niche function and/or elevated levels of pro-inflammatory

matory insults. Newly developed pharmacological cytokines. The functional significance of this gene program
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Figure 8. Model of inflammation-driven hematopoietic alterations in mice with collagen-induced arthritis. Under homeostatic conditions, hematopoietic stem cells
(HSC) are largely quiescent but occasionally enter the cell cycle and give rise to lineage-biased multipotent progenitor (MPP) subsets, leading to a balanced lineage
output and nominal HSC self-renewal capacity. In mice with collagen-induced arthritis (CIA), chronic inflammation leads to expansion of myeloid-biased MPP3 and
granulocyte-macrophage progenitors (GMP), resulting in increased myeloid cell production. Concurrently, inflammation induces a myeloid lineage gene program in
HSC that may bias HSC toward further overproduction of MPP3. Despite ongoing inflammation, HSC are maintained in a quiescent state characterized by repression
of cell cycle and mRNA translation genes alongside induction of cell cycle inhibitor genes. Notably, pro-inflammatory cytokine blockade, here using anakinra, atten-
uates myeloid expansion and altered gene expression in HSC. These data indicate that chronic inflammation drives aberrant hematopoiesis in rheumatoid arthritis,

and this phenotype can be attenuated by cytokine-blocking therapy.
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could be further addressed by determining whether HSC
from CIA mice fail to proliferate in response to a concurrent
inflammatory stimulus. Future studies could also address the
functional significance of disease-induced changes in key
BM niche populations such as MSC in hematopoiesis.

Interestingly, these results are distinct from the increased
HSC cell cycle activity and HSC depletion observed in a
model of chronic M. avium infection.” The difference could
be due to ongoing consumption of mature immune cells
(particularly granulocytes) during the active infection that
drives continuous HSC proliferation. Notably, serum levels
of IFN-y in mice infected with M. avium are also over 20-
fold higher than those in our mice with CIA, which may be
sufficient to activate HSC and overwhelm quiescence-
enforcing mechanisms. While we found elevated serum
IEN-y levels in CIA mice, these did not translate into activa-
tion of IEN target genes in HSC, suggesting that either the
IFN-y level was not sufficiently high to activate HSC, or or
HSC had become refractory to such signals. Altogether, our
data suggest that chronic inflammation could actually
induce protection of the HSC pool (at least up to a point) by
activating stress response mechanisms that maintain quies-
cence. Such a model is in line with an emerging body of
work showing that pro-inflammatory signaling can play a
positive role in hematopoiesis.® This model could explain
the rarity of BM failure in RA patients despite some
increased risk of myelodysplastic syndrome," as well as the
rarity of graft failure in RA patients undergoing autologous
BM transplantation.”

While concurrent activation of myeloid differentiation
and proliferation arrest gene programs in HSC seems para-
doxical, cell cycle arrest is crucial for myeloid differentiation
by promoting accumulation of factors needed for differen-
tiation.® Myeloid transcription factors, including PU.1, pro-
mote cell cycle arrest via induction of cell cycle inhibitors
such as Cdkn1a while repressing cell cycle activators like
Cend1.%* Thus, induction of myeloid gene programs could
serve a dual purpose during chronic inflammation: protect-
ing the HSC pool from excess proliferation while promot-
ing myeloid differentiation of actively cycling hematopoiet-
ic progenitor cells. In this way, HSC may participate mini-
mally in day-to-day blood system maintenance® during
chronic inflammation, with occasional HSC divisions
nonetheless leading to preferential myeloid progenitor pro-
duction. On the other hand, telomere attrition has been
identified in CD34* hematopoietic stem and progenitor
cells from human RA patients.” RA is typified by years of
ongoing disease, including ‘flares’ and therapies which
could induce premature replicative ‘aging' in the HSC com-
partment.” Further analyses should clarify the extent to
which HSC are affected by telomere attrition and whether
such effects are due to increased proliferation versus
impaired telomere maintenance. Divisional tracing
approaches, such as H2B-GFP labeling” in mouse models
including the CIA model, could therefore provide valuable
insights into the long-term impact of inflammatory disease
on HSC proliferation.

Cytokine blockade therapies, including anakinra, have
been used for over a decade to treat chronic inflammatory
disorders, such as RA.” Anakinra can correct aberrant blood
parameters in RA patients.” However, the impact of
cytokine blockade on hematopoiesis in the BM has not
been closely studied. Here, we show that anakinra treat-
ment reduces myeloid progenitor expansion in mice with
CIA, characterized by partial reduction of MPP3 and GMP.

It should be noted that MPP3 is not a transient population;
clonal analyses and transplantation assays have shown that
MPP3 can persist in mice and continue to produce GMP for
weeks if not months. Hence, it is possible that the impact
of cytokine blockade on hematopoiesis is gradual, with fur-
ther reduction in MPP3 and GMP numbers as these popula-
tions turn over and are not replaced due to reduced activity
of ‘emergency’ differentiation pathways in HSC. Indeed,
anakinra reduced activation of myeloid and proliferation
arrest gene programs activated in HSC from CIA mice. This
suggests that HSC molecular responses to inflammation are
reversible and may be regulated in proportion to the level of
inflammatory signaling and/or BM remodeling in the indi-
vidual.

Our data are agnostic as to whether anakinra acts directly
on HSC, or orthogonally by reducing inflammation at the
joints, which in turn translates into less systemic inflamma-
tion. Indeed, we did not detect increased IL-1 levels in the
serum of CIA mice, consistent with studies in human
patients indicating that IL-1 production is often localized to
the joint synovia.” On the other hand, we found increased
Il1r1 expression in HSC from CIA mice, suggesting that
HSC could be sensitized to tonic IL-1 production in the BM,
even if IL-1 levels themselves do not increase. Along these
lines, anakinra treatment reduces expression of I[L1R1 and
other IL-1 target genes in blood cells from breast cancer
patients.” Hence, anakinra could also contribute to restored
HSC function by breaking a feedback loop between IL-1
and [/1r1 expression in HSC from CIA mice. Future studies
could determine the extent to which anakinra reduces the
effects of inflammation on HSC via direct versus indirect
mechanisms such as reduction in downstream cytokine
production. Notably, other cytokine blocking drugs, such as
the TNF inhibitor etanercept, also alleviate the symptoms
of inflammatory arthritis in RA patients.” It is therefore
possible that blockade of other cytokines elicits a similar
restoration of hematopoiesis. In addition, blockade of mul-
tiple inflammatory cytokines may further normalize
hematopoiesis in RA and other diseases, although such
interventions could also increase the risk of infection or
cytopenia in patients.” Taken together, our findings show
that pro-inflammatory cytokine blocking treatment can
reverse inflammatory-induced changes in hematopoiesis
and HSC gene regulation, with the degree of impact likely
related to the duration of treatment and/or the extent to
which inflammatory arthritis is alleviated in the patient.
Our data thus provide further rationale for the use of anti-
cytokine therapies to redirect HSC fate and restore normal
hematopoiesis in patients with RA and, potentially, other
chronic inflammatory diseases.
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ABSTRACT

cause of severe congenital neutropenia. Although the majority of

congenital neutropenia patients respond to daily granulocyte colony
stimulating factor, approximately 15 % do not respond to this cytokine at
doses up to 50 ug/kg/day and approximately 15 % of patients will develop
myelodysplasia or acute myeloid leukemia. “Maturation arrest,” the failure
of the marrow myeloid progenitors to form mature neutrophils, is a consis-
tent feature of ELANE associated congenital neutropenia. As mutant neu-
trophil elastase is the cause of this abnormality, we hypothesized that
ELANE associated neutropenia could be treated and “maturation arrest” cor-
rected by a CRISPR/Cas9-sgRNA ribonucleoprotein mediated ELANE
knockout. To examine this hypothesis, we used induced pluripotent stem
cells from two congenital neutropenia patients and primary hematopoietic
stem and progenitor cells from four congenital neutropenia patients harbor-
ing ELANE mutations as well as HL60 cells expressing mutant ELANE. We
observed that granulocytic differentiation of ELANE knockout induced
pluripotent stem cells and primary hematopoietic stem and progenitor cells
were comparable to healthy individuals. Phagocytic functions, ROS pro-
duction, and chemotaxis of the ELANE KO (knockout) neutrophils were
also normal. Knockdown of ELANE in the mutant ELANE expressing HL60
cells also allowed full maturation and formation of abundant neutrophils.
These observations suggest that ex vivo CRISPR/Cas9 RNP based ELANE
knockout of patients’ primary hematopoietic stem and progenitor cells fol-
lowed by autologous transplantation may be an alternative therapy for con-
genital neutropenia.

ﬁ Autosomal-dominant ELANE mutations are the most common

Introduction

Autosomal dominant ELANE mutations encoding neutrophil elastase (NE) are the
most common cause of severe congenital neutropenia (CN), an inherited bone mar-
row failure syndrome."® Patients with CN suffer from severe life-threatening bac-
terial infections starting early after birth due to the absence or very low numbers of
neutrophils in the peripheral blood (usually less than 500 cells per uL®).
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Hematopoietic stem and progenitor cells (HSPC) of CN
patients fail to differentiate into mature neutrophils. This
differentiation defect can be partially restored with daily
or alternate-day subcutaneous injections of recombinant
human granulocyte colony stimulating factor (thG-CSF) in
supra-physiological concentrations.* Although rhG-CSE
therapy improves the life expectancy and quality of life of
CN patients, a subgroup does not respond to rhG-CSE
Additionally, about 15 % of CN patients developed
myelodysplastic syndrome (MDS) or acute myeloid
leukemia (AML) till now.> There is a positive correlation
between a rthG-CSF dose required to achieve acceptable
neutrophil counts and a cumulative incidence to develop
MDS or AML in CN patients.” Therefore, CN patients,
especially patients who either require high rhG-CSE
dosages (above 50 ug/kg/day) and those who do not
respond at all, need alternative therapeutic options.
Hematopoietic stem cell transplantation (HSCT) would be
a treatment of choice in CN patients, but it is associated
with many adverse events, e.g. acute or chronic graft-ver-
sus-host-disease (GvHD), life-threatening infections, graft
failure or graft rejection. Indeed, the overall survival of CN
patients after HSCT is approximately 80 % only.

Recently  established new  technologies  of
CRISPR/Cas9-mediated gene editing in mammalian cells”
offer novel therapeutic options, especially for inherited
monogenic disorders, including ELANE mutations associ-
ated CN. In this case, CRISPR/Cas9-mediated gene correc-
tion or knockout of the mutant gene in patient's HSPC ex
vivo followed by autologous transplantation of the correct-
ed HSPC might be a better treatment than high dose rhG-
CSF or allogeneic stem cell transplantation.

ELANE mutations induce unfolded protein response
(UPR) and endoplasmic reticulum (ER) stress in HSPC of
CN patients that leads to increased apoptosis and defec-
tive granulocytic differentiation.*'" Therefore, inactivation
of ELANE using CRISPR/Cas9-mediated knockout may
abrogate UPR and ER stress caused by mutated ELANE
with subsequent restoration of granulocytic differentia-
tion. In support of this hypothesis, we recently identified
a B-lactam-based inhibitor of human neutrophil elastase
(NE), MK0339, which restored defective granulocytic dif-
ferentiation of induced pluripotent stem cells (iPSC) and
HL60 cells expressing mutated NE." In addition, a recent
report by Nayak et al. demonstrated the restoration of the
in vitro granulopoiesis of ELANE-CN patient-derived iPSC
upon treatment with Sivelestat, another NE-specific small-
molecule inhibitor."*® Moreover, the fact that individuals
showing mosaicism of inherited ELANE mutations have a
higher proportion of ELANE mutated mature neutrophils
hematopoietic cells in the bone marrow than in the
blood"" supports the hypothesis that inactivation of
ELANE mutations will improve neutrophil differentiation.

Another possibility to correct the disease phenotype is
the direct correction of the specific gene mutation by the
activation of homology-directed repair (HDR) of the
mutated gene allele after cutting by CRISPR/Cas9 and co-
transfection with a repair template. Most CN patients har-
bor inherited autosomal dominant missense or frameshift
ELANE mutations that are distributed throughout all five
exons and two introns.'® Therefore, CRISPR/Cas9-mediat-
ed correction of ELANE mutations would need to be
patient/mutation specific. Since mutated ELANE may
induce UPR and ER stress in edited cells, the introduction
of new indels in the ELANE gene during the process of

CRISPR/Cas9 based editing may be not beneficial for the
integrity of the hematopoietic stem cell (HSC) pool.

The first pre-clinical CRISPR/Cas9-based gene therapy
study of common inherited blood disorders, sickle cell dis-
ease, and f-thalassemia, was reported.”"® In these set-
tings, the B-globin gene locus was inactivated by the intro-
duction of deletions in autologous HSPC by
CRISPR/Cas9-mediated gene editing. This was done to
mimic the hereditary persistence of fetal hemoglobin
mutations in HSC.""*

Here, we describe a CRISPR/Cas9 mediated ELANE KO
by electroporation of HSPC and iPSC with ELANE specific
CRISPR/Cas9-sgRNA ribonucleoprotein (RNP) complex-
es. ELANE KO induces granulocytic differentiation of
HSPC and iPSC of CN patients harboring ELANE muta-
tions without affecting their phagocytic functions. These
results suggest that it may be possible to use CRISPR/Cas9
based ELANE KO in autologous HSCT as a therapy for
ELANE associated neutropenia.

Methods

Patients

Three healthy donors and five severe congenital neu-
tropenia  patients harboring ELANE  mutations
(ELANE-CN) were used in the study. Bone marrow and
peripheral blood samples from patients were collected in
association with an annual follow-up recommended by
the Severe Chronic Neutropenia International Registry.
Study approval was obtained from the Ethical Review
Board of the Medical Faculty, University of Tibingen.
Informed written consent was obtained from all partici-
pants of this study.

Cell culture

Human CD34" HSPC were isolated from bone marrow
mononuclear cell fraction using Ficoll gradient centrifuga-
tion followed by magnetic bead separation using Human
CD34 Progenitor Cell Isolation Kit, (Miltenyi Biotech,
#130-046-703). CD34" cells were cultured in a density of 2
x 10° cells/mL in Stemline II Hematopoietic Stem Cell
Expansion medium (Sigma Aldrich, #50192) supplement-
ed with 10 % FBS, 1 % penicillin/streptomycin, 1 %
L-Glutamine and a cytokine cocktail consisting of 20
ng/mL IL-3, 20 ng/mL IL-6, 20 ng/mL TPO, 50 ng/ml SCF
and 50 ng/mL FLT-3L (all cytokines were purchased from
R&D Systems). Human induced pluripotent stem cells
(iPSC) were cultured on Geltrex LDEV-free reduced
growth factor basement membrane matrix (Thermo
Fisher Scientific, #A1413201) coated plates in a density of
2 x 10° cells/mL in StemFlex medium (Thermo Fisher
Scientific, #A3349401) supplemented with 1 % peni-
cillin/streptomycin. HL60 cells were maintained in RPMI-
1640 supplemented with 10 % fetal bovine serum (EBS)
(Gemini Bio Products, West Sacramento, CA, USA), 2 mM
L-glutamine, and 1 % penicillin/streptomycin (Thermo
Fisher Scientific) at 37°C and 5 % CO2.

Design of the ELANE-specific guide RNA (SRNA)

Specific CRISPR-RNA (crRNA) for the knockout of the
ELANE gene (cut site: chrl9 [CTGCGCGGAGGC-
CACTTCTG, +852,969 : -852,969], NM_001972.3 Exon 2,
161 bp; NP_001963.1 p.F54) was designed using the
CCTop website.”
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CRISPR/Cas9-gRNA RNP mediated ELANE KO in iPSC
and HSPC

Electroporation was carried out using the Amaxa nucle-
ofection system (P3 primary kit, #V4XP-3024) according
to the manufacturer’s instructions. 1x10° human iPSC or
CD34" HSPC were electroporated with assembled gRNA
(8 wng) and Cas9 (15 ug) protein (Integrated DNA
Technologies).

Isolation of single cell iPSC clones

8 x 10° human iPSC were plated on Geltrex-coated 10-
cm dish in StemFlex medium (Thermo Fisher Scientific,
#A3349401) and RevitaCell supplement (Thermo Fisher
Scientific, #A2644501). The medium was changed every
24 hours without RevitaCell supplement. On day 7, single
iPSC colonies were picked and transferred to the Geltrex-
coated 96-well plates (one clone/well).

Colony Forming Unit (CFU) assay

CD34" cells were resuspended in IMDM supplemented
with 2 % FBS (Stemcell Technologies, #07700) and
enriched Methocult (Stemcell Technologies, #H4435). The
cell suspension was plated on 3.5 cm dishes (3x10°
cells/dish) for 14 days.

In vitro phagocytosis assay

Cells were incubated with or without fluorescein-conju-
gated Staphylococcus aureus BioParticles (Invitrogen,
#52851) at a ratio of 100 particles per cell for two hours at
37°C, washed twice with PBS/ 2 % BSA, resuspended in
300 uL FACS buffer and analyzed by flow cytometry.

Statistical analysis

Differences in mean values between groups were ana-
lyzed using two-sided, unpaired Student’s t-tests using
GraphPad Prism software.

Additional Material and Methods are available in the
Ounline Supplementary Material and Methods.

Results

Inhibition of ELANE expression restored defective
granulocytic differentiation of HL60 cell lines express-
ing endogenous ELANE mutations

We created CRISPR/Cas9 edited mutant ELANE knock-
in HL60 human promyelocytic cell lines expressing either
p-P139L or p.C151Y ELANE mutations. All-trans retinoic
acid (ATRA) induced differentiation of wild-type and

Figure 1. The effect of ELANE knock-down on the impaired myeloid differentiation

A wT p.P1 39L p'C151Y of HL6BO cells expressing mutant neutrophil elastase. (A) CRISPR/Cas9 edited
human promyelocytic HL60 cells expressing p.P139L and p.C151Y mutant neu-
trophil elastase (NE) were electroporated with scrambled and anti-ELANE siRNA and
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mutant HL60 clones revealed a typical impairment of
granulocytic differentiation capacities in both mutant cell
lines, as assessed by the significantly lower proportion of
cells expressing CD11b granulocytic differentiation mark-
er in p.P139L and p.C151Y mutant cell lines compared to
the wild-type (P<0.0001 and P=0.00043, respectively) on
day 5 of differentiation (Figure 1A-B and Ounline
Supplementary Figure S1A-C). These findings are consistent
with ELANE associated neutropenia patients phenotype.
As a proof-of-principle experiment, we have used RNA
interference (RNAi) technology to knock down the
expression of the ELANE gene in these cell lines. Thereby;,
we investigated the biological effects of inhibition of
mutant NE on the granulocytic differentiation. Indeed,
transfection of commercially available siRNA against the
exon 4 of ELANE, completely knocked down the expres-
sion of NE in all cell lines. Production of CD11b positive
cells was significantly restored in both mutant cell lines
(P=0.00041 for p.P139L and P=0.00048 for p.C151Y), but

Exon 1

not in wild-type cells (Figure 1A-B and Ounline

Supplementary Figure S1A-C).

Design and validation of sgRNA targeting ELANE

We further generated guide RNA (gRNA) specifically
targeting exon 2 of ELANE by annealing CRISPR-RNA
(crtRNA) with trans-activating ctRNA (tractRNA). gRNA
was incubated with recombinant Cas9 protein to generate
CRISPR/Cas9-gRNA RNP complexes. The gRNA targeting
exon 2 of ELANE (cut site: chr19[+852.969:-852.969],
Figure 2A) was selected to introduce stop-codon muta-
tions and to induce nonsense-mediated mRNA decay
(NMD) of ELANE mRNA, which is caused by stop-codon
or frameshift mutations at the beginning of ELANE
mRNA. Based on our experimental analysis, the selected
gRNA has high on-target activity with low off-target score
(data not shown). To evaluate inhibition of NE expression
by CRISPR/Cas9 RNP mediated targeting of exon 2 of
ELANE, we generated an ELANE KO myeloid cell line
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Figure 2. Establishment of CRISPR/Cas9 RNP-mediated ELANE knockout in THP-1 cells. (A)
ELANE was targeted using single guide ribonucleoprotein (RNP)-mediated (highlighted in
pink), which creates a double-strand break at NM_001972.2 exon 2, 161 bp after ATG;
NP_001963.1, p.F54. Schematic presentation of the cut site by sgRNA. (B-D) Myeloid cell line
THP-1 was electroporated with ELANE-specific CRISPR/Cas9 RNP. Single cell clones of ELANE
KO THP-1 cells were generated, as described in the Material and Methods. Representative
Sanger sequencing image (B), the bar chart of the TIDE assay (C) and representative Western
blotting (WB) images of neutrophil elastase (NE) and a-tubulin protein expression (D) in single
cell-derived ELANE KO THP-1 cells are depicted.
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THP-1, which has high basal expression levels of ELANE
and NE. The efficiency of ELANE knockout in the total
population of edited THP-1 cells was 77 %, as assessed by
Sanger sequencing and tracking of indels by decomposi-
tion (TIDE) analysis (data not shown). The pure ELANE KO
THP-1 cell clone has compound heterozygosity of 14 and
17 bp deletions on each allele (Figure 2B-C). The NE
expression was completely absent in the pure ELANE KO
THP-1 cell clone, as determined by Western blotting (WB)
using anti-NE antibody against the C-terminus of NE pro-
tein (Figure 2D, Online Supplementary Figure S2A-B). These
data suggest that sgRNA targeting ELANE that we
designed led to a complete loss of NE protein.

Restoration of the in vitro granulocytic differentiation
in ELANE-CN iPSC clones after ELANE knockout

We generated iPSC from peripheral blood mononuclear
cells (PB MNC) of two ELANE-CN patients, harboring
ELANE mutations p.C151Y or p.A57V (CN p.C151Y iPSC
and CN p.A57V iPSC, respectively). Additionally, iPSC of
one healthy control (healthy ctrl iPSC) were evaluated. All
three iPSC lines expressed elevated mRNA and protein
levels of pluripotent stem cell-specific factors, displayed
alkaline phosphatase activity and expression of pluripo-
tent embryonic stem cell surface markers (Online
Supplementary Figure 3A-C).

Next, we used electroporation of iPSC clones with
ELANE-specific CRISPR/Cas9-sgRNA RNP to generate
pure ELANE KO CN iPSC clones. For this, electroporated
iPSC were seeded on a geltrex coated culture dish and sin-
gle-cell derived iPSC clones were isolated transferred to
geltrex coated 96 well-plates for the subsequent selection
of ELANE knockout clones (Figure 3A). Confirmed ELANE
knockout iPSC clones have followed ELANE modifica-
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tions: 274 bp del/ins in CN p.C151Y ELANE KO iPSC, and
17 bp del in CN p.A57V ELANE KO iPSC (Figure 3B). The
editing efficiency of healthy ctrl iPSC was 97 % (Online
Supplementary Figure S4A), therefore, we used the total
population of gene-edited healthy control (ctrl) iPSC for
further analysis. We did not detect any off-target activity
of the gRNA for the selected cDNA sites in all studied
iPSC, as assessed using Sanger sequencing (Ounline
Supplementary Figure S4B and Tables S1, S2).

Applying a slightly modified in vitro embryoid body
(EB)-based iPSC differentiation method that allows gener-
ation of hematopoietic cells and mature myeloid cells for
approximately 30 days,*® we found an increase in the
percentage of CD15'CD16°CD45" granulocytes in ELANE
KO CN-iPSC cell culture, as compared to CN-iPSC. The
generation of granulocytes from ELANE KO CN-iPSC was
comparable to iPSC generated from a healthy donor
(Figure 3C, 4A, and Omnline Supplementary Figure S5A).
Generation of immature hematopoietic  cells
(CD34'KDR*, CD34'CD43*, CD45CD235'CD41a* and
CD45°CD34" cells) and CD45*CD33" myeloid progenitor
cells in ELANE KO CN- and CN-iPSC lines were similar or
increased, in comparison to corresponding MOCK treated
iPSC lines (Online Supplementary Figure S6A).

A CFU assay was performed with ELANE"iPSC-derived
CD34" cells from CN patients and showed elevated levels
of CFU-G but reduced CFU-M colony numbers, as com-
pared to CD34" cells derived from MOCK treated CN
iPSC clones (Figure 4C). These data suggest that ELANE
knockout restores granulocytic differentiation in CN.

We did not observe any significant defects in i vitro
granulocytic differentiation of ELANE KO iPSC generated
from a healthy donor, as compared to MOCK treated cells
(Figure 4A-C, Online Supplementary Figures S5 and S6).
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ELANE knockout in HSPC of ELANE-CN patients
restores diminished granulocytic differentiation

To further evaluate the clinical applicability of ELANE
KO as a treatment option of ELANE-associated CN, we
performed CRISPR/Cas9 RNP-mediated gene editing in
primary bone marrow CD34" HSPC of four ELANE-CN
patients (Table 1) and three healthy donors and differenti-
ated the cells towards neutrophils. ELANE knockout in
CD34"HSPC was performed by electroporation of human
CD34*HSPC with assembled ELANE specific sgRNA and
Cas9 protein (Figure 5A). The editing efficiency varied
between 27 % and 94 % (Figure 5B, Online Supplementary
Figure S7). As expected, NE levels in neutrophils differen-
tiated from the total population of edited cells were
markedly reduced (Figure 5C-D, Ounline Supplementary
Figure S8A-B). Moreover, ELANE KO leads to elevated
granulocytic differentiation, as assessed by the percentage
of CD15'CD11b'CD45" cells (Figure 6A, Ounline
Supplementary Figure S9A-B) and morphological examina-
tion of cytospin preparations of mature granulocytes gen-
erated on day 14 of the in vitro granulocytic differentiation
using liquid culture (Figure 6B). At the same time, the ratio
of ELANE KO cells increased from day 7 to day 14 of dif-
ferentiation (Figure 5B). Simultaneously, the percentage of
CD34'CD45" cells was reduced in ELANE KO cells of CN
patients, but not in healthy donor cells (Ounline
Supplementary Figure S10A). In one patient (CN I120F), no
difference in the percentage of CD15°CD11b"CD45" cells
between MOCK and ELANE KO samples was observed,
but a clear improvement of granulocytic differentiation
was detected in cytospin slides. This finding may be
explained by relative mild neutropenia (Ounline
Supplementary Table 3) and possible expression of CD15 in
not fully mature myeloid cells in this patient.

Scanning and transmission electron microscopy
revealed that ELANE KO cells of both healthy control and
one CN patient showed no significant differences in mor-
phology or intracellular structures, compared with MOCK
cells of a healthy donor (Figure 6C-D).

Altogether, these data suggest that ELANE KO cells have
a differentiation advantage over the HSPC carrying mutat-
ed ELANE.

Neutrophils generated from ELANE KO HSPC exhibited
unaffected ROS production, phagocytosis and
chemotaxis upon activation in vitro

We further evaluated in vitro activation of neutrophils gen-
erated from ELANE KO HSPCs in liquid culture for 14 days.
We first performed an assessment of H,O, levels (ROS) in
fMLP-activated ELANE KO neutrophils generated from a
healthy donor. We detected no differences between ELANE
WT and ELANE KO neutrophils (Figure 7A).

Phagocytosis was evaluated by incubation of cells with
fluorescein-conjugated Staphylococcus aureus BioParticles
for two hours. Percentage of GFP' granulocytes that
engulfed bacteria were assessed by FACS using gating on
granulocyte population in the dot plot of forward-scatter
light (ESC) versus side-scatter light (SSC) channels. We did
not detect any significant differences in phagocytosis of
ELANE KO neutrophilic granulocytes, as compared to
control MOCK cells (Figure 7B). As an independent evalu-
ation of phagocytosis kinetics, we performed live cell
imaging of neutrophils incubated with pHrodo Green
E. coli Bioparticles Conjugate using IncuCyte ZOOM sys-
tem and observed similar phagocytosis behavior of

MOCK and ELANE KO neutrophils generated from a
healthy donor or one CN patient (Figure 7C).

Chemotactic activity of IMLP-treated neutrophils was
also comparable between MOCK and ELANE KO groups
(Figure 7D).
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Figure 4. ELANE knockout restored granulocytic differentiation of ELANE-CN
iPSC. (A) Flow cytometry analysis of suspension cells harvested from embryoid
body (EB)-based granulocytic cell culture of respective iPSC clones on day 28 or
32 of differentiation. Data represent means + standard deviation (SD) from two
independent experiments. *P<0.05, **P<0.01. (B) Wright-Giemsa staining of
cytospin preparations of suspension myeloid cells harvested from iPSC culture
at day 28 or 32 of differentiation. Representative images are depicted. (C)
Colony-forming unit (CFU) assay of CD34" cells harvested from EB-based iPSC
culture on day 14 of differentiation. Data represent means + SD from two inde-
pendent experiments. *P<0.05.
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Unaffected phagocytic activity of ELANE KO PMN in
zebrafish embryos

To evaluate the phagocytic activity of ELANE KO PMN
in vivo, we transplanted fluorescently labeled polymor-
phonuclear leukocytes (PMN) generated from ELANE KO
HD into zebrafish embryos (Figure 8A). PMN were inject-
ed into the duct of Cuvier, a wide circulation channel on
the yolk sac connecting the heart to the trunk vasculature.
Subsequently, Alexa-594-conjugated Staphylococcus aureus
BioParticles were injected locally in the tail fin close to the
caudal vein. Live imaging showed that human neutrophils
migrated into the caudal hematopoietic tissue (CHT),
which is equivalent to the fetal liver in mammals and pro-
vides a human-compatible environment.”* Confocal
imaging of this region revealed that most of the ELANE
KO neutrophils were found inside the perivascular pocket
(Figure 8B) and many of them have engulfed bacteria
(white arrows in Figure 8B and 8C, Online Supplementary
Movie S1). Time-lapse in vivo imaging of the xenotrans-

planted embryos also revealed that human ELANE KO
PMN have the capability to form surface protrusion with-
in the perivascular region (Figure 8D, Online Supplementary
Movie S2). We could not detect a difference between trans-
planted human ELANE KO and control MOCK PMN in
zebrafish embryos (data not shown). These observations
indicate that human ELANE KO PMN are able to migrate
and phagocyte in vivo.

ELANE KO restores deregulated expression of UPR
gene BiP and anti-apoptotic factor Bcl-xl in ELANE KO
iPSC derived cells of CN patients

We further evaluated the effects of ELANE KO on the
expression of UPR gene BiP and anti-apoptotic factor Bcl-
xl (Online Supplementary Figure S11). We analyzed pure
ELANE KO HSPC (for Bcl-xl) or neutrophils (for BiP) gen-
erated from iPSC of two CN patients. We found that
ELANE KO HSPC express elevated mRNA levels of Bcl-xl
and BiP expression was markedly reduced in ELANE KO
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PMN, compared to cells carrying mutated ELANE. As
expected, ELANE mRNA levels were severely diminished
in ELANE KO cells (Online Supplementary Figure S11).

Discussion

The majority of patients suffering from congenital neu-
tropenia respond well to daily treatment with rhG-CSE
leading to a normal quality of life. However, in the last 25
years, we learned that CN is a preleukemic syndrome and
that approximately 15 % of patients do not respond to

even ultra-high dosages (>50 ug/kg/d) of rhG-CSE
Therefore, we are searching for other treatment modali-
ties for CN patients that may prevent leukemic transfor-
mation and may be useful for those who are requiring
high dosages of rhG-CSF or not responding at all to
thG-CSE For these patients, the only available treatment
is stem cell transplantation with the risk of transplant-
associated adverse events such as acute or chronic GvHD.

In the present study, we described for the first time the
establishment of an in vitro cellular model of CRISPR/Cas9
mediated gene therapy of CN associated with autosomal
dominant ELANE mutations, the most frequent cause of
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CN. We tested ex vivo CRISPR/Cas9 RNP-based ELANE
knockout in HSPC of CN patients that may be used for
autologous transplantation as a therapeutic approach for
ELANE-CN patients. Virus- and DNA-free application of
CRISPR/Cas9 RNP markedly increases gene editing effi-
ciency and simultaneously decreases the probability and
frequency of off-target effects, because CRISPR/Cas9 RNP
activity is preserved in cells for only approximately 48
hours. We recently reported the establishment of the flu-
orescent labeling of CRISPR/Cas9 RNP complexes for
gene editing of primary hematopoietic stem cells and sub-
sequent sorting of gene-modified cells for further applica-
tions.” Implementation of this method will improve the
efficiency of gene knockout or gene correction in HSPC,
including ELANE knockout or correction of ELANE muta-
tions.

In case of ELANE KO, different combinations of the
ELANE gene editing are expected: we may generate
unedited, monoallelic edited (of mutated or WT allele), or
bi-allelic edited HSPC. Since we did not use any selection
marker for edited HSPC, we were not able to estimate the
proportion of HSPC with inactivation of the mutated
ELANE allele. The fact that the proportion of ELANE KO
cells was elevated upon granulocytic differentiation
strongly argues for the differentiation advantage of the
edited cells lacking ELANE (including loss of the mutated
allele).

There are several potential unforeseen consequences of
the ELANE gene knockout strategy. For example, Tidwell
et al. reported the presence of two in-frame ATG codons
in exon 2 and exon 4 of ELANE.” They showed that the
internal translation of NE can be initiated when the canon-
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ical translational start site and/or internal start sites in
exon 2 are disrupted and that expression of internally-ini-
tiated ELANE is pathogenic. We found a marked reduction
of ELANE mRNA, most probably due to the induction of
nonsense-mediated mRNA decay (NMD) of ELANE
mRNA after exposure of cells to ELANE-specific
CRISPR/Cas9 sgRNA RNP. We also did not detect any
additional NE protein bands on WB analysis of edited cells
using antibody recognizing C-terminus of NE. Based on
these observations, we concluded that our sgRNA is
inducing loss of NE protein without activation of the path-
ogenic ELANE forms from the internal ATG.

We did not detect off-target activity in edited cells, but
recent results from Alan Bradley have suggested that the
introduction of CRISPR/Cas9 editing can cause multiple
genomic changes far beyond the actual target.”® Therefore,

for clinical applications, evaluation of the off-target activi-
ty of CRISPR/Cas9 on whole genome level using next-
generation sequencing should be performed. In addition, it
would be important to evaluate that the editing of ELANE
occurred in the repopulating hematopoietic stem cell pop-
ulation and that these cells maintained their ability to
engraft immunodeficient mice i vivo. Since most probably
HSC are not expressing NE, we will not expect any dam-
aging effects of the ELANE KO on the functions and
integrity of HSC.

We demonstrated here, that CRISPR/Cas9 mediated
ELANE KO in HSPC and iPSC of CN patients induces
granulocytic differentiation and in vitro generated ELANE
KO neutrophils have no defects in the phagocytic activity,
ROS production, and chemotaxis. NE is a proteolytic
enzyme of the neutrophil serine protease (NSP) family,
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Figure 8. Human ELANE KO PMN are capable to migrate and to phagocyte S. aureus BioParticles in zebrafish embryos in vivo. (A) The scheme of in vivo phagocytosis
assay in zebrafish embryos xenotransplanted with human fluorescently labeled polymorphonuclear leukocytes (PMN). (B) A representative confocal image highlight-
ing the presence of transplanted human ELANE KO PMN in the caudal hematopoietic site of a zebrafish embryo at 53 hpf. White arrows indicate S. aureus
BioParticles phagocytosed by human ELANE KO PMN. CV: caudal vein; DA: dorsal aorta. Scale bar: 20 um. (C) Three-dimensional rendering of a z-stacks of 12 um
illustrating human ELANE KO PMN, one of them has engulfed S. aureus BioParticles (white arrow). Scale bar: 10 ym. (D) Still photographs from a time-lapse recording
illustrating the phagocytic activity of transplanted human ELANE KO PMN in the zebrafish embryo. Arrowheads indicate the formation of neutrophil protrusions.
Numbers indicate time in minutes. Scale bar: 10 um.
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including also cathepsin G (CG), proteinase 3 (PR3) and
azurocidin (AZU1). NSP are stored in cytoplasmic gran-
ules, can be secreted into the extra- and peri-cellular space
upon cellular activation and considered to be crucially
involved in bacterial defense. NE and PR3 are very similar
in their substrate specificity supporting a potentially
redundant function for these two enzymes. Elane” mice
have normal neutrophil counts, but there are conflicting
results regarding the effect of NE-deficiency on neutrophil
extravasation to sites of inflammation, phagocytosis, and
neutrophil extracellular traps in mice. NE may or may not
be essential for these processes.”* Papillon-Lefevre
Syndrome (PLS) is the only human disorder known to
cause NE deficiency. This rare autosomal recessive disease
is due to loss-of-function mutations in the DPPI gene locus
with the loss of the lysosomal cysteine protease cathepsin
C/dipeptidyl peptidase I (DPPI). The activation of NSP,
including NE, depends on the N-terminal processing activ-
ity of DPPI. Therefore, PLS patients exhibit a severe reduc-
tion in the activity and stability of all three NSP including
NE. Intriguingly, patients with PLS have no defects in their
ability to kill bacteria e.g. Staphylococcus aureus or E.coli,
suggesting that redundancies in the neutrophil’s bacterici-
dal mechanisms negate the necessity for serine proteases
for killing common bacteria.** Moreover, since the other
serine proteases including CG, PR3 and neutrophil serine
protease 4 remain intact, we do not expect for the result-
ant cells to develop any neutrophil-specific functional
anti-bacterial or immunodeficiency phenotype in ELANE
KO cells. Based on these observations, at this juncture, we
believe that CRISPR/Cas9 based knockout of ELANE in
HSPC of CN patients may restore defective granulopoiesis
in CN patients without seriously impairing neutrophil
functions. Further studies, including gene expression
analysis to understand which pathways are affected by
ELANE mutations and verifying that these pathways are
indeed restored by ELANE KO, are essential to justify the
therapeutic applications of ELANE KO technology in the
future. It will also contribute to the understanding of the
pathophysiology of the CN caused by ELANE mutations.
Our first attempts to investigate intracellular signaling
pathways affected by mutated ELANE revealed the
restoration of mRNA expression of anti-apoptotic Bcl-x1
factor that is downregulated in CN myeloid progenitor
cells.* Moreover, we found downregulation of mRNA lev-
els of the key UPR player BiP, normally upregulated in
HSPC of CN patients harboring ELANE mutations.*"
CRISPR/Cas9 technology also allowed correction of the
specific gene mutations. We selected the ELANE knockout
approach since ELANE mutations are heterozygous gain-
of-function gene defects that are distributed throughout
all five exons and two introns of ELANE and specific
ELANE mutations correction would require specific set-
tings for each patient based on the mutation position. In
addition, the requirement of the introduction of the donor
repair template DNA in a gene correction approach
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ABSTRACT

ereditary xerocytosis is a dominantly inherited red cell membrane

disorder caused in most cases by gain-of-function mutations in

PIEZO1, encoding a mechanosensitive ion channel that translates a
mechanic stimulus into calcium influx. We found that PIEZO1 was
expressed early in erythroid progenitor cells, and investigated whether it
could be involved in erythropoiesis, besides having a role in the homeostasis
of mature red cell hydration. In UT7 cells, chemical PIEZO1 activation using
YODALI repressed glycophorin A expression by 75%. This effect was
PIEZO1-dependent since it was reverted using specific short hairpin-RNA
knockdown. The effect of PIEZO1 activation was confirmed in human pri-
mary progenitor cells, maintaining cells at an immature stage for longer and
modifying the transcriptional balance in favor of genes associated with early
erythropoiesis, as shown by a high GATA2/GATA1 ratio and decreased o/
globin expression. The cell proliferation rate was also reduced, with accumu-
lation of cells in GO/G1 of the cell cycle. The PIEZO1-mediated effect on
UT7 cells required calcium-dependent activation of the NFAT and ERK1/2
pathways. In primary erythroid cells, PIEZO1 activation synergized with
erythropoietin to activate STATS and ERK, indicating that it may modulate
signaling pathways downstream of erythropoietin receptor activation.
Finally, we studied the in-vitro erythroid differentiation of primary cells
obtained from 14 PIEZO1-mutated patients, from 11 families, carrying ten
different mutations. We observed a delay in erythroid differentiation in all
cases, ranging from mild (n=3) to marked (n=8). Overall, these data demon-
strate a role for PIEZO1 during erythropoiesis, since activation of PIEZO1 -
both chemically and through activating mutations - delays erythroid matu-
ration, providing new insights into the pathophysiology of hereditary xero-
cytosis.

Introduction

PIEZO proteins were identified as a family of mechanically activated transduc-
tors, first described in neuronal cell lines, which convert mechanical forces into
biological signals.' PIEZO1 is a large, three-blade propeller-shaped protein dis-
playing 38 transmembrane-helix domains, and is encoded by the broadly

- 610 haematologica | 2020; 105(3)



expressed FAN38A gene™ (GTEx Project) (htps://gtexpor-
tal.org/home/gene/PIEZO1).  Activation  of  the
mechanosensitive ion channel PIEZO1 has a significant
effect on red blood cell physiology. Under physiological
conditions, PIEZO1 regulates ATP release from human
mature erythrocytes,* and has been shown to control red
blood cell volume and hydration homeostasis through
ion balance.” PIEZO1 induces a cationic current that
develops quickly after activation of the protein by a
mechanical stress; this activation is followed by a rapid
inactivation determined by the C-terminal extracellular
domain and the inner pore helix.” PIEZO1 is a non-selec-
tive channel although it presents a preferential conduc-
tance of monovalent cations, and a significant permeabil-
ity to calcium (Ca™)."” PIEZO1 gain-of-function muta-
tions have been associated with most cases of hereditary
xerocytosis (HX), leading to either a slower inactivation
or altered channel kinetics.*" These mutations induce
excessive Ca’ influx and secondary activation of the
Gardos channel in red cells, thereby causing potassium
(K*) leakage, water loss, and erythrocyte dehydration."*

So far, the role of PIEZO1 during erythropoiesis has
only been described in mature erythrocytes. However, it
is also expressed earlier in human erythroid progeni-
tors.”” In many cell types such as epithelial, urothelial
and endothelial cells, PIEZO1 has been involved in regu-
lation of the cell cycle, proliferation and differentiation.””
'® Prompted by a recent report that a PIEZO1 mutation
could mimic myelodysplastic syndrome with mega-
loblastic features,” we performed an extensive and com-
prehensive investigation of PIEZO1 expression and func-
tion using primary human erythroid progenitor cells. We
investigated consequences of its activation either by the
selective activator YODA1 in normal human erythroid
progenitors or by activating mutations in HX-derived
hematopoietic progenitors from 14 patients carrying ten
different mutations. We observed that PIEZO1 activation
in our models modified the kinetics of erythropoiesis,
inducing a delay in terminal erythroid differentiation.
Our results suggest that PIEZO1 plays a key role during
human erythroid differentiation.

Methods

The primary cell culture protocol, multiparametric flow
cytometry (MFC), live imaging flow cytometry (IFC), western
blot, immunofluorescence, quantitative reverse transcriptase
polymerase chain reaction (RT-qPCR) analysis and reagents are
detailed in the Online Supplementary Methods.

Cell lines culture

The UT7 cell line was maintained in o-minimum essential
medium (Dominique Dutscher) supplemented with 10% fetal
calf serum (Eurobio) and cytokines. Two subclones were used:
the UT7/GM clone and the UT7/EPO clone. The UT7/GM
clone was used as a model of erythropoietin (EPO)-driven dif-
ferentiation, proliferating under 5 ng/mL recombinant human
granulocyte-macrophage colony-stimulating factor (GM-CSE;
Miltenyi) and differentiating under 5 U/mL EPO after GM-CSF
had been removed by two washes in 1x phosphate-buffered
saline.”” The UT7/EPO clone (a gift from Dr. Y.Zermati, Institut
Cochin, Paris, France) was used as a model of EPO-driven pro-
liferation, and cultured with 2 U/mL EPO (Online Supplementary
Figure S1).”!

Patients’ samples and primary cell cultures

HX hematopoietic cells were obtained from blood samples
collected into EDTA or from phlebotomy bags after patients’
informed consent in accordance with the Helsinki declaration.
This study was conducted in compliance with French legislation
on non-interventional studies. Patients’ data were collected
directly from their medical records or through the HX French
Cohort registry, approved by the National Commission on
Informatics and Liberty. The diagnosis of HX was based on clin-
ical and biological features and a typical osmotic gradient ekta-
cytometry curve before genetic testing. Thirteen of the patients
in this study were recently extensively described.” Control sam-
ples were obtained from blood or mobilized peripheral blood
mononuclear cells (MNC) of healthy subjects. The MNC were
isolated using density gradient-centrifugation (Ficoll-Paque
PLUS, GE Healthcare) and CD34" cells were sorted by magnetic
microbead separation on MACS columns (AutoMACS
Separator). The complete protocol for erythroid differentiation
is described in Ounline Supplementary Figures S1 and S2 and
detailed in the Online Supplementary Methods.

Lenti/retroviral production and cell infection

Four short hairpin (Sh) RNA against PIEZO1 (Sh-PIEZO1) and
one control scrambled ShRNA (Sh-SCR) cloned in pLKO.1-
CMV-tGFP vector were designed using the Mission® shRNA tool
and purchased from Sigma-Aldrich (detailed sequences are pro-
vided in Online Supplementary Table S1). Specific anti-PIEZO1
targeting was verified using an online alignment research tool
(nucleotide BLAST®, NCBI). Viral production was ensured in the
HEK293T cell line, after transfection using Lipofectamine® LTX
with Plus™ reagent (Thermo Fisher Scientific) in antibiotic-free,
high-glucose Dulbecco modified Eagle medium (Dominique
Dutscher). Lentiviral supernatant was harvested from day 2 to 4,
and filtered through a 0.45 wM polyvinylidene fluoride mem-
brane (Millex-HV 0.45 uM 33 mm, Merck-Millipore) before
ultracentrifugation on day 4 (100,000 g for 90 min at 4°C,
Optima L-80XP, Beckman-Coulter). We used a mix of the four
ShRNA to knockdown PIEZO1 in the UT7/EPO cell line.
Infection was performed overnight with 8 ug/mL polybrene
(Sigma-Aldrich). In UT7/EPO cells, 10 uL of each supernatant
were used to infect 5x10° cells, and were sufficient to induce
>90% GFP, both with the Sh-SCR and Sh-PIEZO1 mix. Forty-
eight hours after transduction, cells were washed in 50 mL 1x
phosphate-buffered saline and cultured for an additional 3 days
in the presence of dimethylsulfoxide (DMSO) or YODA1 before
MEC staining. The retroviral MigR vector containing dominant-
negative MEK was a generous gift from Prof. S. Giraudier
(Hopital Saint-Louis, Paris, France).

Statistical analysis

Statistical analyses were performed using two-tailed P values
and parametric tests. The a value for statistical significance was
set at 0.05. For quantitative variables we used a Student r-test for
paired or unpaired samples depending on the experiment under
consideration. All numerical values are expressed as mean values
+ standard deviation.

Results

PIEZO1 is expressed at an early stage during in vitro
erythropoiesis of human CD34* cells

We first assessed PIEZO1 expression during synchro-
nized human in vitro erythroid differentiation as described
in Online Supplementary Figure S2B. PIEZO1 mRNA was
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preferentially expressed in CD34" cells and in early stages  Expression of glycophorin A (GPA) was measured in par-
of erythropoiesis from day 4 to 10 (corresponding to allel as a positive marker of erythroid differentiation
burst-forming unit-erythroid/colony-forming unit-ery-  (Figure 1B). Similar results were observed at the protein
throid/proerythroblast in our culture system) then level using MFC (Figure 1C, D). The specificity of PIEZO1
decreased during terminal maturation (Figure 1A). This antibody staining using MFC was verified by western blot
was in agreement with previously published RNA- and immunofluorescence assays (Online Supplementary
sequencing analyses on erythroid precursors."***  Figure S4).
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Figure 1. PIEZO1 expression during human in vitro erythroid differentiation. PIEZO 1 expression was assessed at day 4 in CD45°*/CD123/CD34*/CD36 cells, and
at day 7 in CD36" cells, for both the gene and protein expression experiments. (A) PIEZO1 mRNA expression (determined by quantitative reverse transcriptase poly-
merase chain reaction, RT-qPCR) relative to HPRT expression, during synchronized erythroid differentiation. Differential expression relative to day O. Statistical analy-
sis was made compared to day 10. No significant change was seen at days 4, 7, and 12. (B) Glycophorin A (GPA) mRNA expression (determined by RT-qPCR) relative
to HPRT expression, during synchronized erythroid differentiation. Reference was day 0. (C) Kinetics of relative PIEZO1 protein expression during in-vitro erythroid
differentiation, in parallel to relative GPA membrane expression. For both, expression at each time point was assessed by multiparametric flow cytometry (MFC)
(mean fluorescence intensity at the time point relative to that at day 10.) (D) MFC histograms of PIEZO1 protein expression assessed at different culture time points
(red). We used both the secondary antibody alone (blue) and a non-specific rabbit anti HLA-DR1 antibody (orange) as controls. (n=3 for all experiments).
**%pP<0.001; **P<0.01; * P<0.05.

- 612 haematologica | 2020; 105(3)




Role of PIEZO1 during human erythropoiesis -

YODA1 inhibits cell proliferation and blocks erythroid ic PIEZO1 activator,” at increasing concentrations and ¢

differentiation in a PIEZ01-dependent manner in UT7 selected 5 uM for further experiments in these cells (Online
cells Supplementary Figure S3A, B). At this concentration,

The UT7/GM cell line was used as a model of EPO- YODA1 decreased cell proliferation (Figure 2A) and
induced erythroid differentiation. Indeed, these cells increased the percentage of cells in the GO/G1 phase
expressed a low level of GPA under exposure to GM-CSE,  (Figure 2B). No difference in cell mortality or apoptosis
and acquired GPA in the presence of EPO (Ounline rate was noted (Online Supplementary Figure S3C, D).
Supplementary Figure S1A-C). We tested YODAI, a specif-  Under the differentiation condition using 5 U/mL EPO,
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Figure 2. Effect of PIEZO1 chemical activation on the proliferation and differentiation of UT7 cells. Glycophorin A (GPA) expression and cell proliferation were
assessed after 72 h of culture in medium containing granulocyte-macrophage colony-stimulating factor (GMCSF) or erythropoietin (EPO). (A) In the UT7/GM cell line,
stimulation with 5 uM YODA1 reduced cell expansion compared to that induced by dimethylsulfoxide (DMSO) (2.6 fold). (B) In the UT7/GM cell line exposure to 5
uM YODA1L in GMCSF-containing medium led to cell accumulation in the GO/G1 phase of the cycle (67+1% with DMSO vs. 75+3% with YODA1), and a significant
decrease in cells in the G2/M phase (18+1% with DMSO vs. 12+2% with YODA1). (C) Stimulation with 5 U/mL EPO induced partial erythroid differentiation in
UT7/GM cells, as shown by GPA acquisition (56+3% vs. 14+2% in GMCSF-containing medium), which was strongly inhibited after PIEZO1 chemical activation using
5 uM YODA1 (94+8% with YODA1 vs. 56+3% with EPO+DMSO). (D) Representative multiparametric flow cytometry histograms showing the repression of EPO-medi-
ated GPA expression after exposure to YODAL in UT7/GM cells. (E) GPA repression was also observed in UT7/EPO cells after exposure to 5 uM YODA1 for 3 days
(82+6% vs. 46+7% with DMSO). (F) In UT7/EPO cells transduced with Sh-SCR, YODA1 repressed GPA expression (39+1.8% vs. 77+1.1% with DMSO) whereas infec-
tion with a mixture of four different Sh-PIEZO1 abolished the YODA1-mediated inhibition of GPA (96+2% with YODA1 vs. 98+0.4%, P=NS). (n=3 for all experiments,
**%P<0.001; **P<0.01).
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YODAL1 significantly repressed GPA induction (Figure 2C,
D), and this effect was dose-dependent (Online
Supplementary Figure S3A). Using the UT7/EPO cell line
that proliferates in the presence of EPO and expresses a
high level of GPA at baseline (Online Supplementary Figure
S1A, right), we observed a similar dose-dependent GPA
downregulation after exposure to YODAI1 (Figure 2E and
Ounline Supplementary Figure S3B, E). We ruled out any
YODAL1 off-target effect using a Sh-RNA lentiviral strate-
gy that specifically knocks down PIEZO1. Transduction
efficiency was >90%, as assessed by GFP expression. The
Sh-RNA-mediated PIEZO1 decrease was 65% at the RNA
level (Online Supplementary Figure S4A). At the protein
level, the decrease was 50% as assessed by MEC (Online
Supplementary Figure S4B) in comparison to the level in
cells transduced with a Sh-scrambled control (Sh-SCR).
The PIEZO1 decrease was confirmed using western blot-
ting and immunofluorescence (Online Supplementary Figure
S4C, D). Following exposure to YODA1, GPA expression
decreased in Sh-SCR-transduced cells but not in cells
transduced with Sh-PIEZO1 (Figure 2F). The effect was
related to GFP intensity, being weaker in cells expressing
Sh-PIEZO1 at a lower level (Online Supplementary Figure
S4E). Sh-PIEZO1 had the opposite effect of YODA1 on
GPA expression since it enhanced erythroid differentiation
by increasing the percentage of GPA" cells compared to
the control Sh-SCR. (Figure 2F and Online Supplementary
Figure S4E). Sh-PIEZO1 did not revert the decreased prolif-
eration induced by YODA1 exposure, and induced a
reduced proliferation rate by itself in comparison to Sh-
SCR (Online Supplementary Figure S4F).

PIEZO1 activation delays erythroid differentiation
in human CD34"-derived erythroid cells

We then investigated whether the erythroid blockage
induced by YODALI in leukemic cell lines was confirmed
in human primary cells. Sorted CD34* cells were driven
into erythroid differentiation (Online Supplementary Figure
S2A). A dose of 1 uM YODA1 was selected for drug expo-
sure based on dose-escalation data (Online Supplementary
Figure S5A). Erythroid differentiation was assessed on day
10 by MEC and cytology. YODA1 reduced cell amplifica-
tion without increasing cell death or apoptosis (Online
Supplementary Figure S5B-D). Importantly, it led to a dras-
tic delay in GPA acquisition, with accumulation of imma-
ture CD367/CD117* erythroblasts and a decrease in
CD717/GPA™" mature cells (Figure 3A-D). These results
were confirmed by cytology, which showed an increase in
immature erythroid precursors after exposure to YODA1
(Figure 3E, F). To investigate the timing of the YODA1
effect more precisely, we synchronized the cell culture
(Online Supplementary Figure S2B). CD36/GPA™ colony-
forming unit-erythroid cells were sorted on day 7 and
exposed sequentially to 1 uM YODA1 or DMSO from day
7,10, or 13 to the end of the culture. Red cell terminal dif-
ferentiation was evaluated as the mean percentage of enu-
cleated cells on day 21. The YODA1 effect was maximal
when cells were exposed early, from day 7 to 10, as
shown by the significant decrease in the Hoechst negative
fraction at day 21 (Online Supplementary Figure S6A, B). A
decrease in the ratio of enucleated cells was also observed
on cytological analyses after early exposure, with the
effect being weaker when YODA1 was administered on
day 13 (Online Supplementary Figure S6C). We showed here
that erythroid differentiation was delayed but not blocked

after PIEZO1 activation, since precursors reached final
enucleation, but at a slower rate. Taken together, these
data argue for a YODAI effect at the transition between
the GPA™ and GPA"® stages, corresponding to the begin-
ning of the differentiation of erythroid precursors.”

PIEZO1 activation delays erythroid differentiation
through transcriptional control

Using RT-qPCR we investigated whether the YODA1-
induced delay in erythroid differentiation was driven by
global transcriptional control. In human primary erythroid
cells, EPO-mediated GPA mRNA induction was inhibited
by YODA1, indicating that the GPA repression occurred at
the transcriptional level. PIEZO1 activation also reduced
EPO-mediated o- and g-globin mRNA induction (Figure
4A). Since GATA2 expression during erythropoiesis is
associated with the early proliferative stage while GATA1
is the key protagonist of terminal differentiation, we eval-
uated the GATA2/GATA1 mRNA ratio after exposure to
YODAUI. It increased significantly in comparision with the
ratio after exposure to DMSO (Figure 4B). A broader
analysis of erythroid gene expression confirmed that pri-
mary erythroblasts exposed to YODAI1 displayed an
immature erythroid profile, with higher expression of
BMI1 and STAT5A mRNA and lower ALAS2, EPOR,
AHSP and SLC4A1 mRNA expression (Figure 4C).

YODA1-induced inhibition of erythroid differentiation
is Ca**-dependent and does not require activation
of the Gardos channel

PIEZO1-mediated red cell dehydration in HX is Ca™-
dependent; since PIEZO1 is a non-selective cation chan-
nel, we next evaluated whether this was also the case dur-
ing erythropoiesis. In UT7/GM cells, YODA1 caused a
strong dose-dependent increase in cytosolic Ca* (Figure
5A). This effect was abolished in Ca*-free medium, con-
sistent with YODA1 causing a strong Ca’* influx from the
extracellular to the intracellular compartment (Figure 5A,
B). Ca* chelation using 2 mM ethylene glycol tetra-acetic
acid (EGTA) totally blocked the YODAl-mediated
decrease of GPA; this was rescued by addition of 2 mM
calcium chloride (Figure 5C). The same effect was
observed after intracellular Ca* chelation using BAPTA-
AM (data not shown). Since red cell dehydration in PIEZO1-
HX involves a Ca*-dependent secondary activation of the
Gardos channel” we investigated whether the effect of
PIEZO1 on erythroblasts was also Gardos-dependent. As
shown in Figure 5D, in UT7/GM cells, Senicapoc, a selec-
tive Gardos channel inhibitor, did not revert the YODA1-
associated blockade of GPA, indicating that YODAI-
induced inhibition of erythroid differentiation did not
require secondary activation of the Gardos channel.

PIEZO1 effect on erythroid differentiation involves
modulation of NFAT, ERK1/2, and STAT5 pathways
in UT7 cells and human primary erythroblasts

We next investigated Ca*-dependent signaling path-
ways activated downstream PIEZO1 in erythroid cells.
Since NFAT is a well-known target of Ca*-signaling in
many cell types,” we evaluated whether it was involved
in erythroid cells. Calcineurin inhibition using 5 uM
tacrolimus completely blocked the YODA1-induced GPA
repression in UT7/EPO cells (Figure 6A). Moreover, expo-
sure to YODAU1 led to substantial nuclear translocation of
NFATc1, significantly increasing the similarity score value



compared to DMSO (Figure 6B, C, and Online
Supplementary Figure S7A). These data argue for a role of
the PIEZO1/Ca*/NFAT pathway in the control of ery-
throid differentiation. We also tested whether the main
transduction pathways associated with EPO signaling
were involved. We used a strategy based on: (i) protein
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phosphorylation measurements after stimulation with
YODA1 and/or cytokines in cell lines and primary cells
and (ii) chemical inhibitors, assuming that inhibition of
any pathway downstream of PIEZO1 would revert the
YODA1-mediated phenotype. We tested two main path-
ways: ERK1/2 and STATS. The phospho-ERK inhibitor
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Figure 3. PIEZO1 chemical activation delayed erythroid differentiation of human primary CD34"-derived cells. (A) Exposure to 1 uM YODA1 for 3 days decreased
the mature erythroblastic population expressing CD71 and GPA"# [8+4% vs. 60+12% with dimethylsulfoxide (DMSO)]: multiparametric flow cytometry (MFC) at day
10. (B) Representative MFC plots showing the decrease in the CD71'/GPA"#" population due to YODA1 (right) compared to the effect of DMSO (left), at day 10. (C)
Exposure to 1 uM YODA1 increased the immature erythroblastic population expressing CD36 and CD117 (85+5%) compared to that following exposure to DMSO
(36+11%). (D) Representative MFC plots showing the increase in CD36'/CD117" population due to YODA1 (right) compared to that due to DMSO (left), at day 10.
(E) Excess of immature erythroid cells, i.e., proerythroblasts and basophilic erythroblastsb upon exposure to YODAL compared to exposure to DMSO, assessed by
cytology after May-Griinwald-Giemsa (MGG) staining (96+5% vs. 63+6%). (F) Representative cytology after MGG staining at day 10 of in vitro erythroid differentiation
showing a heterogeneous population of erythroblasts at all stages of maturation including the orthrochromatic (*) stage in the control (left) compared to a more
homogeneous population of immature erythroblasts in the presence of 1 uM YODA (right). (n=4 in experiment E, n=3 in all other experiments). ***P<0.001;

**P<0.01; *P<0.05.
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UO126 induced spontaneous GPA expression in the
absence of EPO, showing that ERK activation was neces-
sary to maintain UT7/GM cells in an undifferentiated
GPA"" state. YODAI1 did not revert the high GPA expres-
sion induced by ERK1/2 inactivation (Figure 6D). The
same results were observed using a retrovirus containing a
MEK dominant-negative form (Online Supplementary Figure
S7B). This indicated that the effect of YODAI required a
functional ERK pathway. Phospho-Flow experiments
showed that YODA1 induced strong ERK phosphoryla-
tion in UT7/GM cells (Figure 6E). This was confirmed by
western blot analysis (data not shown). ERK phosphoryla-
tion was Ca’*-dependent, since it decreased strongly in the
presence of EGTA (Figure 6E), and PIEZO1-dependent,
since it was abrogated in cells transduced with Sh-PIEZO1
lentivirus (Figure 6F). In human primary erythroid progen-
itors, no p-ERK1/2 was detected in the absence of EPO. In
the presence of EPO, YODAI1 synergized with EPO for
ERK phosphorylation, consistent with a role for PIEZO1
in the modulation of EPO-dependent ERK signaling in pri-
mary cells (Figure 6G). This effect was confirmed by west-
ern blot analysis (Online Supplementary Figure S7C). We
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observed a similar synergistic effect in EPO-induced
STATS phosphorylation in primary erythroid cells (Figure
6H), also confirmed by western blotting (Ounline
Supplementary Figure S7D). Of note, no effect of YODA1
on STATS5 phosphorylation was seen in UT7/GM cells, in
which STATS5-phopshorylation is not EPO-dependent
(Online Supplementary Figure S7E). Taken together, these
data argue for a role of PIEZO1 in modulating ERK and
STATS signaling pathways downstream of EPO-receptor
activation in human progenitor cells.

PIEZO1 gain-of-function mutations in hereditary xero-
cytosis delay erythroid differentiation and mimic the
effect of chemical activation

Since most HX patients have PIEZO1 gain-of-function
mutations, we tested whether the same phenotype could
be observed during in vitro erythroid differentiation from
PIEZO1-HX progenitors. Fourteen patients from 11 fami-
lies (HX #1 to #11) carrying ten different PIEZO1 muta-
tions were tested (HX#3: 2 siblings; HX#10: 3 siblings).
The patients’ characteristics are shown in Table 1. Nine
phlebotomy samples from five patients [3 families, HX#1
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Figure 4. Effect of PIEZO1 activation on the transcriptional program of erythroid differentiation in primary human CD34*-derived cells, assessed by quantitative
reverse transcriptase polymerase chain reaction. For all experiments, primary cells were cultured for 10 days, with 1 uM YODA1 or dimethylsulfoxide (DMSO) stim-
ulation from day 3 to 10. Gene expression was assessed relative to GAPDH expression. (A) Compared to exposure to DMSO, exposure to 1 uM YODA1 decreased GPA
mMRNA expression (x0.49+0.17), B-globin RNA expression (x0.4+0.26) and o-globin RNA expression (x0.3+0.24). (B) Compared to exposure to DMSO, exposure to 1
uM YODAL1 increased the GATA2/GATA1 mRNA ratio (x6.2+1.9). (C) Stimulation with 1 uM YODA1 increased STAT5A and BMI-1 expression, and decreased EPOR,
SLC4A1, ALAS2, and AHSP mRNA expression. (n=3 for all experiments); ***P<0.001; **P<0.01; *P<0.05.




(n=3), HX#2 (n=3), and HX#10(n=3)] were used; CD34*
cells were sorted and cultured in erythroid medium.
Alternatively, for nine non-phlebotomized patients, MNC
were purified from 12 blood samples and were grown
directly in the same medium. For controls, we used mag-
netically sorted CD34" cells from mobilized peripheral
blood MNC (n=5), and MNC from healthy control blood
samples (n=9). At day 10, we observed a clear delay in ery-
throid differentiation for seven of the ten PIEZO1-HX
mutations (8/14 patients), as shown by a decrease in
mature CD717/GPA™¢ cells (Figure 7A from sorted CD34*
cells and 7B from MNC). A moderate but visible delay

was observed for the three other PIEZO41-HX mutations
(6/14 patients). The intensity of the phenotype was het-
erogeneous from one mutation to another (Figure 7B), but
was reproducible for a given mutation (Figure 7A). For one
patient (HX#1), MNC and CD34" cells were cultured in
parallel and a similar phenotype was observed (one repre-
sentative dot plot is shown Figure 7C). Cytological analy-
ses after staining with May-Griinwald-Giemsa performed
in triplicate for this patient confirmed the delayed ery-
throid differentiation, showing accumulation of immature
erythroblasts (Figure 7D, E). MFC data for all HX muta-
tions and controls are shown in Omnline Supplementary
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Figure 5. The effect of PIEZO1 activation on erythroid differentiation is calcium-dependent but does not involve a secondary activation of the Gardos channel. (A
and B) Cells were incubated with Fluo4-AM for 30 min before stimulation with 5 uM YODAL. (C and D) UT7/EPO cells were cultured for 72 h after drug stimulation.
(A) YODA1 stimulation caused a dose-dependent increase in cytosolic calcium concentration in a calcium-containing medium (+Ca*, right panel). No effect was seen
in a calcium-free medium (-Ca*, left panel). YODA1 stimulation (“Y”) was performed 60 s after the baseline recording (“B”), before recording for 300 s. The YODA1
concentration was 1 uM (solid line), 10 uM (dashed line), or 20 uM (dotted line). The positive control for an intracellular Ca** increase was stimulation with 1 uM
ionomycin (“I") recording for 300 s. The image shown here is representative of three identical experiments. (B) Image of intracellular Ca** content assessed by
ImageStreamX using Fluo4-AM cell permeant, after stimulation with 20 uM YODA1 in Ca*-containing (lower panel) or Ca*-free (upper panel) medium. (C) In UT7/EPO
cells, exposure to 5 uM YODA1 decreased glycophorin A (GPA) expression (35+1.4%) compared to the expression following exposure to dimethylsulfoxide (DMSO)
(77+£2%). Extracellular Ca** chelation using 2 mM ethylene glycol tetra-acetic acid (EGTA) prevented the GPA decrease due to YODA1 (70+7%), and the effect was
rescued by adding 2 mM extra calcium chloride (31+2%). (D) Co-exposure with 4 uM Senicapoc, a selective Gardos channel inhibitor, did not block the GPA decrease
(13+1%) due to YODA1 stimulation (10+8%, P=NS) in erythropoietin (EPO)-containing medium, compared to DMSO (56+3%). (n=3 for all experiments; ***P<0.001;

**P<0.01; *P<0.05). GMCSF: granulocyte-macrophage colony-stimulating factor.
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Figure 6. YODA1 activates NFAT, ERK and STAT5 pathways in erythroid cells. (A) The decrease in glycophorin A (GPA) in UT7/EPO cells after exposure to 5 yM YODA1 was
blocked by concomitant exposure to 5 uM tacrolimus (32+8% vs. 70+2.5%). (B) NFAT nuclear translocation secondary to exposure to 10 uM YODA1, assessed on
ImageStream®X by the similarity score (SS) value in UT7/EPO cells, after overnight starvation of serum and erythropoietin (EPO). The SS is a mathematical tool used in
Amnis IDEAS® software to assess the co-localization of a fluorescent signal (NFATc1-PE) and 4',6-diamidino-2-phenylindole (DAPI) nuclear staining. A high SS value means
a highly translocated state. (C) Images of NFATc1 cellular localization using live imaging flow cytometry. After exposure to dimethylsulfoxide (DMSO), NFATc1 was preferen-
tially localized in the cytosol, whereas 10 uM YODA1 increased NFATc1 nuclear translocation. Images were extracted from Amnis IDEAS® software for mean SS values of
each condition. (D) In UT7/GM cells, 10 uM U0126 induced high glycophorin A (GPA) expression (94+0.2%) compared to that following exposure to DMSO (18+2%) in
medium containing granulocyte-monocyte colony-stimulating factor (GMCSF), and reverted the YODA1-mediated GPA repression when EPO was added (86+1%). Cells were
incubated with U0126 for 30 min before stimulation with 5 uM YODA1, then cultured for 72 h. (E) ERK phosphorylation assessed by PhosphoFlow in UT7/GM cells. Values
shown are the p-ERK ratio relative to DMSO alone. GMCSF induced mild ERK phosphorylation (x1.65+0.27) whereas 10 U/mL EPO did not (x1.06+0.1, P=NS). YODA1 (10
uM) induced strong ERK phosphorylation (x3.96+0.581), an effect that was markedly inhibited by 2 mM ethylene glycol tetra-acetic acid (EGTA) (x1.71+0.05). (F) ERK phos-
phorylation assessed by PhosphoFlow in UT7/EPO cells. Sh-RNA-mediated PIEZO1 knockdown inhibited the 10 uM YODAZ-induced ERK phosphorylation (fold P-ERK
increase in Sh-SCR-transduced cells: x2.93+0.2; in Sh-PIEZO1-transduced cells: x1.13+0.1). (G) ERK phosphorylation assessed by PhosphoFlow in primary human CD34*-
derived erythroid cells. YODA1 did not induce ERK phosphorylation (x1.04+0.16, P=NS), whereas 5 U/mL EPO did moderately (x1.49+0.4). YODA1 synergized with EPO to
induce ERK phosphorylation (x3.21+0.62). (H) STAT5 phosphorylation assessed by PhosphoFlow in primary human CD34'-derived erythroid cells. Compared to DMSO,
YODA1 did not induce STAT5 phosphorylation (x1.03+0.09, P=NS), whereas EPO did (x9.6+2.4), and YODA1 enhanced EPO-driven STAT5 phosphorylation (x19.6+1.9).
(n=3in Aand D, and n=4 in all other experiments); ***P<0.001 ; **P<0.01; *P<0.05
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Figures S8 and S9. Cultures of cells from four patients
could be driven beyond day 10 and showed progressive
terminal maturation and enucleation, but at a heteroge-
neous rate, confirming that erythroid differentiation was
delayed but not totally blocked (Online Supplementary
Figure 510).

Discussion

The mechanotransductor PIEZO1 has a well-described
role in regulating hydration and volume of mature ery-
throcytes.””” Indeed, activating mutations are responsible
for most HX cases and, recently, a frequent polymorphism
(E756del) has been associated with resistance to malaria in
Alfrican populations,”® although its influence on red cell
hydration status is still controversial.* PIEZO1 expression
during erythropoiesis has been previously studied using
RNA-sequencing analysis, the results of which were in
agreement with our data that PIEZO1 is expressed in early
progenitors' and decreases during terminal maturation.”
These findings were confirmed at a protein level by exten-
sive proteomic analyses of human erythroid differentia-
tion.” Whether PIEZO1 has a specific role during erythro-
poiesis is not known, although evoked in recent case
reports.””” Our data show for the first time that PIEZO1 is
expressed and functional in erythroid progenitors, and
that its activation influences erythroid differentiation,
both in leukemic cell lines and primary erythroid cells.
Indeed, PIEZO1 activation maintained cells at an imma-
ture GPA™" stage for longer and tilted the transcriptional
balance in favor of genes associated with an immature
stage, such as GATA2 and BAMI1, at the expense of genes
associated with terminal differentiation, such as GATA1,
GPA, ALAS2 or a and B globin without myeloid bias.** Of

Role of PIEZO1 during human erythropoiesis -

note, we used the chemical activator YODA1 to evaluate
the effects of PIEZO1 on erythropoiesis.” The phenotype
was dependent on PIEZO1 since it was abrogated after
Sh-RNA mediated PIEZO1 knockdown, and was also con-
firmed in erythroid cells from HX patients carrying
PIEZO1 gain-of-function mutations. Interestingly, we
observed that PIEZO1 knockdown using a Sh-RNA strat-
egy enhanced erythroid differentiation in UT7 cells. Since
PIEZO1 activation was associated with an undifferentiat-
ed state in UT7 cells, we may assume that a low PIEZO1
level at the cell surface could lead to a lower “basal” acti-
vation rate and favor cell differentiation at the expense of
cell proliferation. Of note, it was intriguing that a 50%
reduction of PIEZO1 expression was sufficient to revert
the YODA1-mediated effects. Although the GFP intensity
determined the strength of YODA1 blockade, Sh-PIEZO1
significantly - but not totally - blocked the effects of
YODAU1 in GFP intermediate cells. This may argue for a
threshold effect of PIEZO1, which could be further con-
firmed in patch-clamp experiments.

PIEZOT1 is known as a non-selective cation channel.” We
showed that the effect of PIEZO1 activation on erythro-
poiesis was Ca’*-dependent, as described in mature red
cells as well as in many other ‘PIEZO1-sensitive’ cells such
as endothelial, urothelial, and epithelial cells.”""
However, the consequences of a PIEZO1-mediated
increase in intracellular Ca’ may depend on the cell type.
In mature red cells, the observed phenotype (i.e., red cell
dehydration) occurs because of a secondary activation of
the Gardos channel, which in turn exports K* and induces
loss of water.”® The effects of PIEZO1 on erythropoiesis
seem not to occur through this pathway, since the Gardos
inhibitor Senicapoc could not revert the phenotype. Ca*
influx has previously been shown to be involved during
erythropoiesis. Notably, it has been suggested that EPO

Table 1. Characteristics of the 14 patients, 11 families and 10 PIEZ0O1 mutations, number of patients and family per mutation and main hematologic

features.
Mutation Patient n/ PIEZO1 mutation Age Hb  MCV Reticulocytes Ferritin  MRI N. of Erythroid
Id Family n Exon cDNA Protein (g/L) (fL) x10°/L  (ug/L) (wmol/g) experiments phenotype
HX#1 1 14 ¢.1792G>A p.Val598Met 43 144 107 404 828 190 N=3 High
HX#2 2/2 18 ¢.2344G>A p.Gly782Ser 55 142 101 441 613 95 N=3 High
18 .2423G>A p.Arg808Gln
HX#3 33 42 €.6058G>A* p.Ala2020Thr 31 146 85 173 30 NA N=1  Mild/ moderate
43 4 €.6058G>A* p.Ala2020Thr 61 174 91 293 980 104 N=1  Mild/ moderate
HX#4 5/4 42 ¢.6007G>A p-Ala2003Thr 24 118 99 451 86 NA N=3 High
c.7471C>T p.Arg2491Trp
HX#5 6/5 51 ¢.7391A>C p.His2464Pro 36 181 87 205 ! NA N=1 High
HX#6 /6 16 c2152G>A p.Gly718Ser 51 152 93 167 119 34 N=1  Mild/ moderate
c.7463G>A#  p.Arg2488GIn
HX#7 8/1 51 ¢.7529C>T pPro2510Leu 43 112 83 183 NA NA N=1 High
HX#8 98 16 ¢.2042T>C p.Phe681Ser 4 145 102 248 86 15 N=1 High
HX#9 109 51 C.7367G>A* p.Arg2456His 63 112 120 288 535 200 N=2 High
11/10 ¢.2005G>T p. Asp669Tyr 62 141 98 249 1000 330 N=1  Mild/ moderate
HX#10 12/10 16 ¢.2005G>T p. Asp669Tyr 39 142 104 496 889 NA N=1  Mild/ moderate
13/10 ¢.2005G>T p. Asp669Tyr 3B 149 107 290 507 180 N=1  Mild/ moderate
HX#11 14/11 51 c.7367G>A* p.Arg2456His 8129 85 221 600 NA N=1 High

*Functional studies showing slower PIEZO1 inactivation kinetics.*"” #: Functional studies showil

ng a lower PIEZO1 activation threshold.® Ferritin assays and magnetic resonance imaging

evaluation of iron liver content were performed at diagnosis or before iron chelation/phlebotomy. Patients HX#9 and HX#11, from two different families, had the same P/EZOI mutation.
Id: identity, Hb: hemoglobin; MCV: mean corpuscular volume; MRI: magnetic resonance imaging.
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* could indirectly regulate Ca* currents by modulating Ca®-  poiesis and noticed that NFAT, ERK1/2 and STATS were
channel expression at the cell surface.”** However, conse-  activated by PIEZO1-dependent Ca* entry in erythroid
quences on erythroid maturation remain largely cells. In particular, we found that ERK was strongly phos-
unknown. Ca™ signaling is required during enucleation in  phorylated by YODA1. ERK phosphorylation was inhibit-
mice,” but we did not observe any effect on enucleation ed after PIEZO1 knockdown, a result contrasting with a
rate when PIEZO1 was activated in the last step of differ-  recent study showing that YODA1 phosphorylated ERK
entiation (data not shown). In contrast, we did observe that in endothelial cells in a PIEZO1-independent manner.*
Ca” influx through PIEZO1 had an early effect on erythro- However, this observation was made using chemical
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Figure 7. Delay in erythroid differentiation of progenitor cells obtained from patients with PIEZO1-mutated hereditary xerocytosis. (A) Culture of CD34"-derived ery-
throid cells from patients with hereditary xerocytosis (HX); differentiation was assessed at day 10 by multiparametric flow cytometry (MFC). The mean percentage of
CD71*/GPA"#" cells was 59+9% in control samples, 16+5% in HX#1 (P<0.001), 194+9% in HX#2 (P<0.01), and 42+4% in HX#10 (P<0.05). (n=5 for control samples;
n=3 for HX#1, 2 and 10). (B) Culture of mononuclear cells from HX patients; differentiation assessed on day 10 by MFC (n=9 for control samples; n=3 for HX#4;
n=1 for HX#1-11). The mean percentage of CD71"/GPA"® cells was 71+17% in the control group, and ranged from 0.3% to 11.7% in the “high delay” group and from
22.5% to 44% in the “moderate delay” group. (C) lllustrative CD71/GPA MFC plots at day 10 of erythroid differentiation of CD34" cells obtained from patient HX#1
(right) and from one representative control sample (left). (D) Cytological analysis after staining with May-Griinwald-Giemsa (MGG): count of immature erythroblasts
[proerythroblasts (ProE) and basophilic erythroblasts (BasoE)] on day 10, x200 magnification. Immature erythroblasts were 64.2+6.2% in control samples vs.
97.7+1.5% in HX#1 (n=6 control samples; n=3 for patient HX#1). (E) Example of cytology on day 10 for patient HX#1 (right) and for a control sample (left), MGG
staining, x200 magnification. *show orthochromatic erythroblasts. ***P<0.001; **P<0.01; *P<0.05.
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PIEZO1 inhibitors, which are much less specific than a Sh-
RNA based strategy. The PIEZO1-Ca*-ERK axis has been
described in epithelial cells, in which it regulated the cell
cycle and survival.” Whether Ca’ entry into erythroblasts
through PIEZO1 was sufficient to activate the ERK path-
way by itself or whether it triggered secondary pathways
is under investigation. ERK1/2 activation has been shown
to promote early human progenitor cell expansion and its
constitutive activation in mice blocked differentiation of
fetal liver erythroid progenitor cells.”* Alternatively, ERK
activation through EPO has been shown to promote ery-
throid differentiation in a MASL1-dependent manner.”
This discrepancy in the role of ERK1/2 in erythroid differ-
entiation may depend on its activation level. Our results
showed that PIEZO1 activation synergized both EPO-
dependent ERK and STAT5 phosphorylation in primary
erythroblasts, suggesting that PIEZO1 may act as a modu-
lator of EPO signaling during human erythropoiesis.
Previous data suggested that erythroid regulation involved
balanced STAT5 and ERK1/2 phosphorylation, and we
assume that PIEZO1 may modify this equilibrium to delay
erythroid terminal differentiation.” Of note, YODA1-sus-
tained ERK1/2 activation in UT7/GM cells did not pro-
mote cell proliferation, in contrast to other cell types, but
instead led to accumulation in the GO/G1 phase of the cell
cycle.* This may be due to the fact that YODA1 phos-
phorylated ERK1/2 but not STAT5 in UT7/GM cells in
which proliferation was mainly dependent on STATS.
Alternatively, PIEZO1 activation could modulate cell cycle
regulators as previously shown in canine epithelial cells.®
This highlights the heterogeneous role of PIEZO1 activa-
tion, which differs depending on the type of cell. We also
showed that the effects of YODA1 required NFAT activa-
tion and nuclear translocation, which have been involved
in mice erythropoiesis.” Whether this pathway also
depends on EPO signaling is under investigation.
Erythroid cells from HX patients carrying PIEZO1 gain-
of-function mutations had a similar phenotype as the one
observed after PIEZO1 chemical activation. This high-
lights the pathophysiological relevance of this ion channel,
proving that how PIEZO1 is activated (i.e., constitutive
mutation vs. chemical activation) is not critical. Moreover,
it suggests that the HX erythroid phenotype may involve
a certain degree of impaired erythropoiesis, as evoked in
two recent case reports, which may participate in the high

rate of iron overload described in these patients.””*®

However, the delay in erythroid differentiation does not
translate into anemia since most patients have a totally
compensated hemolysis. First, dyserythropoiesis may be
mild i vivo. Second, it has been suggested that PIEZO1-
HX red blood cells have an increased hemoglobin affinity
for oxygen.* Therefore, hemoglobin level could represent
a balance between factors that tend to decrease it (hemo-
lysis, dyserythropoiesis) and factors that tend to increase
it (hemoglobin hyperaffinity). We were unable to find a
clear correlation between in vivo erythrocyte parameters in
HX patients and the in vitro erythroid phenotype. This
may be due to different mechanisms involved, since
mature red cell dehydration is known to be Gardos-
dependent while the YODA1l-induced erythroid delay
was insensitive to Senicapoc. However, it would be of
great interest to correlate, for each mutation, the intensity
of the erythroid phenotype with functional tests such as
high-throughput patch clamping on red cells.”
Alternatively, modeling the different HX mutations
through viral transduction in normal erythroid progenitors
would represent an interesting way to better understand
the disease heterogeneity and to highlight the potential
role of other genetic factors that may modulate the pheno-
type.

In summary, we describe here a role for PIEZO1 during
human erythroid differentiation, in erythroleukemic cell
lines, in normal primary erythroblasts after exposure to
YODAI, and in primary cells from HX patients carrying
an activating PIEZO1 mutation. We observed a delay in
terminal erythroid maturation which depended on Ca*
entry, and NFAT, STATS and ERK1/2 pathway activation.
We observed that PIEZO1 could synergize with EPO-sig-
naling during human erythropoiesis and that its constitu-
tive activation in HX led to impairment in proliferation
and differentiation of erythroid progenitors, highlighting a
new pathophysiological mechanism in this rare disorder.
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ABSTRACT

e most common treatment for patients with sickle cell disease
(SCD) is the chemotherapeutic hydroxyurea, a therapy with
pleiotropic effects, including increasing fetal hemoglobin (HbF) in red
blood cells and reducing adhesion of white blood cells to the vascular
endothelium. Hydroxyurea has been proposed to mediate these effects
through a mechanism of increasing cellular cGMP levels. An alternative
path to increasing cGMP levels in these cells is through the use of phospho-
diesterase-9 inhibitors that selectively inhibit cGMP hydrolysis and increase
cellular cGMP levels. We have developed a novel, potent and selective
phosphodiesterase-9 inhibitor (IMR-687) specifically for the treatment of
SCD. IMR-687 increased cGMP and HbF in erythroid K562 and UT-7 cells
and increased the percentage of HbF positive erythroid cells generated
in vitro using a two-phase liquid culture of CD34* progenitors from sickle
cell blood or bone marrow. Oral daily dosing of IMR-687 in the Townes
transgenic mouse SCD model, increased HbF and reduced red blood cell
sickling, immune cell activation and microvascular stasis. The IMR-687
reduction in red blood cell sickling and immune cell activation was greater
than that seen with physiological doses of hydroxyurea. In contrast to other
described phosphodiesterase-9 inhibitors, IMR-687 did not accumulate in
the central nervous system, where it would inhibit phosphodiesterase-9 in
neurons, or alter rodent behavior. IMR-687 was not genotoxic or myelotox-
ic and did not impact fertility or fetal development in rodents. These data
suggest that IMR-687 may offer a safe and effective oral alternative for
hydroxyurea in the treatment of SCD.

Introduction

Sickle cell disease (SCD) is a genetic disease arising from a point mutation in the
HBB gene that leads to the polymerization of hemoglobin S (HbS) during deoxy-
genation.”” HbS forms long chains of polymers that deform red blood cells (RBC)
into a sickle shape, which impairs RBC transit in smaller blood vessels and renders
them prone to hemolysis.”” Increased RBC lysis and release of free HbS scavenges
nitric oxide (NO) and promotes vasoconstriction, which further alters vascular biol-
ogy.”" This process in turn promotes the activation and mobilization of white
blood cells (WBC), increasing their adhesiveness to activated endothelium.""*
These pathological manifestations in RBC and WBC in SCD ultimately result in

painful vaso-occlusive crises, end-organ damage, and, in many cases, premature
death.”"
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Hydroxyurea (HU) was the first approved disease mod-
ifying therapy for SCD.”*** HU was originally developed
as a chemotherapeutic agent, and is believed to mitigate
disease pathology and organ damage sequelae by increas-
ing RBC expression of fetal hemoglobin (HbF) and reduc-
ing WBC counts.®”*”HU has been proposed to stimulate
soluble guanyl cyclase, resulting in the elevation of cellular
cGMP levels and activation of protein kinase G, which
ultimately induces HbF expression® HU may also indi-
rectly affect NO biology as a result of these activities, or
directly increase NO levels. Despite its activity on multi-
ple pathways that can improve SCD pathophysiology, HU
is under-used in patients with SCD and often under-
dosed.®” Use of HU is challenged by responder effects
and the careful safety monitoring required due to its
myelosuppressive properties, and by concerns about toxi-
cities, including HU impact on fertility and long-term car-
cinogenic potential.** As a result of these risks, female
and male patients are advised to discontinue HU therapy
when trying to conceive or during pregnancy.

The cGMP specific phosphodiesterase 9 (PDE9) enzyme
degrades cGMP and therefore PDE9 inhibitors (PDE9i)
increase intracellular cGMP levels recapitulating the HbE
induction mechanism of HU.**** PDE9 is highly expressed
in erythropoietic cells, and is further elevated in neu-
trophils and reticulocytes from patients with SCD.¥ A
PDEYi originally developed for the treatment of neurode-
generative diseases (BAY73-6691) has been shown to
increase HbF transcripts in K562 cells.* BAY73-6691 also
reduced WBC adhesion to endothelial cells, the adhesion
of patient-derived neutrophils to immobilized fibronectin,
leukocyte recruitment to the microvasculature, and, in
conjunction with HU;, it reduced the lethality of TNF-a
induced vaso-occlusion in a mouse model of SCD.**

We describe here a novel, potent, and selective phospho-
diesterase 9A inhibitor (IMR-687) that induced cGMP and
HbF in the erythroid cell line K562 and increased HbF
expression in erythroid cells derived from multiple SCD
patients. In murine SCD models, IMR-687 increased plasma
cGMP levels and HbF expression in RBC and impacted a
number of disease-relevant features of SCD, including
reducing lung inflammation, RBC sickling, and occlusion of
micro-vessels. Furthermore, unlike PDE9i that was devel-
oped for neurodegenerative diseases, IMR-687 did not alter
cognition in mice and, unlike HU, did not induce myelosup-
pression. In summary, IMR-687 demonstrated disease-rele-
vant improvements in several aspects of SCD with compa-
rable efficacy to HU.

Methods

Phosphodiesterase enzyme inhibition

Phosphodiesterase enzyme (PDE) inhibition IC50 values were
determined for IMR-687 using recombinant human PDE enzymes
in a radiometric assay.""

K562 and UT-7 erythroid cells

Human erythroleukemic K562 and UT-7 cells (American Type
Culture Collection) were cultured as described in the Online
Supplementary Methods. Terminal cell viability was determined by
use of a trypan-blue exclusion technique (Thermo Fisher Scientific,
France), ATP-based assays (Cell-Titer Glo, Promega), or automated
cell counts (Countess Automated Cell Counter, Life Technologies).
Apoptosis was assessed by Annexin V FACS assay (Biolegend).

Fetal hemoglobin quantification

K562 cells (5x10° supernatants were assayed using an ELISA
kit for HbF (Cloud Clone Corp, CEA996Hu) (see Ounline
Supplementary MNethods). Permeabolized cells were stained with
PE-mouse anti-human HbF and the percentage of HbF" cells (%
HbF) and the HbF levels (MFI) determined by flow cytometry
(see Online Supplementary Methods).

Sickle cell disease patient cells

Blood was collected from five adult patients with severe
SCD, aged 19-33 years (median age 32 years), admitted to the
Biotherapy Department of Necker Hospital for an exchange
transfusion. All samples used in this study were obtained from
patients who signed informed consent forms approved by the
ethical committee of Necker Hospital on 11* September 2015
(study IMNIS2015-01). CD34" cells were were cultured in the
presence of 15% BIT 9500 [mixture of bovine serum albumin
(BSA) + insulin + transferrin from Stem Cell Technologies], 100
U/mL penicillin-streptomycin, 2 mM L-glutamine, 10 ng/mL
recombinant human (th) IL-3 (Peprotech), 100 ng/mL rhIL-6
(Peprotech), and 100 ng/mL rhSCF (Peprotech) for seven days
and then CD36" cells, isolated and cultured in media containing
100 ng/mL rhSCE, 10 ng/mL rhIL-3 and 2 Ul/mL erythropoetin
(Cilag, France) supplemented with dimethyl sulfoxide (DMSO),
30 uM HU or 10 uM IMR-687 for five days, at which point the
HbE* erythroid cells (LD/GPA*/Band3*) was determined by
FACS.

Animals

Townes model. HbSS-Townes mice” on a 129/B6 background
(Jackson Laboratory, Bar Harbor, ME, USA; 10-12 weeks old,
n=7 per group) were dosed daily by gavage with vehicle (poly-
ethylene glycol in water 1:3), 50 or 25 mg/kg of HU, or 30 mg/kg
of IMR-687. On day 30, mice were anesthetized and blood
counts, spleen weights, and plasma bilirubin, LDH, nitrite, HbF
and free Hb determined (see Online Supplementary Methods).

Table 1. Phosphodiesterase enzyme (PDE) selectivity of IMR-687.

Enzyme IC50 (M) Enzyme 1C50 (M)
PDE1A3 88.4 PDE4D4 NI
PDEIB 8.48 PDE4D5 NI
PDEIC 12.2 PDE4D7 NI
PDE2A3 NI PDE5AI >100
PDE3A NI PDEbSA2 81.9
PDE3B NI PDE5A3 >100
PDE4Al >100 PDE6AB NI
PDE4A4 >100 PDE6C NI
PDEAI0 NI PDETA NI
PDE4BI NI PDETB >100
PDE4B2 >100 PDESAL NI
PDE4B3 >100 PDESB NI
PDE4C2 NI PDE9AL 0.008
PDE4DI1 >100 PDE9A2 0.010
PDE4D2 >100 PDE10A2 >100
PDE4D3 NI PDE11A1 NI

Enzyme inhibition by IMR-687 on human recombinant PDE was demonstrated to be
more selective to PDE9 by 1,000-10,000-fold over PDE1A3, 1B, 1C, and PDE5SA2 iso-
forms.No measurable inhibition was observed in PDE2A3, 3A,3B,4A1,4A4,4A10,4B1,
4B2,4B3,4C2,4D1,4D2,4D3,4D4,4D5,4D7,5A1,5A3,6AB,6C, 7A, 7B,8A1,8B,10A1,10A2
or 11A1 at doses up to 100 uM. NI: no inhibition detected.



Lung homogenate myeloperoxide (MPO) and arginase were also
determined (see Online Supplementary Methods).

Hemoglobin S-Townes vaso-occlusive crisis model. HbSS-
Townes mice” (6-17 weeks old, n=3 per group) were treated
with vehicle (0.08% w/v methyl cellulose), 100 mg/kg of HU, 10
or 30 mg/kg of IMR-687, or 100 mg/kg HU + 30 mg/kg IMR-687
in their drinking water. On day 7 of treatment, the mice were
implanted with dorsal skin-fold chambers (DSFC). Three days
later, on day 10 of treatment, mice with DSFC were anes-
thetized, placed on a special intravital microscopy stage, and 20-
23 flowing subcutaneous venules in the DSFC window were
selected and mapped. Mice were then placed in a hypoxic
atmosphere chamber (7% O,/ 93% N2) for 1 hour (h), after
which they were returned to room air. All the selected venules
were re-examined after 1 and 4 h of re-oxygenation in room air,
and the number of static (no flow) venules was counted and
expressed as percent stasis. After this, mice were euthanized and
plasma hematocrit, bilirubin, Hb and heme were measured and
WBC, RBC, sickled RBC and HbF' RBC quantified (see Online
Supplementary Methods).
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Results

Phosphodiesterase enzyme selectivity

To determine the selectivity of IMR-687 for the phos-
phodiesterase 9A, 33 recombinant human PDE were incu-
bated in vitro with increasing concentrations of IMR-687
and their activity determined. The IC50 of IMR-687 for
PDE9A1 and PDE9A2 were 8.19 nM and 9.99 nM, respec-
tively. IMR-687 inhibited PDE9A with more than 800-fold
greater potency than PDE1AS, PDE1B, PDE1C, PDESA2,
with IC50 values of 88.4 uM, 8.48 uM, 12.2 uM, and 81.9
WM, respectively (Table 1). Significant inhibition of the
other 27 PDE enzymes tested, including PDE4 and PDE10,
was not observed (Table 1).

¢GMP and fetal hemoglobin induction in erythroid
cells

To determine if IMR-687 would increase cGMP levels in
an erythroid cell line, actively growing K562 cells were
cultured in media containing increasing concentrations of
IMR-687 or HU. cGMP levels were assessed using a non-
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Figure 1. IMR-687 recapitulates the cGMP and fetal hemoglobin (HbF) induc-
tion mechanism of hydroxyurea (HU) in erythroid cells. (A) Phosphodiesterase
9A inhibitor (IMR-687) (triangles) and HU (squares) treatment for 6 hours (h) in
erythroid K562 cells increases cGMP in a dose-dependent manner. (B) IMR-687
(triangles) and HU (squares) treatment in erythroid K562 cells for 72 h also
induced HbF in a dose-dependent manner, evaluated by an ELISA assay using
an antibody against human HbF. (C) HU (red symbols) demonstrates greater
cytotoxicity than IMR-687 (black symbols) as assessed by cell counts at the end
of a 72-h culture with each drug. *P<0.05; **P<0.01; ***P<0.001. Data are
presented as meanstStandard Errors.
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radioactive cGMP enzyme immunoassay (ENZO Life BAY73-6691 and the sGC activator BAY 41-2271,
Sciences, France) with the acetylation protocol and protein  increased HbF mRNA expression in K562 cells.* To con-
levels were quantified by the BCA assay (Pierce, France). firm this finding with IMR-687, actively growing K562
IMR-687 incubated for 6 h induced cGMP in a dose- cells were exposed to increasing concentrations of IMR-
dependent manner at a dose that was well tolerated 687 or HU, and HbF expression was assessed by ELISA
(Figure 1A). after 72 h. IMR-687 dose-dependently induced more HbE

Almeida et al. reported that exposure to the PDE9i than either BAY73-6691 or BAY 41-2271 and was 4.6
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Figure 2. Treatment of phosphodiesterase 9A inhibitor (IMR-687) in sickle mice for 30 days results in fetal hemoglobin (HbF) induction, reduced hemolysis and
reduced reticulocytosis. Townes-HbSS mice were dosed orally for 30 days with IMR-687 at 30 mg/kg or hydroxyurea (HU) at 25, 50 or 100 mg/kg. Treatment with
IMR-687, or HU at the highest dose resulted in an increase in HbF (A) in Ter-119*red blood cells (RBC), reduction in the percentage of RBC with a sickle shape
observed on blood smear (B), and a reduction in hemolysis as indicated by reduced plasma free hemoglobin (C), plasma bilirubin levels (D), and lactate dehydroge-
nase (LDH) levels (E), and indirectly with an increase in plasma nitrate levels (F) and reduction in lung arginase levels (G). Commensurate with these changes there
was a reduction in evidence of reticulocytosis including reduced reticulocyte counts (H), increased mature RBC counts (I), increased hematocrit (J) and hemoglobin
(K). Statistical significance was calculated for each agent and dose compared to a vehicle-treated control (n=7). *P<0.05; **P<0.01; ***P<0.001; ns: not significant
(P>0.05). Data are presented as means+Standard Errors.
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times more potent at 10 uM than a dose of HU that
demonstrated cytotoxicity (Figure 1B). Induction of HbE
by IMR-687 was observed with the GM-CSF dependent
erythroid line UT-7 (data not shown). While HU produced
more HbF at higher concentrations, the induction was
accompanied by cytotoxicity which was not observed
with IMR-687 (Figure 1C).

Improved sickle cell disease phenotypes in vivo
in murine model of sickle cell disease

We next tested the impact of IMR-687 and HU on F-
cells, RBC sickling and markers of hemolysis in HbSS-
Townes mice. After 30 days of treatment at 30 mg/kg/day
of IMR-687, we observed a greater than 3-fold increase in
the percent of HbF" F-cells (8.4% in vehicle treated and
27.3% in IMR-687 treated; P<0.001) (Figure 2A) and a cor-
responding 2-fold decrease in sickled RBC (56.3% in vehi-
cle treated and 24.4% in IMR-687 treated; P<0.0001)
(Figure 2B). We saw a similar induction of HbF and reduc-
tion in sickled RBC with mice treated with HU doses of
100 mg/kg/day (29.3% F cells and 28.8% sickled RBC).
This dose, which resulted in mortality in mice, was higher
than the dose employed in patients. At HU doses that
were tolerated in mice, the induction of HbF was modest
and not significant compared to vehicle control (25 and 50
mg/mL/day increased F-cells to 13% and 18% compared
to 8.4% for vehicle). There was a minimal decrease in the
percent of sickled RBC with 25-50 mg/kg/day of HU com-
pared to vehicle control (percentage of sickled RBC was
decreased to 52% and 49%, respectively, compared to
56% for vehicle) (Figure 2A and B).

The significant reduction in the RBC sickling by IMR-
687 produced a corresponding decrease in markers of
hemolysis. This was seen in a reduction of free plasma Hb
(Figure 2C ) where IMR-687 reduced plasma free Hb levels
over 55%. HU treatment also reduced free Hb levels in a
dose-dependent fashion with the highest dose, 100
mg/kg, reducing levels by approximately 55%.

Consistent with the reduction in hemolysis and reduc-
tion in free Hb, plasma bilirubin levels and LDH activity,
markers of hemolysis® were significantly increased in
vehicle treated SS mice compared to AA mice and reduced
over 2-fold in IMR-687 treated mice (4.7 mg/dL, P<0.01
and 102 AU, P<0.05) (Figure 2D and E). The impact of the
100 mg/kg HU treatment was less pronounced, reducing
bilirubin levels to 5 mg/dL ( P<0.01) and LDH levels to 121
AU (not significant). HU dosed at 25 and 50 mg/kg did not
produce a significant reduction in either marker of hemol-
ysis.

Red cell lysis results in the release of Hb which con-
sumes the plasma pool of NO and increases the vascu-
lopathy associated with SCD7 nitrite generated in the
plasma from an excess of NO produced by endothelial
NO synthase (eNOS), can be converted back to NO as lev-
els drop, acting as a biochemical reserve for NO.47 In
HbSS-Townes mice, plasma nitrate levels are 41% lower
than those in control AA mice (0.56 mg/mL vs. 0.95
mg/mL) (Figure 2F). Hemolysis results in the release of Hb
and heme, which acts as a scavenger of NO. Treatment of
SS mice with 30 mg/kg of IMR-687 increased plasma
nitrite levels almost 2.5-fold to 1.39 mg/mL ( P<0.05). HU
in a dose-dependent manner increased nitrite levels as
well, with a peak of 1.23 mg/mL in the 100 mg/kg dose
group; however, these changes were not significant and
were modest at therapeutic doses of HU. The difference in
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plasma nitrite levels in IMR-687 and 100 mg/kg HU treat-
ed mice were not significantly different.

Hemolysis also results in the release of arginase which
reduces NO bioavailability and is correlated with SCD
mortality.” IMR-687 reduced lung arginase 25%
(P<0.0001) (Figure 2G) compared to vehicle controls. This
effect was less pronounced in the mice treated with 100
mg/kg of HU.

Reticulocytosis reflects the bone marrow’s response to
anemia due to hemolysis. IMR-687 treated mice demon-
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Figure 3. Treatment of phosphodiesterase 9A inhibitor (IMR-687) in sickle
mice for 30 days results in reduced immune cell activity. White blood cell (WBC)
counts are elevated in Townes-HbSS mice above normal controls (A). Townes-
HbSS mice were dosed orally for 30 days with IMR-687 at 30 mg/kg or hydrox-
yurea (HU) at 100 mg/kg. Treatment with IMR-687 or HU reduced circulating
WBC counts (A) (n=3). NS: not significant; *P>0.05. Data are presented as
meanstStandard Errors. This decrease in WBC counts is not seen in normal
mice, rats or dogs dosed with IMR-687, including long-term 9-month toxicology
studies in dogs dosed orally daily with 10, 25, or 50 mg/kg of IMR-687 (B). Along
with the reduction in circulating WBC levels in IMR-687-treated Townes mice,
there was a significant reduction in lung myeloperoxidase activity (C) (n=7).
**P<0.01; ***P<0.001; ns: not significant (P>0.05). Data are presented as
meanstStandard Errors. MPO: myeloperoxide.
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strated significant changes in all measures of reticulocyto-
sis including a 36% reduction in reticulocyte counts
(Figure 2H), a 27% increase in mature RBC (Figure 2I), a
10% increase in hematocrit (Figure 2J), and a 1.5g/dL
increase in Hb (Figure 2K). HU at a dose of 100 mg/kg pro-
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Figure 4. Treatment with phosphodiesterase 9A inhibitor (IMR-687) reduces
vessel-occlusion in the Townes-HbSS sickle cell disease model. Townes-HbSS
mice were dosed orally for 30 days with IMR-687 at 30 or 10 mg/kg or hydrox-
yurea (HU) at 100 mg/kg or 30 mg/kg IMR-687 in combination with 100 mg/kg
HU. After ten days of treatment, animals were exposed to hypoxic conditions for
quantification of microvessel occlusion via dorsal skin-fold chambers implanted
on day 7 of treatment. On day 10 of treatment, 20-23 flowing venules in the
chamber window were selected and mapped. Mice were then exposed to 1 h of
hypoxia (7% 0,) and then returned to room air. The same venules were re-exam-
ined at 1 h (A) and 4 h (B) post hypoxia for blood flow, and static (no flow)
venules were counted and the data expressed as percent stasis. Data are pre-
sented as means+Standard Deviations. Statistical significance was calculated
for each agent and dose compared to a vehicle-treated control. *P<0.05;
**P<0.01; ns: not significant (P>0.05). Data are presented as meanstStandard
Errors.

duced smaller changes in reticulocyte counts, RBC, hema-
tocrit and Hb; the changes in Hb were not significant. At
HU doses of 25 and 50 mg/kg, only the change in reticu-
locyte counts was significant.

Townes mice have elevated circulating WBC counts, the
major component of which are neutrophils. WBC were
36% lower in IMR-687 (24.1x10°/L vs. 38.2x10°/L; P<0.05)
and 21% lower in 100 mg/kg HU treatment groups
(30.4x10°/L vs. 38.2x10°/L) (Figure 3A). While the reduc-
tion in WBC with HU treatment can result from the
myelotoxicity of HU, the IMR-687 reduction in peripheral
WBC was not due to myelotoxicity as demonstrated in
long-term toxicology studies conducted in normal rats
(data not shown) and dogs (Figure 3B) treated with IMR-687
for up to 6 and 9 months, respectively. In these studies,
super-physiological doses of IMR-687 did not result in any
reduction in peripheral WBC counts. Furthermore, a histo-
logical examination of bone marrow smears from IMR-
687-treated rats and dogs did not demonstrate any myelo-
toxicity (data not shown). This reduction in WBC counts
with IMR-687 treatment likely reflects reduced WBC acti-
vation or mobilization in this sickle cell model.

Not only were peripheral WBC counts increased in
Townes mice, but soluble WBC-derived factors were ele-
vated, including lung-associated myeloperoxidase (IMPO),
which is released by activated neutrophils, reduces plasma
NO, and contributes to vascular damage.”” MPO levels
were elevated over 5-fold in HbSS-Townes mice com-
pared to control mice (3.1 mU/L vs. 0.57 mU/L in control
mice; P<0.0001) (Figure 3C). MPO levels were reduced
2.3-fold in IMR-687-treated mice and 2.1-fold in 100
mg/kg HU-treated mice (1.3 mU/L and 1.5 mU/L, respec-
tively; P<0.0001). Lower doses of HU also reduced MPO
levels in the lungs.

Reduced vaso-occlusion in hemoglobin S-Townes mice
Occlusion of vessels by sickled RBC and adhesive WBC
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Figure 5. IMR-687 increases F-cells in patient-derived sickle cell disease (SCD)
CD36" cells. CD36"cells derived from CD34* adult SCD peripheral blood cells
were cultured as described in the Methods section. Increase in the percentage
of F-cells for each treatment is shown. Statistical significance was calculated for
each agent compared to a vehicle-treated control (n=9). **P<0.01; ns: not sig-
nificant (P>0.05). Errors are presented as Standard Error.
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in SCD leads to multi-organ pathology. To assess the
impact of IMR-687 on vessel occlusion, HbSS-Townes
mice were exposed to 1 h of hypoxia (7% O,/ 93% N2)
and the percentage of static venules (no blood flow) was
quantified after return to normoxic conditions using a
DSFC and intravital microscopy. After vehicle-treated
mice were returned to normoxia, microvascular stasis was
33% and 16% after 1 h (Figure 4A) and 4 h (Figure 4B),
respectively. Treatment with IMR 687 for ten days
decreased stasis to 12% (P<0.01 vs. vehicle) and 7%
(P<0.01) at 30 mg/kg/day and 20% (P<0.05) and 14% (ns)
at 10 mg/kg/day after 1 h and 4 h in normoxia. Treatment
of SS mice with HU at 100 mg/kg/day for ten days
decreased microvascular stasis to 13% (P<0.05) and 8%
(P<0.05) after 1 h and 4 h, respectively. When mice were
given the combination of IMR 687 (30 mg/kg/day) and
HU (100 mg/kg/day), stasis was 7% (P<0.01) and 4%
(P<0.01) at 1 h and 4 h, respectively, suggesting a potential
synergistic effect of the two agents.

Fetal hemoglobin induction in sickle cell disease
patient erythroblasts

Erythroblasts were generated in vitro using two-phase
liquid culture from CD34" progenitors from nine SCD
blood or bone marrow (SCD patients undergoing hip
replacement for osteonecrosis) donors. These cells were
treated with IMR-687 to determine if the drug could
increase HbF expression in patient-derived erythrocytes.

F-cells were determined by their expression of HbF in
the LiveDead-GPA"Band3" population (Figure 5) by FACS.
The mean for the DMSO control group (n=9) was 13.3%
HbF positive. IMR-687 increased the percentage of F-cells
t0 21.9% (P<0.01, n=9). HU increased the percentage of F-
cells to 22.2% (P<0.01, n=7, due to cytotoxicity induced
by HU in 2 cultures). HU had a greater impact on the

PDE9i Concentration (nM)
N
(6}
o
P

Freezing (sec)

intensity of HbF staining in blood-derived CD34" cells,
increasing the MFI of the cells to 9744+2805 compared to
6073+1217 in control cells (P=0.041, n=7, due to cytotox-
icity in 2 cultures), while IMR-687 significantly increased
the MFI to 7813+1374 (P<0.01, n=9). This difference may
be due in part to the greater cytotoxic stress of culturing
the cells in 30 WM HU, evidenced by the loss of 2 of the 9
HU cultures.

Phosphodiesterase 9 inhibitor IMR-687 demonstrated
low central nervous system accumulation and did not
alter behavior

Many PDE9i were originally developed for neurological
diseases.”* In contrast, IMR-687 is a novel PDE9i selected
specifically for low CNS exposure to reduce the potential
impact of neuronal PDE9 inhibition on cognitive develop-
ment and function. C57Bl/6] mice were dosed with IMR-
687 at 10 mg/kg/day for five days or a CNS-active PDE9],
PF-04447943, originally developed for the treatment of
neurological disorders. Plasma concentrations of the two
PDEYi were very similar, while the brain exposure levels
of IMR-687 were 5-fold lower than those seen with PF-
04447943 (Figure 6A). Comparing the brain/plasma expo-
sure profiles of the two drugs confirmed a very low con-
centration of IMR-687 in the CNS (7% brain/plasma ratio)
compared to the PF-04447943, (41% brain/plasma ratio).
Not unexpectedly, given its low brain exposure, IMR-687
showed no effect on locomotor activity or behavioral
responses in toxicology studies (data not shown) nor in a
classical fear conditioning mouse model of learning and
memory (Figure 6B) (see Online Supplementary Methods). In
contrast, the brain penetrant PF-04447943 significantly
increased conditioned fear responses in mice at a similar
dose. Besides confirming the lack of CNS activity of IMR-
687, this finding suggests that brain-penetrant PDE9i treat-

*%*

Figure 6. A brain-penetrant phosphodiesterase-9 inhibitor (PDE9i), but not IMR-687, increases fear responses in a model of learning and memory. (A) Fear condi-
tioning responses are increased and persistent in mice treated with a brain-penetrant PDE9i compared to vehicle-treated or IMR-687-treated mice. (B) Drug exposure
of the brain-penetrant PDE9i is 5-fold greater than that of IMR-687. Errors are presented as Standard Error. ns: not significant.
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ment could trigger cognitive modulation of unknown con-
sequences with chronic therapy.

Discussion

Previous groups have described that reticulocytes and
neutrophils from SCD patients express elevated levels of
PDE9 and that exposure to a PDE9 inhibitor reduced the
adhesive properties and extravagation of neutrophils in
sickle cell models.** They also reported the ability of
this PDE9i to increase HbF mRNA levels in K562 cells.
We describe a novel non-brain penetrant PDE9i, IMR-
687, and its ability to increase HbF protein expression in
human cell lines, patient-derived cells, and mouse mod-
els of SCD, and reduce many of the associated disease
pathologies, including reduced RBC sickling and hemol-
ysis, and normalization of WBC counts. Normalization
of hemolysis is one of the major key improvements in
SCD pathophysiology, having the potential to impact
hemolytic-related complications. This is the first demon-
stration of the reduction in hemolysis by a PDE9i. IMR-
687 treatment was also efficacious in a model of vaso-
occlusive crisis, preventing in vivo microvascular occlu-
sion following a transient hypoxic insult. These effects
were similar to the benefits seen with a high dose of HU,
associated with mortality in the mouse model that was
associated with some lethality in mice and cellular toxic-
ity in vitro.

Hydroxyurea has been associated with activity in mul-
tiple pathways beyond ¢cGMP, including cAMP, c-Jun
kinases, epigenetic modification, and regulation of
miRNA.* It is, therefore, intriguing that many of the ben-
eficial RBC and WBC effects of HU therapy in models of
SCD are recapitulated by inhibitors to a PDE9 enzyme at
daily doses that were safe and well tolerated. This sug-
gests that an optimized dose of IMR-687 may be useful as
a single agent therapy for SCD. That said, IMR-687 may
also have a role in combination with low-dose HU in
refractory patients. This may open the way for a new

group of patients to see the full benefits of HU. Data in
the Townes mouse model suggested that IMR-687 and
HU together had an additive effect in reducing vaso-
occlusion. This effect did not seem to be mediated by an
additive effect on induction of HbF or reduction in RBC
sickling. It may have been through an additive effect in
NO modulation; this remains hypothetical, although not
unexpected, given the robust reduction in hemolysis seen
with IMR-687 which would reduce the release of heme,
an NO scavenger. Clinically, IMR-687 is being tested in
adult SCD patients both as a solo therapy and in those
taking HU.

IMR-687 was purposefully developed for SCD, selected
not only for its potency and selectivity, but also its low
brain exposure to avoid concerns about modulating cogni-
tive function, especially in children with SCD. The data
presented in this report indicate that, in the context of
SCD models, IMR-687 has many of the beneficial in vitro
and in vivo properties of HU without its attendant toxici-
ties. Furthermore, many of the positive changes associated
with HU are sufficiently recapitulated by selective target-
ing of the PDE9 pathway, which acts through increases in
c¢GM, culminates in increased HbF and ameliorates RBC
pathology. This offers significant advantages over drugs
that increase cGMP systemically, impacting cells that are
not necessarily suitable targets, and mediating side effects
such as hypotension. The clinical development of a safe,
well-tolerated, orally available drug like IMR-687, with
low CNS exposure, acting through the PDE9 pathway,
may offer an improved single treatment option for
patients living with SCD. In the light of these findings,
clinical studies are underway to determine if IMR-687
might offer a safe, well-tolerated and efficacious alterna-
tive to HU therapy for SCD patients.
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ABSTRACT

rogression-free survival (PFS) of patients with lower-risk myelodys-

plastic syndromes (MDS) treated with red blood cell transfusions is

usually reduced, but it is unclear whether transfusion dose density is
an independent prognostic factor. The European MDS Registry collects
prospective data at 6-monthly intervals from newly diagnosed lower-risk
myelodysplastic syndromes patients in 16 European countries and Israel.
Data on the transfusion dose density - the cumulative dose received at the
end of each interval divided by the time since the beginning of the interval
in which the first transfusion was received - were analyzed using propor-
tional hazards regression with time-varying co-variates, with death and
progression to higher-risk MDS/acute myeloid leukemia as events. Of the
1,267 patients included in the analyses, 317 died without progression; in
162 patients the disease had progressed. PES was significantly associated
with age, EQ-5D index, baseline World Health Organization classification,
bone marrow blast count, cytogenetic risk category, number of cytopenias,
and country. Transfusion dose density was inversely associated with PES
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(P<1x10™): dose density had an increasing effect on hazard until a dose density of 3 units/16 weeks. The
transfusion dose density effect continued to increase beyond 8 units/16 weeks after correction for the impact
of treatment with erythropoiesis-stimulating agents, lenalidomide and/or iron chelators. In conclusion, the
negative effect of transfusion treatment on PFS already occurs at transfusion densities below 3 units/16
weeks. This indicates that transfusion dependency, even at relatively low dose densities, may be considered
as an indicator of inferior PES. This trial was registered at www.clinicaltrials.gov as #NCT00600860.

Introduction

Red blood cell transfusions (RBCT) are the major com-
ponent of the supportive care of patients with myelodys-
plastic syndromes (MDS). The life expectancy of MDS
patients treated with RBCT is usually shorter than that of
untransfused patients,”” but whether the impaired out-
come is a result of intrinsic deterioration of the underlying
disease or a result of external factors related to transfusion
per se (for example the iron toxicity induced by RBCT)
remains an open question. Since 2007, the European MDS
(EUMDS) Registry has prospectively collected observa-
tional data on patients with MDS classified as low and
intermediate-1 risk according to the International
Prognostic Scoring System (IPSS),’ collectively defined as
lower-risk MDS.* The majority of lower-risk MDS patients
become transfusion dependent (51% in the EUMDS
Registry), usually within 6 months after diagnosis. With
an expected median survival of 2.4 to 11.8 years, these
patients might be prone to long-term accumulation of iron
due to RBCT.*** The toxic effects of iron overload in other
iron-loading diseases, such as hereditary hemochromato-
sis” and the thalassemia syndromes," are well known, but
the consequences in MDS patients require further clarifica-
tion. MDS patients are generally older than patients with
other iron-loading disorders." Their exposure to RBCT
may not be long enough to develop classical tissue damage
due to iron overload, but they may suffer from oxidative
stress caused by toxic iron species, including non-transfer-
rin bound iron (NTBI) and labile plasma iron (LPI), which
have been suggested to serve as early indicators of iron
toxicity in iron-loading anemias, such as thalassemia syn-
dromes.*” Biomarkers of oxidative stress have been found
to be increased in patients with MDS and iron overload.***
' Data from a recently completed study of the EUMDS
Registry” showed that elevated LPI levels - in contrast to
elevated NTBI levels and transferrin saturation - are asso-
ciated with decreased survival. The risk of dying prema-
turely in patients with detectable LPI levels occurred too
early in this study to be explained by classical iron over-
load with organ toxicity (lungs, liver and heart) after long
term transfusions, and this may suggest a direct effect
associated with elevated LPI levels.

The aim of this analysis was to assess the effect of
RBCT dose density on progression-free survival (PES) of
patients with lower-risk MDS. The hypothesis is that
transfusional iron may be toxic and associated with oxida-
tive stress, which may lead to bone marrow failure, genet-
ic damage, increased risk for progression or premature
death. Two countervailing forces may play a role in this
analysis: (i) patients with symptomatic anemia are more
likely to receive more frequent RBCT; and (ii) higher
RBCT doses may lead to faster deterioration of lower-risk
MDS or to a higher risk of complications by co-morbidi-
ties.

Methods

Patients with lower-risk MDS (IPSS risk: low or intermediate-1)°
from 16 European countries and Israel were included in the
EUMDS Registry, after providing signed informed consent, within
100 days of their initial diagnosis of a MDS which was made
according to the World Health Organization (WHO) 2001 crite-
ria.”® Patients with an IPSS intermediate-2 or high risk, or with
therapy-related MDS were excluded, but MDS-specific treatment,
started before registration within 100 days after diagnosis, was not
a reason for exclusion. Data were collected at baseline and at each
6-monthly outpatient routine follow-up visit. Clinical information
was collected on: demographics, anthropometrics, co-morbidities,
performance status, quality of life (EQ-5D), concomitant medica-
tion, laboratory parameters, diagnostics including information on
bone marrow morphology, histology, cytogenetics, RBCT
episodes, total number of transfused units and simultaneous ther-
apeutic interventions. All subjects were followed prospectively by
full reports every 6 months until death, progression to high risk
MDS or leukemia, loss to follow-up or withdrawal of informed
consent. The Registry was approved by each institution’s ethics
committee in accordance with national legislation.

Transfusion data available in the EUMDS Registry consists of
the number of units received between each reported visit, usually
at 6-month intervals. In order to assess the association between
transfusions received and PFS, proportional hazards regression
with time-varying covariates was employed, adjusting the effect
of transfusions by appropriate baseline and time-varying variables.
For the purposes of the time-to-event analyses, time was meas-
ured from the date of diagnosis with MDS to the date of disease
progression or date of death. Progression is defined as an increase
to either refractory anemia with excess blasts-2 or to acute
leukemia. Patients without disease progression and still alive at
the time of the analyses were censored at the date of their last
visit.

In order to avoid problems with simultaneity of cause and effect
assumed by the proportional hazards approach to survival analy-
sis a “dose density” variable was defined, in the following way, for
blood transfusions received. The cumulative total of units of blood
received at the end of each inter-visit time interval was calculated.
This was then divided by the time since the beginning of the time
interval in which the first post-diagnosis transfusion was received,
giving a dose-density measurement. This dose-density was then
assigned to each time interval. The value of this variable at each
point in time represents the average rate at which the patient has
been receiving units of blood since they started transfusions.

Adjusted baseline variables included age at diagnosis, number
of cytopenias and number of units of blood received before diag-
nosis. Adjusted time-varying variables (with the intention of
adjusting for the condition of the patient over time) were bone
marrow blast count, EQ-5D index, revised IPSS cytogenetic cate-
gory, and platelet and neutrophil counts. Additional analyses were
adjusted for the effect of treatment with erythropoiesis-stimulat-
ing agents (ESA), iron chelation therapy and lenalidomide, taking
these treatments to be confounding factors. Finally, a sensitivity
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analysis was performed in the survival regressions to take into
account that the population was not homogeneous but distributed
over different centers in several countries, using a random effects
frailty term. The random effect, called “frailty”, is the term that
describes the common risk or the individual heterogeneity, acting
as a factor on the hazard function. Missing values in adjustment
variables were imputed with last observation carried forward or
next observation carried backward.

Results
Patients’ characteristics

The EUMDS Registry contained data from 2,192
patients diagnosed between December 3, 2007 and March

14, 2017 of whom 1,504 patients had data recorded from
three or more visits (visit 3 = landmark at the 1-year fol-
low-up). Two patients with refractory anemia with excess
blasts-2 were excluded, resulting in the inclusion of 1,502
patients. An additional 235 patients were excluded, as one
or more of the following variables had never been meas-
ured or the test failed throughout the study: cytogenetics
(n=112), EQ-5D (n=101), blast count (n=60), platelet count
(n=1), and neutrophil count (n=2). The final cohort con-
sisted of 1,267 patients, unselected for any type of treat-
ment. In 162 patients the disease had progressed to high-
er-risk MDS or acute myeloid leukemia and 317 patients
had died without progression. The median survival after
disease progression was 5.3 months [95% confidence
interval (95% CI); 3.2- 9.8 months]. Full details of the

Table 1. Baseline characteristics of the included patients from time of diagnosis and progression-free survival, stratified according to transfusion
status at the visit 3 landmark.

Hazard ratio Adjusted hazard Transfusion status at landmark
(95% CI) ratio* (95% Cl)
No Yes
Total 1267 (100.0) 751 (100.0) 516 (100.0)
Median age at diagnosis, 73.0 (18.0 - 95.0) 1.03 (1.02 - 1.04) 1.03 (1.02 - 1.04) 73.0 (18.0-91.0)  73.0 (21.0- 95.0)
years (range)
Sex
Male 757 (59.7) 1 1 445 (59.3) 312 (60.5)
Female 510 (40.3) 0.84 (0.70- 1.01) 0.76 (0.62 - 0.92) 306 (40.7) 204 (39.5)
WHO diagnosis:
RA 218 (17.2) 0.84 (0.64 - 1.10) 0.78 (0.59 - 1.03) 139 (18.5) 79 (15.3)
RARS 214 (16.9) 0.73 (0.56 - 0.96) 0.59 (0.45 - 0.78) 123 (16.4) 91 (17.6)
RCMD 492 (38.8) 1 1 296 (39.4) 196 (38.0)
RCMD-RS 86 (6.8) 1.03 (0.72 - 1.46) 0.91 (0.64 - 1.30) 47 (6.3) 39 (7.6)
RAEB-1 133 (10.5) 1.58 (1.20 - 2.07) 1.86 (1.41 - 2.46) 78 (10.4) 55 (10.7)
MDS-U 41 (3.2) 0.64 (0.34 - 1.22) 0.68 (0.36 - 1.29) 27 (3.6) 14 (2.7)
Deletion 5q 83 (6.6) 0.61 (0.40 - 0.92) 0.54 (0.35 - 0.83) 41 (5.5) 42 (8.1)
MDS Comorbidity Index
Low 782 (61.7) 1 1 482 (64.2) 300 (58.1)
Intermediate 411 (32.4) 1.24 (1.02 - 1.50) 1.08 (0.88 - 1.31) 232 (30.9) 179 (34.7)
High 71 (5.6) 1.55 (1.08 - 2.22) 1.30 (0.90 - 1.89) 35 41 36 (7.0)
Not known 3(02) - - 2(03) 1(0.2)
Karnofsky status
80-100 881 (69.5) 1 1 543 (72.3) 338 (65.5)
50-70 210 (16.6) 1.72 (1.38 - 2.15) 140 (1.10 - 1.77) 93 (12.4) 117 (22.7)
10-40 10 (0.8) 2.04 (0.76 - 5.48) 1.89 (0.69 - 5.15) 3(04) 7(14)
Not known 166 (13.1) 1.08 (0.80 - 1.45) 0.99 (0.73 - 1.34) 112 (14.9) 54 (10.5)
Quality of life
Visual analog score, mean (SD)  70.5 (19.7) 0.99 (0.98 - 0.99) 0.99 (0.99 - 1.00) 73.1 (18.9) 66.8 (20.2)
IPSS category
Low 680 (53.7) 1 1 460 (61.3) 220 (42.6)
Intermediate 557 (44.0) 1.95 (1.62 - 2.34) 1.71 (1.39 - 2.11) 274 (36.5) 283 (54.8)
Cytogenetics not done 30 (2.4) 0.83 (0.43 - 1.62) 0.74 (0.38 - 1.45) 17 (2.3) 13 (2.5)
Revised IPSS category
Very low 386 (30.5) 1 1 310 (41.3) 76 (14.7)
Low 571 (45.1) 1.80 (1.41-2.29) 1.85 (1.45-2.37) 309 (41.1) 262 (50.8)
Intermediate 204 (16.1) 3.19 (2.41-422) 340 (2.55 - 4.52) 89 (11.9) 115 (22.3)
High 39 3.1 427 (2.72-6.71) 459 (2.91-7.22) 11 (1.5) 28 (54)
Very high 3(0.2) 3.15 (0.78 - 12.82) 4.65 (1.13 - 19.15) 1(0.1) 2(04)
Not known 64 (5.1) 1.69 (1.07 - 2.68) 1.76 (1.11 - 2.80) 314 33 (6.4)

*Hazard ratio adjusted for all other variables in the table. 95% CI: 95% confidence Interval; WHO: World Health Organization; RA: refractory anemia; RARS: refractory anemia
with ring sideroblasts, RCMD: refractory cytopenia with multilineage dysplasia; RCMD-RS: refractory cytopenia with multilineage dysplasia & ring sideroblasts; RAEB: refractory
anemia with excess blasts; MDS-U: myelodysplastic syndrome, unclassifiable; MDS: myelodysplastic syndrome; SD: standard deviation; IPSS: International Prognostic Scoring
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exclusions are provided in the Online Supplementary Data.
Table 1 and Ounline Supplementary Table S1 show the
patients’ baseline demographics. For the landmark analy-
sis patients were defined as untransfused if they had never
received a transfusion from diagnosis until the end of the
study period (death or progression), or if they had
received transfusion only once (n=751). Patients were
defined as transfused if they had received multiple trans-
fusions (n=516) within the first year of follow-up (visit 3 =
landmark). Regular transfusions were usually initiated
during the first 6 months. Using visit 3 as the landmark
ensured that the majority of patients who received more
than one transfusion were correctly identified.

Distribution of transfusion dose density

The distribution of non-zero dose densities at the third
visit (the landmark visit) is shown in Figure 1. Mean dose
density among those who had received a transfusion at 1
year of follow-up was 1.24 units per month, with a medi-
an of 0.88 units per month (interquartile range, 0.31 —
1.85). Dose densities of the transfused patients declined
on approach to the final recorded interval, if the patient
died or progressed to higher-risk MDS during the last
interval (Online Supplementary Figure S1). This implies that
patients received fewer transfusions per month in the
interval during which death occurred than in the preced-
ing intervals. Presumably, the treatment focus switches to
palliative care at home on the approach to death. Patients
alive at the last recorded visit and with no signs of pro-
gression did not show an increase of transfusion density
over time (Online Supplementary Figure S1).

Outcome of patients stratified according
to transfusion status at the landmark 1 year
after registration

The patients’ characteristics at the time of the landmark
visit 3 stratified according to transfusion status are shown
in Online Supplementary Table S2. One hundred forty-five
subjects untransfused at visit 3 went on to have transfu-
sions after the landmark visit. Out of 516 transfused by
the time of the landmark, 288 subjects were not reported
to have received any further transfusions, but of these
288, 125 subjects did not have any further visits and
another 91 had only one additional visit. Of the 163 sub-
jects who had one or more additional visits (91+72,
respectively), 73 received treatment with ESA, 19 with
lenalidomide, ten with hypomethylating agents, two
with hydroxycarbamide, and three with iron chelators.
Unadjusted PES stratified by transfusion status (trans-
fused n=516, untransfused n=751) at the third visit is pre-
sented in Figure 2A. The overall PFS of the untransfused
patients at visit 3 was significantly better (P<0.0001) than
that of the transfused patients.

Transfused patients were divided into those receiving
above (high density) or below (low density) the median
value (0.87 units per month) of non-zero dose densities.
Unadjusted PES stratified by transfusion status and dose
density (untransfused n=751, low dose density n=258,
high dose density=258) at the third visit is presented in
Figure 2B. The overall PES of the three groups of patients,
stratified according to the dose density at visit 3, was sig-
nificantly different (P<0.0001). We evaluated the time to
progression in the three groups of patients by censoring
those who died before progression (Figure 2C). The haz-
ard ratios for the patients in the low and high density
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groups were 1.85 (95% Cl: 1.24-2.76), and 8.79 (95% CI:
2.65-5.42) relative to the non-transfused group. The
recently revised International Working Group (IWG)
hematologic response criteria for patients with MDS
refined RBCT burden by dividing patients into three cat-
egories (non-transfused patients, patients with a low
transfusion burden (0.75-2 units per month) and those
with a high transfusion burden (=2 units per month)."”
We therefore repeated the analysis, subdividing the
patients into four groups: no transfusions, >0 to <0.75
(low transfusion burden), 0.75 to 1.75 (mid transfusion
burden) and >1.75 (high transfusion burden). The results
are shown in Figure 2D. The main effect occurred for
low dose densities, such that the outcomes of the mid
and high transfusion density groups were similar. The
low transfusion burden group of Figure 2D (density >0 -
<0.75 units per month) is almost identical to the low bur-
den group (density <0.89 units pwer month) of Figure 2B.
MDS-related causes of death increased from 28% in the
non-transfused group to 39% and 48% in the mid and
high transfusion burden groups, respectively (data not
shown).

Impact of individual prognostic factors

The univariate effect of various covariates on outcome
was investigated in order to discover the appropriate
functional form for the covariates (i.e., to discover
whether a linear or non-linear form was best) and to dis-
cover appropriate ways of adjusting for confounding
covariates. Increasing RBCT dose density was associated
with inferior PFS (P<1x10%). The functional form is
shown in Figure 3A. The effect of the dose density
increased until a dose density of about 1 unit per month;
thereafter, the effect was flat. Baseline age (as a continu-
ous variable) was strongly associated with PES (P<1x107)
in univariate regression analyses, as were baseline MDS
diagnosis (P<1x10*), quality of life measured by the EQ-
5D Index (P<1x10¥), country of origin (P=0.002), bone
marrow blast count (P<1x10*), number of cytopenias
(P<1x10*), revised IPSS cytogenetic category (P<1x10*),
hemoglobin concentration (P<1x10), neutrophil count
(P<1x10*) and platelet count (P<1x10*). No difference in

Frequency
40 60 80

20

T T T 1

0 2 4 6 7
Dose Density (units/month)

Figure 1. Distribution of dose densities of all transfused patients in the interval
preceding the 1-year landmark. Frequency: number of patients in each dose
density ranging from >0 to 0.2 units per month to >6 units per mont.
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PFS was detected by sex (P=0.1), but PFS in females was
superior in the multivariate analyses.

Progression-free survival using time-varying
covariates proportional hazards regression analysis

Variables used for adjustment at baseline included age at
diagnosis, sex, country of origin, number of cytopenias
(and their corresponding blood counts), and number of
units of blood received before registration. Time-varying
variables measured longitudinally included: dose density,
EQ-5D Index, components of the IPSS-R, and receipt of
ESA, iron chelators and lenalidomide.

In multivariate analysis, not adjusting for the effects of
ESA, iron chelation and lenalidomide therapy, all variables
entered in the regression retained statistical significance.
The functional form of the dose density effect (P<10™) is
shown in Figure 3B. With a frailty term added for the sub-

jects’ country of origin, all previously significant variables,
including the dose density, retained statistical significance,
with a dose density P-value of <10*.

Impact of therapeutic interventions on red blood cell
transfusion densities

Treatment with ESA, lenalidomide and iron chelators
may improve erythropoiesis and reduce the need for
RBCT. Reduction of the RBCT rate results in a gradual
decrease of the subsequent RBCT dose densities in inter-
vals during the response period. We therefore investigated
how many of the transfused patients had been treated
with these interventions and calculated the average treat-
ment duration and the number of patients with reduced
transfusion densities after starting the intervention. In our
cohort of 1,267 patients, 679 received treatment with an
ESA and 151 had reduced transfusion densities in the first
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Figure 2. Progression-free survival and risk of progression according to transfusion status at the landmark of visit 3 (1 year after registration). (A) Kaplan-Meier
plot of progression-free survival (PFS) of patients who did or did not receive transfusions by the landmark (visit 3). (B) Kaplan-Meier plot of PFS of patients who
received transfusions at a low density (<0.87 units/month) or at a high density (>0.87 units/month) by the landmark versus PFS of patients who did not receive
transfusions; (C) Kaplan-Meier plot of time to progression of patients surviving until progression subdivided according to transfusion burden or not as in panel B; (D)
Kaplan-Meier plot of PFS of patients receiving transfusions at densities according to the revised International Working Group criteria: low dose density: >0- <0.75
units per month; mid dose density: 0.75 - 1.75 units per month; high dose density >1.75 units per month.




visit after starting ESA treatment. Online Supplementary
Figure S2 gives the individual dose density over time dur-
ing ESA treatment of the 151 responding patients. Overall,
100 patients received treatment with lenalidomide: of
these, 53 patients had a reduced transfusion density in the
first visit after starting lenalidomide treatment; Online
Supplementary Figure S3 shows the individual dose density
over time during lenalidomide treatment of the 53
responding patients. Within our study group 186 patients
received treatment with iron chelators and 75 patients had
a response leading to reduced transfusion densities in the
first interval after starting of iron chelation treatment
(Online Supplementary Figure S4). In contrast to the dose
densities over time during ESA and lenalidomide treat-
ment, the longer-term dose densities during iron chelation
appeared to show a more stable pattern: subjects receiving
a certain level of blood transfusion dose density when
they first received iron chelation appeared to maintain
that level of dose density. The decline of the dose density
was less pronounced, but this might be a reflection of the
longer transfusion period before starting chelation treat-
ment when compared with the other two interventions.

The observed patterns of dose density trajectories sug-
gest that receiving ESA, lenalidomide or iron chelation
therapy modulates the dose density and we, therefore,
included these variables in the regression model. This
analysis resulted in an effect for the dose density similar to
that of the previous analyses (Figure 3B), with a P-value of
<0.0001. Indeed all variables entered in the regression
retained statistical significance, except for platelet count
(P=0.47) and neutrophil count (P=0.24). However, the
dose density effect continued to increase beyond 1 unit
per month after correction for the three interventions
(ESA, iron chelation and lenalidomide) up until a dose of 6
units per month (Figure 3C).

Some patients received more than one intervention
simultaneously, including 25 patients who received chela-
tion and lenalidomide and 88 patients who received ESA
and chelation. However, no additional impact could be
detected over and above the impact of the two individual
interventions.

Discussion

This large prospective, observational study confirmed
the reported association of transfusion dose density with
reduced PFS in patients with lower-risk MDS.” More sur-
prisingly, we showed in this study that this negative asso-
ciation already occurred at a low transfusion rate. In addi-
tion, we showed that the risk of progression increased
both in the low and high transfusion burden groups when
compared to the non-transfused patients. We were even
able to show that the deleterious effect of transfusions
occurred at a very low transfusion burden (<0.75 units per
month or <3 units per 16 weeks as defined by the revised
IWG criteria), when the patients were subdivided accord-
ing to the revised IWG hematological response criteria.”
These patients with a very low transfusion burden are
considered as untransfused patients using the revised IWG
response criteria.”

The main focus of our study was to analyze the associ-
ation of transfusion rate with outcome, assuming that reg-
ularly transfused patients may be exposed to the postulat-
ed toxicity of RBCT at a lower transfusion burden than
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generally accepted. Several studies have addressed this
question using various definitions of transfusion rate. The
initial publications describing the impact of RBCT on out-
come in MDS compared RBCT-dependent patients with
RBCT-independent patients, using RBCT dependency as a
time-dependent variable."” These studies were based on
various definitions of RBCT dependency,”” including a
study using a rigid criterion, which implied a RBCT rate of
at least 1 unit per month during a period of 2 months.* In
this last study, transfusion dependency occurred in a
minority of the patients (35% to 44%). The use of this
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Figure 3. Influence of dose density on progression-free survival. (A) Dose density
effect on progression-free survival (PFS) in an univariate analysis. (B) Dose den-
sity effect on PFS in a multivariate regression model unadjusted for the three
treatment variables. (C) Dose density effect on PFS in a multivariate regression
model adjusted for treatment with either erythropoiesis-stimulating agent, Iron
chelation or lenalidomide.
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definition implies that patients regularly receiving fewer
than 3 units per 16 weeks are defined as RBCT-indepen-
dent, but these patients might also be subject to the dele-
terious association with RBCT. In addition, patients may
respond to therapeutic interventions, such as ESA,
lenalidomide or iron chelators and become RBCT-inde-
pendent again. The conclusion was that the severity of
anemia was the leading cause of impaired survival rather
than RBCT dependency.® However, the definition of
severe anemia (<9 g/dL in males and <8 g/dL in females)
implies that the majority of these patients were regularly
transfused, as confirmed in the study.* This study also
showed that the transfusion rate was significantly associ-
ated with an increased risk of cardiac complications. The
risk of cardiac complications was significantly higher in
patients with a RBCT intensity of >3 units per month
compared to that in patients transfused with <1 unit per
month.” In an open forum discussion RBCT dependency
was even defined much higher, at 2 units per month in a
3-month interval.”® In a Spanish study of 191 transfused
patients with MDS,; the interval between each transfusion
was used to calculate the transfusion intensity.” It was
concluded that high transfusion intensity was associated
with decreased survival and increased risk of development
of acute myeloid leukemia, in concordance with our
study. Interestingly, the cumulative transfusion burden
was not a prognostic factor when the transfusion intensity
was included in the model.”

The traditional evaluations of the prognostic impact of
factors influencing outcome have used standard time-to-
event methods based on variables at diagnosis; however,
many variables in MDS may change over time. This
aspect can be addressed by using proportional hazards
regression with time-varying covariates. The EUMDS
Registry is collecting its observational data at registration
of each new patient (within 100 days after diagnosis) and
follow-up data at 6-monthly intervals. This practice leads
to regular visit intervals of 6 months. For many patients in
this dataset, the value of the recorded transfusion rate var-
ied strongly over time, as shown in the Ounline
Supplementary Files. We therefore calculated the RBCT rate
at each reported visit during all preceding visit intervals
between the date of the first RBCT and the date of the last
visit, leading to a “smoothed” variable, defined as dose
density. This reflects an average rate of receiving transfu-
sions during the whole observation period with transfu-
sions. The relatively low number of red cell units trans-
fused per month can be explained by the remarkable vari-
ation of the transfusion rate over time, even when using
interval visit reports of 6 months’ duration.

Baseline age, bone marrow percentage category, num-
ber of cytopenias, and the EQ-5D Index retained their sig-
nificant prognostic impact in the proportional hazards
regression with time-varying explanatory variables. The
non-linear component of the dose density effect was also
retained (P<1x10%). The unfavorable effect of the dose
density increased until a dose density of about 2 units per
month and leveled off thereafter. A similar form and effect
was observed when using the cumulative dose of RBCT
units over time in an identical multivariate regression
model with the same variables (data not shown). The nega-
tive impact of the cumulative RBCT dose started already
at the time of administering the first RBCT and did not
increase any further beyond 30 units received (data not
shown).

Many patients showed a (temporary) decrease of the
RBCT dose density, reflecting response to ESA,” lenalido-
mide,” and/or iron chelators” in 22%, 53% and 40% of
the treated patients, respectively. The observed patterns of
dose density trajectories suggest that receipt of ESA,
lenalidomide and/or iron chelation modulates the dose
density and we therefore included these variables as con-
founding variables in the regression model. This analysis
showed that the impact of the dose density remained sim-
ilar to that in the previous analyses, but in contrast to the
previous analyses there is some evidence that the dose
density effect continued to increase beyond 2 units per
month after correction for the three interventions.

Red blood cells are usually transfused after a certain
period of storage, but the survival of stored red blood cells
depends on this period.** Transfusion of stored red cells
leads to pro-inflammatory reactions, associated with a
higher risk of infection and increased levels of circulating
iron and, in particular, NTBI species, which enhance bac-
terial growth i vitro.** Infusion of autologous red blood
cells from healthy volunteers after prolonging storage up
to 6 weeks resulted in increased extravascular hemolysis,
decreased red cell survival, elevated NTBI and ferritin lev-
els in units transfused after 6 weeks compared to units
transfused after shorter shortage.*® Excess toxic iron
species, including NTBI and especially its component
LPI,* catalyze the cellular generation of reactive oxygen
species. Oxidative stress may lead to pro-inflammatory
responses and to oxidation of lipids, proteins and DNA
causing cell and tissue damage.”* Elevated NTBI levels
after a single unit of RBC stored for 6 weeks normalize
within 24 hours.” However, in multi-transfused patients
(cumulative number of units =10) with MDS, NTBI and
LPI remained elevated until the next transfusion.”

In conclusion, the negative association of transfusions
on PFS already occurs at low RBCT dose densities below
3 units per 16 weeks. This indicates that the RBCT
dependency in patients transfused at relatively low rates,
who are usually considered as untransfused patients, may
be considered as an indicator of poor prognosis for PFS.
This poor prognosis in transfusion-dependent patients
might be the result of direct toxicity of iron radicals result-
ing from the RBCT or the result of concomitant disease
progression, including hematopoietic impairment. Data
from our group provide support for the direct toxicity of
RBCT density on outcome, because patients had a better
outcome if treated with chelators, which remove toxic
iron radicals effectively. Future studies, including interven-
tional studies, are needed to confirm our observations,
which may lead to adaptions of the current recommenda-
tions.
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ABSTRACT

ron overload due to red blood cell (RBC) transfusions is associated with

morbidity and mortality in lower-risk myelodysplastic syndrome (MDS)

patients. Many studies have suggested improved survival after iron
chelation therapy (ICT), but valid data are limited. The aim of this study
was to assess the effect of ICT on overall survival and hematologic
improvement in lower-risk MDS patients in the European MDS registry.
We compared chelated patients with a contemporary, non-chelated control
group within the European MDS registry, that met the eligibility criteria for
starting iron chelation. A Cox proportional hazards model was used to
assess overall survival (OS), treating receipt of chelation as a time-varying
variable. Additionally, chelated and non-chelated patients were compared
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using a propensity-score matched model. Of 2,200 patients, 224 received iron chelation. The hazard ratio and
95% confidence interval for OS for chelated patients, adjusted for age, sex, comorbidity, performance status,
cumulative RBC transfusions, Revised-International Prognostic Scoring System (IPSS-R), and presence of
ringed sideroblasts was 0.50 (0.34-0.74). The propensity-score analysis, matched for age, sex, country, RBC
transfusion intensity, ferritin level, comorbidity, performance status, and IPSS-R, and, in addition, corrected
for cumulative RBC transfusions and presence of ringed sideroblasts, demonstrated a significantly improved
OS for chelated patients with a hazard ratio of 0.42 (0.27-0.63) compared to non-chelated patients. Up to
39% of chelated patients reached an erythroid response. In conclusion, our results suggest that iron chelation
may improve OS and hematopoiesis in transfused lower-risk MDS patients. This trial was registered at c/in-

icaltrials.gov identifier: 00600860.

Introduction

Myelodysplastic syndromes (MDS) comprise a hetero-
geneous group of clonal hematopoietic stem cell disorders
characterized by abnormal differentiation and maturation
of hematopoietic cells, bone marrow (BM) failure and
genetic instability, with an enhanced risk of progressing
to acute myeloid leukemia (AML).! Iron overload (IOL), as
a consequence of frequently administered red blood cell
transfusions (RBCT) and/or ineffective erythropoiesis, is a
common finding in MDS. The effects of toxic iron species
in other iron loading diseases, such as primary hemochro-
matosis, thalassemia and sickle cell anemia are well
known, but the consequences in MDS are less clear.”*
With an expected median survival of 2.4-11.8 years in
lower risk MDS (LR-MDS) patients,” these patients are
prone to long-term accumulation of iron due to RBCT as
well as direct iron toxicity due to the formation of reac-
tive oxygen species (ROS).°

Several studies have reported beneficial effects of iron
chelation therapy (ICT) on overall survival (OS) and other
clinical outcomes in MDS patients with IOL." However,
valid data on the effect of ICT are limited, as most studies
are carried out in small or highly selected patient groups,
or suffer from serious methodological problems such as
confounding by indication. Performing a randomized,
controlled trial to explore this is cumbersome due to
patients' widespread belief in the beneficial effects of ICT
and also the personal opinion of many treating physi-
cians, which may negatively affect enrollment. Likewise,
patients included in a randomized, controlled trial do not
generally reflect the actual LR-MDS patient group, which
is usually made up of elderly patients with multiple
comorbidities.

In addition to the possible beneficial effects of ICT on
OS, there is increasing evidence to indicate hematologic
improvement in patients during treatment with iron
chelators.""* Alongside improvement in hemoglobin,
platelet, and neutrophil levels, transfusion independence
is achieved in a minority of chelated patients.'""*'* The
underlying mechanisms are still unclear.”

The aim of this study was to evaluate the effect of ICT
on OS, hematologic improvement, and ferritin levels in
lower risk MDS patients in the European MDS (EUMDS)
Registry.

Methods

The EUMDS registry prospectively collects observational data
on LR-MDS patients from 142 centers in 16 countries in Europe

and Israel. Patients were included within 100 days of MDS diag-
nosis according to the World Health Organization 2001 classifi-
cation, restricted to patients with a low or intermediate-1 score
according to the International Prognostic Scoring System
(IPSS)."* IPSS was the current prognostic indicator at the start of
the registry, in accordance with the currently used prognostic
score; the Revised-IPSS (IPSS-R) was reconstructed afterwards.
The ethics committees of all participating centers approved the
protocol and all patients provided written informed consent.
Data were collected at baseline and at each 6-monthly routine
outpatient follow-up visit. Data were collected on: comorbidity,
transfusion history, use of iron chelators (agent, time frame; no
drug doses or schedules were collected), peripheral blood values,
conventional iron parameters (e.g. serum ferritin), bone marrow
pathology, and progression to higher-risk MDS or AML. Subjects
were prospectively followed until death, loss to follow up, or
withdrawal of informed consent.

In Europe, three iron chelators are available for treatment of
secondary IOL, but availability varies between countries. We
analyzed all patients, chelated or non-chelated, who are eligible
for receiving ICT based on at least one criterion for starting ICT
(cumulative =15 RBC units, RBCT intensity of =1 unit/month
during a 6-month period, or serum ferritin level >1000 ug/L),
thereby preventing immortal time bias. As chelated and non-
chelated patients may differ in characteristics that affect out-
come, two different approaches were performed in order to con-
trol for potential bias: 1) analysis of all eligible chelated and non-
chelated patients using receipt of ICT as a time-varying co-vari-
ate, adjusting for co-variates related to both receiving ICT and
OS: sex, age, comorbidity, performance status, RBCT intensity,
number of units transfused, IPSS-R, and presence of ringed sider-
oblasts; 2) Propensity Score (PS), i.e. conditional probability for
being treated with ICT on the basis of patient characteristics,
matching of the same group. Variables included in the PS were:
age, sex, country, RBCT intensity, ferritin level, MDS comorbid-
ity index, performance status, and IPSS-R. A 3-to-1 nearest
neighbor matching method with replacement and caliper (0.2)
was applied.”” In addition, we used a robust sandwich estimator
to correct for intra-individual correlation of multiply used con-
trols. Further details on the PS matching are provided in the
Ounline Supplementary Methods>* OS was defined as the time
from eligibility for ICT to death; subjects still alive were cen-
sored at the last follow-up date. Cox proportional hazards
regression models and Kaplan-Meier survival curves were
applied and hazard ratios (HR) with 95% confidence intervals
(95%Cl) were reported.”

Erythroid responses were defined as a reduction in RBCT den-
sity (number of RBCT over time; see Ounline Supplementary
Methods for definition and details) or as transfusion independen-
cy at least once as the transfusion density was reduced to zero,
platelet responses were assessed according to the modified
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International Working Group (IWG) criteria.”* Ferritin responses

were defined as a decrease of 21000 ug/L or a drop of the serum

ferritin value below 1000 ug/L.

All analyses were undertaken in Stata 15 (StataCorp, College

Station, TX, USA).

Results

Patient population

Data were extracted from the EUMDS registry on July

5*2017, 2,200 patients, diagnosed between December 3

Table 1. Baseline characteristics of non-chelated and chelated patients at the check-up prior to reaching the eligibility criteria and estimates of

overall survival.

Non-chelated Chelated Deferasirox Deferoxamine Deferiprone
Total 490 199 150 36 13
N. of countries with chelated patients 17/17 17/17 14/17 9/17 6/17
Mean age at eligible (SD) 76 (10) 70 (9) 70 9 729 70 (10)
Time from diagnosis (months)
Inclusion, median (p10-p90) 7 (0-35) 8 (0-32) 9 (0-36) 6 (0-30) 7 (0-33)
Inclusion, mean (SD) 14 (16) 13 (15) 14 (16) 9 (1D 12 (13)
Chelation median (p10-p90) NA 17 (4-46) 17 (4-47) 13 (2-39) 22 (5-51)
Chelation mean (SD) NA 21 (17 21 (18) 17 (13) 26 (18)
Number of units transfused
Median (range) 40 (1.0-33.0) 2.0 (0.0-28.0) 25 (0.0-28.0) 3.0 (0.0-18.0) 20 (0.0-8.0)
Median at start of chelation (range) NA 13.0 (2.0-91.0) 120 (2.0-75.0) 105 (2.0-75.0) 245 (2.0-91.0)
Ferritin (pg/L)
Median (p10-p90) 547.0 675.0 683.0 682.0 525.0
(116.0—1384.0)  (256.0—1573.0) (264.0 — 1600.0) (256.0 —1920.0) (190.5—918.1)
Median at start of chelation (p10-p90) NA 1221.0 1210.0 1173.0 2202.0
(475.8 — 3000.0) (449.3 — 2832.0) (335.0—3000.0) (475.8 —4900.0)
Comorbidity (MDSCI)
Low risk 308 63.2% 150 75.8% 118 79.2% 23 63.9% 9 69.2%
Intermediate risk 149 30.6% 43 21.7% 28 18.8% 11 30.6% 4 30.8%
High risk 30 6.2% 5 2.5% 3 2.0% 2 5.6% 0 0.0%
Performance status
Unable to care for self 8 2.0% 1 0.6% 1 0.8% 0 0.0% 0 0.0%
Unable to work 132 32.3% 36 20.2% 21 15.9% 12 34.3% 3 21.3%
Able to work and normal activity 269 65.8% 141 79.2% 110 83.3% 23 65.7% 8 12.1%
Prognostic indicator (IPSS-R)
Reaching criteria (LOCF***)
Very low 48 134% 22 13.5% 18 14.6% 2 6.9% 2 182%
Low 199 55.6% 95 58.3% 66 53.7% 21 72.4% 8 12.1%
Intermediate 111 31.0% 46 28.2% 39 3L7% 6 20.7% 1 9.1%
High 38 10.6% 9 5.5% 6 4.9% 3 10.3% 0 0.0%
Very high 3 0.8% 1 0.6% 1 0.8% 0 0.0% 0 0.0%
Duration of treatment with chelation (months)
Median (p10-p90) NA 13 (3-41) 14 (3-41) 9 (1-34) 13 (2-30)
Ever received ESA
No 312 63.7% 115 57.8% 85 56.7% 22 61.1% 8 61.5%
Yes 178 36.3% 84 42.2% 65 43.3% 14 38.9% 5 38.5%
Ever received hypomethylating
No 460 93.9% 184 92.5% 136 90.7% 36 100.0% 12 92.3%
Yes 30 6.1% 15 7.5% 14 9.3% 0 0.0% 1 71%
Ever received lenalidomide
No 467 95.3% 179 89.9% 136 90.7% 33 91.7% 10 76.9%
Yes 23 4.7% 20 10.1% 14 9.3% 3 8.3% 3 23.1%
Overall Survival (0S)*
Unadjusted 1 0.57 (045-10.73) 1 1.99 (1.18-3.35) 042 (0.10-1.71)
Adjusted** 1 0.50 (0.34-10.74) 1 246 (1.12-541)  0.30 (0.02 —3.58)

*Hazard Ratios (HR) and 95% Confidence Intervals (CI) were estimated using receipt of chelation as a time-varying co-variate. ** Adjusted by age at eligibility, sex, comorbidity,
Performance Status,number of units transfused, Revised-International Prognostic Scoring System (IPSS-R),and ringed sideroblasts present. * * *LOCF: last observation carried for
ward (only for cytogenetics and bone marrow blasts); SD: Standard Deviation; RBCT: red blood cell transfusion; MDSCI: Myelodysplastic Syndrome Specific Comorbidity Index;
ESA: erythropoiesis stimulating agents; NA: not applicable.
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2007 and April 252017, had been registered, of which
1,161 patients received at least one RBCT and 224
patients received iron chelation therapy (ICT) (Figure 1).
A small proportion of patients had received ICT without
being transfused or prior to starting RBCT, these subjects
generally had a high ferritin level and were excluded from
subsequent analyses. Of the 1,161 transfused patients,
850 patients had been transfused for a duration of =2
months. Out of these 850 patients, 689 met the eligibility
criteria. Online Supplementary Figure S1 summarizes the
number of patients who reached each criterion. At the
time of analysis, 236 patients were deceased (154 non-
chelated, 82 chelated) and nine patients progressed to
high-risk MDS or AML (4 non-chelated, 5 chelated).

Comparing outcome of chelated versus non-chelated
patients using iron chelation therapy as a
time-dependent variable

Table 1 shows the characteristics of the 689 patients at
the check-up prior to meeting one of the eligibility criteria;
the date of this check-up is when the patients entered this
analysis. Mean age of the 199 chelated patients was 70
years and these patients were younger than the non-
chelated patients (mean age was 76 years). Median time
from date of diagnosis to date of meeting the eligibility
criteria was seven months in the non-chelated and eight
months in the chelated subjects. The median follow-up
period from study entry for chelated and non-chelated
patients was 39.4 months (range 4.1-106.6 months) and
27.1 months (range 2.5-105.6 months), respectively. Non-
chelated subjects had a higher number of cumulative units
transfused than chelated subjects (4 vs. 2 units) at time of
inclusion and, on average, chelated patients had 13 units
transfused prior to commencing ICT. The latter had a
higher median ferritin level recorded at baseline (675 ug/L
vs. 547 ug/L), and this had increased to 1,221 ug/L prior to
start of ICT. While non-chelated and chelated subjects had
similar IPPS-R scores, chelated patients had fewer co-mor-
bidities as measured by the MDS-CI score and a better

Performance Status. OS was estimated using receiving
ICT as a time-dependent variable, hence the number of
patients reported in the risk table in Figure 2 reflects the
time when a subject commences ICT. The hazard ratio for
OS in the univariate analysis was 0.57 (95%ClI: 0.45-0.73)
(Table 1 and Figure 2). This benefit increased when adjust-
ed for the factors in Table 1 and the following variables:
sex, RBCT intensity, and the presence of ringed siderob-
lasts (HR: 0.50, 95%ClI: 0.34-0.74). No statistically signifi-
cant interactions were detected when using a sophisticat-
ed prediction-type model. When we restricted the analysis
to patients who were treated with deferasirox (the largest
group), thereby excluding possible differences between
patients using different chelators, the crude HR for OS
was 0.53 (95%Cl: 0.40-0.69) and the adjusted HR for OS
was 0.38 (95%CI: 0.24-0.60). Out of the 199 chelated
patients, 150 received deferasirox as the initial chelator, 36
deferoxamine, and 13 deferiprone, and differences were
seen in the baseline characteristics by type of chelator
with deferasirox-treated patients being younger and fitter.
Twenty-two patients switched from one chelator to
another, or were treated with all three chelators consecu-
tively (Online Supplementary Table S1), but usually the
treatment period of the second chelator was shorter than
the treatment period of the first chelator. The median time
on chelation for all 199 patients was 13 months (range 3-
41 months) and patients who were initially treated with
deferoxamine had inferior OS compared to deferasirox-
treated patients (adjusted HR: 2.46, 95%CI: 1.12-5.41)
(Table 1). The OS of the deferoxamine-treated patients
was similar to non-chelated patients (adjusted HR: 0.98,
95%ClI: 0.52-1.86).

Matching of chelated and non-chelated patients by
propensity scores

The variables used in the propensity score matching are
described in Online Supplementary Table S2 for all eligible
patients by chelation status, initially excluding any miss-
ing variables and then after multiple imputation (MI).

performance status as measured by Karnofsky Along with the factors already shown in Table 1, there
Total
n=2,200
[
[ 1
NoRBCT RBCT
n=1,039 n=1,161
| I
Chelated piror to Transfused only Multiple
No::{h;;bd Ch:l:;ed RBCT once Transfusions
' n=6 n=203 n=052
I
[ ]
RBCT duration RBCT duration
Non-chelated Chelated <2 mbnie > 2 monthe
n=200 n=3 n=102 n=850
I
| |
Eligibilty criteria Eligibilty oriteria
Non-chelated Chelated
i & met* not met*
n=100 = =689 ] n=161
|
[ ]
Chelated Non-chelated
phors dso S Noricrosied
| wMatched : Unmatched | wMatched : Unmatched
=107 | n=2 l n=266 | n=224

Figure 1. Number of registry patients by transfusion and chelation status. *Cumulative red blood cell transfusion (RBCT) units >15 or RBCT intensity of >1 RBC

unit/month or serum ferritin >1000 ug/L.
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was a difference by country as to whether a patient was
treated with ICT; patients in the UK were less likely to be
treated.

The overlap of propensity scores of both groups
(chelated and non-chelated), which is essential for PS
matching, was good for the majority of the patients
(Online Supplementary Figure S2). The matched MI dataset
included 197 of 199 chelated cases and identified 591
non-chelated controls. There were no differences by sex,
RBCT intensity, cumulative RBCT units, serum ferritin
levels, comorbidity, performance status, IPSS-R, presence
of ringed sideroblasts, quality of life (QoL), and country
between both groups (Table 2). Figure 3 shows the unad-
justed survival plot by ICT status with receiving ICT as a
time-dependent variable for the matched patients. A mul-
tivariate Cox proportional hazard model was used to

1.00 1

0.75

0.50

Survival probability

0.25 1

P<0.001
0.00

adjust for potential confounders (age, sex, comorbidity,
performance status, monthly RBCT intensity, number of
RBC units transfused, IPSS-R, and presence of ringed
sideroblasts). The estimated crude and adjusted hazard
ratios were 0.70 (95% CI: 0.51-0.95) and 0.42 (0.27-0.63),
respectively (Table 2) and the adjusted survival curve is
shown in Figure 4. When we again restricted the analysis
to the deferasirox-treated patients, the crude HR for OS
was 0.63 (95%CI: 0.45-0.88) and the adjusted HR was
0.34 (95%CI: 0.22-0.53).

The distribution of erythropoiesis-stimulating agent
(ESA) and lenalidomide-treated patients among chelated
and non-chelated patients at time of eligibility were sim-
ilar in the unmatched and matched sample. A sensitivity
analysis excluding the treatment of ESA and lenalidomide
showed similar results.

Unmatched sample

Non—chelated

--------- Chelated

T T T T T
0 6 12 18 24 30 36

Number at risk
Non—chelated 612 548 389 280 191 138 105
Chelated 77 101 128 118 117 101 72
1.00

0.75

0.504

Survival probability

0.25

P<0.001
0.00

T T
42 48 54 60

Time from reaching the eligibility criteria (months)

Figure 2. Overall survival by iron chela-
tion therapy as a time-dependent vari-
able in unmatched patients.

71 42 26 16
58 47 34 24
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Figure 3. Overall survival by iron chela-
tion therapy as a time-dependent vari-
able in matched patients.
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Number at risk
Non—chelated 713 638 434 333 227 172 137
Chelated 75 101 128 118 117 101 73

T T
42 48 54 60

Time from reaching the eligibility criteria (months)

92 69 49 25
58 47 34 24
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Table 2. Baseline characteristics for all matched subjects included in the propensity analyses ®
Matched* data with imputations**
Non-chelated Chelated P Standardized
N =591 N=197 differences* **
Age (vears) 1 (1) 0 9) 0.364 0,077
Sex 0.797 -0.021
Female 210 35.5% 72 36.5%
Male 381 64.5% 125 63.5%
RBCT Intensity (per month) 0.7 (1.0) 0.6 (1.0) 0.484 -0.058
Cumulative RBCT units 45 (49) 43 (41 0570 -0.047
Ferritin level (pg/L, median, p25-p75) 7306 (494.6-977.3) 683.6 (504-915.5) 0328 -0.086
Comorbidity (MDSCI) 0.965 -0.004
Low risk 440 74.5% 150 76.1%
Intermediate risk 145 24.5% 42 21.3%
High risk 6 1.0% 5 25%
Performance status 0279 0.090
Unable to care for self 4 0.7% 1 0.5%
Unable to work 135 22.8% 38 19.3%
Able to work and normal activity 452 76.5% 158 80.2%
Prognostic indicator (IPSS-R) 0.914 0.009
Very low 83 14.0% 22 11.2%
Low 337 57.0% 120 60.9%
Intermediate 134 22.1% 45 22.8%
High 34 5.8% 9 4.6%
Very high 3 05% 1 05%
Ring-sideroblast present 0.445 0.062
Yes 419 70.9% 134 68.0%
No 172 29.1% 63 32.0%
Platelet level (10x/L, median, p25-p75) 1625 (99.2-204) 240 (121-324) 0.086 0.148
Hemoglobin level (g/dL, median, p25-p75) 88 (82-98) 84 (1.7-95) 0.021 -0.194
Quality of Life (EQ-5D)
Index (mean, SD) 07 (02) 07 (02) 0.186 0.125
VAS (mean, SD) 648 (21.0) 68.1 (19.9) 0.083 0.165
Country 0.140 -0.122
Austria 25 42% 10 5.1%
Croatia 9 15% 1 0.5%
Czech Republic 58 9.8% 25 12.1%
Denmark 15 2.5% 8 41%
France 113 19.1% 40 20.3%
Germany 23 3.9% 8 41%
Greece 80 13.5% 23 11.7%
Israel 11 1.9% 5 2.5%
Italy 11 1.9% 5 2.5%
the Netherlands 17 2.9% 7 3.6%
Poland 22 3% 8 4.1%
Portugal 2 0.3% 1 0.5%
Romania 34 5.8% 11 5.6%
Republic of Serbia 8 1.4% 2 1.0%
Spain 11 1.9% 5 2.5%
Sweden 97 16.4% 20 10.2%
UK 55 9.3% 18 9.1%
Overall Survival (OS)
Unadjusted 1.0 0.70 (0.51-10.95)
Adjusted**** 10 042 (027-063)
Continuous variables are reported as mean (Standard Deviation), while categorical variables are reported as number (%). *Matched by age, gender, country,red blood cell trans-
fusion (RBCT) intensity, ferritin level, comorbidity, performance status,and Revised-International Prognostic Scoring System (IPSS-R) at eligibility. * *Multiple imputations in RBCT
intensity, ferritin level, comorbidity, Performance Status,and IPSS-R at eligibility for non-chelated patients. ***The standardized difference in percent is the mean difference as a
percentage of the average standard deviation. ****Adjusted by age, sex, comorbidity, performance status, RBCT intensity, number of units transfused, IPSS-R, and RS present.
MDSCI: myelodysplastic syndrome specific comorbidity index; EQ-5D: European Quality of Life - 5 dimensions.
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Impact of iron chelation therapy on hematopoiesis and
ferritin levels

Figure 5 shows the changes in transfusion density over
eight visits in chelated and non-chelated patients. Forty-
eight (62.3%) of the 77 responding patients were treated
with ESA and 16 (20.8%) were treated with lenalidomide
during chelation therapy. Compared to first check-up, 61
of the 197 chelated patients (31.0%) had a reduction in
transfusion density, i.e. an absolute decrease, during at
least one interval between check-ups, two patients
(1.0%) maintained the same density throughout, and 134
(68.0%) never had a reduction in transfusion density. For
those patients who showed a reduction, the average
value in the monthly rate was -1.63 units per month (SD:
2.12, median: -0.96) compared to first check-up. Figure

3 to 1 matched sample
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0.75
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Survival probability

0.251

P<0.001
0.00

6A shows the monthly RBC transfusion density for
chelated patients with and without an erythroid response
and non-chelated patients. In terms of becoming transfu-
sion independent, 35 (17.8%) of the 197 treated patients
had at least one interval between check-ups of approxi-
mately six months during which they had not received
any further transfusions and 19 (9.6%) of the 197 patients
were transfusion independent during more than one
interval between check-ups after starting chelation thera-
py. In total, 54 patients (27.4%) became (temporarily)
transfusion independent. In total, 77 chelated patients
had an erythroid response: 61 patients had a reduction in
transfusion density, and 16 patients who did not have a
reduction in transfusion density became transfusion inde-
pendent during at least one interval between check-ups.

Non—chelated

--------- Chelated

Figure 4. Adjusted overall survival by iron chela-
tion therapy as a time-dependent variable in

T T T T T T T T
0 6 12 18 24 30 36 42 48
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Monthy RBCT dose density

54 60 matched patients.

Non—chelated Patients
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Figure 5. Changes in transfusion density over time in chelated and non-chelated p

atients. Time: eight 6-monthly visits.




We observed hematologic responses with all chelating
agents.

A subgroup of chelated patients had an at least tempo-
rary platelet response (22.9%) over time. Median platelet
counts were in the normal range in both the chelated and
non-chelated group.

Figure 6B demonstrates ferritin levels of chelated
patients with and without a ferritin response and non-
chelated patients. Fifteen (51.7%) of the 29 responding
patients were treated with ESA and five (17.2%) were
treated with lenalidomide. A subgroup of patients had a
ferritin response (5.6-23.5%) over time. Responding
patients showed ongoing mean serum ferritin levels of
approximately 1000 wug/L, whereas non-responding
chelated patients had mean ferritin values of approxi-
mately 2100 w/L.

A RBCT monthly density

Chelated patients follow up

On average, chelated patients did not start therapy until
17 months after diagnosis (Table 1). Of the 199 chelated
patients, at the time of the analysis, follow up was ongo-
ing for 148 patients, for seven patients their disease had
progressed to higher risk MDS/AML, 29 patients had
died, and four have missing values of treatment dates
(these four patients are still ongoing), nine patients had
withdrawn from the study (four of these because of dis-
ease progression and five after starting intensive treat-
ment such as an allogeneic stem cell transplantation), and
six were lost to follow up. Most patients (101 of the 148
ongoing patients) were receiving chelation at the time of
the last report. Twenty of the 199 chelated patients
switched from deferasirox to another chelating agent.

591 591
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Figure 6. Trajectory analysis in
chelated patients with and
without response and for non-
chelated patients. (A) Monthly
red blood cell transfusion densi-
ty for chelated patients with and
without an erythroid response
and for non-chelated patients.
(B) Ferritin levels of patients
with and without a ferritin
response, defined as a
decrease of >1000 ug/L or a
drop of the serum ferritin value
below 1000 ug/L, and for non-
chelated patients.
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Figure 7. Serum creatinine levels (wmol/L) in chelated and non-chelated patients per check-up.

Reasons for cessation of iron chelation therapy

Information on reasons of cessation of ICT was not
routinely recorded in the study. However, information
about the deferasirox-treated patients was available for
seven patients: fatigue and diarrhoea (1 patient), physi-
cian’s choice (1 patient), economic reasons (1 patient),
renal failure (1 patient), no effect (1 patient), dyspepsia (1
patient), and lower limb cramps and dosage change (1
patient).

Renal function

Non-chelated patients had slightly higher median crea-
tinine values compared to chelated patients at time of eli-
gibility [non-chelated: median 86 umol/L (p10-p90: 61-
135); chelated: median 79 umol/L (p10-p90: 59-107)].
Forty-four chelated patients had higher serum creatinine
levels at the first visit after discontinuing chelation com-
pared with creatinine levels at time of eligibility (P=0.02
for all chelating agents and P=0.03 for deferasiox-treated
patients). Renal function in non-chelated patients
increased similarly over time (Figure 7).

Discussion

The results of this study indicate that ICT may improve
OS in transfusion-dependent lower-risk MDS patients
(LR-MDS). Our results are in line with several previously
reported studies.”'**** Some of these studies attempted
to correct for confounding factors, but still suffered from
confounding by indication. This generally results in an
overestimation of the beneficial effect of ICT on OS in
LR-MDS patients. So far, one randomized controlled trial
has been reported on this subject. The randomized, place-
bo-controlled, TELESTO trial” evaluated the event-free
survival (EES) (a composite outcome, including non-fatal
events related to cardiac and liver function, and transfor-

mation to AML or death) and safety of deferasirox versus
placebo in low- and intermediate-1-risk MDS patients.
This study demonstrated an EFS risk reduction of 36.4%
in the deferasirox arm (P=0.015). However, there was no
difference in median OS in the deferasirox-treated arm
(HR 0.83, 95%CI: 0.54-1.28, P=0.200) when compared
with placebo, but more than 50% of the placebo-treated
patients switched to ICT after study treatment discontin-
uation (the placebo drug). The results of the TELESTO
study are in line with our results. However, the included
patients may not represent ‘real-life’ elderly MDS
patients with multiple comorbidities, as reflected by the
mean age of 61 years old of the patients included in
TELESTO study compared to the mean age of 70 years in
the EUMDS Registry study. Furthermore, low accrual
rates and the crossover to ICT after cessation of the place-
bo, affected the statistical power of the TELESTO study.

Meanwhile, well-designed prospective observational
data, reflecting, ‘real-life’ data, contribute to the better
understanding of the effect of ICT on OS in LR-MDS
patients. Recently, a study from the Canadian MDS reg-
istry demonstrated a superior OS for 83 chelated patients
compared to non-chelated patients (5.2 vs. 2.1 years;
P<0.001).* The patients in this study were selected at the
onset of transfusion dependency. Chelated patients
became transfusion-dependent at a much longer interval
from diagnosis than non-chelated patients (median 18 vs.
6 months) and OS was calculated from the time of
becoming transfusion-dependent. Even after matching,
some incomparability between the two groups remained
in factors like concurrent treatment, presence of ringed
sideroblasts, and ferritin levels. Therefore, confounding
cannot be excluded in this study. Nevertheless, their con-
clusions are in accordance with our findings, supporting
the probable beneficial effect of ICT on OS in LR-MDS
patients.



The mechanisms by which ICT influences OS after a
relatively short exposure to iron chelation therapy (medi-
an duration of 13 months) are not completely understood.
A recently published study of the EUMDS Registry, as
well as the follow-up data of this study, demonstrated
detectable labile plasma iron (LPI) levels to be associated
with inferior OS in LR-MDS patients.** The risk of
dying prematurely in patients with detectable LPI levels
occurred too early in this study to explain this risk by
classical IOL due to organ toxicity (e.g. liver and heart)
after long-term transfusions, but this indicates a direct
toxic effect associated with elevated LPI levels.”

Likewise, there is increasing evidence that increased LPI
levels may be a general predictor of an increased non-
relapse mortality during and after hematopoietic stem cell
transplantion.”

Toxic iron species are known to catalyze the cellular
generation of ROS, which play a key role in cellular dam-
age.*® ROS damage (mitochondrial) DNA, with poten-
tial consequent genomic instability, mutagenesis, and cell
death. ROS are associated with leukemic transformation
of the MDS clone.® Moreover, ICT is associated with a
decrease in LPI and ROS.%® Overall, the present study
indicates that ICT may partly counteract the unfavorable
consequences of secondary IOL.

In up to 31.0% of chelated patients a reduction in trans-
fusion density was observed during at least one interval
between check-ups. Likewise, 27.4% of the responding
patients became, at least temporarily, transfusion inde-
pendent. Platelet responses were less frequently
observed. However, platelet count in this context was less
relevant because the platelet counts in both groups were
within the normal range, and will not likely lead to severe
bleeding complications. Contemporary treatment with
ESA and/or lenalidomide may have enhanced these
responses.

Several previous studies recorded hematologic respons-
es to I[CT."" While the percentage of patients with hema-
tologic responses in these studies are in line with the
present study, none of the former studies included a con-
trol group in their analyses. One of the key factors is the
relatively short period of ICT (median 13 months) in this
study. The duration of ICT may improve by the introduc-
tion of a better tolerated formulation of deferasirox.*
ICT is usually prescribed relatively late after detection of
signs of IOL. Earlier initiation of ICT may prevent or
decrease the occurrence of transfusional iron toxicity on
hematopoiesis. Moreover, we recorded data only at 6-
monthly intervals. Short duration hematologic responses
in between check-ups may be missed by this approach.
But on the other hand, short-term responses may not be
clinically relevant.

Pre-clinical studies have shown a beneficial effect of
ICT on hematopoiesis.** Inhibition of the transcription
factor NF-kB, involved in many cellular processes, and
modulation of mammalian target of rapamycin (M-TOR)
signaling, a major regulator of cell death and proliferation,
have been proposed to play a role.” Future studies should
address this issue appropriately.

In the trajectory analyses, ferritin responses occurred in
up to 23.5% of the chelated patients. Serum ferritin levels
have frequently been reported to be a prognostic marker
in LR-MDS patients, but serum ferritin is an imprecise
surrogate marker for secondary IOL and toxicity.*** This
is reflected by the observation that a relatively small pro-

Iron chelation in lower risk MDS patients -

portion of chelated patients have a considerable decrease
in serum ferritin levels, while these patients show a sig-
nificant survival benefit. Serum ferritin levels are influ-
enced by the stage of MDS and by concurrent infection
and inflammation, which is common in LR-MDS
patients.*® In addition, there is no convincing evidence
regarding its use for monitoring secondary IOL in MDS
patients.*®* Tissue biopsy and MRI T2* are currently
regarded to be the most specific and sensitive diagnostic
tests for detecting IOL.* However, the clinical utility of
these assays remains unclear in MDS and invasiveness
(biopsy), unavailability, and expense (MRI T2*) hamper
their general use in clinical practice. As discussed above,
LPI is associated with inferior survival in LR-MDS
patients.*"* Future studies are warranted to evaluate the
effect of ICT on LPI levels as a measure of iron toxicity.
Measurement of oxidative stress, including malondialde-
hyde, a long-lasting lipid peroxidation product, formed as
a consequence of oxidative stress from IOL, are also pos-
sible future markers to detect and monitor the biological
consequences of secondary IO in LR-MDS patients,
should they be proven to correlate with clinical out-
comes. """

Analysis of renal function demonstrated that ICT is
associated with an increase in creatinine levels. In some
patients, this will be clinically relevant and/or a reason to
stop or lower the dose of ICT. In other patients, an
increase in creatinine levels will not affect cessation of
ICT.

This large cohort, with prospectively collected ‘real-life’
data from diagnosis, provides a unique opportunity to
study the effect of ICT in a large number of lower-risk
MDS patients in daily practice. An important strength of
the study is that the results can be widely generalized to
this, mostly elderly, patient population with multiple
comorbidities, who are typically excluded from clinical
trials. The variation in iron chelation practice across the
different countries, due to variable interpretation of the
poor quality outcome data for ICT in MDS, made it pos-
sible to compare the effects of ICT on OS to a non-chelat-
ed control group. In Europe, unlike in the United States,
socio-economic status does not influence the prescription
of ICT (either deferoxamine or deferasirox) because the
costs are covered by the national health systems.

Since conventional statistical modeling is limited by the
number of co-variates to be added to a model, propensi-
ty-score matched analysis is able to incorporate more
confounding factors in the model, including country-spe-
cific effects. Confounding by indication, a common prob-
lem in observational studies, is maximally reduced by
using the propensity-score matched method and is, there-
fore, a major strength of this study. To our knowledge,
we are the first to apply this method in order to adequate-
ly deal with confounding in this setting.

Limitations of our study include the moderate sample
size of the deferoxamine and deferiprone groups. In addi-
tion, our analysis could not consider differences in dosing
schemes and therapy compliance. This prevented us from
drawing definitive conclusions of the effect of the sepa-
rate iron chelators on OS. Data were collected at the
scheduled 6-monthly intervals. Subtle changes in patient-
related factors in the intervening 6-month period may
have been missed. Not all patients can be matched by the
propensity score approach. This might introduce selec-
tion bias. However, the same magnitude and direction of
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Impact of clinical, cytogenetic, and molecular
profiles on long-term survival after transplanta-
tion in patients with chronic myelomonocytic
leukemia
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ABSTRACT

group of clonal hematopoietic malignancies with variable clinical

and molecular features. We analyzed long-term results of allogeneic
hematopoietic cell transplantation in patients with CMML and determined
clinical and molecular risk factors associated with outcomes. Data from 129
patients, aged 7-74 (median 55) years, at various stages of the disease and
transplanted from related or unrelated donors were analyzed. Using a panel
of 75 genes somatic mutations present before hematopoietic cell transplan-
tation were identified In 52 patients. The progression-free survival rate at
10 years was 29%. The major cause of death was relapse (32%), which was
significantly associated with adverse cytogenetics (hazard ratio, 3.77;
P=0.0002), CMML Prognostic Scoring System (hazard ratio, 14.3, P=0.01),
and MD Anderson prognostic scores (hazard ratio, 9.4; P=0.005). Mortality
was associated with high-risk cytogenetics (hazard ratio, 1.88; P=0.01) and
high Hematopoietic Cell Transplantation Comorbidity Index (score z4:
hazard ratio, 1.99; P=0.01). High overall mutation burden (=10 mutations:
hazard ratio, 3.4; P=0.02), and =4 mutated epigenetic regulatory genes (haz-
ard ratio 5.4; P=0.003) were linked to relapse. Unsupervised clustering of
the correlation matrix revealed distinct high-risk groups with unique asso-
ciations of mutations and clinical features. CMML with a high mutation
burden appeared to be distinct from high-risk groups defined by complex
cytogenetics. New transplant strategies must be developed to target specific
disease subgroups, stratified by molecular profiling and clinical risk factors.

Chronic myelomonocytic leukemia (CMML) is a heterogeneous

Introduction

Chronic myelomonocytic leukemia (CMML) can present either as a myeloprolif-
erative type (MP-CMML) or a myelodysplastic type (IMD-CMML), with leukocyte
counts of =13 x 10°/L and <13 x 10?/L, respectively, and is therefore classified by
the World Health Organization (WHO) as a myelodysplastic/myeloproliferative
neoplasm (MDS/MPN).! The clinical course in terms of survival and risk of evolu-
tion into acute myeloid leukemia (AML) varies.” Prognosis tends to be worse with
MP-CMML than with MD-CMML.® The blast percentage (in blood and bone mar-
row) has clear prognostic implications.*> CMML-0 allows for <2% blasts in periph-
eral blood or <5% blasts in the bone marrow or both; CMML-1 refers to cases with
2% to 4% blasts in the peripheral blood or 5% to 9% in bone marrow or both; and
CMML-2 refers to cases with 5% to 19% blasts in peripheral blood, 10% to 19%
in bone marrow, or the presence of Auer rods.

The highly heterogeneous nature of CMML has led to the development of vari-
ous prognostic scoring systems in an attempt to assign individual patient risk.*®
These systems have incorporated hematologic indices, cytogenetic abnormalities,
and transfusion dependency. More recently, recurrent somatic mutations have been
identified in genes associated with signaling pathways (RAS, CBL, CSF3R, and
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JAK2), DNA methylation (DNMT3A, IDH1, IDH2, and
TET2), transcription (RUNXY), epigenetic regulation
(ASXL1, EZH2, and SETBP1), and splicing (SF3B1, SRSF2,
U2AF1, and ZRSR2).”"* TET2 and SRSF2 mutations are the
most prevalent in CMML."”* Patients with MP-CMML
have a higher propensity for alterations in signaling path-
ways," whereas patients with MD-CMML predominantly
have mutations associated with epigenetics.” Recognition
of associations between somatic mutations and clinical
features has improved the risk stratification of CMML
(molecular CMML Prognostic Scoring System, m-CPSS)."*
Mutations in RUNX1, NRAS, SETBP1, and ASXL1 appear
to be associated with unfavorable outcomes.*"

Treatment of CMML with chemotherapy alone only
infrequently results in prolonged remission. A randomized
trial comparing oral etoposide and hydroxyurea showed
superior survival with hydroxyurea.” Treatment with
hypomethylating agents results in less toxicity than asso-
ciated with conventional chemotherapy; but again, remis-
sions tend to be of short duration."”” The only therapeutic
modality with proven curative potential is allogenic
hematopoietic cell transplantation (HCT).** Published
data indicate that the major factors determining long-term
relapse-free survival and overall survival are cytogenetic
risk category, comorbidities, patient’s age and achieve-
ment of complete remission.”*” In the present study, we
analyzed long-term outcomes after allogenic HCT for
patients with CMML and, in a subcohort, carried out a
comprehensive mutation analysis of 75 genes implicated
in myeloid malignancies to define the relationship
between somatic mutations and previously established
risk factors.

Methods

Patients

Between May 1986 and September 2017, 129 patients with
CMML underwent HCT at the Fred Hutchinson Cancer Research
Center. All provided informed consent for enrollment in investiga-
tional protocols and for long-term follow-up as required by the
institutional review board of the Center. The characteristics of the
patients and their diseases are summarized in Table 1. Patients
were 7-74 (median, 55) years of age. The diagnosis and stratifica-
tion of CMML, and determination of AML transformation were
based on WHO 2016 criteria for all cases.' The disease was also
risk-categorized by cytogenetics,” the MD Anderson Prognostic
Score (MDAPS),” the CMML-specific Prognostic Scoring System
(CPSS),” and the revised International Prognostic Scoring System
(IPSS-R).” The HCT Comorbidity Index (HCT-CI) scores were 0-
1 in 35 patients, 2-3 in 49 patients, and 4-11 in 45 patients.”

Donor and transplant characteristics

Donor and transplant characteristics are summarized in Table 2.
All patients (and donors) were HLA genotyped, following institu-
tional standards. Genotyping was carried out retrospectively in
patients transplanted before the routine use of molecular typing.
Donors for 42 patients (33%) were related (38 HLA-identical sib-
lings, 4 HLA-mismatched family members), whereas 87 patients
(67%) had unrelated donors (68 HLA-matched, 19 HLA mis-
matched, including 2 cord blood transplants). The stem cell source
was bone marrow in 34 (26%) patients, peripheral blood stem
cells in 93 (72%) and cord blood in two. Reduced-intensity condi-
tioning regimens were used in 19% of patients and high-intensity
(myeloablative) regimens in 81% of patients. Graft-versus-host dis-

Risk factors for post-HCT outcomes in CMML -

ease (GvHD) prophylaxis consisted of a calcineurin inhibitor-
based regimen in all patients. The severity of any acute and chron-
ic GvHD was assessed and the conditions were treated as
described previously.”*

Mutation analysis

Mutation analysis was performed on DNA from bone marrow
mononuclear cells collected prior to transplantation in 52 patients.
DNA was extracted using a DNeasy Blood & Tissue Kit (Qiagen,
Valencia, CA, USA), following the manufacturer’s protocol. Next-
generation sequencing libraries were prepared from 400 ng
genomic DNA using the Archer VariantPlex Myeloid 75 gene

Table 1. Patient and disease characteristics.

ariable N. of patients )
Patients 129
Age (years) 7-74 (median, 55)
Gender
Male 85 65.9
Female 44 34.1
Diagnosis
WHO
CMML-0 21 16.3
CMML-1 31 24.0
CMML-2 38 29.5
CMML-T* 37 28.7
CMML-nonspecified 2 1.6
Subgroup
Myelodyplastic (MD) 88 68.2
Myeloproliferative (MP) 40 31.0
Indeterminate 1 0.8
Cytogenetic risk’
Low 72 55.8
Intermediate 22 17.1
High 30 23.3
Not available* 5 3.9
CPSS
Low 1 0.8
Intermediate-1 16 124
Intermediate-2 74 574
High 30 23.3
Not determined* 8 6.2
MDAPS
Low 29 225
Intermediate-1 34 26.4
Intermediate-2 46 35.7
High 15 11.6
Not determined* 5 3.9
IPSS-R for myelodysplastic-CMML
Very low 8 9.1
Low 10 114
Intermediate 26 29.5
High 20 2.7
Very high 20 2.7
Not determined* 4 45
HCT-CI
0-1 35 27.1
2-3 49 38.0
=4 45 349

*Progressed to blasts =20% with a previous history of CMML. 'According to Such E, et
al.* Due to failed cell growth in cytogenetic study WHO: World Health Organization;
CMML; chronic myelomonocytic leukemia; CPSS: CMML Prognostic Scoring System;
MDAPS, MD Anderson Prognostic Score; IPSS-R: Revised International Prognostic
Scoring System; HCT-CI: Hematopoietic Cell Transplantation Comorbidity Index.
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panel (ArcherDX, Boulder, CO, USA) following the manufactur-
er’s instructions. We employed highly sensitive and specific target-
ed sequencing methods, exploiting unique molecular barcodes by
anchored multiplex polymerase chain reaction (PCR) chemistry to
tag the starting DNA material before PCR amplification.” These
methods significantly enhance the sensitivity and specificity of
variant detection by filtering out duplicate reads and PCR errors.
We followed variant calling procedures as previously reported.*
Pairwise associations between mutations and clinical parameters
were evaluated by the Fisher exact test and Pearson correlation,
corrected for the testing of multiple hypotheses. Hierarchical clus-
tering of associations was performed by in-house scripts in
R/Bioconductor. The Euclidean distance between variables was
calculated, and the final partition of variables was obtained by the
hclust function in the R package ‘stat’ with complete linkage as the

argument. Details are provided in the Online Supplementary
Methods.

Statistical analysis

Survival was defined as the time from transplantation to death
or date of last contact. Relapse-free survival was defined as the
time from transplantation to relapse or death from causes other
than relapse. Non-relapse mortality (NRM) was defined as death
without prior relapse. Estimates of the probability of overall and
relapse-free survival were obtained by the Kaplan-Meier method,

Table 2. Donor and transplant characteristics.

Variable N. %
of patients
Donor
Related 42 32.6
HLA-matched 38 29.5
HLA-mismatched 4 3.1
Unrelated 87 67.4
HLA-matched 68 52.7
HLA-mismatched* 19 14.7
Cell source
Bone marrow 34 26.4
Peripheral blood 93 72.1
Cord blood 2 1.6

Conditioning regimen
Myeloablative conditioning

BU (16 mg/kg) / CY (120 mg/kg) + ATG 41 31.8
FLU (120 mg/m®) /BU(16 mg/kg) 13 10.1
TBI (2 Gy) /I-131-antiCD45 12 9.3
BU (7 mg/kg) /TBI (12 Gy) 11 8.5
BU (7 mg/kg) / CY (50 mg/kg) / TBI (12Gy) 10 78
CY (120 mg/kg) / TBI (144 or 13.2 Gy) 10 78
TREO (42 g/m*) /FLU (150 mg/m*) /TBI 2 Gy) 9 7.0
Reduced-intensity conditioning
FLU (90 mg/m®) / TBI (2-3 Gy) 21 16.3
Others’ 2 1.6
GvHD prophylaxis
CSPMTX 43 333
CSP/MMF 36 279
TAC/MTX 35 21.1
TAC/MMF 6 47
CSPMMEFMTX 2 1.6
CSP/others 7 54

*Includes two cord blood transplants. 'FLU (175 mg/m?) / CY (50 mg/kg) / TBI (3 Gy),
FLU (125 mg/m?) / melphalan (140 mg/m?).HLA:human leukocyte antigen; BU: busul-
fan; CY: cyclophosphamide; ATG: antithymocyte globulin; FLU: fludarabine;TBI: total-
body irradiation; TREO: treosulfan; I-131-antiCD45, iodine-131 monoclonal antibody
BC8; GvHD, graft-versus-host disease; CSE cyclosporine; MME mycophenolate mofetil;
TAC, tacrolimus; MTX, methotrexate.

and estimates of the probability of relapse, NRM, and GvHD were
summarized using cumulative incidence estimates. NRM was
considered a competing risk for relapse, and death without chron-
ic GVHD a competing risk for chronic GvHD. Associations of var-
ious factors with the cause-specific hazards of failure for each of
these endpoints were assessed using Cox regression. All P-values
are two-sided and do not incorporate adjustment for multiple
comparisons; however, because of the large number of individual
mutations considered, we report only associations significant at
the 0.01 level of significance, unless the mutation is considered of
interest based on prior studies.

Results

Conventional risk classification

As shown in Table 1, according to WHO criteria, 21
patients (16%) had CMML-0, 31 (24%) had CMML-1, 38
(30%) had CMML-2, and 37 patients (29%) had CMML-
T (progressed to a blast count 220% with previous history
of CMML). In two patients, the staging was inconclusive.
In 88 patients (68%), the white blood cell count was <13
x 10%/L, thus qualifying as MD-CMML, and 40 patients
(31%) had MP-CMML with a white cell count =213 x
10°/L. In one patient, the white blood cell count from the
pre-HCT period was not available. Among 124 patients
with cytogenetic data, 72 (56 %) were considered low risk,
22 (17%) intermediate risk, and 30 (23 %) high risk accord-
ing to the CMML-specific cytogenetic classification.”
More than 80% of patients were “higher” risk according to
the CPSS classification (i.e., 30 were high risk and 74 inter-
mediate-2 risk), while 50% of patients were “higher” risk
according to the MDAPS (i.e., 15 were high risk and 46
intermediate-2 risk).

Engraftment and graft-versus-host disease

One hundred twenty patients (93%) achieved sustained
engraftment, as defined by absolute neutrophil counts of
20.5 x 10°/ulL for three or more consecutive days. Seven of
the remaining nine patients had donor cell engraftment, as
determined by chimerism analysis, but died before day
100 without achieving an absolute neutrophil count =0.5
x 10°/uL, while two patients died with recurrent CMML.
Of the 126 patients evaluable for GvHD (surviving
beyond day 28 with donor cell engraftment), acute GvHD
of grades II-IV developed in 93 (74%) and grades III-IV in
32 (25%). Chronic GvHD occurred in 57 patients within 2
years, for a cumulative incidence of 45%.

Relapse

Relapse or disease progression occurred in 40 patients
between 7 and 2,490 (median 154) days after transplanta-
tion. The estimated probability of relapse or disease progres-
sion was 28% at 3 years, and 32% at 10 years (Figure 1A).

Survival

With a median follow-up of 9.3 (range 0.4-25.2) years,
39 patients are alive while 90 patients have died. The
overall survival rates at 3 and 10 years were 38% and
28%, respectively, while the relapse-free survival rates at
the corresponding times were 37 % and 29% (Figure 1A).

Clinical determinants of post-transplant outcomes
The results of the univariate analyses are summarized in
Table 3. Relapse incidence was significantly increased



with higher-risk cytogenetics [hazard ratio (HR), 3.77;
95% confidence interval (95% CI): 1.9-7.5; P=0.0002)]
(Figure 1B) and the presence of measurable residual dis-
ease by cytogenetics at HCT (HR, 2.55; 95% CI: 1.3-5.0;
P=0.007) (Figure 1C). Classification of CMML by WHO
criteria was associated with relapse only with progression
to =20% blasts (HR, 3.61; 95% CI: 1.2-10.5; P=0.02)
(Online  Supplementary Figure S1A). Stratification for
MDAPS and CPSS showed statistically significant associa-
tions with relapse. Specifically, high risk by MDAPS crite-
ria was associated with relapse incidence [HR, 5.24
(P=0.03), 7.15 (P=0.008) and 9.41 (P=0.005) for intermedi-
ate-1 (n=34), intermediate-2 (n=46) and high-risk patients
(n=15), respectively] (Figure 1D). Similarly, patients who
were classified as high risk by CPSS (n=30; 25%) had a
incidence of relapse than that of lower-risk patients (HR,
14.3; 95% CI: 1.9-108; P=0.01) (Figure 1E). Among
patients with leukocyte counts <13 x 10?/L (MD-CMML),
the very high-risk group, as determined by the IPSS-R
(n=20), was associated with a higher relapse incidence
(HR, 7.82; 95% ClI: 1.7-85; P=0.007) (Online Supplementary
Figure S1B).

In multivariate analysis the two strongest factors for

relapse determined in univariate analysis, cytogenetic risk
and MDAPS classification, remained statistically signifi-
cant (Table 4).

Overall mortality increased with high-risk cytogenetics
(HR, 1.88; 95% CI: 1.2-3.0; P=0.01) (Figure 1F), the pres-
ence of measurable residual disease as determined by
cytogenetics (HR, 1.65; 95% CI: 1.1-2.6; P=0.02) (Figure
1G), and a high HCT-CI [HCT-CI =4 (n=45): HR, 1.99;
95% CI: 1.2-8.4; P=0.01) (Figure 1H), primarily due to
increased NRM (HCT-CI 24: HR, 3.39; 95% CI: 1.5-7.5;
P=0.008) (Figure 1I). Bone marrow blast counts =20% at
HCT also had a negative impact on survival, although the
effect did not reach statistical significance (HR, 1.67; 95%
CI: 0.9-3.2; P=0.13) (Online Supplementary Figure S1C). Risk
stratification by the prognostic scoring systems was gen-
erally less predictive of survival, likely due to a high inci-
dence of NRM (Ounline Supplementary Figure S1D-F).
Survival after reduced intensity conditioning was not dif-
ferent from that after myeloablative conditioning (HR, 1.1;
95% CI: 0.7-1.9; P=0.71) (Online Supplementary Figure S1G,
H). Pre-transplant therapy and disease status at transplant
(complete remission vs. non-complete remission) did not
significantly affect overall survival. However, there was a
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Figure 1. Clinical risk factors associated with relapse and overall mortality/survival in patients with chronic myelomonocytic leukemia following hematopoietic cell
transplantation. Overall and relapse-free survival (RFS) and the probabilities of relapse and non-relapse mortality (NRM) are shown for all 129 patients. Tick marks
indicate censored patients. (A) Survival, RFS, relapse and NRM for all patients. (B) Relapse by cytogenetic risk. (C) Relapse by measurable residual disease (MRD)
at transplantation as indicated by cytogenetics. (D) Relapse by MD Anderson Prognostic Score (MDAPS) and (E) by CMML-specific Prognostic Scoring System (CPSS)
risk group. (F) Overall survival dependent upon cytogenetic risk and (G) MRD by cytogenetics. (H) NRM and (1) overall survival by Hematopoietic Cell Transplantation-

Comorbidyt Index (HCT-CI).
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N I

trend toward higher relapse incidence in patients given Mutational landscape
pre-HCT intensive cytotoxic chemotherapy and In a subcohort of 52 patients for whom pre-transplant
hypomethylating agents, and toward lower relapse inci- bone marrow samples were available, we carried out a
dence with achievement of complete remission at trans- mutational analysis of 75 genes. At least one somatic
plant (Table 3). Year of transplant did not have an influ- mutation was identified in 44 of the 52 patients (85%)
ence on relapse incidence, overall survival (Table 3), or (median number/patient = 5; range, 0-21) (Ounline
NRM (for years 2000-2010: HR, 0.7; 95% CI: 0.38-1.50;  Supplementary Figure S2 and Online Supplementary Tables S1
P=0.57; for years after 2010: HR, 1.05; 95% CI: 0.49-2.25; and S2). The most common mutations were those in
P=0.60). ASXL1 (52%), TET2 (42%), and SRSF2 (25%), consistent
Table 3. Univariate regression analyses.
Parameter Overall survival (mortality) Relapse/progression
N. HR (95% CI) P HR (95% CI)
Conditioning by intensity
Myeloablative conditioning 103 1
Reduced-intensity conditioning 23 1.10 (0.7-1.9) 0.71 1.32 (0.6-2.8) 0.46
Age at transplant
<55 years 62 1 1
55+ years 67 1.13 (0.7-1.7) 0.57 0.95 (0.5-1.8) 0.88
CMV serostatus
Recipient —ve and Donor —ve 32 1 1
Recipient +ve or Donor +ve 95 111 (0.7-1.8) 0.67 0.92 (0.5-1.8) 0.81
Sex match
Others 90 1 1
Female to male 37 0.94 (0.6-1.5) 0.78 048 (0.2-1.1) 0.07
HCT-CI
0,1 31 1 1
2,3 47 1.10 (0.6-1.9) 0.73 0.94 (0.4-2.0) 0.87
4+ 45 1.99 (1.2-3.4) 0.01 1.08 (0.5-2.4) 0.84
Interval (diagnosis to transplant)
< 6 months 29 1 1
6—18 months 66 1.02 (0.6-1.7) 0.95 0.97 (0.4-2.2) 0.93
> 18 months 34 1.34 (0.7-2.4) 0.33 1.72 (0.7-4.1) 0.22
Pre-transplant therapy
Supportive care 32 1 1
Low intensity 34 1.01 (0.6-1.8) 0.99 1.87 (0.7-5.1) 0.22
Induction chemo + HMA 38 1.31 (0.7-2.3) 0.36 2.23 (0.9-5.9) 0.09
HMA 25 1.37 (0.7-2.6) 0.32 2.28 (0.8-6.4) 0.12
Status at transplant
Non-complete remission 64 1 1
Complete remission 64 1.00 (0.7-1.5) 0.99 0.58 (0.3-1.1) 0.1
Individual mutations
ASXLI 27 14 (0.7-2.8) 0.33 1.1 (04-3.0) 0.89
TET2 22 1.8 (0.9-3.6) 0.10 1.6 (0.6-4.6) 0.40
RUNX1 9 1.1 (04-2.6) 0.90 1.9 (0.6-6.1) 0.29
SETBPI 5 0.8 (0.2-2.6) 0.67 0.6 (0.14.3) 0.54
NRAS 6 1.9 (0.7-5.1) 0.22 4.7 (1.4-16) 0.03
WT1 10 43 (L.7-11) 0.004 6.3 (1.6-24) 0.01
ATRX 6 49 (1.8-13) 0.005 17.3 (4.1-73) 0.0005
Total number of mutations
=10 15 1.5 (0.7-3.2) 0.30 34 (1.2-9.6) 0.02
Functional groups*
Epigenetic
Trend over 0, 1,2, 3,4, 5+ mutations 16, 11,12, 3,4, 6 1.2 (1.0-1.5) 0.09 1.5 (1.1-2.0) 0.02
=4 10 1.5 (0.7-34) 0.33 54 (1.9-16) 0.003
Tumor suppressor
Presence 7 2.3 (0.9-5.9) 0.09 3.1 (0.8-11) 0.13
Signaling
Trend over 0, 1,2, 3,4, 5+ mutations 16, 11,10,4,4,7 1.1 (0.9-1.3) 0.58 1.1 (0.8-1.5) 0.57
*According to Such E, et al.** 'Supportive care includes transfusion, treatment with granulocyte colony-stimulating factor and erythropoiesis-stimulating agents. Low intensity
treatments include hydroxyurea, lenalidomide, steroids, azathioprine, imatinib,and ruxolitinib. Hypomethylating agents include azacitidine and decitabine.’According to Online
Supplementary Table S1.HR: hazard ratio; 95% CI: 95% confidence interval; CMV: cytomegalovirus; HCT-Cl: Hematopoietic Cell Transplantation - Comorbidity Index: HMA:
hypomethylating agents.
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with previous reports on mutation profiles in patients
with CMML."*” Among the mutations in ASXL1, 67%
were nonsense mutations, while the remainder were
either frameshift or stop/gain mutations. Mutations were
also frequent in W11 (27%), RUNX1 (17%), DNMT3A
(17%), SMC1A (17 %), EZH2 (12%), and ATRX (12%), the
high frequency presumably being related to the fact that
more than 85% of our cohort (104 of 129 patients) had
intermediate-2 or high-risk disease according to the CPSS
(Table 1).

Incorporation of mutations into the overall analysis

Among mutations with prognostic weight reported in
previous studies,”® such as ASXL1, NRAS, RUNX1, and
SETBP1, only mutations in NRAS (n=6) were significantly
associated with relapse (HR, 4.7; 95% CI: 1.4-16; P=0.03).
In addition, mutations in ATRX (n=6) and in the W7/ gene
(n=10) were significantly associated with relapse (HR,
17.8; 95% CI: 4.1-73; P=0.0005; and HR, 6.3; 95% CI: 1.6-
24; P=0.01, respectively) and inferior survival (HR, 4.9;
95% CI: 1.8-18; P=0.005; and HR, 4.3; 95% CI: 1.7-11;
P=0.004, respectively).

The impact of mutations was not affected by adjust-
ment in the multivariate analysis, and results remained
unchanged.

We then grouped mutations and clinical parameters that
co-occurred by unbiased clustering of a correlation matrix
across individual mutations and clinical features, including
prognostic scoring systems (MDAPS, CPSS, and the
CMML-specific cytogenetic classification), leukocyte
counts (MP-CMML), and blast counts (Figure 2 and Online
Supplementary Figure S3). This approach identified two
groups: group 1 mainly included mutations in signaling
pathways (e.g. RAS or JAK2) and TP53, associated with
high-risk cytogenetics and blasts (Figure 2A and Online
Supplementary Figure S3A), while group 2 included muta-
tions in epigenetic regulatory genes and splicing factors
(Figure 2A). Within this group, mutations in DNAMT3A,
SETBP1, and EZH2 tended to co-occur, and mutations in
TET2 and WT1 were associated with mutations in ATRX.
The total number of mutations [=10 mutations (n=15):
HR, 3.4; 95% CI: 1.2-9.6; P=0.02] and greater number of
mutations in genes regulating epigenetic processes [=4
mutations (n=10): HR, 5.4; 95% CI: 1.9-16; P=0.003], but
not mutations in signaling pathways and tumor suppres-
sor genes (TP53 and PPM1D), were associated with
relapse (Figure 2B, C, Table 3, and Online Supplementary
Table S1). When cytogenetics, total number of mutations,
established prognostic scoring systems and mutations in
epigenetic processes and signaling pathways were consid-
ered for their impact on relapse (Figure 2D and Ounline
Supplementary Figure S3B), mutations in epigenetic
processes [=4 mutations; odds ratio (OR)=8.8], high blast
count (=20%; OR=4.7), high-risk MDAPS (OR=4.0) and
high-risk cytogenetics (OR=3.2) were the major factors
contributing to the probability of relapse (details in Online
Supplementary Table S3). Pairwise association analysis
showed that high blast counts, high-risk by CPSS, and
high-risk cytogenetics were closely associated, and muta-
tions in epigenetic regulators tended to occur predomi-
nantly in disease classified as high-risk by the MDAPS
(Figure 2D and Online Supplementary Table S3). The m-
CPSS risk model did not allow for further differentiation
of risk groups as virtually all patients became classified as
intermediate-2 or high risk. All patients were upgraded to
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higher risk groups due to their prevalent high-risk muta-
tions. (Online Supplementary Figure S3B). As illustrated in
Figure 2E, the delay between diagnosis and HCT was
longer (median, 536 days) among patients with higher
numbers of mutations than among those with fewer
mutations (median delay, 309 days), including epigenetic
regulators (522 vs. 344 days), but not mutations in signal-
ing pathways (475 vs. 366 days). These observations were
consistent with a previous report on non-transplanted
patients showing increasing mutations with longer disease
duration.” Overall, the data indicate that molecular anno-
tation uncovered distinct subgroups of CMML that were
not distinguished by conventional risk classification.
Specifically, a very high-risk group (independent of high-
risk cytogenetics and high blast counts) with a long delay
to HCT was characterized by a higher number of muta-
tions in epigenetic regulators.

Discussion

We analyzed the long-term outcomes of allogeneic HCT
in 129 patients with CMML in relation to clinical, patho-
logical, and molecular characteristics. The results confirm
the curative potential of HCT, since transplanted patients
had 3- and 10 -year relapse-free survival rates of 37 %, and
29%, respectively. The outcomes were superior in lower-
risk patients, who had survival probabilities of 40% to
50% at 10 years. However, the relapse incidence and
NRM rates were high. As in our previous studies™ and in
reports from other centers,*** high-risk cytogenetics, dis-
ease transformation (to CMML-T), and risk classification
in scoring systems such as IPSS-R, CPSS and MDAPS,
were strongly correlated with post-transplant relapse. As
in earlier analyses,* there was a suggestion that intensive
cytotoxic therapy prior to HCT was associated with infe-
rior outcome, presumably related to the fact that patients
considered to be at high risk were more likely to receive
induction-type chemotherapy. Nevertheless, it was of
note that the intensity of conditioning did not significantly
affect overall transplant outcome, although it must be
noted that a broad spectrum of conditioning regimens was
given to this cohort. Furthermore, as in a previous analy-
sis” and in other trials in patients with myeloid malignan-
cies,” patients with high HCT-CI scores had inferior sur-
vival, although the probability of relapse was not altered.
The source of stem cells did not affect outcome signifi-
cantly, and results with related and unrelated donors were
similar.

The present results indicate that providing HCT at an
earlier disease stage and in patients with a low comorbid-
ity burden who have not received cytotoxic therapy
results in superior transplant outcomes, as also suggested
by others.” These three parameters are likely interrelated
as prolonged pre-HCT observation and therapy tend to be
associated with the acquisition of new co-morbidities,
and likely new mutations, a concept supported by results
in our subcohort of patients with mutational data.
However, disease characteristics such as high-risk cytoge-
netics and evidence of measurable residual disease by
cytogenetics, still had a profound impact on relapse and
survival, even with high-intensity conditioning regimens.

We hypothesize that mutational profiling assists in
defining prognosis more narrowly. The analysis of muta-
tions in 75 genes uncovered distinct risk groups defined by
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mutations and disease phenotype which differed for HCT = mutations occurred predominantly in patients with dys-
outcomes. In particular, the total number of mutations and ~ plastic CMML, as also observed by others."” Of note, how-
more mutations in epigenetic regulators were significantly  ever, our unsupervised clustering analysis uncovered a
associated with relapse and with inferior survival. previously unrecognized group of high-risk patients with
Reminiscent of observations in patients with MPN or a higher mutation burden involving epigenetic regulators.
MDS,*®* patients with more mutations experienced a This group of patients was not closely associated with
higher incidence of relapse, especially when the mutations  high-risk disease as determined by cytogenetics, suggest-
occurred in genes involved in epigenetic regulation. Those  ing independent mechanisms and heterogeneity in the dis-
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Figure 2. Molecular profiling and risk factors associated with hematopoietic cell transplantation outcomes in patients with chronic myelomonocytic leukemia. (A)
Unsupervised hierarchical clustering of a correlation matrix between mutations and clinical parameters. Group 1 consists of mutations in mitotic signaling pathways,
myeloproliferative type of chronic myelomonocytic leukemia (CMML) (Prolifer), mutations in TP53, and high-risk disease by cytogenetics and prognostic scoring sys-
tems. Group 2 consists of mutations in epigenetic pathways, methylation, and splicing regulation. (B) Increased relapse following hematopoietic cell transplantation
in patients with high mutation burden, stratified by total number of mutations (=10 vs. <10), and (C) stratified by number of mutations in epigenetic regulators (=4
vs. <4; classified in Online Supplementary Table S1). (D) Unsupervised clustering of association (odds ratio, corresponding to the scaling bar) between groups of
mutations (signaling pathways, epigenetic regulators, and tumor suppressors), high-risk cytogenetics (cyto), risk stratification systems (CPSS, MDAPS) and relapse.
CMML with a high mutation burden in epigenetic regulators (epigene) was distinct from previously recognized high-risk diseases by cytogenetic abnormalities, blast
count, and mutations in tumor suppressors (red boxes). (E) Time from diagnosis to transplant. High mutation burden (>10), in particular, in epigenetic processes (>4),
was associated with a longer interval from diagnosis to transplant, consistent with the concept of disease evolution and acquisition of more mutations (in epigenetic
but less so in signaling pathways) with disease duration *P<0.05 (individual values in Online Supplementary Table S3). **P=0.01, ***P=0.03.
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ease process. Mutations in 7P53 were less frequent in
patients with CMML (<10%) than previously reported for
MDS* and were not strongly correlated with unfavorable
outcomes, underscoring the biological differences
between MDS and CMML. The difference may be related
to the fact that CMML is infrequently a ”"secondary dis-
ease” (1 of 129 patients in the present series), whereas
about 30% of MDS patients transplanted at our Center
present with treatment-related or secondary disease.” The
data need to be interpreted with caution, in view of the
limited sample size.

The present mutational data suggest a significant associ-
ation of ATRX and WT1 with post-transplant relapse and
overall mortality in patients with CMML. Although the
numbers of cases with these mutations were limited, most
mutations occurred in important functional protein
domains, suggesting that the mutations would be of func-
tional relevance.” Somatic mutations in ATRX are also
seen in up to 43% of patients with MDS with unexplained
microcytosis” and in a rare subtype of MDS associated
with thalassemia (ATMDS).* Previous studies in CMML
have not included ATRX in their mutation panels,"” and
additional investigations are warranted to confirm this
association of ATRX mutations with CMML. W71 muta-
tions are common in patients with high-risk MDS and
AML*® where they are associated with relapse.”* WT1
mutations in the present study occurred in or adjacent to
loci that have been shown to be mutated in AML.* Our
CMML cohort was predominantly composed of high-risk
patients as determined by CPSS and m-CPSS criteria,
which, in turn, might be responsible for the prevalence of
WT1 mutations and unfavorable transplant outcomes.
Although there was a suggestive association of each indi-
vidual mutation with relapse and survival, the biological
impact of these mutations in a limited cohort of CMML
patients must be assessed cautiously. Mutations co-occur
with other mutations and rarely work as a single domi-
nant factor. Cooperation with other mutations is likely.

Risk factors for post-HCT outcomes in CMML -

Functional data in the right context (e.g., the exact identi-
cal mutation at the endogenous locus in hematopoietic
cells) are often lacking. The functional consequences of
the frequent mutations in ATRX or W11 will need to be
tested in hematopoietic cells to confirm the proposed bio-
logical impact of these mutations.

In conclusion, this analysis adds mutational risk factors
to previously identified clinical risk factors for post-HCT
outcome in patients with CMML, such as comorbidity,
cytogenetic risk, and high-risk disease according to the
CPSS and MDAPS. Molecular profiling identified distinct
high-risk disease groups with high mutation burden, par-
ticularly in epigenetic processes that characterized disease
entities distinct from the conventional high-risk groups
defined by cytogenetics. Of note, the data also show that
these high-risk features are only incompletely overcome
by HCT, and relapse and NRM rates remain high. This
study confirms the clinical and molecular heterogeneity of
CMML which significantly affects the outcome following
HCT. New transplant strategies that target specific disease
subgroups must be developed. Furthermore, early trans-
plantation should be considered for patients with interme-
diate-risk disease and lower HCT-CI. Vigilant surveillance
and early enrollment in clinical trials for post-transplant
relapse must be planned for patients with high-risk dis-
ease as defined by complex cytogenetics and high muta-
tion burden.
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