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EDITORIALS

The stromal microenvironment provides an escape route from FLT3 inhibitors through

the GAS6-AXL-STATS5 axis
Anna Orlova', Heidi A. Neubauer' and Richard Moriggl'’

'Institute of Animal Breeding and Genetics, University of Veterinary Medicine and *Medical University Vienna, Vienna, Austria

E-mail: RICHARD MORIGGL - richard.moriggl@vetmeduni.ac.at
doi:10.3324/haematol.2019.225862

The FLT3-ITD mutation is one of the most common
rearrangements in acute myeloid leukemia (AML), and
is particularly associated with poor prognosis and recur-
rent development of resistance. In 2017, the FLT3 tyrosine
kinase inhibitor (TKI) midostaurin was approved for use in
combination with standard cytarabine-based chemotherapy.
Several other small molecule inhibitors against FLT3 tyrosine
kinase are currently being tested in phase III clinical trials (e.g.
gilteritinib and quizartinib). Despite successful application of
the targeted therapy in patients, emergence of resistance is still
a major drawback in clinical practice." A better understanding
of resistance mechanisms in cancer is key to defining better
treatment strategies for patients. The new study by Dumas et
al. in this issue of the Journal unravels mechanisms involving
the tyrosine kinase receptor AXL contributing to the develop-
ment of resistance to quizartinib in FLT3-ITD* AML.?

AXL belongs to the family of TAM receptors, and together
with two other members, TYRO3 and MER, it was first
shown to have malignant roles in solid cancers.** AXL was
identified as one of the most prominently activated tyrosine
kinase receptors in colorectal, esophageal, thyroid, breast,
prostate and lung carcinomas, and its activation was associated
with transforming growth factor beta (TGE) signaling.” AXL
is selectively activated by GAS6 ligand, which has a signifi-
cantly higher affinity to AXL compared to the other family
members. Further ligands for TAM receptors include Protein S,
Tubby, Tubby-like protein 1, and Galectin-3.* Soluble forms of
AXL (sAXL) are also reported, and result from cleavage by
ADAMI10/17 proteases in the plasma of patients with
advanced liver cancer; they are, therefore, of extremely impor-
tant diagnostic value for liver cancer progression.® TAM recep-
tors are involved in processes promoting cell growth and sur-
vival, cell adhesion, migration, blood coagulation, and
cytokine release.” However, TAM receptors were also reported
to impede cancer cells through stimulation of tumor cell-target-
ing immune cells.’

The new findings reported by Dumas et al’ confirm an
important cancer-protective role for the stromal microenviron-
ment, mechanistically identifying that it induces cytokine pro-
duction and hypoxic conditions to trigger the activation of
AXL and the transcription factor STATS in FLT3-ITD* AML
(Figure 1A). The authors further show that stroma-induced
expression of AXL, mediated by STATS5, drives progression of
the disease. The paper provides evidence that growth arrest
specific protein 6 (GAS6) ligand secreted from stromal cells
activates AXL and, together with hypoxia, contributes to AML
progression and resistance to quizartinib. Notably, a bypass
mechanism was described involving activation of the AXL
receptor kinase to compensate for FLT3 inhibition to promote
AML progression.

Interestingly, similar findings also implicated AXL activation,
together with another receptor tyrosine kinase MET, in driving
resistance mechanisms in HER2-positive gastric cancer with

TKI treatment.’ Here, the authors generated and exploited afa-
tinib-resistant gastric cancer cell lines to identify AXL and MET
as key players in the development of drug resistance. Yoshioka
et al. proposed combinatorial treatment using afatinib with
pan-kinase inhibitor cabozantinib, which also targets
AXL/MET, to prevent development of therapy resistance or to
potentially sensitize patients who have already developed
resistance.’

STAT5A/B proteins are key downstream transcription fac-
tors in FLT3-ITD* AML, and they mediate signals from hyper-
active FLT3. STATY inhibition was reported to be a promising
strategy for FLT3-ITD* AML treatment.””* The oncogenic roles
of highly tyrosine-phosphorylated STAT5 (pYSTATY) in
hematopoietic diseases were best exemplified using graded
expression and activity levels of STAT5A/B in gain-of-function
transgenic mouse models."” Important downstream transcrip-
tional changes triggered by STAT? in neoplastic myeloid cells
can involve enhanced expression of DNMT3A, BCL2 or D-type
cyclin family members, as well as /IYC induction. This panel of
downstream STAT) target genes has now been expanded to
include AXL in quizartinib-resistant FLT3-ITD* AML, and it
will be of particular interest to explore whether this finding is
also applicable in other cancers.” Interestingly, TET or DNMT3
genes are often mutated in AML, and both have been reported
to either form protein interactions with STATS or undergo
direct gene regulation by STATS. In particular, mutations in
chromatin modifiers TET2, DNMT3A, ASXL1, IDH1/2, as well
as STATS, were found to be of important prognostic value in
FLTS-ITD" mutated AML cases. It will be important to explore
further the impact of these proteins and the chromatin land-
scape on the GAS6-AXL-STATS AML progression axis.'*"

A previous study also examined the effects of
PISK/AKT/mTOR inhibitors on a FLT3-ITD* AML cell line
compared with a cell line harboring point mutations within the
TKD2 domain of FLT3 (FLT3-TKD). The authors reported that
FLT3-ITD* cells are more resistant to the aforementioned FLT3
inhibitors compared with FLT3-TKD* cells. The authors pro-
posed hyperactivation of STATS in FLT3-ITD* AML cells as a
protective mechanism against PISK/AKT/mTOR inhibition.*
Interestingly, Dumas et al. showed in their model that inhibi-
tion of PI3K/AKT signaling had no effect on AXL or STATS
phosphorylation, and, therefore, this did not directly mediate
the development of resistance to therapy.’

Based on these recent findings, we used public gene expres-
sion datasets available from the Oncomine database to inde-
pendently evaluate AXL gene expression data from patients
with AML as well as from patients with other hematopoietic
cancers.” As also discussed by Dumas et al., we found AXL to
be significantly up-regulated in AML patient samples (Figure
1B). Interestingly, upregulation of AXL was also clearly evident
in various subtypes of B-cell and T-cell leukemias/lymphomas
(Figure 1B), suggesting a potentially broader relevance for the
oncogenic action of AXL upregulation in hematopoietic can-
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- haematologica | 2019; 104(10)

Editorials

A

Stromal cell

TPO
FLT3-L

Ext llul tri
xtracellular matrix I3 o ey GAS6
f. GGMCCS?:F /\ antibody (e.g. AXL-Fc) .

FLT3-ITD

u Plasma membrane

FLT3 inhibitors
(e.g. quizartinib)

AXL inhibitors
(e.g. R428)

STATS5 inhibitors
(e.g. AC-4-130)

Sufrvival
Proliferation
DNA @ " | Oncogenesis

» %%,
e D=0 3
— W Nucleus

B B-cell Lymphomas T-cell Leukemia/Lymphomas
Disease subtype: AML HCL CB DLBCL Burkitt's DLBCL FL GCB ABC cATCL PTCL ALCL
AXL fold-
overexpression: 2339 9.76. 8.81 862 573 535 247 3.68 494 1.53 223 3.20
N . p=0.015 . 1.19E-12 0
N =04 p=1. p=9.71E-5 p=2.63E-18 p=0.019
85 5] p=328ES — peasoes 4 p=121E7 4 PR30S T
=0 E 1 p=
PN p=9.47E-5 -14
25E ] =2.30E-16
39211 0 24 i N
<5 2 -24
£73 = 24
E £ 44 0 0-
= 3 = -3
= -6

[ INormal [ Tumor

Figure 1. AXL promotes acute myeloid leukemia (AML) progression upon development of resistance. (A) Stromal cells were shown to express cytokines and ligands
(see 1 and 2) (such as IL3 or FLT3-L, solid arrow) to a greater extent than AML cells (dashed arrow). Additionally, stromal cells were shown to produce GAS6 (see 3),
which activates AXL receptor signaling. JAK2 binds to the cytosolic juxta-membrane region of dimeric cytokine receptors such as IL3R via the BOX1 and BOX2 receptor
motifs upon stimulation by respective cytokines (see 2). JAK2 activation triggers STAT5 signaling, which promotes oncogenic gene transcription to propagate cancer
cell survival, proliferation, and metabolic reprogramming. Additionally, STAT5 was shown to bind to the AXL promoter to induce expression. Mutated FLT3 (FLT3-ITD,
yellow stars), frequently found in AML patients, can induce phosphorylation of STAT5 directly. Therapeutic agents used by Dumas et al.? to target these key
proteins/pathways in AML are summarized in gray boxes. Hypoxia induced by the stromal microenvironment induces expression of HIF transcription factors, and
STAT5 can induce expression of HIF2a. Subsequently, HIF can bind to HRE elements in the AXL promoter. AML: acute myeloid leukemia; IL3: Interleukin 3; IL3R:
Interleukin 3 receptor; GM-CSF: granulocyte-macrophage colony-stimulating factor; TPO: thrombopoietin; FLT3: Fms-like tyrosine kinase 3; ITD: internal tandem dupli-
cation; FLT3-L: Fms-like tyrosine kinase 3 ligand; GAS6: growth arrest-specific 6; HIF: hypoxia-inducible factor; HRE: hypoxia-response element; JAK: Janus kinase;
STAT: signal transducer and activator of transcription. (B) AXL mRNA expression levels in patients with hematopoietic cancers using data from the Oncomine data-
base. Box plots showing human hematopoietic cancers with significant upregulation of AXL mRNA levels in tumor cells, compared with tissue-matched normal control
cells. Data were extracted from the Oncomine database from the following studies (graphs from left to right): Stegmaier Leukemia, Basso Lymphoma, Compagno
Lymphoma, Choi Leukemia, and Piccaluga Lymphoma. Data from multiple normal-tissue subtypes included in some datasets were pooled for clarity. For all analyses,
the P-value threshold was set to 0.05, the fold-change threshold was set to 1.5, and the gene rank threshold was set to ‘all’. HCL: hairy cell leukemia; CB: centrob-
lastic lymphoma; DLBCL: diffuse large B-cell lymphoma; FL: follicular lymphoma; GCB: germinal center B-cell-like DLBCL; ABC: activated B-cell-like DLBCL; cATCL:
chronic adult T-cell leukemia/lymphoma; PTCL: unspecified peripheral T-cell ymphoma; ALCL: anaplastic large cell lymphoma.




cers. Notably, mining the Oncomine database additionally
revealed significant overexpression of both TYRO3 and
MER in various B- and T-cell leukemia/lymphoma datasets,
but not in AML (data not shown). This might suggest a
potentially different mechanism of oncogenic signaling in
lymphoid neoplasms involving all three receptor family
members, as opposed to the clear role of AXL in FLT3-ITD*
AML; this could be a focus point for further investigations.

The new study by Dumas ez al. described a resistance
mechanism against the FLT3 inhibitor quizartinib, where
both the FLT3-ITD mutation and the GAS6-AXL axis trig-
ger important kinase signaling cascades. Their results sug-
gest that a combination of FLT3- and AXL-specific
inhibitors, or the exploitation of dual FLT3-AXL inhibitors
(e.g. cabozantinib), might be beneficial in FLT3-ITD* AML
patients at risk of relapse. Furthermore, selective STAT5
inhibitors have the potential to become an effective tool for
targeted and combinatorial therapy in AML.

In summary, FLT3 inhibitors display efficacy in the treat-
ment of FLT3-ITD-driven AML, but more efficient targeting
of AML blasts remains an unresolved medical need to fight
therapeutic resistance, and to improve the poor overall sur-
vival and quality of life of patients.
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Pediatric aplastic anemia treatment patterns and responses; power in the numbers
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n this edition of Haematologica, Rogers et al., represent-

ing 25 individual institutions, collectively report on

their findings of the diagnostic approaches, applied
therapies and responses in a cohort of 314 pediatric
patients (aged 1-20 years) with a diagnosis of aplastic
anemia (AA) collected through the North American
Pediatric Aplastic Anemia Consortium (NAPAAC)." This
study highlights a number of important messages; specif-
ically the power of collated registry data in a rare disease,
the need to retest and continually refine diagnostic crite-

ria to be fit for real-world purposes, the patterns of
response and relapse to immunosuppressive therapy
(IST) in a pediatric setting including the substantial differ-
ences in outcomes from IST in children compared with
that in adults, and the importance of allogeneic stem cell
transplant (HCT) in the therapy of refractory or relapsed
disease.

Although AA can affect people at any stage of life, with
a well reported bimodal peak of age incidence observed
in older children/young adults and those over sixty years,
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it is a rare condition that often poses a diagnostic dilem-
ma with acquired AA potentially confounded by a differ-
ential of inherited bone marrow failure syndromes in
younger patients and hypoplastic myelodysplasia in older
patients. These variations in clinical presentation and
potential differences in pathophysiology between pedi-
atric and adult patients with AA emphasize the impor-
tance of having data sets dedicated to pediatric cases on
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which to analysis patterns of presentation, diagnosis and
treatment outcome and thereby recommend consensus-
driven therapeutic algorithms, particularly in an environ-
ment in which there has been substantial historical varia-
tions in practice.’

The insights provided in the Rogers er al. analysis pro-
vides substantial clarity around several management
issues in pediatric AA, but also pose several other ques-
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tions either for ongoing analysis as their data set contin-
ues to expand and mature or as hypotheses to be tested
in prospective studies.

A practical outcome of this consortium analysis is a
real-world assessment of the applicability of the modified
Carmitta criteria for AA diagnosis first described in 1976.°
These diagnostic criteria are still recommended by inter-
national guidelines for assessment of AA severity. In
these criteria, in addition to the depth of marrow
hypocellularity and peripheral blood cytopenias, a reticu-
locyte count is required both as a diagnostic criterion for
AA and also to assist with severity classification.
However, in a prior analysis by the NAPAAC, it was
established that reticulocyte values substantially vary
between institutions, making their inclusion in diagnostic
criteria uncertain.” To address this conundrum, Rogers et
al. offer the interesting observation from their data set of
a lack of correlation between hemoglobin and reticulo-
cyte count in their pediatric cohort at the time of diagno-
sis, and suggest that hemoglobin may be a more accurate
and clinically relevant parameter on which to base man-
agement decisions. Whilst the Camitta criteria have stood
the test of time, and their use is a strong recommenda-
tion, some of their elements are based on relatively low
quality C level source data.* The findings outlined in the
Rogers et al. paper re-iterate the importance of ongoing
review and modification of diagnostic criteria as new
data sets, such as that collated by the NAPAAC, come to
hand.

Similarly, collation and description by co-operative
groups of current patterns of clinical practice and the
degree of its adherence to consensus guideline is an
important element of continued improvement in prac-
tice, particularly for rare conditions where individual
institutional experience may be limited. Currently, one of
the most widely accepted management decisions in the
treatment of young patients with AA is to offer HCT in
patients aged under 40 years with an HLA matched sib-
ling donor (MSD).*” For those without a MSD, IST with
anti-thymocyte globulin (ATG), most commonly horse-
derived, in combination with cyclosporine is used as ini-
tial therapy with HCT from unrelated donors (UD)
reserved for those who do not respond or who relapse
after IST. Of the cohort outlined in the Rogers ez al. analy-
sis, the majority of HCT undertaken as second-line ther-
apy utilized UD, indicating the lack of a MSD for upfront
use, and in those who eventually received second-line
HSCT from a MSD, it is unclear why this donor was not
used in the upfront setting. This particular question may
be answerable in future analyses by the NAPAAC.

The Rogers et al. analysis demonstrated a striking dif-
ference in outcome following IST in pediatric patients
compared to that in a historical cohort of adult patients.
While complete response (CR) was only seen in 10% of
adults treated with IST,® the pediatric cohort showed CR
rates of nearly 60%. Despite this excellent response rate,
a pattern of continual events, including death, relapse or
transformation to hematologic malignancy following IST,
resulted in a disappointing 5-year event-free survival
(EES) of 62%, similar to the findings showing by Yoshida
et al® The finding of a continued pattern of events even
after apparent successful therapy with IST further rein-
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forces the view that normalization of peripheral blood
parameters and marrow cellularity after immunosuppres-
sion does not imply normalization of hematopoietic clon-
ality and/or immunological repertoire, and, as a conse-
quence, the once-aplastic marrow remains at ongoing risk
of recurrent aplasia, clonal evolution, and/or malignant
transformation (Figure 1).

This description of the patterns of response and subse-
quent relapse (or other event) in pediatric AA raises at
least three important questions. Firstly, what is the most
appropriate salvage therapy for those patients relapsing
after initial IST¢  Secondly, given the high rate of
relapse/events, should HCT from any matched donor be
considered as front-line therapy in children¢ Thirdly, are
there better biomarkers under development that might
provide greater guidance in the choice between these
treatment options¢ With regards to the first question, the
Rogers et al. paper provides clear guidance. Re-treatment
was required in 35%, and second-line therapy with an
allogeneic HCT offered superior EFS to pursuing a second
course of IST. These combined findings of unstable
responses to IST, and the high rate of durable responses
to HCT, contribute to the evolving debate as to whether
HCT from any matched donor (related or unrelated) is
preferable over IST as initial therapy for pediatric patients
with proven AA. This question is clearly best answered in
a randomized clinical trial, although such an undertaking
would require a long-term commitment for feasible
accrual and is only likely to succeed through consortia
such as the NAPAAC. Lastly, biomarker development is
critically required to more accurately determine the
degree of clonal restriction (and therefore risk of clonal
progression) and/or ongoing potential for immunological
attack (and therefore post-IST relapse) to help determine
whether IST or HCT should be offered as initial therapy.
Clearly, in studies where restricted clonality is evident
through genomic or cytogenetic analysis, poorer out-
comes to IST are seen, indicating that with more sensitive
techniques directed at assessment of the stem cell pool,
more informed therapeutic decisions should follow.’
Again, it is likely that only through the co-ordinated
efforts of consortia will sufficient biomarker samples be
accumulated to begin to address this unmet need.

One clear determinant of clinical outcome from what-
ever therapy is chosen is the certainty with which the
diagnosis is made. Increasingly, there is an appreciation
that occult constitutional bone marrow failure syndromes
may underlie what is thought to be a presentation of idio-
pathic AA, with significant implications for patient man-
agement. Through the increasingly readily available tech-
niques for telomere length assessment'® and next genera-
tion sequencing for assessment of underlying germline
lesions' reclassification of many cases of AA is likely
both during the prospective work up of new cases and
retrospectively from archival diagnostic samples, which
will further inform future treatment algorithms. As a
greater clinical appreciation of the importance of diagnos-
tic certainly has been met with greater diagnostic techni-
cal capacity, consensus recommendations increasingly
incorporate evaluation of constitutional syndromes by
chromosomal fragility testing in all AA patients present-
ing at younger than 50 years of age. Telomere length
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assessment is likely to be added to the routine work up
panel in the near future." Reflecting these guidelines,
Rogers et al. describe that while chromosomal fragility
assessment was performed in most children, telomere
length assessment was only performed at diagnosis in
one-third of them.

Registries are crucial tools in efforts to improve out-
comes for patients with rare diseases and their families.
They serve as a means of pooling rare data in a standard-
ized format in order to achieve meaningful sample sizes
for subsequent analysis and allow comparison to histori-
cal or international cohorts, facilitate collaboration, gener-
ate hypotheses for future testing, and provide a frame-
work for annotated sample collection and translational
research. Further, participation in registry reporting con-
tributes to achieving consistent and complete work up of
new cases and provides a means of formulation and dis-
tribution of educational opportunities including multidis-
ciplinary discussions which are so often needed in the
management of rare conditions. Registries allow for the
identification of patients, informing epidemiology assess-
ments and areas of need, and may assist with allocation
of scarce resources. Registries may facilitate feasibility
assessments of and planning for clinical trials. The impor-
tance of registries focused on AA in particular is reflected
in the increasing number of publications describing
national outcome data in AA>"™ In this edition of
Haematologica, Rogers et al. have made an important con-
tribution to this data pool, informing optimal diagnostic
and therapeutic approaches and, equally importantly,
highlighting opportunities for further research and discus-
sion in pediatric AA.
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n this issue of the journal, Valent and coworkers report

on diagnostic criteria for chronic myelomonocytic

leukemia (CMML), CMML variants, and pre-CMML
conditions." These CMML disorders have always been like
orphans, trying to find their place in a suitable environment.
They are rare entities but share chromosomal, molecular,
morphological, hematologic, clinical, and prognostic fea-
tures with other diseases in the large family of myeloid
malignancies. The French-American-British group classified
CMML as a myelodysplastic syndrome (MDS), based on its
similarity to refractory anemia with excess blasts, although
CMML “may have little in common with MDS showing
trilineage dyspoiesis” and despite the fact that CMML fea-
tures only minimal dysplasia in the erythroid lineage.

Pathologists and hematologists felt uncomfortable since
there are more differences than similarities between
CMML and MDS. World Health Organization classifica-
tions placed CMML in a “hermaphrodite” position between
myeloproliferative neoplasms (MPN) and MDS*® taking
into consideration that there are proliferative characteristics
as well as hematopoietic insufficiency associated with
some degree of myelodysplasia. Despite all these efforts,
CMML was once described as “lost in classification”, as
none of the classifications adequately reflects the marked
heterogeneity of this group of myeloid neoplasms.*

A major problem with all myeloid neoplasias presenting
without significant excess of blasts, in particular the cases
presenting with monocytosis, is demarcation from reactive
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changes. The assumption that this problem might easily be
solved by detecting somatic mutations turned out to be a
false hope. Matters were complicated by the discovery of
“age-related clonal hematopoiesis”, also known as “clonal
hematopoiesis with indeterminate potential”,? and “clonal
hematopoiesis with oncogenic potential”.” These condi-
tions are associated with well-known hemato-oncological
driver mutations but do not necessarily lead to overt hema-
tologic malignancy. The older the patient, the less certain
we can be that detection of a somatic mutation is positive
proof of malignant disease.

Against this background, an international working group
of hematologists and hemotopathologists met in Vienna
and developed proposals on how to tackle the diagnostic
problems in the gray area between reactive monocytoses
and acute leukemias with monocytosis.'

According to their suggestions, the heterogeneous group
of reactive monocytoses is now complemented by “idio-
pathic monocytosis of undetermined significance”, which is
conceptually equivalent to idiopathic cytopenia of undeter-
mined significance. The category of “idiopathic monocyto-
sis of undetermined significance” includes patients with
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These reactive or unclear monocytoses should be differ-
entiated from clonal disorders that carry a risk of progres-
sion to overt CMML or acute myeloid leukemia. Therefore,
“clonal monocytosis of undetermined significance” was
proposed, in order to classify a disorder that does not yet
fulfill the formal criteria of CMML. Very recently, another
group showed that patients with clonal monocytosis iden-
tified by targeted gene sequencing have a clinical outcome
similar to that of those with overt World Health
Organization-defined CMML." Accordingly, these “not-
yet-CMML” cases might also be called “clonal monocytosis
of clinical significance”. The relationship between these
conditions and CMML resembles that between “clonal
cytopenia of undetermined significance” and MDS." Other
clonal entities between reactive monocytosis and CMML
are “RASopathies”, which can develop into juvenile
myelomonocytic leukemia, as well as certain histiocytoses.

However, a clinical hematologist is more likely to
encounter the three types of CMML, characterized by
either a more dysplastic or a more proliferative appearance,
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Figure 1. Relationship between different types of clonal monocytosis and demarcation from non-clonal, reactive monocytoses. EBV: Epstein-Barr virus; GM-CSF:
granulocyte-macrophage colony-stimulating factor; IMUS: idiopathic monocytosis of undetermined significance; ICUS: idiopathic cytopenia of undetermined signifi-
cance; CMUS: clonal monocytosis of undetermined significance; MDS-MLD: myelodysplastic syndrome with multilineage dysplasia; MPN-MDS: myeloproliferative neo-
plasm-myelodyplastic syndrome; CMML-SM: chronic myelomonocytic leukemia with systemic mastocytosis; MDS-EB: myelodysplastic syndrome with excess blasts;
JMML: juvenile myelomonocytic leukemia; AMML: acute myelomonocytic leukemia.
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based on: (i) the percentage of bone marrow blasts, includ-
ing promonocytes, and (ii) the white blood cell count in the
circulation. The latter criterion, though, is artificial, since
most CMML cases present with a white blood cell count of
8-14x10°/L, often oscillating around the cut-off value of
13x10°/L.

All types of CMML show similarities with certain types
of MDS. The paper by Valent ez al. refers to a close relation-
ship between MDS with multilineage dysplasia and dys-
plastic CMML-0, MDS with excess blasts-1 and dysplastic
CMML-1, as well as MDS with excess blasts-2 and dysplas-
tic CMML-2. In Figure 1, we try to illustrate the relation-
ships within the large family of monocytoses.

Valent et al. propose the term “oligomonocytic CMML”
in order to emphasize, as also pointed out by others, that it
may be appropriate to diagnose CMML based on bone
marrow monocytosis and CMML-typical somatic muta-
tions, even if marked monocytosis is missing in the periph-
eral blood."”"

The group also points out that CMML can display two
different types of acceleration and progression. On the one
hand, dysplastic CMML can adopt typical features of MPN
by showing accelerated proliferation with organomegaly
and constitutional symptoms, without necessarily produc-
ing an excess of blasts. This evolution from a dysplastic to
a proliferative type may be heralded by increasing white
cell counts, often accompanied by splenic enlargement. On
the other hand, progression of CMML in terms of increas-
ing blast percentage, i.e. from CMML-0 to CMML-1 or
CMML-2, often occurs without a marked increase in white
cell count or development of organomegaly. To complicate
matters, both types of evolution can occur simultaneously
or sequentially, and can be caused (or at least accompanied)
by clonal evolution in terms of new somatic mutations,
increased variant allele frequencies, or acquisition of chro-
mosomal aberrations. As disease evolution may be more
prominent in the bone marrow or peripheral blood, the
authors recommend classifying the disease according to the
highest blast count detectable.

Finally, the authors recommend complementing the
group of CMML entities by including rare MPN-MDS vari-
ants, namely CMML with KITD816V" systemic mastocyto-
sis, and MDS-MPN with PDGFRA/B, FGFR1, or PCM-JAK2
rearrangements, because these rare entities are often associ-
ated with pronounced monocytosis.

] Editorials

The paper by Valent er al. provides a comprehensive
description of all the diagnostic tools needed to assign
patients to the appropriate category within the heteroge-
neous group of non-clonal and clonal monocytoses. It sum-
marizes our current knowledge and represents a starting
point for future refinements of the classification of bone
marrow disorders characterized by monocytosis.

References

1. Valent P, Orazi A, Savona MR, et al. PProposed diagnostic criteria for
classical chronic myelomonocytic leukemia (CMML), CMML variants
and pre-CMML conditions. Haematologica. 2019;10410):1935-1949.

2. Bennett JM, Catovsky D, Daniel MT, et al. Proposals for the classifica-
tion of the myelodysplastic syndromes. Br ] Haematol. 1982;51(2):189-
199.

3. Brunning RD, Bennett ]M, Flandrin G, et al. Myelodysplastic syn-
dromes: introduction. In: Jaffe ES, Harris NL, Stein H, Vardiman JW,
editors. WHO Classification of Tumours of Haematopoietic and
Lymphoid Tissues. 3rd ed. Lyon: IARC; 2001.

4. Orazi A, Bennett ]M, Germing U, Brunning RD, Bain BJ, Thiele J.
Chronic myelomonocytic leukemia. In: Swerdlow SH, Campo E,
Harris NL, Jaffe ES, Pileri SA, Stein H, et al., editors. WHO
Classification of Tumours of Haematopoietic and Lymphoid Tissues.
Lyon: IARC; 2008.

5. Orazi A, Bennett ]M, Germing U, et al. Chronic myelomonocytic
leukemia. In: Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA,
Stein H, et al., editors. WHO Classification of Tumours of
Haematopoietic and Lymphoid Tissues. Lyon: IARC; 2017.

6. Bowen DT. Chronic myelomonocytic leukemia: lost in classification¢
Hematol Oncol. 2005;23(1):26-38.

7. Jaiswal S, Fontanillas P, Flannick ], et al. Age-related clonal
hematopoiesis associated with adverse outcomes. N Engl ] Med.
2014;371(26):2488-2498.

8. Steensma DEF, Bejar R, Jaiswal S, et al. Clonal hematopoiesis of indeter-
minate potential and its distinction from myelodysplastic syndromes.
Blood. 2015;126(1):9-16.

9. Valent P, Kern W, Hoermann G, et al. Clonal hematopoiesis with onco-
genic potential (CHOP): separation from CHIP and roads to AML. Int]
Mol Sci. 2019;20(3).

10. Cargo C, Cullen M, Taylor ], et al. The use of targeted sequencing and
flow cytometry to identify patients with a clinically significant mono-
cytosis. Blood. 2019;133(12):1325-1334.

11. Cazzola M. Clonal monocytosis of clinical significance. Blood.
2019;133(12):1271-1272.

12. GeyerJT, Tam W, Liu YC, et al. Oligomonocytic chronic myelomono-
cytic leukemia (chronic myelomonocytic leukemia without absolute
monocytosis) displays a similar clinicopathologic and mutational pro-
file to classical chronic myelomonocytic leukemia. Mod Pathol.
2017;30(9):1218-1222.

13. Schuler E, Frank F Hildebrandt B, et al. Myelodysplastic syndromes
without peripheral monocytosis but with evidence of marrow mono-
cytosis share clinical and molecular characteristics with CMML. Leuk
Res. 2018;65:1-4.

p66Shc deficiency sets the scene for clinically aggressive chronic lymphocytic leukemia
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hronic lymphocytic leukemia (CLL) is a paradig-
( matic malignancy in which both cell-extrinsic

(microenvironmental) and cell-intrinsic (genetic)
factors contribute not only to the pathogenesis of the dis-
ease but also to disease evolution and outcome.'” In more
recent years, the genomic landscape of CLL has been
unraveled with the identification of “driver” gene muta-

tions associated with clinical aggressiveness and chemo-
refractory disease, such as ATAM, BIRC3, NOTCH1, NFK-
BIE, SF3B1 and TP53.*° In addition to genetic aberrations,
we also know that the B-cell receptor (BCR)
immunoglobulin plays a pivotal role in driving the dis-
ease onset and evolution. The somatic hypermutation
status of IGHV genes divides patients into two major
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clinical subgroups of CLL, with IGHV-unmutated patients
displaying a more rapidly progressing disease and an
overall poor survival compared with IGHV-mutated
patients.”” The importance of BCR signaling was rein-
forced with the successful introduction of BCR inhibitors
(e.g. ibrutinib) in the treatment of CLL, which abrogate
downstream BCR signaling and are effective in patients
with a poor prognosis, i.e. patients with TP53 aberrations
and/or unmutated IGHV genes.® Finally, the micromilieau
strongly contributes to CLL cell survival through
direct/indirect interactions with different cell types (e.g.,
T cells, stromal cells) and receptors (e.g. CRCX4 and
CCRY), in particular within the proliferation centers in
secondary lymphoid organs.’

One of the few existing i vivo CLL models is the trans-
genic Eu-TCL1 mouse, which recapitulates clinically
aggressive human CLL." Thanks to this model, it is pos-
sible to study the different phases of disease develop-
ment. In the current issue of Haematologica, Petrussi et al.
have taken advantage of the Eu-TCL1 mouse model to
investigate the potential role of p66Shc deficiency in CLL
pathobiology." The authors previously reported a signifi-
cant association between p66Shc deficiency and dismal
outcome, potentially linking this event to clinical aggres-
siveness."” p66Shc is a Shc family adaptor that promotes
production of reactive oxygen species (ROS), which in
turn activate cell apoptosis. p66Shc is also known to act
as a negative regulator of BCR signaling and to regulate
lymphocyte homing by controlling the expression of dif-
ferent chemokine receptors (e.g., CXCR4 and CCR7)."

In their present study, Patrussi and colleagues first
showed that leukemic B cells from Eu-TCL1 mice with
more advanced disease displayed lower levels of p66Shc
expression compared with the levels in normal B cells."
STAT4, an essential transcription factor for p66Shc," was
also downregulated in Eu-TCL1 mice. Notably, by treat-
ing leukemic Eu-TCL1 splenic cells with ibrutinib they
could restore p66Shc expression along with STAT4
expression, similar to what they had reported earlier in
primary CLL.”

Next, by crossing the Eu-TCL1 mice with p66Shc defi-
cient mice, to produce Eu-TCL1/p66Shc” mice, the latter
demonstrated a markedly more rapid increase of
CD57/CD19* cells in peripheral blood, a 2-month earlier
disease onset and shorter overall survival compared to
Eu-TCL1 mice."! When leukemic cells from Eu-
TCL1/p66Shc” mice, which expressed higher Bc/2 levels,
were treated with fludarabine, they were more resistant
than Eu-TCL1 cells, indicating that p66Shc loss also con-
tributes to decreased chemo-sensitivity.

The Eu-TCL1 model also offers the unique possibility to
study the pattern of disease infiltration. In Eu-
TCL1/p66Shc” mice, an increased accumulation of
leukemic cells was observed in both nodal and extranodal
sites; higher percentages and proliferation rates of
leukemic cells were preferentially seen in lymph nodes,
liver and lung, but not in spleen and bone marrow. While
expression of CXCR4 was unchanged in leukemic cells,
the expression of CCR7, a key lymph node B-cell homing
receptor, CCR2 (associated with both lung and liver hom-
ing) and CXCRS3 (linked to lung homing) was higher in
Eu-TCL1/p66Shc” leukemic cells than in cells from Eu-

TCL1 mice." Hence, a more efficient accumulation in
nodal and extranodal sites appears to depend on distorted
chemokine receptor expression due to p66Shc deficiency.

p66Shc deficiency was also confirmed in primary CLL
cells, in particular in IGHV-unmutated CLL; however, the
authors could not find any correlation with 13q deletion
or TP53 aberrations. Similar to En-TCL1/p66Shc” mice,
both CCR2 and CXCR3 were overexpressed in IGHV-
unmutated CLL, and p66Shc re-expression in CLL cells
resulted in decreases in CCR2 and CXCR3 mRNA expres-
sion. The number and size of infiltrated [ymph nodes and
presence of spleen and/or liver enlargement were also
higher in patients with low p66Shc mRNA levels.
Interestingly, the authors observed that p66Shc expres-
sion was higher in CLL patients with a known response
to second-line ibrutinib treatment than in patients who
did not respond.

Finally, Patrussi et al. demonstrated a correlation
between decreased ROS production and p66Shc deficien-
cy both in CLL cells and Eu-TCL1/p66Shc” cells.” Using
transfection experiments, wildtype p66Shc-expressing
transfectants, but not the ROS-defective mutant, showed
lower CCR2 and CXCR3 expression compared to control
cells, implying that p66Shc directly modulates CCR2 and
CXCR3 expression through elevation of ROS.

Based on the novel results from this study, p66Shc defi-
ciency in Eu-TCL1 mice was shown to accelerate disease
onset and progression to an aggressive phenotype. The
authors also followed organ selectivity which correlated
with deregulation of specific chemokine receptors.
Importantly, p66Shc expression could be restored by
ibrutinib treatment, along with enhanced chemo-sensitiv-
ity. Considering the potential role of p66Shc deficiency
preceding a more aggressive phase of the disease, it will
now be important to follow CLL patients longitudinally
and in relation to therapy in order to determine if p66Shc
could be used as a potential biomarker. Could p66Shc
expression predict a shift from a more indolent to a more
aggressive disease in need of therapy¢ Could p66Shc be
monitored after treatment with chemo-immunotherapy
or targeted therapy as an early indicator of disease pro-
gression/chemo-refractoriness¢ From a biological point of
view, it will also be important to identify what
cellular/molecular factors are involved in and lead to
p66Shc downregulation. Do other cell types in the CLL
microenvironment influence p66Shc levels¢ Is there any
correlation with gene mutations affecting key cellular
pathways and processes linked to an aggressive pheno-
type or chemo-resistance¢ While the study by Petrussi et
al. using Eu-TCL1/p66Shc” mice has provided us with
important insights, further studies are now necessary to
investigate the potential clinical role of p66Shc deficiency,
preferably in uniformly treated cohorts and involving
novel therapies.
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he first description of thrombotic thrombocy-
topenic purpura (IT'TP) by Moschowitz was pub-

lished nearly 100 years ago.' This was likely to have
been an immune-mediated TTP episode and the author
described multi organs affected with worsening, untreat-
ed disease. Accounts of hereditary TTP were otherwise
acknowledged to be Upshaw Shulman syndrome. In
1960, Schulman reported an 8-year old girl who had
repeated episodes of thrombocytopenia and hemolytic
anemia from infancy. Treatment with plasma was associ-
ated with normalization of the platelet count and resolu-
tion of hemolysis, and remission was maintained with
prophylactic plasma every 1-2 weeks.? Upshaw presented
a 16-year old girl with relapsing hemolytic anemia and
thrombocytopenia since infancy. The patient responded
to blood transfusions. During the next 11 years, Upshaw
treated 32 episodes of thrombocytopenia and microangio-
pathic hemolysis with plasma infusions. The acute
episodes invariably had a trigger, such as a minor infec-
tion, surgical procedure, pregnancy, or pancreatitis. Acute
intervals lasted from three weeks to 20 months, at which
time the platelet count was normal and there was a com-
pensated hemolysis. Between these acute episodes, it was
observed that intravascular platelet and red cell survival
was shortened; these abnormalities normalized after the
infusion of two units of plasma.’

In this edition of Haematologica, Van Dorland et al.* pres-
ent an international collaborative study on hereditary TTP.
As an ultra-rare disorder, collection of meaningful data is
critical to understand the clinical features of this condition,
the therapy, and the long-term impact. The international
registry presents data from over an 11-year period, incorpo-
rating 123 patients from four continents who presented the
disease from the neonatal period, up to the seventh decade
of life. We know, from numerous publications relating to
the mutations identified in hereditary TTF, that there is a
heterogenous distribution throughout the ADAMTS 13

ene.”® There are, however, two specific variants that have
been identified at increased frequency in hereditary TTP.

R1060W, exon 24, is prominent in Caucasians presenting
with late onset congenital TTP specifically associated with
pregnancy.” Within the international hereditary TTP reg-
istry, c.4143_4144dupA (exon 29; p.Glu1382Argfs*6) was
prevalent, specifically within northern Europe, and was ini-
tially described at increased prevalence from central
Norway." Further cases were documented in the interna-
tional registry, confirming that those patients with com-
pound heterozygous mutations were more likely to have
an earlier presentation, specifically in the neonatal period.
There were other mutations which have been identified in
more than one individual in the international registry. This
allows us to predict the impact of such variations within
the ADAMTS 13 gene with respect to clinical features. Such
observations are only possible within the breadth of a reg-
istry.*

The international registry has identified the significant
delay in diagnosis of hereditary TTP; overall median age of
overt presentation was 4.5 years but the clinical diagnosis
was not made until a median of 16.7 years. Acute TTP
episodes occurred at a median rate of 0.1 per year, ranging
up to nine per year, and triggers included infections, child-
birth, trauma, and in males, excess alcohol intake. The
median time to resolution following an acute presentation
was seven days.

There was an equal male to female ratio; this is in con-
trast to immune-mediated disease, which has a female pre-
ponderance. Residual ADAMTS 13 activity could not reli-
ably predict age of onset or, indeed, disease severity,
despite a cut-off of 1%. This may also help to explain why
patients with identical genetic variants have significant dif-
ferences in the clinical phenotype. What is particularly
striking and important is the clinical impact of hereditary
TTP: 1) the degree of end-organ damage symptoms, either
at presentation or as complications of the disease; and 2)
the proportion of patients with arterial thromboembolic
events, present in 28% and covering all age groups. This
was especially striking in 40-50 years old; >50% of these
patients had at least one arterial thromboembolic event.
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Figure 1. Impact of acute and long-term microvascular
thrombosis in congenital thrombotic thrombocytopenic
purpura (TTP). Microvascular thrombi formation is the
result of severe ADAMTS 13 deficiency in congenital TTP.
Replacement of ADAMTS 13 is currently via plasma infu-
sion. Presentation of acute TTP episodes, or the impact of
recurrent acute or subacute TTP episodes in hereditary
TTP, may result in organ damage, specifically affecting the
heart, brain and kidneys.
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Other neurological complications include epilepsy,
headaches, and a significant history of psychiatric symp-
toms. Renal impairment occurred in 26%, some patients
requiring renal replacement therapy or renal transplant and
nearly 50% experiencing jaundice/liver disease.
Complimentary findings relating to the longer-term
impact of hereditary TTP on end-organ damage were cap-
tured within the UK TTP registry. Furthermore, the latter
cohort identified non-overt symptoms, including
headaches, lethargy, and abdominal pain that, despite a nor-
mal platelet count, responded to regular plasma infusion.
Indeed, ADAMTS 13 replacement therapy, primarily using
plasma infusion, was associated with resolution of protein-
uria and a significant reduction in stroke in those receiving
treatment compared to patients not on a regular regime.”
The proportion of patients on replacement therapy within
the international registry was surprising. However, nearly
one-third of the cohort only received treatment on
demand. Both recent papers, therefore, raise the question
of treatment in hereditary TTP. Firstly, the frequency of
therapy. Despite a half-life of ADAMTS 13 of 2-4 days,” in
the international registry, trough levels were reached within
7-10 days. This has also been shown in a recent pharmaco-
kinetic study in hereditary TIP" We need to reconsider
how we treat patients, with particular attention to the dose
of plasma and the frequency. The completion of the phase

:°=°=°=°=<
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[ trial of recombinant ADAMTS 13, which was the first-in-
human trial, using increasing doses, offers a significant
advancement in the future treatment of patients with
hereditary TTP, delivering a pure form of the deficient
enzyme, ADAMTS 13.7

In summary, the international registry presents the
impact of hereditary TTP on end-organ damage, which is
evident much earlier than expected within the general pop-
ulation; the most prevalent is arterial disease affecting the
brain, heart and kidneys. Based on this important interna-
tional collaborative study, in conjunction with other large
cohorts, we must question how we should treat patients in
the form of prophylactic ADAMTS 13 replacement (Figure
1). Should all patients with hereditary TTP be on prophy-
laxis¢ Do we wait for the patient to experience frequent
acute episodes before initiating therapy¢ Given the
increased risk, particularly of arterial events after the age of
40, at what age should prophylaxis be initiated¢ What is the
correct frequency of prophylaxis and what ADAMTS 13
activity level should we be aiming to achieve Specific
genetic variants may be the catalyst to personalized
ADAMTS 13 replacement protocols. While there are many
questions to be answered, without the information from
important registries incorporating larger patient numbers
the clinical impact of this ultra-rare disease cannot be

addressed.
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To be red or white: lineage commitment
and maintenance of the hematopoietic
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ABSTRACT

ifferentiation of hematopoietic stem and progenitor cells is tightly

regulated depending on environmental changes in order to maintain

homeostasis. Transcription factors direct the development of
hematopoietic cells, such as GATA-1 for erythropoiesis and PU.1 for
myelopoiesis. However, recent findings obtained from single-cell analyses
raise the question of whether these transcription factors are “initiators” or
just “executors” of differentiation, leaving the initiation of hematopoietic
stem and progenitor cell differentiation (i.e. lineage commitment) unclear.
While a stochastic process is likely involved in commitment, it cannot fully
explain the homeostasis of hematopoiesis nor “on-demand” hematopoiesis
in response to environmental changes. Transcription factors BACH1 and
BACH2 may regulate both commitment and on-demand hematopoiesis
because they control erythroid-myeloid and lymphoid-myeloid differentia-
tion by repressing the myeloid program, and their activities are repressed in
response to infectious and inflammatory conditions. We summarize possi-
ble mechanisms of lineage commitment of hematopoietic stem and progen-
itor cells suggested by recent findings and discuss the erythroid and lym-
phoid commitment of hematopoietic stem and progenitor cells, focusing on
the gene regulatory network composed of genes encoding key transcription
factors. Surprising similarity exists between commitment to erythroid and
lymphoid lineages, including repression of the myeloid program by BACH
factors. The suggested gene regulatory network of BACH factors sheds
light on the myeloid-based model of hematopoiesis. This model will help
to understand the tuning of hematopoiesis in higher eukaryotes in the
steady-state condition as well as in emergency conditions, the evolutional
history of the system, aging and hematopoietic disorders.

Introduction

Hematopoietic stem cells (HSC) possess the abilities of self-renewal and multi-
lineage differentiation, including that to red and white blood cells and platelets
(ie., erythrocytes, megakaryocytes, innate immune cells and acquired immune
cells)." Salient aspects of the hematopoietic system include its potential to pro-
duce huge numbers of cells with distinct functions throughout the life span of a
human and its tunability, by which the output is balanced in response to environ-
mental changes, such as from the steady state to an infectious state.

Erythrocytes are the most abundant cells in the human body, accounting for
around 70% of the total cell number’ and 200x10° erythrocytes are produced
daily.® Although the estimated number of white blood cells is much lower than
that of erythrocytes,” the short life span of myeloid cells necessitates the produc-
tion of a huge number of these cells as well. For instance, the circulating half-life
of neutrophils is 6-8 h, and their estimated production rate is 50-100x10° cells per
day.’ In line with this, label tracing analyses of HSC have revealed that the pro-
duction rate of erythroid-myeloid progenitors is about 180 times higher than that
of lymphoid progenitors in unperturbed hematopoiesis.” Thus, hematopoietic
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stem and progenitor cells (HSPC) have an exceptionally
vigorous ability to produce huge numbers of cells consti-
tutively. To maintain its homeostasis, the production
pace of each mature cell lineage must be tightly regulated
according to environmental changes (“on-demand”
hematopoiesis).

Infection is one of the most common challenges facing
hematopoiesis and evokes the induction of myelopoiesis
as well as the suppression of erythropoiesis.” Induced
myelopoiesis during an infection is an effective way of
eliminating pathogens, whereas the repression of ery-
thropoiesis may help by limiting the availability of nutri-
tional iron supply to pathogens and/or red blood cells as
a target of infection, such as in malaria infection.”
However, infection and prolonged inflammation can
cause anemia of inflammation, which is the second-most
prevalent type of anemia after iron-deficiency anemia.’®

As with infection, the activity of HSPC is also altered
with aging and in various disease conditions. The pro-
duction of erythrocytes is often reduced in elderly peo-
ple, leading to anemia,” and acquired immunity becomes
less effective with aging, which can result in increased
susceptibility to infectious diseases and malignancy in
the elderly.*" In contrast, the production of myeloid
cells often increases with aging."""” This skewed trajecto-
ry selection of HSPC induced by aging might be related
to the development of aging-related hematopoietic disor-
ders, such as myelodysplastic syndrome (MDS).
Although the molecular mechanisms by which the func-
tion and differentiation of HSPC are altered by aging are
still largely unknown, emerging evidence suggests contri-
butions of inflammation and/or inflammatory signaling
to aging of HSPC.*

In order to facilitate the treatment of infection-associ-
ated and aging-associated diseases, it is important to
understand the mechanisms by which the differentiation
trajectory of HSPC and their commitment are defined at
steady state and how these mechanisms are altered in
inflammatory conditions. Although accumulating
knowledge has shown that transcription factors (TF) play
central roles in the differentiation of HSPC, the precise
mechanisms underlying the initial lineage commitment
and “on-demand” hematopoiesis are still unclear and
cannot be wholly attributed to TE Complicating matters
further is the fact that HSPC are substantially heteroge-
neous and many appear to be already committed to cer-
tain differentiation fates."*** It is, therefore, important to
distinguish the roles of TF in initiating the commitment
of uncommitted progenitors from that of their executive
roles in the progression of differentiation toward a par-
ticular fate. Thus, the actual point of differentiation com-
mitment may need to be reconsidered.

We recently demonstrated the roles of BTB and CNC
homology (BACH) TE BACH1 and BACH2 (BACH fac-
tors), in instructing erythroid-myeloid progenitors and
lymphoid-myeloid progenitors to respond to environ-
mental changes.”” BACH factors form heterodimers
with small Maf proteins to bind to the Maf recognition
element (MARE), which contains an AP-1 site.”
Importantly, AP-1 sites play central roles in hematopoiet-
ic cell immune reactions.”” BACH1 plays important
roles in the maturation of erythrocytes by balancing
heme and globin proportions, especially in the condition
of iron deficiency,” whereas BACH2 plays important
roles in the development of plasma cells, memory B cells,

regulatory T cells and memory T cells.®* These findings
suggest ubiquitous roles for BACH factors in the mainte-
nance of homeostasis in both steady-state and inflamma-
tory-state hematopoiesis, as described below.

In this review, we summarize the latest findings con-
cerning the mechanisms underlying lineage commitment
of HSPC and potential questions to be addressed. We
also discuss gene regulatory networks composed of
genes encoding key TF which compete for lineage iden-
tities and downstream genes encoding effector mole-
cules, focusing particularly on erythroid-myeloid and
lymphoid-myeloid differentiation, two major points of
commitment in HSPC differentiation. In addition, we
review the roles of BACH factors in the myeloid-based
model of hematopoiesis, which may provide a new con-
cept of the fundamental mechanism in HSPC differentia-
tion, and its meaning in an evolutionary perspective. We
also discuss the diverse functions of BACH factors in
mature hematopoietic cells as a strategy to cope with
environmental changes through the maintenance of
hematopoiesis. Finally, we describe how changes in line-
age commitment can lead to diseases, such as anemia of
inflammation and MDS.

Lineage commitment of hematopoietic stem
and progenitor cells

The multipotency of HSC has been demonstrated by
single-cell transplantation into irradiated mice.”* This led
to vigorous investigations into how HSC differentiate
into diverse lineages of cells with distinct functions. The
isolation and characterization of progenitor cells led to
the idea that HSC gradually and systematically lose mul-
tipotency, generating progenitor cells with limited differ-
entiation trajectories, such as common myeloid progeni-
tors (CMP),* which can generate myeloid cells and ery-
throid cells but not lymphoid cells. On the other hand,
although all blood cells derive from a FLT3* multipotent
progenitor stage,” lymphoid-primed multipotent progen-
itors (LMPP) preferentially differentiate into lymphoid
cells and myeloid cells with a low differentiation poten-
tial to erythroid cells.*** This led to the recognition that
HSC eventually lose their ability to differentiate to ery-
throid or lymphoid cells, leaving erythroid-myeloid
bifurcation and lymphoid-myeloid bifurcation as the
two major subsequent points of branching.

Such subpopulations of progenitors have been defined
based on the presence or absence of a limited number of
cell surface markers, leaving the potential impurity of
these subpopulations as a limitation. Indeed, recent com-
prehensive, single-cell transcriptomic analyses have
shown that the known subpopulations of HSPC are com-
posed of heterogeneous cells in terms of gene
expression."*" In addition, in vitro and in vivo single-cell
differentiation analyses have shown that only a limited
number of cells in progenitor cell populations can pro-
duce multilineage mature cells and that a majority of the
cells in these populations are already committed to
become unilineage mature cells."*" Furthermore, an in
vivo HSC chasing system using endogenous fluorescent
tagging revealed that the differentiation trajectory of
HSC is already oriented to specific lineage outputs by
epigenetic memory.” These observations raise two pos-
sibilities: (i) HSPC can be further divided into subpopula-
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tions representing pure differentiation bifurcation points;
or (ii) lineage commitments occur only in HSC, whereas
each progenitor population is a mixture of committed
cells sharing the same cell surface markers at the time of
isolation. Since single-cell differentiation analysis from
CMP and LMPP showed that a minor part of these pop-
ulations can produce multilineage mature cells,""* there
might be further subpopulations that represent actual
bifurcation points of erythroid-myeloid or lymphoid-
myeloid differentiation. However, whether or not these
hypothetical subpopulations can be defined using addi-
tional cell surface markers remains unclear. Before
addressing these two possibilities, we need to stop and
consider the potential limitations of recent studies using
single-cell analyses. A single-cell transcriptomic analysis
is a ‘snapshot’ observation. Therefore, if a set of genes
shows dynamic fluctuations in expression with coherent
patterns in cells of a specific subpopulation, these cells
might be considered heterogeneous. However, these
subpopulations can be homogenous when time-depen-
dent fluctuations are considered, like those observed in
neural progenitors.” In addition, despite the importance
of the microenvironment for HSPC biology,” an ex vivo
single-cell transcriptomic analysis is devoid of anatomi-
cal information. Furthermore, single-cell in vivo or in vitro
differentiation analyses can only examine the differenti-
ation potential under stress and/or artificial conditions
(i-e., cell sorting, culture and transplantation into irradiat-
ed mice), which can skew the original differentiation tra-
jectory of progenitor cells,” possibly by altering activities
of critical TF whose expression is thought to be main-
tained to some extent for multilineage priming,” a state
in which multiple, conflicting lineage-affiliated genes can
be induced or co-expressed. In other words, there is a
chance that progenitor cells with unilineage output
potential in perturbed conditions still possess multilin-
eage output potential in an unperturbed condition.
Recent studies using single-cell analyses may, therefore,
lack information about the dynamics (time and three-
dimensional information) of lineage commitment,*” espe-
cially regarding unperturbed hematopoiesis. Potential
effects of circadian rhythm in HSC differentiation might
also have to be considered.” The analysis of entropy in
gene expression within single cells and the three-
dimensional detection of transcriptomics® might be
helpful. Remarkably, recent in vivo barcoding analyses
give new support to the existence of a hierarchical devel-
opment model in hematopoiesis.**

We must therefore reconsider the actual point at which
lineage commitment occurs. An alternative approach to
define such a point involves using the regulatory mecha-
nisms of the differentiation of HSPC. To this end, the
precise understanding of gene regulatory networks gov-
ermned by TF may provide a dynamic view of lineage
commitment.

This leads us to the second point that should be con-
sidered: how are the differentiation trajectories shaped
and restricted along the path of differentiation¢ Several
models of lineage commitment have been proposed,
showing that TF are critical to shaping and resolving the
patterns of lineage-affiliated gene expression.*” One
model features a network of two TE each promoting dif-
ferentiation into a specific lineage. If the expression of
these two TF is inhibited in a mutual manner and thus
they induce their own expression, they can define two

cell types with distinct expression patterns of the two TF
and thus their downstream target genes (Figure 1).*
Machine-learning methods using single-cell transcrip-
tomic data support the notion that gradual, stochastic
changes in a few TF have a strong influence on the line-
age commitment of progenitor cells.”” Such a gene regu-
latory network may therefore dictate lineage commit-
ment.

However, it has been unclear how one or the other of
these TF are initially upregulated or downregulated upon
lineage commitment. Stochastic fluctuation in these TF
may be involved,® but the output of hematopoiesis
should be dynamically tuned in response to diverse stres-
sors, as HSPC produce huge numbers of mature cells
daily in a fine balance, as noted above. This property of
the hematopoietic system may not therefore be fully
explained merely by the stochastic fluctuation of TE The
differentiation trajectory of HSPC must be tightly con-
trolled by responding to environmental changes in order
to maintain homeostasis. This means that environmental
factors, including pathogen-associated molecular pat-
terns (PAMP) and damage-associated molecular patterns
(DAMP),”" may affect the cell-intrinsic TF of gene regula-
tory networks that control the differentiation trajectory.
It is therefore important to understand how cell-intrinsic
systems of TF are connected to extrinsic signals.

The gene regulatory network for erythroid
lineage commitment

Erythroid cells are derived from progenitor cells that
possess the ability to differentiate into erythroid or
myeloid cells."” CMP have long been considered to rep-
resent a bifurcation point of erythroid-myeloid differen-
tiation.” However, single-cell analyses have challenged
this notion. A single-cell RNA sequencing analysis of c-
kit'Scallineage: bone marrow cells revealed at least
seven different subpopulations with lineage priming at
the transcriptomic level.' Importantly, no subpopula-
tions with multilineage priming were observed in that

Stochastic fluctuation
Environmental cue (i.e. cytokines)

(D —

TFA
dominant

TFB
dominant

Figure 1. Stochastic model of lineage commitment. Transcription factors (TF)
A and TF B play important roles in determining cell differentiation. If these two
TF activate themselves and work in a mutually exclusive manner, slight sto-
chastic fluctuations that alter the ratio of TF A to B can affect cell fate.
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study. In addition, a barcoded progenitor cell transplan-
tation analysis revealed that the majority of CMP can dif-
ferentiate into only erythroid or myeloid cells after trans-
plantation.” Therefore, CMP are a highly heterogeneous
population of progenitor cells, and the dominant popula-
tions in CMP are already committed to erythroid or
myeloid differentiation. However, it should be noted
that these findings were obtained from a “snapshot”
analysis, which may have overlooked the plasticity of
differentiation potential or gene expression patterns in
CMP. Indeed, the introduction of specific TF (such as
GATA-1 and DDIT3) into myeloid lineage progenitors
can switch the lineage output to the erythroid lineage,
suggesting the existence of plasticity under the control of
TF in erythroid-myeloid progenitors.”®** This idea is not
surprising when we consider the fact that TF often alter
the epigenetic modifications for lineage commitment
(e.g., via pioneer TF*) and that epigenetic changes per se
are reversible.”®” Therefore, the observed subpopula-
tions of CMP may show plasticity under physiological
conditions, which can be masked during transplantation.
In this context, it is still too early to conclude that CMP
are heterogeneous populations of already committed
progenitors. Further investigations combining single-cell
chasing with the comprehensive measurement of
epigenomes and transcriptomes in unperturbed condi-
tions will be needed.

In the view of the gene regulatory networks at the ery-
throid-myeloid bifurcation, key TF including the
CCAAT-enhancer-binding protein (C/EBP) family,**
PU.1% and GATA-1," play essential roles in erythroid or
myeloid differentiation, which might operate the ery-
throid-myeloid bifurcation at the level of CMP or multi-
potent progenitors. Given that GATA-1 and PU.1 show
mutually exclusive expression patterns during erythroid
and myeloid differentiation and repress each other and
activate themselves, the gene regulatory network of
GATA1 and SPI1 (encoding PU.1) may determine the
bifurcation of myeloid and erythroid cells.® In this
model, stochastic alterations in the ratio of GATA1 to
PU.1 activity might initiate the differentiation. However,
a recent study found that GATA1 and SPI1 are not co-
expressed in CMP.” Upon erythroid differentiation, the
expression of GATA1 commences with a substantial lag
after the cessation of SPI1 expression. In contrast, upon
myeloid differentiation, no progenitor cells showed a
period with GATA1 expression.” Thus, GATA-1 may not
be the initiator of erythroid differentiation but just the
executor of the erythroid development from progenitor
cells whose erythroid commitment has already been
defined by unknown factors. Recent single-cell proteom-
ic analyses additionally revealed that the TF KLF1 and
FLI1 play important roles in the bifurcation of erythroid
and megakaryocytes.”

Since erythroid cells and myeloid cells are rigorously
produced from progenitor cells every day, as described
above, there should exist a mechanism to fine tune the
differentiation trajectory shift of erythroid-myeloid com-
mon progenitor cells depending on the demand, which
can vary with environmental changes. For instance,
infections and inflammation induce myeloid differentia-
tion and reduce erythroid differentiation, which can lead
to anemia of inflammation. It has long been accepted
that the major cause of this form of anemia is a disorder
of iron utility for erythroid maturation caused by the

induction of hepcidin, which inhibits iron uptake and
recycling.” However, since iron supplementation for the
treatment of anemia of inflammation is still controver-
sial®** and infections as well as inflammation can induce
a shift in the differentiation trajectory at the level of ery-
throid-myeloid progenitors,” there may be other factors
that modulate the differentiation trajectory of progeni-
tors, depending on environmental changes.

We recently reported that BACH factors are required
for the efficient commitment of HSPC to an erythroid
fate.”” BACH factors inhibit the expression of Cebpb, the
gene encoding the TF C/EBPB, which plays an indispen-
sable role in emergency myelopoiesis.” Importantly,
BACH factors and C/EBPp exert opposite effects on their
downstream target genes: BACH factors repress a set of
myeloid-affiliated genes, whereas C/EBPf activates
these genes at the same genomic loci. Since both BACH
factors and the C/EBP family can bind to AP-1 motifs,
the balance between repression and activation via the
AP-1 motif appears to be critical for determining myeloid
fate’* (Figure 2). Since infectious stimuli repress the
expression of BACH factors and induce C/EBPB expres-
sion,'®" the gene regulatory network of these TF genes
can fluctuate in response to environmental input
between two states, which correspond to erythroid and
myeloid fates.

The gene regulatory network for lymphoid
lineage commitment

Lymphoid cells are also derived from common progen-
itor cells that possess the ability to differentiate into lym-
phoid or myeloid cells. LMPP are now considered such
common progenitors.”*** Similar to the single-cell tran-
scriptomic observations in CMP, a single-cell analysis of
LMPP also showed that LMPP are a heterogeneous pop-
ulation." For instance, a single-cell in vitro differentiation
assay showed that most LMPP were only able to differ-
entiate into either myeloid or lymphoid cells.”
Therefore, most LMPP may be cells whose differentia-

Infection
Inflammation

<\

BACH 1

BAGH2 C/EBP
N/ >
/
— AP-1site Myeloid ger

Figure 2. Control of myeloid gene expression by BACH and C/EBP transcription
factors in a state of infection. The BACH and C/EBP transcription factors (TF)
repress and activate, respectively, myeloid gene expression by binding the same
genomic loci. Infection/inflammation-induced alteration of these TF can affect
myeloid gene expression, depending on the environment.
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tion commitment has already been decided. However,
there may be pitfalls associated with these observations,
similar to those regarding erythroid-myeloid bifurcation.
The presence of myeloid-lymphoid progenitors is also
supported by the findings of an analysis of lym-
phopoiesis in human embryos. This progenitor popula-
tion first emerges as a myeloid progenitor and later
acquires myeloid-lymphoid bipotential, co-expressing
genes affiliated with the two lineages in single cells.”

A number of key TF have been identified as important
factors for the development of lymphoid cells, including
the C/EBP family, PU.1, E2A, IKAROS and FOXO1. An
analysis combining RNA sequencing and chromatin
immunoprecipitation sequencing has suggested the exis-
tence of gene regulatory networks that are important for
lymphoid-myeloid bifurcation” (Figure 3). However,
which component in the gene regulatory networks of
these TF define lineage commitments and how the
expression of the TF is altered in response to environ-
mental changes remain unclear. The initiators of the lym-
phoid or myeloid lineage commitment also have yet to
be clarified, and there may in fact be multiple entry
points for commitment.

We previously reported that BACH factors are required
for efficient commitment of multipotent progenitors and
common lymphoid progenitors to the lymphoid fate.”'®
BACH factors repress the expression of C/EBP, and
C/EBP repress the expression of BACH factors. The gene
regulatory networks of these TF therefore define lym-
phoid or myeloid lineage commitment depending on
fluctuations of the expression of C/EBP and BACH TF
(Figure 4). Since the expression of these TF is affected by
environmental changes,'®”” these TF may be initiators
of lymphoid or myeloid lineage commitment responding
to environmental changes. The development of fetal
myeloid-lymphoid progenitors mentioned above” may
reflect changes in the interplay between BACH factors
and C/EBP. Since steady-state hematopoiesis and emer-

E2A

IKAROS

FOXO1 )
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gency hematopoiesis are contrasting, it is still unclear to
what extent the altered expression in response to extra-
cellular signals would affect lineage commitment.
Further understanding of these issues will help to clarify
the mechanisms of lineage commitment in steady-state
and emergency conditions. To this end, taking advantage
of using TF reporter mice exposed or not to stress might
be helpful to expand the TF-based analysis further.
Identification of surrogate marker genes whose expres-
sion reports activity of particular TF will also be impor-
tant.

Myeloid cells as the default and evolutionary
prototype pathway of hematopoietic stem
and progenitor cells

The lineage commitment of HSPC is the process in
which these cells lose their multipotency. For erythroid
cell differentiation, the progenitor cells first lose their
capacity for lymphoid differentiation, resulting in ery-
throid-myeloid common progenitors,”* at which point
the decision of erythroid or myeloid lineage commit-
ment is made. In contrast, for lymphoid cell differentia-
tion, the progenitor cells first lose their capacity for ery-
throid differentiation, resulting in lymphoid-myeloid
common progenitors,** at which point the decision of
lymphoid or myeloid lineage commitment is made.

Interestingly, it has been reported that, even after lym-
phoid commitment, T-cell or B-cell progenitors retain the
capacity to differentiate into myeloid cells.””* Indeed,
myeloid differentiation potential might remain until just
before terminal differentiation. Results from studies
using five blood-lineage marking, which is a precise
method of detecting erythroid cells and platelets in addi-
tion to myeloid, B and T cells after transplantation, also
support the notion that myeloid differentiation potential
is retained after losing either erythroid or lymphoid dif-
ferentiation potential.” In addition, at least some
platelets are derived from HSC possessing myeloid line-
age potential.”””* Myeloid cell differentiation might,
therefore, be a default and/or prototypical pathway of

P
I " l—

Lymphoid or erythroid genes Myeloid genes

Figure 3. Gene regulatory networks controlling lymphoid cell differentiation.
Several factors have been identified as important regulators of lymphoid cell dif-
ferentiation commitment.* Each factor works as an activator and/or repressor
of other factors forming complex gene regulatory networks, suggesting the exis-
tence of a precise mechanism underlying lymphoid cell differentiation. However,
how the activities of these factors are controlled at the initial point of lineage
commitment remains unclear.

Figure 4. Gene regulatory networks of BACH and C/EBP transcription factors
for myeloid and non-myeloid gene expression. The transcription factor (TF)
BACH represses C/EBP and myeloid genes and induces lymphoid/erythroid
genes. In contrast, the TF C/EBP represses BACH and lymphoid/erythroid genes
and induces myeloid genes. Therefore, both stochastic fluctuation and environ-
ment-derived changes in the expression of BACH and C/EBP can induce differ-
entiation commitment in progenitor cells.
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HSPC, originally described as the “myeloid-based
model”,* and repression of the myeloid differentiation
program appears important for lineage commitment in
HSPC. In line with this, recent reports suggest the impor-
tance of myeloid-biased HSC in emergency
myelopoiesis.”*” Further analysis is still needed to clarify
how the gene regulatory networks are altered in
myeloid-biased HSC.

In addition to the repression of the myeloid program
during progenitor cell differentiation, re-activation of the
myeloid program is observed in some mature
hematopoietic cells. During maturation of erythroid and
lymphoid cells, the function and expression of BACH
factors are repressed, which can induce part of the
myeloid program. For instance, Prdm1 (encoding TF
BLIMP-1) is a repressed target of BACH2, and its repres-
sion is necessary for the proper development of B cells.”
BLIMP-1 per se is necessary for the proper development
of plasma cells and T cells.”® Since BLIMP-1 is important
for myeloid cell development as well,” BLIMP-1 can be
considered as a part of the myeloid program deployed
during plasma-cell and T-cell development. To support
this notion, some of the myeloid genes are expressed in
plasma cells.” From the perspective of erythropoiesis,
the expression of Hmox1 (encoding heme oxygenase-1) is
induced to avoid the toxic activity of free heme during
erythroblast maturation,” On the other hand, heme oxy-
genase-1 is also important for the proper function of
myeloid cells.” Therefore, heme oxygenase-1 can be
considered as a part of the myeloid program deployed
during the development of erythroid cells. Both mature
myeloid cells and non-myeloid cells (erythroid and lym-
phoid cells) must cope with conditions of stress (such as
oxidative stress during oxygen transportation or at the
site of inflammation). We therefore assume that mature
hematopoietic cells may reactivate a part of the myeloid
program, such as heme oxygenase-1, to protect them-
selves from stresses, irrespective of their lineages. The
myeloid program, which is temporarily repressed upon
lineage commitment, is thus referred to as the “inner
myeloid”® because part of it can be re-activated in
mature cells. Given these findings, we propose “an
extended myeloid-based model” of hematopoiesis,
which posits that the myeloid program possesses impor-
tant roles not only in hematopoietic cell differentiation
but also in mature cell function.

The extended myeloid-based model with the “inner
myeloid” is well understandable when the history of bio-
logical evolution is considered. Lower organisms, such as
insects, possess phagocytic cells but lack erythroid and
lymphoid cells.* A human-like HSC system was recently
found in the chordate Botryllus schlosseri, with stem cells
generating solely cells of myeloid lineage, such as phago-
cytic cells and granulocytes.” It should be noted that a
BACH-like TF is present in chordates and vertebrates®
but not in lower organisms. The prototype BACH TF
may restrict myeloid differentiation of HSC. Since ery-
throid cells and lymphoid cells arose in the hematopoiet-
ic system during the evolution of higher organisms,
repressing the myeloid program in progenitor cells
(“inner myeloid”) might be necessary to make non-
myeloid cells (erythroid and lymphoid cells). The find-
ings regarding the function of BACH factors as repressors
of the “inner myeloid” may constitute the molecular
foundation of the myeloid-based model of

hematopoiesis and lineage commitment. The
hematopoietic system in higher eukaryotes is therefore
evidence of our ancient history, just like our other body
systems.*

Fortifying roles of BACH factors in blood
homeostasis

BACH factors play not only repressive roles in the
myeloid program in progenitor cells but also several
indispensable roles in the operation of the hematopoietic
system. For instance, BACH1 works as a balancer of glo-
bins and heme during erythroid cell maturation.”
BACH?2 is required for the development of non-IgM type
plasma cells, memory B cells, regulatory T cells and
memory T cells.”**¥* and therefore works as a regulator
of lymphocyte effector versus non-effector differentia-
tion. Remarkably, these functions of BACH2 in lym-
phoid cells might be explained by its binding to the AP-
1 site as a transcription repressor, which is in contrast to
the other TF (Fos, Jun, etc.) targeting the AP-1 site, many
of which work as transcription activators.”

These functions of BACH factors in erythroid and lym-
phoid cells can be interpreted as indicative of their role as
‘fortifying factors’, since they shape steady-state
hematopoiesis to prepare for infection at multiple points,
as described below. With regard to erythropoiesis, the
hemoglobin concentration in human blood is kept
around 14 g/dL in the steady state whereas, in general, a
hemoglobin concentration <7 g/dl is life-threatening.
There is therefore sufficient capacity for erythropoiesis
to endure emergency conditions. For instance, progenitor
cell differentiation can be shifted toward myelopoiesis,
thus promoting the innate immune defense at the
expense of erythropoiesis during a state of infection.
This means that BACH factors support erythropoiesis by
suppressing myelopoiesis in the steady state, fortifying
the system for infection. With regard to the B-cell
response, IgM-secreting plasma cells work as the first
line of defense against pathogens, whereas non-IgM-
type plasma cells and memory B cells are produced at a
later phase or after the infection as a more effective sec-
ond-line defense.” With regard to the T-cell response,
effector T cells provide the first line of defense against
pathogens whereas regulatory T cells and memory T
cells work to repress an excess immune response and/or
to return the state to the steady condition in preparation
for the next infection.” These responses may be coordi-
nated by the expression of BACH factors. When their
expression is reduced in response to infection, IgM-
secreting plasma cells and effector T cells are preferen-
tially generated. Conversely, resumption of the expres-
sion of BACH factors leads to the generation of non-IgM
plasma cells, memory B cells, regulatory T cells and
memory T cells. Therefore, BACH factors are required to
fortify the hematopoietic system as a whole, in prepara-
tion for future infections (Figure 5).

Hematologic disorders as failures of BACH
gene regulatory networks

The gene regulatory networks of HSPC may explain
why pathological alterations in one lineage often accom-
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Figure 5. The fortifying role of BACH for the next emergency. BACH factors sup-
port erythropoiesis and repress myelopoiesis in steady-state conditions. BACH2
in particular supports the development of memory B cells, non-IgM plasma cells,
regulatory T cells and memory T cells in the steady state while repressing the
development of IgM plasma cells and effector T cells. Since BACH factors sup-
port the development of the cells needed for the suppression of a previous
emergency reaction and the preparation for the next emergency, BACH factors
can be considered “fortifying factors”.

pany changes in other lineages in the opposite direction.
Infection and inflammation cause anemia of inflamma-
tion, which is frequently observed in chronic infections
and autoimmune diseases.’ Inflammatory cytokines,
such as interleukin-6, induce the expression of hepcidin,
resulting in the inhibition of ferroportin.” This regulato-
ry axis is the mechanism by which the iron supply for
erythroblast maturation is limited, resulting in anemia.’®
However, this mechanism may not explain how the dif-
ferentiation trajectory is modulated at the erythroid-
myeloid bifurcation point during an infection and in
inflammatory conditions.’ In those circumstances, the
expression of BACH factors is repressed in HSPC,**
leading to increased myelopoiesis at the expense of ery-
thropoiesis. Therefore, the reduced activity of BACH
factors might be a novel mechanism underlying anemia
of inflammation.

MDS is a major hematopoietic malignancy and is
caused by a clonal disorder in HSC.”* The phenotypic
features of MDS, such as anemia, autoimmune reactions
and transformation into acute myeloid leukemia, may
also be attributed to alterations in the state of gene regu-
latory networks. The expression of BACH2 is repressed
in MDS."” Since the loss of BACH?2 is expected to induce
anemia, an inflammatory reaction and myeloid skewing
of progenitors, the repression of BACH2 that has been
observed in MDS patients might be one of the causes of
the characteristic symptoms of MDS. A recent genome-
wide analysis showed that MDS clones frequently have
mutations in epigenetic modifiers and splicing factors,”
suggesting that such genetic alterations may lead to a
reduction in BACH2 expression. BACH2 repression is
also observed in lymphocytes on aging, with PRDA1
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Conclusions

In this review, we have highlighted recent findings
concerning the differentiation of HSPC and their limita-
tions. Novel findings from single-cell analyses suggest
the need to reconsider the canonical hierarchical differ-
entiation model of the hematopoietic system. However,
we should also consider the limitations associated with
these single-cell analyses, as discussed above. The
myeloid-based model involving the gene regulatory net-
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ary perspectives and pathological processes of the
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ABSTRACT

n this review article, we present recent updates on the hematologic

tumor microenvironment following the 3* Scientific Workshop on the

Haematological Tumour Microenvironment and its Therapeutic
Targeting organized by the European School of Hematology, which took
place at the Francis Crick Institute in London in February 2019. This review
article is focused on recent scientific advances highlighted in the invited pre-
sentations at the meeting, which encompassed the normal and malignant
niches supporting hematopoietic stem cells and their progeny. Given the
precise focus, it does not discuss other relevant contributions in this field,
which have been the scope of other recent reviews. The content covers
basic research and possible clinical applications with the major therapeutic
angle of utilizing basic knowledge to devise new strategies to target the
tumor microenvironment in hematologic cancers. The review is structured
in the following sections: (i) regulation of normal hematopoietic stem cell
niches during development, adulthood and aging; (ii) metabolic adaptation
and reprogramming in the tumor microenvironment; (iii) the key role of
inflammation in reshaping the normal microenvironment and driving
hematopoietic stem cell proliferation; (iv) current understanding of the
tumor microenvironment in different malignancies, such as chronic lym-
phocytic leukemia, multiple myeloma, acute myeloid leukemia and
myelodysplastic syndromes; and (v) the effects of therapies on the microen-
vironment and some opportunities to target the niche directly in order to
improve cutrent treatments.

The normal niches in development, adulthood and aging

A maladapted vascular niche induces the generation and expansion
of tumor-initiating cells

Work from Dr. Rafii’s laboratory, among others, has revealed the heterogeneity of
endothelial cells, which comprise over 140 different types of endothelium in the
human body. Each organ or tumor is vascularized by a specialized endothelium. It is
believed that transcription factors belonging to the Ets family, such as Ets variant 2
(ETV2), Hil and the Ets-related gene (Erg), make endothelial cells organ-specific.
Endothelial cells are important niche cells for hematopoietic stem cells (HSC) and
their use as feeder cells in culture allows the expansion of HSC by ~150-fold." As a
refinement, a combination of reprogramming factors, including FB] murine osteosar-
coma viral oncogene homolog B (FOSB), growth factor independent 1 transcriptional
repressor (GFI1), runt-related transcription factor 1 (RUNX1) and SPI1 (which
encodes PU.1), can be combined with sustained vascular niche induction to generate
HSC that are endowed with secondary repopulating activity.

However, a maladapted vascular niche can facilitate the expansion of tumor-initi-
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ating cells in different organs. A paradigm-shifting concept
over the past few years is that blood vessels not only deliver
nutrients and oxygen to organs and tissues, but that they
also sustain stem cells and cancer cells through an
'angiocrine’ mechanism. Consequently, maladapted tumor-
associated vascular endothelial cells may confer stem cell-
like activity to indolent tumor cells. One example of this is
the conversion of dormant lymphoma cells into aggressive
lymphoma through the interaction with endothelial cells.
This effect is dependent on Notch signaling, since Jagged1
abrogation in endothelial cells can slow down lymphoma
progression.” Another example is the abnormal activation
of the fibroblast growth factor receptor 1 (FGFR1)-ETS2
pathway in tumor-associated-vascular endothelial cells dur-
ing chemotherapy. Specifically, tumor-derived FGF4 acti-
vates FGFR1 in endothelial cells and induces the expression
of the transcription factor ETS2. Chemotherapy inhibits the
tumor-suppressive checkpoint function of insulin growth
factor binding protein 7 (IGFBP7)/angiomodulin and
increases the expression of insulin growth factor 1 (IGF1) in
endothelial cells, causing an FGFR1-ETS2 feedforward loop
which renders naive IGFR1* cancer cells resistant to
chemotherapy.® This research helped to show that the
FGF4-FGFR1-ETS2 pathway plays a crucial role in tumor-
associated endothelium.

Angiocrine signals regulate quiescence and therapy
resistance in bone

Kusumbe and colleagues characterized different vessel
subtypes  comprising  endothelial ~ and  sub-
endothelial/perivascular cells in murine bone marrow. Type
H endothelium (named so because of its high expression of
endomucin) nurtures bone-forming cells during develop-
ment.* However, alterations of the vascular microenviron-
ment can affect the fate of disseminated tumor cells.’
Dormant tumor cells can be awakened through the produc-
tion of factors such as periostin (POSTN) and transforming
growth factor B-1 (TGFp-1). Importantly, proximity to the
sprouting vasculature supports cancer cell proliferation,
whereas a stable vasculature keeps cancer cells dormant. In
relation to this, vascular remodeling during aging might
alter hematopoiesis. For instance, type H endothelium and
its associated osteoprogenitor cells are reduced during
aging, possibly affecting hematopoiesis. Consistent with
these results, reactivation of endothelial Notch signaling
can activate HSC in aged mice, although it cannot fully
restore HSC self-renewal.® Age-associated vascular remod-
eling might facilitate the development of myeloid malig-
nancies since it promotes myeloid cell expansion.’

The hematopoietic stem cell niche in aging

In this regard, Geiger et al. uncovered several microenvi-
ronmental contributions to HSC aging. It had been previ-
ously reported that aged stromal cells secrete more pro-
inflammatory CC-chemokine ligand 5 (CCL5 or RANTES)
but less osteopontin (OPN); these stromal changes imprint
some aging-associated phenotypes in HSC.? Specifically, a
decreased frequency of endosteal stromal cells and
osteoblasts reduces OPN expression, which is associated
with HSC aging (manifested as myeloid skewing). The
bone marrow microenvironment of adult OPN knockout
mice partly resembles an aged wildtype microenvironment
in its increased number of HSC which exhibit reduced
engraftment and polarity. However, treatment with OPN
fraction D can attenuate the dysfunction of aged long-term
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HSC (LT-HSC) and ameliorates HSC by activating integrin
osf; in HSC? Additionally, aged endothelial cells drive
hematopoietic aging phenotypes in young HSC, whereas
infusion of young endothelial cells enhances endogenous
HSC activity in aged mice."

Metabolism in the tumor microenvironment

Intense efforts are currently being expended to elucidate
how cancer cells reshape their malignant microenviron-
ment to increase their metabolic fitness and chemoresis-
tance.

Subversion of systemic glucose metabolism
as a mechanism to support the growth of leukemic cells
Work by Dr. Ye and colleagues in Dr. Jordan’s laboratory
has revealed how leukemic cells subvert the metabolism of
systemic glucose for their proliferation. Insulin resistance,
besides playing a key role in obesity and diabetes, may
facilitate leukemogenesis: leukemic cells can actively reduce
glucose utilization by normal tissues to increase their glu-
cose bioavailability." Collectively, the findings suggest that
leukemic cells increase IGFBP1 production from adipose tis-
sue, which can cause insulin resistance. An intricate com-
munication with the gut causes loss of active glucagon-like
peptide-1 (GLP1) and serotonin, which suppresses insulin
secretion. Overall, these systemic perturbations are
believed to cause desensitization of normal tissues to glu-
cose, suggesting a novel therapeutic window based on the
restoration of normal glucose regulation.

Mitochondrial trafficking in the tumor microenvironment

Mitochondria are emerging components in the molecular
exchange between leukemic cells and their microenviron-
ment. The ability of bone marrow mesenchymal stromal
cells (BMSC) to donate mitochondria to different cell types”
has emerged as a potentially important process in hemato-
logic diseases. Mitochondrial transfer has recently been
appreciated to be a previously unrecognized mechanism of
intercellular communication associated with chemoresis-
tance.””* Tunneling nanotubules appear to be the primary
mitochondrial exchange route used in acute myeloid
leukemia (AML)." Work from Dr. Rushworth’s laboratory
indicates that NADPH oxidase 2 (NOX2)-derived reactive
oxygen species, induced by H,O, or daunorubicin, may
enhance mitochondrial transfer from BMSC to AML blasts.
The transferred mitochondria appear functionally active and
capable of boosting metabolic activity in AML cells.”* A sim-
ilar process has been reported in multiple myeloma.
Increased oxidative phosphorylation (OXPHOS) in multiple
myeloma cells is associated with CD38-driven mitochondr-
ial transfer.” It is worth noting that this process seems to
affect malignant cells preferentially and is not frequently
observed in their normal counterparts. Therefore, a potential
therapeutic window might be available through blockade of
mitochondrial transfer.

Fatty acid metabolism and bone marrow adipocytes in
acute myeloid leukemia

Work from Dr. Tabe’s and Dr. Andreeff’s laboratories has
revealed other metabolic changes in AML, particularly
focused on the role of adipocytes and fatty acid metabo-
lism. Fat cells are a predominant type of stromal cell in aged
human bone marrow. BMSC can promote AML survival

haematologica | 2019; 104(10) -




I I

through a metabolic shift from OXPHOS to fatty acid oxi-
dation, which causes OXPHOS uncoupling.” In addition,
leukemia stem cells express the fatty acid receptor CD36
and exhibit high levels of fatty acid oxidation, associated
with cell quiescence and drug resistance.” However, a novel
small molecule inhibitor of fatty acid oxidation, avocatin-B,
selectively inhibits AML and leukemia stem cells without
detectable toxicity in normal HSC. Avocatin-B increases
fatty acid uptake and enhances the expression of fatty acid-
binding protein-4 (FABP4) in adipocytes co-cultured with
AML cells. However, concomitantly, avocatin-B increases
glucose uptake and glycolysis in AML, thus contributing to
AML survival.”® Overall, these data highlight the limitations
of targeting a single metabolic pathway, since leukemic cells
may escape through metabolic adaptation. Accordingly,
cytarabine-resistant AML cells exhibit increased fatty acid
oxidation and OXPHOS. Fatty acid oxidation inhibition
induces an energy shift from high to low OXPHOS that
enhances anti-leukemia effects, but only in combination
with cytarabine.” Inhibition of fatty acid oxidation addi-
tionally activates the endoplasmic reticulum stress activator
transcription factor 4 (ATF4) and enhances cytarabine
cytoxicity in AML cells co-cultured with bone marrow
adipocytes.” These findings suggest that combined thera-
pies containing inhibitors of fatty acid oxidation could be
capable of targeting metabolic vulnerabilities in AML.

Inflammation and cell cycle

One hallmark of hematologic malignancies is a proin-
flammatory state whereby inflammatory cytokines affect
the proliferation of normal and mutant cells. Inflammation
is, therefore, one key trigger of the reshaped malignant
microenvironment.

Impact of aged marrow macrophages on hematopoietic
stem cells and their niche

Microenvironmental inflammation is another driver of
hematopoietic aging. Previous studies have shown that
aged CD41* LT-HSC accumulate during aging and their
megakaryocyte bias results in increased circulating platelets
in aged mice”* Calvi et al. have shown that aged bone
marrow macrophages contribute to the expansion of
platelet-based HSC through interleukin-1f.” Aged murine
bone marrow macrophages exhibit an activated phenotype
and defective phagocytic function, which causes reduced
efferocytosis of senescent neutrophils. [n vitro co-culture
systems suggest that increased interleukin-1p and reduced
Axl receptor tyrosine kinase and its associated protein
growth arrest-specific 6 (Gas6) contribute to platelet skew-
ing during aging.

Hematopoietic stem cells and their bone marrow niche
under inflammatory stress

Inflammation can affect both HSC and their niches.
Infection can cause stress and dysfunction in HSC respond-
ing to infection. Chemotherapy, transplantation or inflam-
matory cytokines, such as interferon ([FN)-o, can modify
HSC quiescence and make HSC re-enter the cell cycle.””
For example, acute or non-acute virus infections activate
quiescent LT-HSC but also affect their function through IFN-
I receptor signaling.” Non-acute murine cytomegalovirus
infections alter the IT-HSC gene expression profile and
impair HSC function upon transplantation. One mediator

appears to be the extracellular matrix adaptor protein
Matrilin-4 (Matn4), which is a candidate negative regulator
of HSC proliferation under stress.” Under acute stress,
Matn4 expression decreases, allowing for HSC expansion to
replenish the blood system. Importantly, reduced expression
of the Cxcl12/Sdf-1 receptor Cxcr4 in Matnd” HSC
improves the reconstitution and expansion of HSC. On the
non-hematopoietic side, endothelial cells proliferate after
inflammatory stress or infection to maintain vessel integrity
and permeability. The responses of endothelial cells to IFN-
o in vivo are transient and dependent on the expression of
IFN-a receptors. In this regard, vascular endothelial growth
factor (VEGF) has emerged as one mediator of the activation
of bone marrow endothelial cells by IFN-o-stimulated
hematopoietic cells. In conclusion, as part of the dynamic
crosstalk between HSC and their niches, inflammatory
stress not only has an impact on HSC but also on their
microenvironment and this altered bidirectional crosstalk
affects the growth and function in each compartment.

The bone marrow microenvironment in myeloproliferative
neoplasms

Associated with inflammation, bone marrow fibrosis is
an extensive remodeling of the bone marrow extracellular
matrix, which is typically observed in some myeloprolifer-
ative neoplasms. Previous studies found that damage to the
bone marrow microenvironment contributes to the pro-
gression of myeloproliferative neoplasms.” However, the
identification of fibrosis-driving cells and specific markers
of a pre-fibrotic state are important therapeutic issues that
remain only partially addressed. Schneider and colleagues
described GLI family zinc finger 1 (Glil)* mesenchymal
stromal cells as fibrotic cells in different types of fibrosis.
Glil* cells appear to be myofibroblast precursors which
contribute significantly to myelofibrosis. Accordingly,
genetic ablation of Glil* cells reduces fibrosis and improves
hematopoiesis in experimental models.”

Regulation of dormant hematopoietic stem cells

Inflammation is only one of the mechanisms that can
awaken dormant HSC, as shown in studies by Cabezas-
Wallscheid and colleagues. Dormant HSC can now be iden-
tified with specific markers, such as Lineage Sca-1c-Kit*
(LSK) CD150°CD48 CD135 CD34" cells expressing the G
protein-coupled receptor Gpre5¢5.” Dormant HSC repre-
sent only a very small subset of bone marrow cells, but
these cells harbor the highest long-term reconstituting
potential. Dormant HSC are characterized by low levels of
biosynthetic processes (transcription, mRNA processing
and translation) which gradually increase as the HSC
become activated. Retinoic acid/vitamin A-induced signal-
ing is highly enriched in dormant HSC and contributes to
maintain low levels of reactive oxygen species, protein
translation and expression of the proto-oncogene c-myc in
these cells. [n vivo, pre-treatment with all-trans retinoic acid
can preserve HSC quiescence upon stress induced by
chemotherapy or lipopolysaccharide. These results suggest
that retinoic acid might restrict HSC proliferation. In con-
trast, lack of vitamin A compromises HSC re-entry into dor-
mancy after exposure to inflammatory stress.”

Molecular regulation and heterogeneity in the exit from
quiescence by human hematopoietic stem cells

Not only the actual quiescence of HSC, but also the time
that that these cells take to enter the cell cycle can be a
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defining feature, as revealed by Laurenti and colleagues. In
fact, LT-HSC take longer than short-term HSC to enter the
cell cycle. Cyclin dependent kinase-6 (CDK6) expression
controls the exit from quiescence in human HSC.*
Consequently, enforced CDK6 expression can push LT-
HSC to divide as quickly as short-term HSC. Human HSC
heterogeneity and lineage commitment were dissected fur-
ther in a subsequent study. The first lineage restriction
appears to affect the CD19CD34°*CD38CD45RA"
CD49f*CD90" HSC compartment’s generation of myelo-
lymphoid committed cells which are devoid of erythroid
differentiation capacity. The expression of the C-type lectin
domain family 9 member A (CLEC9A) and CD34 in these
cells can be used to distinguish CLECIACD34* LT-HSC
(with slow exit from quiescence) from CLEC9A° CD34"
myelo-lymphoid-restricted HSC (with quicker entry into
the cell cycle).* These results help identify human HSC
subsets and will be very useful to study their interactions
with bone marrow microenvironments.

Interaction of tumor cells with their
microenvironment

Mapping the bone marrow microenvironment in sickness
and in health

The development of single-cell technologies has made it
possible to generate an atlas of different tissues at single-cell
resolution. A recent study by Dr. Aifantis’ group presented
the transcriptional signatures of murine bone marrow vas-
cular  endothelial cells, perivascular cells and
osteolineage/stromal cell populations under steady state or
under stress (5-fluorocuracil), with a major emphasis on
candidate cellular sources of key factors regulating
hematopoiesis.® For example, the loss of the delta-like
canonical Notch ligand 4 (DLL4) in endothelial cells caused
profound transcriptional changes, which drove myeloid
skewing of HSC/progenitors.

Targeting the microenvironment in smoldering myeloma

Like other hematologic malignancies, multiple myeloma
involves a multistep transformation process® with con-
comitant remodeling of the BM microenvironment,” as
shown by Ghobrial er al. However, studies on the human
bone marrow microenvironment are frequently challenged
by the scarcity and insufficient preservation of tissue biop-
sies for detailed studies. A potential way to replace bone
marrow biopsies might be to combine whole-exome
sequencing of circulating tumor cells and cell-free DNA,
which might help our understanding of disease heterogene-
ity and evolution in multiple myeloma.*® Cell-free DNA
reveals a similar clonal structure as bone marrow biopsies,”
potentially paving the path for less invasive mutational
screening.

Investigating mechanisms regulating myeloma growth
and dissemination using in vivo bone marrow imaging
Studies by Dr. Fooksman and others have showed the
potential of intravital microscopy for studying the interac-
tions of normal and mutant hematopoietic cells with their
microenvironment. Antibody-secreting cells comprise
mature plasma cells and more immature plasmablasts
which can be identified by the expression of syndecan-1
(CD138), a marker with an unclear function until recently.
CD138 has lately been found to promote the survival of

antibody-secreting cells through IL-6 and A proliferation-
inducing ligand (APRIL).” Therefore, ongoing studies are
utilizing similar intravital imaging techniques to study the
microenvironment in multiple myeloma and other hemato-
logic malignancies.

The tumor microenvironment in chronic
lymphocytic leukemia, plasma cell myeloma
and myelodysplastic syndromes

Understanding and targeting tumor-microenvironment
interactions in B-cell malignancies

Microenvironmental alterations can be putative thera-
peutic targets in B-cell malignancies, as revealed by
Ringshausen et al. The expression of protein kinase C beta
II (PKCP2) and downstream activation of NEF-kappa B
(NFkB) in BMSC is required for the survival of malignant B
cells." Chronic lymphocytic leukemia (CLL) cells induce
Notch? signaling and complement Clq production by
BMSC, which in turn inhibits glycogen synthase kinase 3
beta (GSK3f)-dependent degradation of p-catenin in CLL.
Additionally, Notch2 activation in BMSC further stabilizes
B-catenin in CLL through regulation of N-cadherin expres-
sion. Consequently, inhibition of Notch or Wnt pathways
has therapeutic effects in experimental CLL models.”

The biological and clinical roles of the microenvironment
in chronic lymphocytic leukemia

Work in Dr. Hallek’s laboratory and others has illustrated
how CLL becomes addicted to the microenvironment, and
particularly to macrophages or nurse-like cells. A prominent
example is the non-receptor tyrosine-protein kinase Lyn
belonging to the SRC family, which is crucial both for B-cell
receptor signaling and for microenvironmental support of
the malignant cells.® Lyn-deficient mice present a reduced
CLL burden. However, the loss of Lyn in B cells only
reduces B-cell receptor signaling, but does not affect CLL
progression. In fact, Lyn is required in microenvironmental
cells (and particularly macrophages) for the expansion of
CLL cells.

Pre-clinical modeling of myelodysplastic syndromes
in murine xenograft models

The clinical heterogeneity and molecular complexity of
myelodysplastic syndromes (MDS) make these diseases
arduous to model and study. However, xenograft models
have emerged as useful tools for studying MDS. Co-trans-
plantation of CD34" cells with patient-derived BMSC has
been reported in one study to increase long-term engraft-
ment of human MDS in immunodeficient mice.* In that
study, patient-derived hematopoietic cells prompted
healthy BMSC to acquire MDS-BMSC-like features.
Consequently, cytokines produced by MDS BMSC favored
the propagation of MDS after orthotopic interfemoral
transplantation into immunodeficient mice. However, this
finding contrasts with that of another study which found
similar engraftment of MDS regardless of the presence of
human BMSC.® It is possible that technical differences
and/or distinct diseases/stages underlie these divergent
results. Moreover, due to recent advances in bioengineering
and carrier materials, traditional xenotransplants are being
progressively replaced by bioengineered humanized
microenvironments. As one example, implantable scaffold
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methods allow the study of multicellular interactions
between human stromal cells and HSC.*

Targeting the tumor microenvironment

Targeting the tumor microenvironment in B-cell
lymphomas

Other ways to target the tumor microenvironment in B-
cell malignancies have been exemplified by research in Dr.
Gribben’s laboratory and take advantage of the fact that
lymphoma cells live in an immune cell-enriched microenvi-
ronment. However, immune cells do not function normally
because CLL or lymphoma cells reduce the F-actin immune
synapse formation in tumor-infiltrating T cells.
Nonetheless, impaired T-cell function can be therapeutical-
ly reverted by the immunomodulatory drug lenalidomide.”
which has recently been approved for the treatment of lym-
phoma. In a subsequent study, the inhibitory B7-related
molecules CD200, CD274 (PD-L1), CD276 (B7-H3) and
VD270 (HVEM) were identified as key mediators of the T-
cell synapse defect.” Consequently, the PD1-PDL1 axis has
emerged as a highly promising target in CLL and lym-
phoma.”” These results have been extrapolated to solid
tumors, in which PD1 expression has become both a bio-
marker and a therapeutic target.

Engineering T cells to overcome the immunosuppressive
tumor microenvironment

Engineered T cells can be used to overcome the immuno-
suppressive tumor microenvironment. Generating tumor-
specific lymphocytes has proven challenging given that
many tumors are not very immunogenic. A revolutionary
approach in immunotherapy is to combine the variable
regions of antibodies (which recognize epitopes shared by
tumors) with the constant regions of the T-cell receptor to
generate chimeric antigen receptor (CAR) T cells.” This
approach has been improved recently by adding co-stimu-
latory domains. CD19-specific CAR-T cells have provided
impressive results in acute lymphoblastic leukemia, with
reported cure of chemorefractory disease. Some lessons
learned from these studies are: (i) chemotherapy is essen-
tial; (ii) it is critical to include a co-stimulatory domain; (iii)
targeting a single antigen may enable immune escape; and
(iv) significant toxicities (neural, cytokine storm) should be
avoided in the future by improving the specificity and effi-
cacy of the approach (to reduce the number of CAR-T cells
infused). However, despite the impressive positive results
of CD19-specific CAR-T cells in acute lymphoblastic
leukemia, AML has proven more difficult to treat. In this
regard, integrated transcriptomics and proteomics have not
identified single candidate targets in AML, although combi-
natorial strategies have been proposed.””*

Targeting altered metabolism in the leukemia
microenvironment

It is now clear that the bone marrow microenvironment
rewires energy metabolism in AML; however, targeting
metabolic vulnerabilities in AML has proven challenging
given the high degree of metabolic adaptation in AML cells.
One key driver of metabolic reprograming in the leukemic
bone marrow microenvironment is hypoxia. Most tumors
are typically hypoxic, as cancer cells avidly consume oxy-
gen and blood vessels become progressively compressed or
obstructed by the growing tumor mass. Cancerous tissue in

both solid and liquid tumors develops chronic hypoxia,
which is associated with resistance to therapy and immune
suppression.” However, the role of (low) oxygen in the pro-
gression and chemoresistance of leukemia remains contro-
versial. Recently, a hypoxia-activated prodrug (TH-302)
was tested in models of AML in vivo.® TH-302 is able to
eliminate cancer cells residing in hypoxic microenviron-
ments. Hypoxic niches were increased in a syngeneic AML
murine model, but AML cells surviving chemotherapy
could be targeted by TH-302, which improved mouse sur-
vival. On the other hand, metabolic reprogramming was
previously reported to become more dependent on glyco-
lysis. However, recent findings have challenged this view
by showing that many tumors rely primarily on OXPHOS.
Although targeting OXPHOS clinically presents some
obstacles, drugs such as IACS-010759, a highly effective
and selective small-molecule inhibitor of complex I of the
mitochondrial electron transport chain, can reduce tumor
burden in experimental models of brain cancer and AML.*

Interferon in myeloproliferative neoplasms

Connected with the effects of IEN-a on HSC and their
microenvironment described above, studies by Dr.
Kiladjian and others have shown that IFN-a is one of very
few drugs capable of reducing the mutant allele burden in
myeloproliferative neoplasms. Ropeginterferon triggered a
dose-dependent anti-proliferative effect in JAK2V617F-
mutated cell lines, whereas it did not affect the differentia-
tion of normal CD34" cells.” One possibility might be to
combine IFN with JAK inhibition, since the latter does not
seem to modify the allele burden, but does dampen inflam-
mation. IFN has been shown to induce molecular
histopathological responses in myelofibrosis but it also
induces immune and inflammatory toxicity. Ruxolitinib
may offset IEN toxicity and the combination of these two
drugs might enhance the molecular and histopathological
response rate. However, it is possible that the anti-JAK1
activity of ruxolitinib might antagonize IEN signaling.
These issues remain to be investigated in future studies.

CXCR4 inhibitors

The CXCL12-CXCR4 axis regulates bone marrow hom-
ing, retention, proliferation and egress of HSC and also
affects the traffic of leukocytes. In particular, CXCR4 expres-
sion in HSC is necessary to keep these cells in the CXCL12-
enriched bone marrow microenvironment. Dr. Peled and
others have shown that efficient blockade of CXCR4 mobi-
lizes HSC from the bone marrow into the circulation.
Plerixafor (AMD3100) is a first-generation CXCR4 antago-
nist which has low affinity for the receptor. It is approved
for HSC mobilization (but only in combination with granu-
locyte colony-stimulating factor) for the treatment of multi-
ple myeloma and non-Hodgkin lymphoma. The new-gener-
ation CXCR4 inhibitor BL8040 binds CXCR4 with higher
affinity (1-2 nM) than AMD3100 (84 nM).” In addition,
whereas AMD3100 rapidly dissociates from CXCR4,
BLB040 behaves as an inverse agonist and has a slow off-
rate, causing more sustained CXCR4 inhibition. CXCR4
directly or indirectly stimulates tumor growth and regulates
stromal cell adhesion-mediated drug resistance to
chemotherapy. BL8040 can induce the mobilization of AML
cells into the circulation and promote AML differentiation
and apoptosis. A synergistic effect can be observed in com-
bination with FLT3 or BCL-2 inhibitors,” suggesting that
combination therapies could be useful in AML.
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New insights into early-stage bone colonization
of disseminated cancer cells

Finally, solid cancers can metastasize into bone after
hijacking the normal bone marrow microenvironment, as
illustrated by the work of Dr Zhang and others. Upon col-
onization of the bone marrow, cancer cells dysregulate
bone formation and degradation cycles and stimulate the
release of factors that promote tumor growth in a vicious
cycle. Ell & Kang stated that: “TGEf, insulin-like growth
factor (IGF), and calcium are released from the bone matrix
during lysis, enhancing tumor proliferation and survival.
TGEB signaling in tumor cells enhances expression of bone
metastasis proteins including parathormone-related protein
(PTHrP), the Notch ligand Jaggedl, connective tissue
growth factor (CTGEF), IL-11, and matrix metalloproteinas-
es. Calcium signaling through the calcium-sensing receptor
leads to increased proliferation and survival. Osteoblasts
also secrete a number of proteins that positively regulate
tumor growth, including IL-6, secreted protein acidic and
cysteine rich (SPARC) and periostin. SPARC induces cancer
migration and homing through the ayfs integrin, whereas
periostin and IL-6 promote tumor survival”.*”

Whereas many molecules driving metastatic growth have
been identified, there is an important lack of knowledge
regarding mechanisms allowing cancer cell colonization
and maintenance before expansion. The microenvironment
of early-stage bone lesions appears to be primarily an
osteogenic niche composed of alkaline phosphatase (ALP)*
collagen-I (Coll)* cells which define a preosteolytic stage
(osteoclasts are not yet predominant at this early stage).
Cancer and osteogenic niche cells generate heterotypic
adherent junctions formed by E-cadherin and N-cadherin.
E-cadherin blockade can abolish spontaneous bone metas-
tases in a manner dependent on mammalian target of
rapamycin (mTOR) and p70.” Moreover, cancer cells and
niche cells are connected by gap junctions formed by con-
nexin (Cx)43, which is induced in cancer cells after bone
marrow colonization. Cx43 allows for calcium transfer to
cancer cells to drive mTOR-dependent metastatic growth.
This pathway can be inhibited by danusertib or a combina-

tion of everolimus and arsenic trioxide.” This research illus-
trates how solid tumors may hijack normal bone marrow
niches to drive metastatic growth.

Summary

Increasingly, the tumor microenvironment is the focus of
studies addressing survival, growth and chemoresistance of
solid tumors and hematologic malignancies since it plays
critical roles in disease initiation, maintenance and relapse.
A key challenge is the dual role of the microenvironment in
regulating normal and malignant hematopoiesis, since
inhibiting the development and maintenance of malignan-
cies must be followed by the reestablishment of normal tis-
sue function. Therapies targeting the tumor microenviron-
ment (which not only comprises the immune system, but
also the stromal and endothelial cells that interact with the
malignant cells and the immune cells) must simultaneously
eliminate chemoresistant cells and preserve/reestablish nor-
mal hematopoiesis. Multidisciplinary meetings uniting
basic and clinical researchers concerned about the tumor
microenvironment have proven a unique opportunity for
cross-fertilization of scientific knowledge, ideas and
approaches to identify key vulnerabilities of the malignant
niches.
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ABSTRACT

hronic myelomonocytic leukemia (CMML) is a myeloid neoplasm

characterized by dysplasia, abnormal production and accumula-

tion of monocytic cells and an elevated risk of transforming into
acute leukemia. Over the past two decades, our knowledge about the
pathogenesis and molecular mechanisms in CMML has increased sub-
stantially. In parallel, better diagnostic criteria and therapeutic strategies
have been developed. However, many questions remain regarding prog-
nostication and optimal therapy. In addition, there is a need to define
potential pre-phases of CMML and special CMML variants, and to sepa-
rate these entities from each other and from conditions mimicking
CMML. To address these unmet needs, an international consensus group
met in a Working Conference in August 2018 and discussed open ques-
tions and issues around CMML, its variants, and pre-CMML conditions.
The outcomes of this meeting are summarized herein and include diag-

l haematologica | 2019; 104(10) 1935 -

(2) Ferrata Storti Foundation

Haematologica 2019
Volume 104(10):1935-1949

Correspondence:

PETER VALENT
petervalent@meduniwien.ac.at

Received: March 14, 2019.
Accepted: April 29, 2019.
Pre-published: May 2, 2019.

doi:10.3324/haematol.2019.222059

Check the online version for the most updated
information on this article, online supplements,
and information on authorship & disclosures:
www.haematologica.org/content/104/10/1935

©2019 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode.
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

(QNOIER

BY NC




- P. Valent et al.

nostic criteria and a proposed classification of pre-CMML conditions as well as refined minimal diagnostic
criteria for classical CMML and special CMML variants, including oligomonocytic CMML and CMML
associated with systemic mastocytosis. Moreover, we propose diagnostic standards and tools to distin-
guish between "normal”, pre-CMML and CMML entities. These criteria and standards should facilitate
diagnostic and prognostic evaluations in daily practice and clinical studies in applied hematology.

Introduction

Chronic myelomonocytic leukemia (CMML) is a
myeloid stem cell disease characterized by an abnormal
production and accumulation of monocytic cells, often in
association with other signs of myeloproliferation, sub-
stantial dysplasia in one or more hematopoietic cell line-
ages, and an increased risk of transformation into second-
ary acute myeloid leukemia (AML)."® As per definition,
the Philadelphia chromosome and its related BCR-ABL1
fusion gene are absent in CMML. Other disease-related
drivers, such as the JAK2 mutation V617F or the KIT
mutation D816V, may be detected and may indicate a spe-
cial variant of CMML, such as CMML associated with
systemic mastocytosis (SM-CMML).*® However, most
somatic mutations identified in CMML patients, such as
mutations in SRSF2, TET2, or RAS, are not disease-specif-
ic, but are also detected in myelodysplastic syndromes
(MDS), myeloproliferative neoplasms (MPN), or AML.*"

For many years, CMML was listed as a separate variant
among the MDS in the classification of the French-
American-British (FAB) working group.”” However, in
2001, the World Health Organization (WHO) reclassified
CMML into a newly created MDS/MPN overlap group,
defined by the presence of both MDS-related and MPN-
related morphological and clinical features.” Depending
on the leukocyte count, CMML can be divided into a ‘dys-
plastic’ variant (leukocyte count =13x10°/L) and a ‘prolif-
erative’ variant (leukocyte count >13x10%/L).” In 2001 and
2008, the WHO also proposed a split into CMML-1 and
CMML-2, based on the percentage of blast cells in the
blood and bone marrow (BM).”*" In the most recent
updates of the WHO 2016 classification, CMML is again
listed amongst the MDS/MPN overlap disorders.”' Based
on the percentage of blasts, CMML is now divided into
CMML-0, CMML-1, and CMML-2."" Moreover, con-
trasting the 2008 WHO classification, the diagnosis of
CMML now requires both an absolute monocytosis
(=1x10°/L) and relative monocytosis (=10% of leukocytes)
in the peripheral blood (PB).”"” In the 2008 and 2016
update of the WHO classification, CMML can only be
diagnosed per definition when rearrangements in
PDGFRA, PDGFRB or FGFR1 genes have been excluded,
and in the 2016 update, the PCAM1-JAK2 fusion gene was
added as an excluding criterion."*** These molecular aber-
rations are commonly found in eosinophilia-associated
neoplasms such as chronic eosinophilic leukemia.”*
However, CMML is also listed as an underlying variant in
these molecular ‘entities” in the WHO classification sys-
tem'20,21

Over the past two decades, our knowledge about the
molecular features and mechanisms in CMML has
increased substantially.”""*** Moreover, new diagnostic
criteria, prognostic markers, and therapeutic concepts
have been developed.”* Nevertheless, a number of ques-

tions remain concerning basic diagnostic standards, prog-
nostication, optimal management and therapeutic
options. Furthermore, there is a need to define clinically
relevant pre-phases of CMML and distinct CMML vari-
ants by clinical variables, histomorphological features,
flow cytometric phenotypes, molecular markers and cyto-
genetic findings. It is also important to separate CMML
and pre-CMML conditions from diverse mimickers. To
address these unmet needs, an international consensus
group discussed open questions and issues around
CMML, its variants and pre-CMML entities in a Working
Conference held in August 2018. The outcomes of this
meeting are summarized in this article and include pro-
posed diagnostic criteria and a classification of pre-CMML
conditions as well as updated minimal diagnostic criteria
for CMML and its variants. In addition, diagnostic stan-
dards and diagnostic algorithms are proposed. Details con-
cerning the conference format, pre- and post-conference
discussion and consensus-finding are described in the
Online Supplement.

Definition of CMIML and minimal diagnostic criteria

The diagnostic criteria of CMML, as defined by the
WHO,"" are depicted in Online Supplementary Table S1.
Our faculty is of the opinion that these criteria are valid in
general for the classical form of CMML, but need adjust-
ments for special variants of CMML. Based on consensus
discussion, the following concept is proposed.

The classical form of CMML is defined by the following
pre-requisite criteria: (i) persistent (at least 3 months)
absolute PB monocytosis (=1x10°/L) and relative monocy-
tosis (210% of PB leukocytes); (ii) exclusion of BCR-ABL1*
leukemia, classical MPN and all other hematologic neo-
plasms that may serve as a primary source of monocyto-
sis; and (iii) a blast cell count of 0-19% in PB and/or BM
smears and exclusion of all (other) histopathological, mor-
phological, phenotypic, molecular and cytogenetic signs
that qualify as evidence of AML. In addition, morpholog-
ical and/or histopathological evidence for diagnostic dys-
plasia in one or more of the three major BM cell lineages
(=10% of megakaryocytes and/or erythroid precursor cells
and/or neutrophilic cells) must be present. If dysplasia is
absent or not diagnostic (<10%), the presence of cytoge-
netic or molecular lesions (mutations) typically found in
CMML and/or the presence of CMML-related flow
cytometry abnormalities may be employed as co-criteria
and may lead to the diagnosis of CMML, provided that
the pre-requisite criteria listed above are fulfilled. Pre-req-
uisite criteria and co-criteria of the classical form of
CMML are presented in Table 1.

The exclusion of various reactive states producing
monocytosis (and sometimes even dysplasia) was also dis-
cussed and regarded as being of great importance.
However, these mimickers cannot a priori exclude the
presence of a concomitant CMML, but may indeed occur
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Criteria and standards in CMML -

Table 1. Minimal diagnostic criteria for classical chronic myelomonocytic leukemia.* ®

A. Prerequisite criteria (all must be fulfilled)

- Persistent (3 months) peripheral blood monocytosis =1x107L and relative monocytosis of =10% of circulating peripheral blood leukoyctes

- Exclusion of BCR-ABLI* leukemia, classical MPN and all other bone marrow neoplasms that could serve as a primary source of chronic
persistent monocytosis

- Blast cell count of <20% in peripheral blood and bone marrow smears and exclusion of all other histopathological, morphological, molecular and
cytogenetic features that count as evidence of the presence of acute myeloid leukemia**

B. Morphological criterion = Dysplasia
- Dysplasia in at least 10% of all cells in one of the following lineages in the bone marrow smear: erythroid; neutrophilic; megakaryocytic

C. Co-criteria (for patients fulfilling A but not B, and otherwise showing typical clinical features of CMML such as splenomegaly)
- Typical chromosome abnormalities by conventional karyotyping or FISH***
- Abnormal findings in histological and/or immunohistochemical studies of bone marrow biopsy sections supporting the diagnosis of CMML****

- Abnormal immunophenotype of bone marrow and blood cells by flow cytometry, with multiple CMML-associated phenotypic aberrancies indicating
the presence of an abnormal/dysplastic population of monocytic and other myeloid cells*****

- Evidence of a clonal population of myeloid cells determined by molecular (sequencing) studies revealing CMML-related mutations™******

*The diagnosis of classical CMML can be established when all prerequisite criteria (A) and either morphological dysplasia (B) or one or more of the co-criteria (C) are fulfilled.
**Examples: Auer rods,overt acute myeloid leukemia (AML) by histology and immunohistochemistry; presence of AML-specific diagnostic cytogenetic and/or molecular mark-
ers (e.g.,inv16). ***Typical cytogenetic abnormalities found in CMML (Online Supplementary Table S6).****Leukemic infiltration of CD14+ monocytes and exclusion of AML.
*xxxtilizing a cutoff value of >94% MO1 monocytes, phenotyping can identify CMML cases with a sensitivity of >90% and a specificity of >95%,and a decrease in MO3 mono-
cytes is even as diagnostic as an increase in circulating MO1 cells. "5 ******Genes that are often mutated in the context of CMML/MDS include,among others, TET2, SRSF2,
ASXLI and SETBP].The minimal allele burden proposed to count as co-criterion: =10%. CMML: chronic myelomonocytic leukemia; MPN: myeloproliferative neoplasm(s); MDS:

myelodysplastic syndrome(s); FISH: fluorescence in situ hybridization.

in CMML patients in the context of certain infections.
Furthermore, most of these mimickers do not produce
persistent monocytosis. Proof of clonality by molecular
and cytogenetic studies, and other disease-specific param-
eters, together with global and specific laboratory (e.g.,
microbial screen) tests should easily lead to the conclusion
that the patient is suffering from reactive monocytosis but
not from (or also from) CMML.

The a priori exclusion of AML as a criterion should apply
to both the classical and the special variants of CMML,
whereas the a priori exclusion of other indolent
hematopoietic neoplasms should only apply to the classi-
cal variant of CMML and oligomonocytic CMML but not
to other special CMML variants. This is because several
previous and more recent studies have shown that CMML
may be accompanied by (or may accompany) other
myeloid or lymphoid neoplasms, such as systemic masto-
cytosis. In several of these patients, the CMML clone is
dominant and the additional sub-clone is smaller in size
and usually not relevant clinically, even if these smaller
clones express certain driver mutations, such as KIT
D816V or a rearranged PDGFRA or PDGFRB. Rarely, a
Philadelphia chromosome-positive chronic myeloid
leukemia may develop as an additional small-sized
(sub)clone in a patient with CMML. Our faculty is of the
opinion that the presence of additional (chronic) myeloid,
mast cell, or lymphoid neoplasms does not exclude a diag-
nosis of CMML, provided that diagnostic WHO criteria
for CMML are fulfilled. Moreover, these concomitant neo-
plasms should not exclude a diagnosis of CMML even
when the driver of the concomitant disease (e.g., KIT
D816V) is detectable in CMML monocytes. Thus, where-
as the occurrence of AML is always regarded as transfor-
mation of CMML, the occurrence of indolent myeloid,
mast cell, or lymphoid neoplasms should be regarded as
concomitant disorders. Co-existing myeloid neoplasms

and CMML may be derived from the same original
founder clone.

There are also patients in whom a certain driver of
another BM neoplasm is present, such as a mutated JAK2,
PDGFRA/B, or FGFR1, but only the diagnostic criteria for
CMML (not those of the other BM neoplasm) are fulfilled.
Our faculty concludes that these cases should also be
regarded and diagnosed as special variants of CMML. This
strategy is in line with the current WHO classification. In
fact, whereas the primary molecular diagnosis is often
based on a mutated form of JAK2, PDGFRA/B or other
classical driver, the underlying or additional diagnosis may
well be CMML.**

Grading of CMML

The grading system of CMML proposed by the WHO is
regarded as standard in clinical hematology. Our faculty
recommends the use of this grading system as the initial
prognostic tool in classical CMML. In fact, classical
CMML should be split into CMML-0, CMML-1 and
CMML-2 based on the blast cell count (Online
Supplementary Table S2).°* In addition, CMML can be
divided into a dysplastic variant and a proliferative variant
based on leukocyte counts (threshold: 13x10°/L) (Online
Supplementary Table S2). The resulting grading system
defines six distinct CMML variants with variable clinical
outcome.” However, grading may sometimes be challeng-
ing. For example, blast cell counts obtained from BM
smears may differ from those obtained in the PB so that
the grade is questionable. Our faculty recommends that in
patients in whom results from BM and PB smears would
not fit into one distinct grade of CMML (e.g., BM blasts
4% and PB blasts 6%) grading should be based on the
higher blast cell percentage (Online Supplementary Table
S2). It is worth noting that initial prognostication by grad-
ing does not include all essential prognostic parameters.
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® Table 2. Overview of special variants of chronic myelomonocytic leukemia.

Special variant Key diagnostic features that discriminate the variant from classical CMML

- haematologica | 2019; 104(10)

Oligomonocytic CMML
SM with concomitant CMML = SM-CMML

Absolute PB monocyte count <1x10%L
WHO criteria for SM fulfilled; in most patients CMML monocytes exhibit

KIT D816V

CMML with a concomitant myeloid neoplasm* expressing
a classical MPN- driver, such as JAK2 V617F, BCR-ABLI
or rearranged PDGFRA/B*** or FGFRI.

CMML with expression of a molecular MPN-driver — examples:
CMML with JAK2 V617F or CMML with a rearranged PDGFRA/B or
CMML with rearranged FGFRI.

WHO criteria for a classical MPN, such as CML**, PMF, or a myeloid neoplasm
with rearranged PDGFRA/B are fulfilled in addition to the criteria for CMML.

Molecular drivers of classical MPN, such as JAKZ V617F**** or rearranged
PDGFRA/B*** are found but diagnostic criteria for such classical MPN
are not fulfilled (only criteria for CMML are met)

CMML with a concomitant lymphoid/lymphoproliferative neoplasm

WHO criteria for a lymphoid neoplasm are fulfilled

*These conditions must be separated from MPN with concomitant monocytosis that do not fulfil the diagnostic criteria for CMML.* *Unlike in SM-CMML, in which monocytes
display KIT D816V or CMML with rearranged PDGFRA,the CMML monocytes must not express BCR-ABLI in patients with CML plus CMML. ***Several different translocations
and fusion genes involving PDGFRA or PDGFRB may be detected, such as the t(5;12) associated with the TEL-PDGFRB fusion gene. ****JAK2V617F itself counts as a feature
of MPN; therefore, detection of JAK2 V617F can confirm the diagnosis of CMML (as MPN/MDS overlap disease) when other signs of myeloproliferation are absent (e.g., no
splenomegaly and no leukocytosis). CMML: chronic myelomonocytic leukemia; PB: peripheral blood; SM: systemic mastocytosis; WHO: World Health Organization; MPN: myelo-

proliferative neoplasm; CML: chronic myeloid leukemia; PMF: primary myelofibrosis.

We therefore recommend that in each case, deeper (full)
prognostication should follow using multiparametric scor-
ing systems (see later). It should be noted, however, that
grading of CMML has only been validated in the classical
form of CMML, not in special CMML variants. Therefore,
although grading is also recommended for special CMML
entities, it is not regarded standard and the result must be
interpreted with caution in these patients.

Special variants of CMML: overview

As mentioned before, the classical form of CMML
meets all pre-requisite criteria, and no signs (including
molecular features) of an additional, concomitant BM
neoplasm are detected. The special variants of CMML
form a heterogeneous group of neoplasms comprising
distinct clinical and biological entities. In one group of
patients, the relative monocyte count (=10%) is fulfilled
without resulting in an absolute count =1x10°/L, preclud-
ing the diagnosis of ‘classical CMML. Most of these
patients are diagnosed as having MDS or MPN/MDS-
unclassified by WHO criteria. In another group of
patients, a molecular signature suggestive of a different
type of myeloid neoplasm is detected but only the criteria
for CMML (not those for the other neoplasm) are met.
Such an example is CMML with JAK2 V617F (without
definitive evidence of a concomitant MPN). In a third
group, CMML co-exists with another BM neoplasm, such
as MPN or mastocytosis. In these patients, additional
blood count abnormalities (e.g., eosinophilia), an elevated
serum tryptase level and/or BM fibrosis, may be detected.

All variants of CMML (classical and special) can occur
as a primary CMML or as a secondary CMML following
a ‘mutagenic’ event, such as chemotherapy (therapy-
related CMML). In addition, our faculty is of the opinion,
that the term secondary CMML may also be appropriate
for those patients who develop CMML (months or years)
after another indolent myeloid neoplasm, such as a MDS
or systemic (indolent or aggressive) mastocytosis, had
been diagnosed. In the following paragraphs, the clinical
features and diagnostic criteria of special (atypical) vari-
ants of CMML are proposed and discussed. An overview
of the special variants of CMML is provided in Table 2.

Oligomonocytic CMML

Over the past few years, more and more cases of
cytopenic patients exhibiting relative monocytosis
(=10%) and moderately increased absolute blood mono-
cytes not reaching the required threshold to diagnose
classical CMML (1.0x10°/L) have been described. These
cases have recently been referred to as oligomonocytic
CMML.* According to the WHO classification most of
these patients would be classified as having MDS (with
monocytosis) or perhaps MPN/MDS-unclassifiable.
However, most of these patients exhibit typical features
of CMML, including a typical morphology of PB and BM
cells, splenomegaly, and CMML-related molecular fea-
tures (e.g. mutations in TET2 and SRSF2).** Some of
these patients have prominent BM monocytosis without
diagnostic PB monocytosis at diagnosis.***

Whereas several of these cases remain stable without
progression, the majority will develop ‘overt’ CMML or,
eventually, secondary AML during follow-up. Therefore,
oligomonocytic CMML may also be regarded as a poten-
tial pre-phase of classical CMML. Our faculty is of the
opinion that the term oligomonocytic CMML should be
used in clinical practice. Diagnostic pre-requisite criteria
for oligomonocytic CMML are: (i) persistent (lasting at
least 3 months) absolute peripheral monocytosis of 0.5-
0.9x10°/L and relative blood monocytosis (=10% of blood
leukocytes); (ii) exclusion of BCR-ABL1* leukemia, classi-
cal MPN and all other myeloid neoplasms that can
explain monocytosis; and (iii) a blast cell count of 0-19%
in PB and/or BM smears and exclusion of all histopatho-
logical, morphological, phenotypic, molecular and cyto-
genetic signs that count as proof of AML. Diagnostic dys-
plasia in one or more of the three major BM lineages
(=10%) must also be documented. If dysplasia is lacking
or ‘sub-diagnostic’ (<10%), the presence of cytogenetic or
molecular lesions (mutations) typically found in CMML
and/or the presence of CMML-related flow cytometry
abnormalities, may also lead to the conclusion that the
patient has oligomonocytic CMML provided that the
other diagnostic criteria described above are fulfilled and
all other myeloid neoplasms have been excluded. The
proposed criteria for oligomonocytic CMML are listed in



Table 3. Proposed minimal diagnostic criteria for oligomonocytic chronic myelomonocytic leukemia.*

A. Prerequisite criteria (all must be fulfilled)

- Persistent (3 months) peripheral blood monocytosis 0.5-0.9x10%L and relative monocytosis of =10% of circulating peripheral blood leukoyctes
- Exclusion of BCR-ABLI* leukemia, classical MPN and all other bone marrow neoplasms that could serve as a primary source of chronic

persistent monocytosis

- Blast cell count <20% in peripheral blood and bone marrow smears and exclusion of all other histopathological, morphological, molecular
and cytogenetic features that count as evidence of the presence of acute myeloid leukemia**

B. Morphological criterion = Dysplasia

Dysplasia in at least 10% of all cells in one of the following lineages in the bone marrow smear: erythroid; neutrophilic; megakaryocytic

C. Co-criteria (for patients fulfilling A but not B, and otherwise showing typical clinical features of CMML such as splenomegaly)

- Typical chromosome abnormalities by conventional karyotyping or FISH***

- Abnormal findings in histological and/or immunohistochemical studies of bone marrow biopsy sections supporting the diagnosis of CMML****

- Abnormal immunophenotype of bone marrow and blood cells by flow cytometry, with multiple CMML-associated phenotypic aberrancies indicating
the presence of an abnormal/dysplastic population of monocytic (and other myeloid) cells*****

- Evidence of a clonal population of myeloid cells determined by molecular (sequencing) studies revealing CMML-related mutations™******

*The diagnosis of classical CMML can be established when all prerequisite criteria (A) and either morphological dysplasia (B) or one or more of the co-criteria (C) are fulfilled.
**Examples: Auer rods,overt acute myeloid leukemia (AML) by histology and immunohistochemistry; presence of AML-specific diagnostic cytogenetic and/or molecular mark-
ers (e.g.,inv16). * **Typical cytogenetic abnormalities found in CMML (Online Supplementary Table S6).****Leukemic infiltration of CD14+ monocytes and exclusion of AML.
***++Utilizing a cutoff value of >94% MO1 monocytes, phenotyping can identify CMML cases with a sensitivity of >90% and a specificity of >95%,and a decrease in MO3 mono-
cytes is even as diagnostic as an increase in circulating MO1 cells. 12131 ******Genes that are often mutated in the CMML/MDS context include, among other, TET2, SRSF2,
ASXLI and SETBPI.Minimal allele burden proposed to count as a co-criterion: =10%. CMML: chronic myelomonocytic leukemia; MPN: myeloproliferative neoplasm(s); MDS:

myelodysplastic syndrome(s); FISH: fluorescence in situ hybridization.

Table 3. Patients with oligomonocytic CMML should be
managed and followed clinically in the same way as
patients with classical CMML.

CMML associated with KIT D816V* systemic
mastocytosis

According to WHO criteria, systemic mastocytosis
(SM) can be divided into: (i) indolent SM (ISM), which is
assocaiated with a normal life expectancy; (ii) smoldering
SM (SSM), in which signs of BM dysplasia, myeloprolif-
eration and/or splenomegaly are found but survival and
prognosis are still favorable; and (iii) advanced SM,
defined by a poor prognosis.** Advanced SM is further
divided into aggressive SM (ASM), SM with an associated
hematologic neoplasm (SM-AHN) and mast cell leukemia
(MCL).** The most frequent AHN detected in patients
with SM-AHN is CMML.*** In these patients the SM
component of the diseases may present as ISM, ASM or,
rarely, as MCL. Our faculty concludes that diagnostic
WHO criteria for SM and diagnostic criteria for classical
CMML (except exclusion of SM) must be fulfilled to diag-
nose SM-CMML.

Patients with SM may present with monocytosis resem-
bling oligomonocytic CMML. However, the clinical fea-
tures of SSM and advanced SM overlap largely with those
found in patients with oligomonocytic CMML. Especially
in SSM, myeloproliferation, dysplasia and splenomegaly
are diagnostic criteria.®* Therefore, our faculty is of the
opinion that such patients should be classified as having
ISM, SSM or ASM with monocytosis rather than SM with
oligomonocytic CMML.

In patients with CMML, a concomitant SM is often
overlooked, especially when the disease does not present
with cutaneous lesions. In other patients, CMML is diag-

nosed long before SM is detected by chance or after KIT
D816V is identified: even though it is tempting to call
these conditions CMML-SM, our faculty agreed that the
classical terminology should be SM-CMML which is also
in line with the WHO classification®* and that the sub-
type of SM and of CMML should be defined in the final
diagnosis (e.g., ISM-CMML-1 or ASM-CMML-2) with
recognition that in the SM-context, CMML is always
regarded as a secondary neoplasm.** Furthermore our fac-
ulty is of the opinion that it should be standard practice to
examine BM and blood leukocytes for the presence of KIT
D816V in all patients with (suspected) CMML. In almost
all patients with SM-CMML, neoplastic monocytes dis-
play KIT D816V In these monocytes, mutated KIT is not
expressed on the cell surface but acts as a cytoplasmic
driver. In line with this hypothesis drugs targeting KIT
D816V can sometimes induce a major decrease in mono-
cyte counts in patients with ASM-CMML.”

Therapy of SM-CMML should be based on a bi-direc-
tional strategy: in fact the SM component of the disease
should be treated as if no CMML was diagnosed and
CMML should be treated as if no SM had been found,
with recognition of drug-drug interactions and the possi-
bility of drug-induced anaphylaxis.*** In many cases (ISM-
CMML) the SM component of the disease is only treated
symptomatically.**

CMML associated with mutated JAK2, rearranged
PDGFRA/B or other drivers

Patients with CMML may present with the JAK2 muta-
tion V617 a rearranged PDGEFRA or PDGFEFRB, often in
the context of hypereosinophilia, or other drivers related

to distinct hematopoietic neoplasms as defined by the
WHO.5,9711,38—43

Criteria and standards in CMML -
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CMML with rearranged PDGFRA, PDGFRB, FGFR1
or PCM1-JAK2

In these patients, persistent substantial monocytosis
(=1.0x10°/L) is detected and all other consensus criteria for
classical CMML (see previous paragraphs) are also met,
except the following specific exclusion criteria: CMML to
be excluded in the presence of a well-characterized diag-
nosis of myeloid/lymphoid neoplasm with rearranged
PDGFRA, PDGFRB, FGFR1 or PCM1-JAK2 (Table 2).
Except for neglecting the above-mentioned criteria, our
proposal is otherwise fully in agreement with all of the
other tenets postulated by the WHO classification."*” In
relation to neoplasms with rearranged PDGFRA/B, FGFR1
or PCM1-JAK2, the WHO’s definition of ‘myeloid/lym-
phoid neoplasms’ is too generic and there is a clinical need
to know whether the underlying myeloid neoplasm is an
aggressive disease, like AML, or a chronic neoplasm such
as CMML or chronic eosinophilic leukemia.*”" Our facul-
ty is of the opinion that (unlike in previous times) the pres-
ence of one criterion-confirmed myeloid neoplasm should
not a priori exclude the presence of another (second con-
comitant) myeloid or lymphoid neoplasm. Hence, when
CMML is encountered in the context of another molecu-
larly defined myeloid/lymphoid neoplasm (as a final diag-
nosis), it should be delineated as a specific subtype of the
myeloid/lymphoid neoplasm with eosinophilia along
with the specific associated gene rearrangement
(PDGFRA/B or FGFR1 or PCM1-JAK2).

CMML with JAK2 V617F

In these patients the situation is different. First, JAK2
V617F itself may be considered as a criterion of myelopro-
liferation in MDS/MPN, e.g. in cases with MDS/MPN
with ring sideroblasts and thrombocytosis. In the context
of CMML, the JAK2 mutation is also typically associated
with other signs of myeloproliferation (including BM
fibrosis) and with the “myeloproliferative variant” of
CMML.*#* Therefore, our faculty concludes that JAK2
V617F should also count as a molecular co-criterion of
MDS/MPN and thus for CMML. Second, the presence of
a JAK2-mutated MPN does not exclude the presence of a
concomitant CMML if diagnostic criteria for both neo-
plasms are fulfilled. If this is not the case because the size
of the MPN-like clone carrying JAK2 V617F is too small
and/or other MPN features are clearly missing, the final
diagnosis will be CMML with JAK2 V617F On the other
hand, in patients in whom the JAK2 allelic burden is high
and clinical and laboratory features argue for an overt
MPN rather than CMML (e.g., polycythemia and/or BM
fibrosis without dysplasia and without molecular or flow
cytometry-based signs of CMML) the final diagnosis will
be JAK2 V617F MPN with monocytosis.” In a third group
of patients, diagnostic criteria for both a distinct MPN and
CMML are fulfilled and the mutation status confirms the
presence of an overt JAKZ-mutated MPN (usually with
high allelic burden). These patients are suffering from
both MPN and CMML or from a gray zone disease dis-
playing hybrid features between MPN and CMML.**
Our faculty concludes that it is therefore important to
measure the JAK2 V617F allele burden in all patients with
CMML.##% Other drivers, such as BCR-ABL1, are rarely
found in patients with CMML. However, although in clas-
sical CMML, the presence of BCR-ABL1 must be exclud-
ed, it may be detected in rare patients, suggesting the exis-
tence of a special variant of CMML (defined by a co-exist-

ing chronic myeloid leukemia). In some of these cases, the
chronic myeloid leukemia clone may be small. In other
patients, however, the chronic myeloid leukemia may
even mask the CMML at the initial diagnosis.”

The management and therapy of patients with special
variants of CMML depend on the subtype of the disease
and the molecular driver involved, e.g., FIP1L1/PDGFRA,
other gene abnormalities involving PDGFRA or PDGFRB,
KIT D816V or JAK2 V617E Therefore, it is of crucial
importance to screen for all these drivers in all patients
with CMML. The type of therapy to consider in these
patients depends on clinical features, the histopathological
diagnosis, the size of the mutated clone(s) and the type of
driver. The type of driver is of considerable importance
since novel treatments directed against these drivers, are
often extremely effective.”™ For example, imatinib can
induce long-lasting molecular and hematologic complete
remissions in patients with FIP1L1/PDGFRA-rearranged
myeloid neoplasms with features of CMML or MPN."*
Even in patients who develop CMML and secondary AML
in the context of FIP1L1/PDGFRA, the disease may
respond to imatinib.” It is, therefore, important to diag-
nose all patients based on molecular markers and to define
the major drivers and therapeutic targets expressed by
malignant cells in order to provide optimal management
and therapy.

CMML associated with lymphoid neoplasms

In a small group of patients with CMML, a co-existing
lymphoproliferative neoplasm is diagnosed, such as a lym-
phocytic leukemia, non-Hodgkin lymphoma or multiple
myeloma.”™® In most patients, the lymphoid neoplasm is
detected first, and CMML is considered to develop as treat-
ment-induced, secondary, leukemia.”” In other patients,
CMML is diagnosed first and later a lymphoid neoplasm is
detected during follow-up.”* It is worth noting that in
patients with CMML, polyclonal hypergammaglobuline-
mia is often recorded: this must be distinguished from the
monoclonal gammopathy of concomitant myeloma, mon-
oclonal gammopathies of undetermined significance and
both low-count and high-count monoclonal B lymphocy-
toses which represent pre-malignant conditions.

The management and treatment of lymphoid neo-
plasms presenting with concomitant (secondary) CMML
is a clinical challenge. In non-transplantable cases, both
diseases require separate treatment plans. Because of the
high risk of transformation to AML, allogeneic
hematopoietic stem cell transplantation should be consid-
ered in young, fit patients, especially when it can be
expected that the lymphoid neoplasm will also be eradi-
cated by this approach.

Treatment-related CMML and other secondary forms
of CMML

Our faculty concluded that both the classical form of
CMML and the special variants of CMML should be
divided into primary (de novo) CMML and secondary
CMML. The latter group includes patients who (i)
received chemotherapy and/or radiation therapy in the
past (therapy-related CMML) or (ii) have a history of a
preceding MDS, MPN or another indolent myeloid or
mast cell neoplasm prior to their diagnosis of
CMML. #7264 Recent data suggest that patients with
therapy-related secondary CMML may have shorter over-
all survival compared to that of patients with primary (de
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novo) CMML.® Although progression-free survival may
not be different in these patients compared to those with
de novo CMML, some of these patients progress rapidly to
secondary AML. It is also worth noting that patients with
therapy-related secondary CMML have a higher frequen-
cy of karyotypic abnormalities compared to patients with
de novo CMML.” Eligible patients in this group should be
offered allogeneic hematopoietic stem cell transplantation.

Potential pre-phases of CMML

During the past few years evidence has accumulated
suggesting that hematopoietic neoplasms, including MDS,
MPN and MDS/MPN,; develop in a step-wise manner. In
the earliest phases of clonal development, patients present
without overt signs or symptoms of a hematopoietic neo-
plasm but their leukocytes carry one or more somatic
mutations, usually (early, passenger-type) mutations oth-
erwise also found in overt myeloid neoplasms (for exam-
ple TET2 mutations).”” In the context of MDS and other
myeloid neoplasms, these cases have been referred to as
clonal hematopoiesis of indeterminate potential (CHIP),
or, when accompanied by cytopenia, as clonal cytopenia
of unknown significance (CCUS).””® Since these muta-
tions are frequently detected in older individuals, the con-
dition is also called age-related clonal hematopoiesis
(ARCH).*” In a few healthy individuals, bona fide onco-
genic drivers (such as BCR-ABL1) are detected in a small
subset of leukocytes. Because of the oncogenic potential
of these drivers, these conditions are termed clonal
hematopoiesis with oncogenic potential (CHOP).”*”* CHIE,
CCUS and CHOP may also be the earliest clonal condi-
tions preceding CMML. For these cases, the definitions
recently proposed for CHIP, CCUS and CHOP should

apply. 69,71,73

Apart from somatic mutations, other factors, such as
epigenetic modifications, chronic inflammation or aging-
related processes, may also trigger the selection and
expansion of pre-malignant neoplastic clones in myeloid
neoplasms including CMML.”*”® Some of these conditions
may present with persistent monocytosis without signs of
an overt myeloid neoplasm and may represent pre-phases
of overt CMML. In other patients, however, no or another
hematopoietic neoplasm develops during follow-up.
Therefore, our faculty concluded that this pre-phase
should be termed idiopathic monocytosis of unknown sig-
nificance, provided that the following criteria are met: (i)
persistent (at least 3 months) relative (=10%) and absolute
(>0.5x10°/L) monocytosis; (ii) no diagnostic dysplasia and
no signs of myeloproliferation; (iii) no signs and criteria of
a myeloid or other hematopoietic neoplasm fulfilled; (iv)
no flow cytometric abnormalities or somatic mutations
related to a myeloid, mast cell or lymphoid neoplasm
detected in leukocytes; and (v) no reactive condition that
would explain reactive monocytosis is detected (Table 4
and Online Supplementary Table S3). If CHIP-like mutations
are found in such patients, but no hematopoietic neo-
plasm can be diagnosed using the WHO criteria, the final
diagnosis changes to clonal monocytosis of unknown sig-
nificance (Online Supplementary Table S3). It is also worth
noting that idiopathic cytopenias of unknown significance
can precede CMML.*”” Especially in patients with idio-
pathic thrombocytopenia of unknown significance, a
CMML may be detected upon deeper investigations or
during follow-up.””” Finally, as mentioned before,
oligomonocytic CMML, although proposed as a special
variant of CMML, must also be regarded as a potential
pre-phase of classical CMML. In this regard it is important
to note that these patients should have a regular follow-up

Table 4. Overview of non-clonal and clonal conditions that may precede chronic myelomonocytic leukemia.

Pre-CMML conditions and comparison to classical CMML

CCUS CHIP/CHOP CMUS 0-CMML CMML
Absolute
monocytosis + +/- +/- +/- + + +
(=0.5x10%L)
Substantial
monocytosis +- - - = +- . +
(=1x107L)
Relative monocytosis + - - - + + +
(>10% of leukocytes)
Dysplasia* - - - = . + +
Cytopenia(s)** - + + - - +/- /-
BM blasts <5% <5% <5% <5% <5% <20% <20%
Flow abnormalities - - +/- +/- - ++ ++
Cytogenetic S S +- +- KRk s -
abnormality (=1)
Molecular - - + + kK ++ ++
aberration/s****

Criteria and standards in CMML -

*At least 10% of all cells in a given lineage (erythroid, neutrophilic,or megakaryocytic) are dysplastic. * *Persistent cytopenia(s) recorded over a time-period of at least 4 months.
***In a subset of cases,a small clone is detectable by FISH. ****A molecular aberration is defined by CMML/MDS-related mutations and an allele burden of =2%.The working
definition for pre-CMML conditions is also =2% allele burden, whereas the minimal allele burden to count as a co-criterion for CMML is 10%. In most patients with overt CMML,
multiple gene mutations/aberrations are found. ****Here a CHIP-like mutation is detected — if more than one CHIP-like mutations are found the question is whether the final
diagnoses changes to O-CMML. CMML: chronic myelomonocytic leukemia; IMUS: idiopathic monocytosis of unknown (undetermined) significance; ICUS: idiopathic cytopenia
of undetermined significance; CCUS: clonal cytopenia of undetermined significance; CHIP: clonal hematopiesis of indeterminate potential; CCUS, clonal cytopenia of undeter-
mined significance; CMUS: clonal monocytosis of unknown (undetermined) significance; O-CMML: oligomonocytic CMML; MDS: myelodysplastic syndrome; BM: bone marrow;
FISH: fluorescence in situ hybridization.
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with repeated investigations of all disease-related parame-
ters. A summary of non-clonal and clonal conditions
potentially preceding CMML is shown in Table 4. With
regard to criteria delineating non-clonal pre-diagnostic
conditions, like idiopathic cytopenia of undetermined sig-
nificance from the clonal conditions described above
(CHIP, CCUS, CHOP), we refer the reader to the pertinent
literature.*”*”®

Peripheral blood and bone marrow smears:
proposed standards and recommendations

As in other myeloid neoplasms, a thorough examination
of appropriately prepared and stained BM and PB smears is
a crucial diagnostic approach in suspected CMML. It is
standard to examine and count at least 100 leukocytes in
the PB film and 200-500 nucleated cells in well-prepared
thin BM films. BM cellularity, the erythroid-to-myeloid
(E:M) ratio, and the percentage of blast cells (including
monoblasts and promonocytes), monocytes, mast cells,
and other myeloid cells must be recorded (reported) in
each case. As in patients with MDS, at least 10% of cells in
one of the major BM lineages (erythroid and/or neu-
trophilic and/or megakaryocytic) must be dysplastic to
meet the dysplasia criterion for CMML.®* It is also stan-
dard to study well-prepared and appropriately stained PB
smears in CMML and to report the percentage of circulat-
ing monocytes, including normal (mature) and abnormal
(immature) monocytes, blast cells, other immature
myeloid cells, dysplastic (hypogranulated) neutrophils and
other cell types in the PB. Overall, the same standards and
recommendations that count for the evaluation of MDS by
morphology (BM and PB stains)*®* also apply in cases
with (suspected) CMML."*** An important point is the clas-
sification of blast cells and monocytic cells in CMML
(Table 5)."* Blast cell types detectable in CMML include
myeloblasts, monoblasts and also promonocytes (even if
not named blast cells) (Table 5). Monocytes should be clas-
sified as normal (mature) or abnormal (immature).”* The
morphological criteria used to distinguish between these
cell types are presented in Table 5. Together with morphol-
ogy, cytochemical staining for non-specific esterase can
also assist in the cytological delineation between mono-
cytes, monoblasts and promononcytes.”” An important
aspect is that in many patients, megakaryocyte dysplasia is

- P. Valent et al.

better documented and quantified in BM histology sec-
tions than in BM smears. Therefore, megakaryocyte dys-
plasia should only be recorded in BM smears when a suffi-
cient number of these cells can be detected. Finally, the
morphology of mast cells, when detected, should always
be reported using established criteria and standards.”

Bone marrow histology and immunohistochemistry
in CMML

A thorough investigation of an appropriately processed
and stained BM biopsy section by histology and
immunhistochemistry is standard in all cases with known
or suspected CMML or a suspected pre-CMML condi-
tion."*"**** Notably, BM histology and immunhistochem-
istry are essential approaches to confirm the diagnosis of
CMML and to exclude AML and other CMML-mimick-
ers. Moreover, BM histology and immunhistochemistry
may provide important additional information, including
that on BM fibrosis, focal accumulations of blast cells,
increased angiogenesis, atypical (dysplastic) megakary-
ocytes, a hypocellular BM or concomitant mastocytosis
(Online Supplementary Table S$4).5%* The evaluation and
enumeration of CD14" monocytes, CD34* progenitor
cells and CD117+/KIT* cells (progenitors and mast cells)
by immunhistochemistry in BM biopsy sections repre-
sent an integral part of the diagnostic assessment. These
approaches can also prevent diagnostic errors. For exam-
ple, when the smear is of suboptimal quality, a prelimi-
nary diagnosis of CMML may change to AML based on
BM histology and CD34 immunhistochemistry.

BM biopsy specimens are usually taken from the iliac
crest and should be of adequate length (=2 cm). The spec-
imen should be fixed in neutral formalin (or alternative
standard fixation), decalcified in EDTA (for at least 8 h) or
by alternative standard decalcification, and embedded in
paraffin-wax. Ideally 2-3 um thin sections should be pre-
pared. Routine stains include hematoxylin-eosin, Giemsa,
Prussian blue, AS-D chloroacetate esterase, toluidine blue
and silver impregnation (Gémori’s stain). BM cellularity
should be measured and reported according to published
standards.”® For routine purposes, the pathologist should
determine the cellularity as ‘normocellular’, ‘hypocellu-
lar’, or ‘hypercellular’, based on an age-adapted esti-
mate.” The presence of variable degrees of BM fibrosis

Table 5. Classification of blast cells and monocytes in patients with chronic myelomonocytic leukemia.

Cell type Nuclear shape Chromatin Cytoplasm Size relative to
mature monocytes

Blast cells:

Myeloblast Round/oval Fine with nucleoli Basophilic, rare or no granules Smaller

Monoblast Round/oval Delicate/lace-like, nucleoli Basophilic, rare azurophilic granules Large (20-30 uM)

Promonocyte Convoluted/indented* Delicate/lace-like, Variably basophilic, variably azurophilic Large
nucleoli granules

Monocytes:

Abnormal/immature Convoluted/indented More condensed, rare nucleoli Intermediate basophilic** Smaller

monocyte

Mature monocyte Lobulated/ indented

Condensed, no nucleoli

Gray or pinkish with occasional =
azurophilic granules
and vacuoles

*The most important feature discriminating promonocytes from monoblasts. **Less basophilic than promonocytes and more basophilic than mature monocytes.
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(usually mild to moderate) has been reported in CMML
cases, with several recent studies attempting to determine
the prognostic value of this finding.”**" Indeed, although
the data are not yet conclusive, the presence of marrow
fibrosis in CMML seems to be of prognostic impor-
tance.42,90,91

The application of immunhistochemical markers is rec-
ommended in all patients with (suspected) CMML. The
minimal immunohistochemistry panel includes CD14
(monocytes), CD34 (progenitors), CD117/KIT (progeni-
tors and mast cells), tryptase (mast cells), and a megakary-
ocyte marker (CD41, CD42 or CD61) (Online
Supplementary Table 55).°7% In unclear cases or when a
co-existing (second) BM neoplasm is suspected, addition-
al lineage-specific antibodies such as CD3, CD20, or
CD25 (suspected mastocytosis) should be applied (Online
Supplementary Table S4). When employing CD34 as a pro-
genitor-related immunhistochemical marker, it is impor-
tant to know that endothelial cells also express this anti-
gen. Another important point is that blasts may some-
times be CD34-negative. In such cases, KIT/CD117 is
applied as an alternative marker (Online Supplementary

Table 6. Commonly mutated genes detectable in patients with classical
chronic myelomonocytic leukemia.

Clinical
impact

Relative frequency
in CMML

Gene class
and function

Gene name

abbreviation

ASXLI Epigenetic regulation 40%* Poor prognosis**
Histone modification CHIP/ARCH***
EZH? Epigenetic regulation 5%
Histone modification
TET2 Epigenetic regulation 60%* CHIP/ARCH***
DNA methylation
DNMT3A Epigenetic regulation 5% Poor prognosis**
DNA methylation CHIP/ARCH***
IDHI Epigenetic regulation 1% Drug target
IDH2 Epigenetic regulation 5-10% Drug target
CBL Signaling 15% RAS pathway
NRAS Signaling 15% Poor prognosis**
RAS pathway
KRAS Signaling 10% RAS pathway
PTPNII Signaling 5% RAS pathway
FLT3 Signaling <5% AML-related
Drug target
SRSF2 Pre—mRNA splicing 50%*
SF3BI Pre—mRNA splicing 5-10%
U2AF1 Pre—mRNA splicing 5-10%
ZRSR? Pre—mRNA splicing 5%
RUNXI Gene transcription 15% Poor prognosis**
AML-related
SETBPI Gene transcription 15% Poor prognosis**
TP53 DNA damage 1% Poor prognosis**
PHF6 Chromatin adaptor 5%

*These mutations can be regarded as CMML-related mutations, but only SRSF2 mutations do
not, in addition, also count as classical CHIP/ARCH mutations. * *Mutations in these genes are
independent adverse prognostic factors regarding survival in CMML. ***These genes are fre-
quently detected in individuals with clonal hematopoiesis of indeterminate potential (CHIP)
also known as age-related clonal hematopoiesis (ARCH). Therefore, the diagnostic impact of
these mutations may be regarded as somehow lower compared to that of other (CMML-related
and other) mutations. CMML: chronic myelomonocytic leukemia; AML: acute myeloid
leukemia.

Table S4). For the immunohistochemical detection of
monocytic cells, CD14 is a preferred antigen.”"* Tryptase
and CD117 are useful immunhistochemistry markers for
detecting and quantifying mast cells.”” When spindle-
shaped mast cells form compact clusters in the BM and
express CD25, these cells usually also display KIT D816V
—in these cases the final diagnosis is always SM-CMML.”
In other cases, the pathologist will ask for JAK2 V617F,
based on an abnormal morphology and distribution of
megakaryocytes. As in MDS, megakaryocytes may also
express CD34 in patients with CMML.

Karyotyping in CMML: current recommendations and
standards

Clonal cytogenetic abnormalities are detected in 20-
30% of all patients with CMML. The most frequently
identified aberrations are trisomy 8, abnormalities of chro-
mosome 7 (especially monosomy 7 and deletion of 7q),
and loss of the Y chromosome (-Y) (Online Supplementary
Table S6).°*” Compared to MDS, isolated del(5q) and com-
plex abnormal karyotypes are rarely detected in CMML.
Our faculty is of the opinion that conventional karyotyp-
ing of BM cells should be performed in all patients with
known or suspected CMML or a suspected pre-CMML
condition. At least 20 metaphases should be examined.”
In the case of a clear-cut result, even 10-20 metaphases
may be sufficient to define the karyogram. Reporting of
karyotypes should be performed using the International
System for Human Cytogenetic Nomenclature (ISCN)
guidelines.” A clone is defined by two or more metaphas-
es showing the same gain or structural rearrangement
(deletion, inversion, translocation) of chromosomal mate-
rial or at least three metaphases showing a monosomy of
the same chromosome.” Several of the cytogenetic anom-
alies in CMML may be difficult to detect by conventional
karyotyping. Therefore, we are of the opinion that fluo-
rescence in situ hybridization (FISH) should be performed
in all patients with (suspected) CMML, at least in those in
whom no karyotype anomaly was detected by conven-
tional karyotyping. The FISH probes should cover all rele-
vant regions, including 5g31, cep7, 7q31, 20q, cep8, cepY
and p53. Special consideration should be directed to cryp-
tic deletions of TET2 (in 4q24), NF1 (17q11), and ETVé
(12p13) which can occur in up to 10% of CMML patients™
and are only detectable by interphase FISH (Online
Supplementary Table Sé). It is worth noting that NF1 dele-
tions may occur during progression/karyotype evolution
in CMML. The limitation of FISH is that is does not detect
all karyotypic abnormalities. In some patients with
CMML, clonal evolution is found. Subclones are defined
by additional chromosomal defects (apart from the pri-
mary chromosomal defect) in at least two cells (or 3 cells
for monosomies) and the absence of these additional chro-
mosomal defects in the other clonal cells.” A complex
karyotype is defined by at least three chromosome defects
in one clone.” As in MDS, a complex karyotype in CMML
is indicative of a poor prognosis. Overall, cytogenetic
studies are of prognostic significance in CMML and have
been used to optimize prognostic scoring systems.”'"'” In
some patients with CMML, clonal evolution is observed
over time and may then also be an adverse prognostic
sign. Therefore, we recommend that chromosome analy-
ses are performed each time a BM investigation is done in
the follow-up in order to detect (or exclude) clonal evolu-
tion.

Criteria and standards in CMML -
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Mutation profiles in CMML: current standards and lim-
itations

Somatic mutations are detectable in the vast majority of
patients with CMML.*""**** The clonal architecture, clone
sizes and clonal evolution patterns vary from patient to
patient."”"® In some cases, initially small clones expand
over time. It is, therefore, standard to apply next-genera-
tion sequencing assays with sufficient sensitivity to iden-
tify bona fide somatic mutations associated with CMML.
The most frequently detected somatic mutations in
CMML are mutations in TET2 (60%), SRSF2 (50%), and
ASXL1 (40%) (Table 6).'%" The presence of a SRSF2
mutation, particularly in combination with mutated TET2,
correlates strongly with a CMML phenotype.®'*"° It is
also worth noting that two of these mutations (TET2,
ASXL1) are also known as CHIP/ARCH-related muta-
tions. However, only mutated ASXL1 has been associated
with a poor prognosis in CMML."*'* An overview of
somatic mutations recurrently detected in CMML is pro-
vided in Table 6. Somatic mutations with independent
prognostic impact include several RAS-pathway muta-
tions as well as mutations in ASXL1, RUNX1 and SETBP1
(Table 6).*""" RAS-pathway mutations trigger cell signal-
ing and proliferation and have been associated with
cytokine-independent growth of CMML progenitor cells,
the proliferative variant of CMML, AML transformation
and poor survival.'*?*' "¢ QOther driver mutations
involved in cell signaling, such as JAK2 V617F or KIT
D816V, are also major triggers of cellular differentiation
(Online Supplementary Table S7). These drivers alone can-
not induce transformation, but they may act together with
other (e.g., ‘RAS pathway’) mutations to cause disease
progression. Whereas JAK2 V617F is a strong indicator of
MPN-like differentiation, the presence of KIT D816V is
almost always associated with concomitant mast cell dif-
ferentiation and mastocytosis (SM-CMML).®#%%%4% The
other mutations found in CMML act as modulators of epi-
genetic events and transcription (e.g., ASXL1) or DNA
methylation (e.g., TET2), as regulators of the spliceosome
machinery (e.g., SRSF2), or as modulators of the DNA
damage response, such as TP53 (Table 6). During progres-
sion of CMML to secondary AML and especially during
therapy, the mutational landscape(s) and clonal architec-
ture(s) may change.'”"* For example initially small clones
may expand and may be selected because of resistance-
mediating molecular features. It is worth noting that sev-
eral mutated gene products also serve as potential targets
of therapy (Table 6).

Our faculty recommends that next-generation sequenc-
ing studies should be regarded as a standard approach in
all patients with suspected or known CMML as well as in
patients with idiopathic monocytosis of unknown signifi-

cance and in those with persistent reactive monocytosis
(in order to exclude an additional clonal component).
When a CMML-related mutation is found in an individual
with idiopathic monocytosis of unknown significance or
reactive monocytosis, the diagnosis may change to clonal
monocytosis of unknown significance or oligomonocytic
CMML, depending on additional findings.

Our faculty also recommends that the next-generation
sequencing assay should have sufficient sensitivity (to
detect 2-5% clonal cells) and should cover all relevant
lesions shown in Table 6. In the context of CHIP/ARCH,
a cutoff variant allele frequency of 2% is considered diag-
nostic,” whereas in the context of CMML, we propose
10% as the variant allele frequency diagnostic cut off and
thus marker to count as a co-criterion of CMML when,
for example, no diagnostic morphological dysplasia can
be documented (Tables 1 and 3), similar to the definition
in MDS.”"”* Determining the variant allele frequency is
also useful for documenting the clinical impact of certain
driver lesions in special CMML variants (e.g., with JAK2
V617F or KIT D816V) and clone expansion during follow-
up. Therefore, our faculty recommends that molecular
studies in CMML should report variant allele frequencies
with sufficient precision and sufficient sensitivity — in the
same way as in MDS.”* Finally, our faculty recommends
that molecular markers should increasingly be used to
optimize prognostic scoring systems in CMML.""**

Flow cytometry in CMML: standards and limitations
Flow cytometry studies are an essential diagnostic tool
in patients with (suspected) classical CMML, pre-CMML
conditions and special CMML variants.”** Therefore,
our faculty is of the opinion that it is standard practice to
perform multi-color flow cytometry (MFC) in the PB and
BM in all cases with suspected or known CMML or a sus-
pected pre-CMML condition. MEC studies are helpful to
confirm the monocyte and blast cell counts in these
patients and to exclude AML. In addition, MEC is useful
to confirm the presence of distinct monocyte popula-
tions. Monocytes are defined as CD14" cells in these
analyses. Based on the expression of CD14 and CD16,
monocytes are further divided into classical (MO1)
monocytes (CD14*¢/CD167), intermediate (MO2)
monocytes (CD14*#/CD16") and non-classical (MOS3)
monocytes (CD14%"/CD16%) (Table 7).””"**** Compared
to age-matched healthy donors'™ and patients with reac-
tive monocytosis, but also myeloid neoplasms other than
CMML (even MDS), the percentages of MO1 monocytes
in the PB are higher and the percentage of MO3 mono-
cytes is lower in patients with CMML."”*"** When the
absolute monocyte count is increased in the PB, a cutoff
value of >94% MO1 monocytes, based on their

Table 7. Phenotypic classification of monocytes and distribution of monocyte subsets in patients with chronic myelomonocytic leukemia and in

controls.*

Typical relative frequency in:
Monocyte-subset Defining phenotype CMML MDS or MPN Reactive BM
Classical (MO1) CD14*/CD16- =94% 70-97% <94%
Intermediate (MO2) CD14#Y/CD16* <20% 5-20% 5-15%
Non-classical (MO3) CD14%/CD16* <5% 5-10% 5-20%

*Data refer to published results presented in references #125 through #132. CMML: chronic myelomonocytic leukemia; MDS: myelodysplastic syndrome; MPN: myeloprolifera-

tive neoplasm; BM: bone marrow.
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immunophenotype, can identify CMML with a sensitivi-
ty of >90% and a specificity of >95%."""***' Moreover,
during successful therapy, the distribution of MO1, MO2,
and MO8 monocytes changes back to near normal or nor-
mal.”® Therefore, our faculty recommends that the per-
centages of MO1 monocytes are quantified in the PB by
MEFC in all cases with suspected or known CMML at
diagnosis and during follow-up.

In many cases with CMML, neoplastic monocytes
aberrantly display CD2, CD5, CD10, CD23, and/or
CD56.7* Of all aberrantly expressed surface markers,
CD56 is most commonly detected on CMML
monocytes.” " CD5 is only (very) weakly expressed on
neoplastic monocytes in most cases with CMML. The
most frequently underexpressed antigens may be CD14
and CD15. Overall, however, the use of decreased
expression of these markers as a diagnostic test in CMML
is limited by a relatively low sensitivity. An abnormal
monocyte immunophenotype is also seen in other
myeloid neoplasms, including MDS. On the other hand,
phenotypically aberrant monocytes (as described above)
are typically neoplastic cells (unless the patient has been
treated with growth factors). Therefore, our faculty rec-
ommends that MFC studies in patients with (suspected)
CMML employ antibodies directed against aberrantly
expressed surface markers, including CD2 and CD56.
Additionally, as mentioned before, several surface mark-
ers are ‘under-expressed’ on CMML monocytes com-
pared to their levels on normal blood monocytes. These
antigens include, among others, CD13, CD14, CD15,
CD33, CD38, CD45, and CD64."? 2412191

Other cell types may also express aberrant markers
detectable by MFC in CMML. For example, myeloid pro-
genitor cells may express CD56 in CMML and often
exhibit the same phenotypic abnormalities as in MDS;
this also holds true for neutrophils and erythroid cells
(Online Supplementary Table S8). Other cell types that may
show aberrant phenotypes are dendritic cells and mast
cells. Mast cells are of particular importance as these cells
may be indicative of the presence of a concomitant mas-
tocytosis (SM-CMML). In these cases, mast cells almost
invariably express CD25 in MFC analyses (Online
Supplementary Table S8).** Overall, our faculty is of the
opinion that MFC studies should be performed on mono-
cyte subsets, myeloid progenitors, neutrophils, erythroid
cells and mast cells in (suspected) CMML. An overview of
immunophenotypic aberrancies detectable in CMML is
given in Online Supplementary Table S8.

Differential diagnoses of CMML: reactive and clonal
mimickers

A number of conditions can mimick CMML and must
be taken into account when patients with unexplained
monocytosis are evaluated. Reactive disorders mimicking
CMML include certain chronic bacterial infections (exam-
ples: tuberculosis or subacute endomyocarditis), fungal
infections, chronic auto-immune processes and non-
hematologic neoplasms. There are also hematologic
malignancies that may present as a CMML-like disease.
For example, Philadelphia chromosome-positive chronic
myeloid leukemia usually presents with (absolute) mono-
cytosis and can also show signs of dysplasia. Particularly
high monocyte counts are recorded in chronic myeloid
leukemia cases expressing BCR-ABL1,. When cryptic
variants of BCR-ABL1 are expressed by leukemic cells, it
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can be difficult to exclude CMML. Myeloid neoplasms
(MDS or MPN) in progression and myelomonocytic or
monocytic AML may also resemble CMML. The reactive
and clonal mimickers of CMML are listed in Online
Supplementary Table S9.

Scoring systems in CMML: recommended standards

Although several prognostic variables have been identi-
fied in CMML regarding survival and AML evolution,
accurate prediction of the clinical course and survival
remains a clinical challenge. A first step in prognostication
is grading into CMML-0, CMML-1 and CMML-2. To
delineate the prognosis in CMML more accurately, a num-
ber of scoring systems have been developed in the
past.””'7#454% Until 2012, the International Prognostic
Scoring System (IPSS) served as the gold standard for
prognostication in MDS and (dysplastic) CMML.**

However, a number of more specific scoring systemic
taking CMML-related features into account have also
been proposed.'”"*"***® During the past few years,
researchers have successfully started to integrate cytoge-
netic and molecular variables into these scoring models."”
“' Our faculty concludes that these novel approaches
should be followed and developed into clinical applica-
tion.

Management strategies and therapeutic options
in CMML

Several new treatment strategies for CMML have been
developed during the past 15 years. A detailed description
of therapeutic options is beyond the scope of this article.
The reader is referred to a series of excellent published
review articles.”*** A disappointing fact is that all drug
therapies are still non-curative. The only curative therapy
in CMML remains allogeneic hematopoietic stem cell
transplantation."”'* For most young and eligible patients
with acceptable transplant-related risk, allogeneic
hematopoietic stem cell transplantation is therefore rec-
ommended. All other forms of treatment are cytoreduc-
tive, experimental or palliative in nature. Some of these
drugs, such as the hypomethylating agents (5-azacytidine,
decitabine) may induce long-term disease control in a sub-
set of patients with classical CMML.¥** In general,
cytoreductive and palliative drugs should be used accord-
ing to available recommendations provided by major soci-
eties."™"* Similarly, treatment response assessment should
be performed in line with available (accepted) guide-
lines.145,150

Specific therapy may work in those patients who suffer
from a special variant of CMML. For example, in CMML
patients with a transforming PDGFRA/B mutation, treat-
ment with imatinib or other similar tyrosine kinase
inhibitor usually induces major responses or even long-
lasting remissions.”**" In patients with SM-CMML,
midostaurin may result in disease control, especially when
the CMML portion of the disease exhibits KIT D816V.
However, in many cases, relapses occur. Treatment
options in CMML and its variants are summarized in
Ounline Supplementary Table S10.

Concluding remarks and future perspectives

CMML is a unique and rare hematopoietic neoplasm
with a complex biology and pathology. In the past 10
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ABSTRACT

ormal hematopoiesis can be disrupted by the leukemic bone mar-
row microenvironment, which leads to cytopenia-associated
symptoms including anemia, hemorrhage and infection.
Thrombocytopenia is a major and sometimes fatal complication in
patients with acute leukemia. However, the mechanisms underlying
defective thrombopoiesis in leukemia have not been fully elucidated. In
the steady state, platelets are continuously produced by megakaryocytes.
Using an MLL-AF9-induced acute myeloid leukemia mouse model, we

SO EEE demonstrated a preserved number and proportion of megakaryocyte-
SHA HAO primed hematopoietic stem cell subsets, but weakened megakaryocytic
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Cenga0@inicams.ac.cn acute myeloid leukemia and observed inhibitory effects of interleukin-4

throughout the process of megakaryopoiesis in vivo. Furthermore, we
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mouse model. Our study elucidates a new link between interleukin-4 sig-
doi:10.3324/haematol.2018.214593 naling and defective megakaryopoiesis in acute myeloid leukemia bone

marrow, thereby offering a potential therapeutic target in acute myeloid
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site where hematopoietic stem cells (HSC) reside and are regulated through inter-
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hematopoiesis.>**” Utilizing a congenic AML mouse
model, we recently investigated dynamic changes in nor-
mal hematopoietic stem and progenitor cell (HSPC) num-
bers and cell cycling.” Our findings suggested that the
AML microenvironment suppressed proliferation and dif-
ferentiation of normal HSPC, in line with conclusions
from another study based on a xenograft AML model."
Notably, from among all the HSPC subpopulations inves-
tigated, megakaryocytic-erythroid progenitors were the
most affected. Subsequently, we observed the inhibitory
effects of CCL3 from the AML microenvironment on ery-
thropoiesis.” Strikingly, CCL3 acted on megakaryocytic-
erythroid progenitors rather than HSC, and specifically
suppressed erythropoiesis without affecting megakaryo-
poiesis.” How the path from HSC to megakaryocytes
(MK) was influenced by the AML BM microenvironment
remains to be defined.

Thrombocytopenia is a major and sometimes even
fatal complication of acute leukemia.*" It has been esti-
mated that thrombocytopenia occurs in approximately
75% of all leukemia patients, with one-third of them
having clinically significant bleeding."*" In healthy indi-
viduals, functional platelets are produced on a daily basis
by mature MK, which originate from multipotent HSPC.
Thrombopoietin is recognized as the principal regulatory
cytokine throughout the process of megakaryopoiesis.'
An elegant study by Rauch er al.”” attributed thrombocy-
topenia in AML patients to thrombopoietin scavenging
by MPL" leukemic blasts and proposed the MPL" state as
an indicator for more severe thrombocytopenia at diag-
nosis. However, despite its demonstrated effects in alle-
viating chemotherapy-associated thrombocytopenia in
patients with solid tumors, thrombopoietin did not work
well for acute leukemia patients who underwent
chemotherapy or hematopoietic stem cell transplanta-
tion.” These phenomena suggest that the mechanism of
thrombocytopenia is much more complicated in AML,
and cannot be simply explained by chemotherapy-
induced injury or a paucity of thrombopoietin.
Thrombocytopenia may be a prolonged state due to the
profound influence of leukemia on the process of
megakaryopoiesis and thrombopoiesis, and on the BM
microenvironment which tightly regulates
hematopoiesis. In fact, recent studies have indicated that
the perturbation of the BM microenvironment of
leukemic hosts cannot be completely cured by current
therapies, even if the leukemic burden is substantially
reduced.”” Thus, a thorough analysis of megakaryo-
poiesis and thrombopoiesis during leukemia develop-
ment is required to search for detrimental factors in the
leukemic microenvironment that could serve as potential
therapeutic targets for these processes. In the classical
hierarchical model of hematopoiesis, MK and erythro-
cytes share common progenitors.” However, recent stud-
ies suggest that MK can be generated directly by an
upstream HSC subpopulation, independently of other
lineage fates.”” The alterations along the path from HSC
to MK in AML are still unknown.

In the present study, we used an MLL-AF9-induced
AML mouse model to analyze the dynamic changes of
HSPC with MK potential. We found that thrombocy-
topenia in AML was caused primarily by reduced
megakaryocytic differentiation of CD150* HSC and
defective maturation of MK. Furthermore, we detected
elevated interleukin-4 (IL-4) levels in AML BM, which

were found to inhibit megakaryopoiesis and throm-
bopoiesis in vivo. Finally, we observed that inhibition of
IL-4 combined with chemotherapy attenuated leukemia
progression as well as thrombocytopenia in our AML
mouse model.

Methods

Mice

C57BL/6-Ly5.1 (Ly5.1) and C57BL/6-Ly5.2 (Ly5.2) mice were
purchased from the State Key Laboratory of Experimental
Hematology (SKLEH). R26-tdTomato mice® were purchased
from Jackson Laboratory and actin-eGFP mice* were kindly pro-
vided by Dr. Bing Liu (Academy of Military Medical Sciences,
Beijing, China). Mice experiments were approved by the
Institutional Animal Care and Use Committee of SKLEH.

Flow cytometry

Details of the staining and enrichment procedures for flow
cytometry have been described previously.” Intracellular von
Willebrand factor (vWF) and Ki67 staining was performed using
a BD IntraSure™ Kit (BD Biosciences, Franklin Lakes, NJ, USA).
Cell surface markers for phenotypic analyses of hematopoietic
and niche cells are listed in Online Supplementary Table S1. The
antibodies used are listed in Online Supplementary Table S2.

Acquisition of bone marrow niche cells

Cells were isolated following a previously described proto-
col.” Immunophenotyping and antibodies are listed in Online
Supplementary Table S1 and Online Supplementary Table S2,
respectively.

Bone sectioning and immunofluorescence imaging

Femora were fixed in 4% paraformaldehyde and dehydrated
in 30% sucrose at 4°C prior to being embedded in optimal cut-
ting temperature compound and frozen. For two-dimensional
imaging, frozen femora were then cut into 5 pm sections using
a cryostat and stained according to the Kawamoto method.”
Images were acquired using a UltraView VOX confocal micro-
scope (PerkinElmer, Waltham, MA, USA) and analyzed by
Volocity.

Enzyme-linked immunosorbent assays

BM supernatants were prepared by flushing femora and tibiae
of leukemic and control mice with 0.5 mL phosphate-buffered
saline. Enzyme-linked immunosorbent assays for IL-4 (R&D
Systems, Minneapolis, MN, USA) were performed according to
the manufacturer’s instructions. The concentrations were calcu-
lated using standard curves.

Isolation of bone marrow megakaryocytes

BM cells were flushed out and incubated with CD41-APC
antibody for 15 min on ice. CD41" cells were then enriched
using anti-CD41 microbeads and incubated in Dulbecco modi-
fied Eagle medium supplemented with 10% fetal bovine serum
and 10 ug/mL Hoechst 33342 at 37°C for 1 h. MK were sorted
as SSC"" CD41"# ploidy =8N cells through a 100 um nozzle.

Microarray analysis

The microarray was performed at Cnkingbio Company
(Beijing, China). Gene set enrichment analysis was performed
using GSEA v2.2.0. The microarray data have been deposited in
the NCBI’s Gene Expression Omnibus under accession number
GSE112942.
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Statistics

Unless otherwise stated, data are expressed as mean or mean
+ standard error of the mean as indicated. P values were gener-
ated using an unpaired Student r-test and analysis of variance.
GraphPad Prism and IBM SPSS Statistics software were used for
the statistical analyses.

Results

Megakaryocytic differentiation from hematopoietic
stem cells via both canonical and non-canonical
routes was markedly inhibited in acute myeloid
leukemia bone marrow

To elucidate the perturbation of the orchestrated
process of thrombopoiesis in AML, we used a non-irradi-
ated MLL-AF9-induced AML mouse model (Online
Supplementary Figure S1A)."> AML mice exhibited a pro-
gressive decrease of platelets during leukemia develop-
ment. On day 14, when leukemic infiltration exceeded
80% of the whole BM, platelet counts were reduced to
~14% of the normal level (Online Supplementary Figure
S1B). Meanwhile, we detected simultaneous loss of BM
MK using a flow cytometry gating strategy introduced by
Heazlewood et al.”® (Online Supplementary Figure S1C, D).
These results suggested that our AML mouse model
could mimic the thrombocytopenic process that occurs in
patients with AML.

The developmental landscape of BM MK has not been
fully understood. It was estimated that approximately
half of all MK progenitors (MkP) were from long-term
(LT)-HSC which contributed little to other lineages™ in
native hematopoiesis, and the other half were from mul-
tipotent progenitors (MPP), especially MPP2.* Thus, we
decided to measure the numbers and proportions of these
MK-primed subpopulations during the progression of
AML (Figure 1A).

For ease of comparison, we normalized the values of
the AML group at indicated time points to that of healthy
controls (day 0). All of these subpopulations decreased
significantly as the leukemia developed, but to different
extents. The changes of pre-megakaryocytic-erythroid
(PreMegE) and MkP were much more dramatic: at the
end stage of AML, the total number of residual PreMegE
was less than 1% of normal level, and ~4.9% of MkP
were left in leukemic BM (Figure 1B and Ounline
Supplementary Figure S2). In contrast, ~17.2% of MPP2
and ~29.6% of LT-HSC were preserved in AML mice
(Figure 1B and Ounline Supplementary Figure S2). Regarding
their proportions in CD45.2* normal hematopoietic cells,
the proportion of PreMegE dropped substantially and
continuously, to about 1/10 of normal level; MkP declined
at a moderate rate, to approximately 56% of that in the
healthy state (Figure 1C). In contrast, the proportions of
MPP2 and LT-HSC increased progressively ~3.4-fold and
~5.9-fold, respectively, as compared to the proportions in
healthy controls at day 14 (Figure 1C).

We then assessed the apoptosis and cell cycle state of
PreMegE and MKP to determine if the marked decrease of
both subsets resulted from excessive cell death or growth
arrest. We did not find significant changes in the rate of
apoptosis of PreMegE during leukemia progression
(Online Supplementary Figure S3A). In addition, their
cycling was not inhibited in leukemia BM, and even dis-
played slightly active cycling in the mid-phase of disease

(Online Supplementary Figure S3B), suggesting their active
production of downstream populations.
Correspondingly, PreMegE isolated from AML mice at
the late stage yielded equal numbers of CD41* MK as the
PreMegE isolated from healthy controls (Online
Supplementary Figure S3C, D). As far as concerns MKP,
their rate of apoptosis even declined in AML (Online
Supplementary Figure S3E, F), and no significant alteration
was detected in their cycling state (Online Supplementary
Figure S3G). Additionally, the MK colony-forming capac-
ity of MkP from AML hosts was comparable to that of
MKP from healthy controls when cultured in vitro (Online
Supplementary Figure S3H). Since MKP derived from the
non-canonical pathway, or shortcut, comprised nearly
70% of the total MkP pool,” the severe reduction of their
number (~95% lost) Figure 1B) and proportion in normal
hematopoietic cells (~44% lost) (Figure 1C) suggests a
major defect with the shortcut, or LT-HSC and MPP2.

We then sought to evaluate the MK differentiation
potential of LT-HSC and MPP2 in AML BM, which was
likely to be reflected by the expression of MK-specific
proteins in these subsets. vWF is a protein involved in
platelet aggregation and is abundant in MK and endothe-
lial cells.” It has been reported that vWEF* HSC have strik-
ingly higher platelet reconstitution potential than vWF
HSC.** We, therefore, evaluated intracellular vWF protein
levels in these subsets by flow cytometry using a verified
antibody. The proportions of vWEF* cells were significant-
ly reduced in both LT-HSC (from ~21.1% to ~13.2%) and
MPP2 (from ~19.1% to ~5.9%) in the late stage of AML
(Figure 2A, B), indicating reduced MK differentiation
from both subsets. Taken together, these data suggest
that the scarcity of residual MkP in AML BM was due to
severe blockade of MK differentiation in both the canon-
ical and non-canonical routes.

We then investigated whether the decline of vWF
expression indicated a prolonged impairment of the MK
potential of MPP2 and LT-HSC. To do this, we used actin-
eGFP mice as AML recipients and isolated eGFP* MPP2
and LT-HSC from AML (day 14) or healthy control BM to
transplant into sub-lethally irradiated mice. We tracked
the reconstitution rates of MPP2 and LT-HSC from day 10
to day 20 for maximum exhibition of donor-derived
platelet potential. We observed lower levels of platelet
reconstitution of both LT-HSC and MPP2 subsets from
AML hosts as early as 14 days after transplantation
(Figure 2C). However, the reconstitution of peripheral
blood nucleated cells from AML and control groups at
that time point showed no difference (Figure 2D). These
results suggest that the specific impairment of MK differ-
entiation induced by the AML BM microenvironment
would not easily recover in a leukemia-free niche.

Megakaryocyte maturation was severely impaired
in acute myeloid leukemia bone marrow

MKP should experience several cycles of endomitosis
and cytoplasmic maturation before they become giant,
multinucleated, platelet-producing MK.* Endomitosis
leads to polyploidization of DNA content, which has
been extensively demonstrated to be of vital importance
for efficient platelet production.” Of note, it was reported
that apoptosis and polyploidization are synchronous and
intimately linked events during MK maturation; inhibi-
tion of apoptosis delays polyploidization and proplatelet
formation.** We questioned whether the decreased
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apoptotic rate of MkP in AML (Online Supplementary
Figure S3F) was linked to a lack of maturation. Thus we
assessed the polyploidization of MK in AML BM, and
found that MK with high ploidy (=32N) were reduced to
a significantly greater extent than those with low ploidy
(8-16N) (Figure 3A). As with their proportions in normal
hematopoietic cells, the proportion of high-ploidy MK
remained stable whereas the proportions of 8N and 16N
MK progressively increased, especially the proportion of
8N ones (Figure 3B). MK in late-stage AML BM exhibited
a clear left shift of ploidy distribution (Figure 3C). To gain

further insight into the changes of MK function in AML,
we isolated MK from AML and healthy control BM for
microarray assay (Online Supplementary Figure S4A). The
thrombopoietin-Mpl axis is a main regulator of throm-
bopoiesis, including MK maturation and platelet produc-
tion. Our microarray data showed that the levels of Mpl
expression in the two groups were similar (Online
Supplementary Figure S4B). Gene expression data
(GSE112942) showed downregulation of platelet signa-
ture genes and a-granule genes in MK from AML (Figure
3D), implying insufficient cytoplasmic maturation. In
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addition, apoptosis-associated genes were significantly
negatively enriched in MK from AML BM (Figure 3D).
These data indicated that the maturation of MK was seri-
ously impaired in AML BM.

The maturation of MK and their platelet-releasing
activity have been proven to be dependent on their inter-
action with vascular endothelium.* We wondered if the
defective maturation of MK in AML BM was caused by
disrupted interaction with BM endothelial cells. As
expected, a variety of genes involved in leukocyte migra-
tion, cell adhesion, cytokine-receptor interactions and
chemokine signaling pathways were downregulated in
MK from AML BM versus control BM (Figure 3E, F), indi-
cating their weakened crosstalk with endothelial cells and
the extracellular matrix. We then determined the location
of MK with respect to blood vessels by i situ immunoflu-
orescence imaging. In AML BM, we observed severe
destruction of normal vasculature, including lack of typi-
cal sinusoid structure and vascular lumens (Figure 3G).
Meanwhile, MK in AML BM were located closer to BM
endothelial cells (Figure 3G, H), as a result of solid stress

applied to them by overgrowing leukemia blasts. The
compression of blood vessels and impaired blood perfu-
sion in these areas might reduce the contribution of adja-
cent MK to the platelet pool.

Interleukin-4 signaling was upregulated in acute
myeloid leukemia bone marrow and exerted inhibitory
effects on multiple stages of megakaryocyte
differentiation

As thrombopoietin is a key regulator of MK, we exam-
ined its concentration in the serum of control and AML
mice. Thrombopoietin levels were similar in the two
groups (Online Supplementary Figure S5), indicating that
thrombopoietin is not the main cause of thrombocytope-
nia in our AML mouse model. To determine the factors in
the leukemia microenvironment that had a negative
impact on MK differentiation and maturation, we
referred to our cytokine array data of AML versus control
BM plasma.” Six cytokines (CCL3, CCL27, IL-4, Tnfrsf1a,
Tnfrsflb and Fcgrl) were upregulated in AML BM plas-
ma. Among them, IL-4 has been reported to inhibit
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megakaryocytic colony formation of human CD34* BM
cells” and to have relevance in the thrombocytopenic
state of idiopathic thrombocytopenic purpura and allo-
geneic hematopoietic stem cell transplantation
patients.** We confirmed the elevated level of IL-4 in the
AML group using enzyme-linked immunosorbent assays
(Figure 4A). Our in vitro colony-forming cell assays
showed that IL-4 imposed a selective inhibitory effect on
colony-forming unit-MK formation from BM cells (Figure
4B) without affecting other myeloid and erythroid lineag-
es (Figure 4C). Interestingly, upon in vitro IL-4 stimulation,
HSC-enriched LKS* cells exhibited an even more promi-
nent response than myeloid progenitors (Figure 4D), as
indicated by intracellular phosphorylation of Stat6 (Figure
4E) which has been recognized as a downstream trans-
ducer of IL-4 signaling.” In response to exposure to IL-4,
all MK-associated transcription factors except for Gata2
were universally downregulated in LKS* cells (Figure 4f),
suggesting the possible effects of this cytokine on MK dif-
ferentiation of primitive hematopoietic cells. We next
analyzed the transcriptome of LKS* cells from AML BM
(GSE52506)" and found significant upregulation of IL-4
signaling genes and predicted Stat6-bound genes (Figure
4Gg). As BM immune cells have been reported to be the
main source of IL-4," we first quantified the IL-4 mRNA
expression in T lymphocytes, B lymphocytes, mono-
cytes, macrophages, natural killer cells and eosinophils.
However, we did not detect upregulation of IL-4 in these
cells from AML BM (Online Supplementary Figure S6A).
The level of expression of IL-4 by AML blasts was similar
to that by normal hematopoietic cells (Online
Supplementary Figure S6B). We then quantified IL-4
expression in HSC niche cells including mesenchymal
stem cells, endothelial cells and osteoblasts. We detected
reproducible significant upregulation of IL-4 in endothe-
lial cells but not in the other niche cells (Figure 4H). Thus,
BM endothelial cells produced excessive IL-4 in AML to
activate IL-4 signaling in HSC-enriched LKS* subsets.

To further understand the effects of IL-4 on MK differen-
tiation, we intraperitoneally injected IL-4 into wildtype
mice at 48 h intervals and analyzed the alterations of MK
as well as HSPC with MK potential in mice BM (Figure
SA). In order to prolong the half-life of IL-4 and enhance its
biological activity in vivo, we pre-associated the IL-4 with
its specific monoclonal antibody as previously described®
and injected the IL-4 complex (IL-4cx) into the mice. We
observed a remarkable decrease of platelets in peripheral
blood after the injection of two doses, while erythrocytes
and leukocytes were barely affected (Figure SB).
Simultaneously, though the total number of BM cells was
not changed (Figure 5C), the number of MK in the BM of
IL-4-treated mice was severely reduced by ~84% (Figure
5D). The ploidy distribution of MK exhibited a left shift
with high-ploidy (=32N) cells being more severely
decreased (Figure 5E), indicating that IL-4 treatment sup-
pressed MK maturation. Among HSPC with MK potential,
we observed an ~54% loss of PreMegE and ~37% loss of
MKP (Figure 5F), whereas the proportion of LT-HSC was
unaltered, and that of MPPs increased ~4 fold (Figure 5G).
These results suggest that the downward differentiation of
MPP2 was severely hampered by IL-4, especially in the
route via PreMegE. As expected, vWF expression was sig-
nificantly reduced in MPP2 from IL-4-treated mice (Figure
5H, I). Interestingly, we observed a remarkable increase of
vWE" cells among LT-HSC (Figure 5H, I), indicating that IL-

4 did not have an obvious inhibitory effect on their MK dif-
ferentiation in our setting; on the contrary, LT-HSC gave
rise to MK more actively as compensation for the reduced
contribution of MPP2 to the MK pool, which limited the
loss of MKP to a relatively small extent. Given the smaller
reduction (~37 %) of MkP and the considerable decrease of
MK (~84%) (Figure 5D, F), thrombocytopenia induced by
IL-4 administration was largely caused by a drastic inhibi-
tion of MkP maturation. Notably, IL-4 receptor (IL-4Ro)
expression on MPP2 and MkP was higher than that on LT-
HSC and PreMegE subsets (Figure 5J), in accordance with
the more prominent response of MPP2 and MKP to in vivo
IL-4 treatment.

Targeting interleukin-4 in conjunction with
chemotherapy enhances platelet recovery
in acute myeloid leukemia mice

Lastly, we tested whether targeting IL-4 could ameliorate
thrombocytopenia in AML mice. To do this, AML mice
were treated with anti-mlL-4 on days 7, 9, and 11 after
injection of leukemic cells and were sacrificed on day 13
for analysis (Omnline  Supplementary  Figure S7A).
Administration of anti-mIL-4 alone to leukemic mice nei-
ther significantly decreased leukemia load nor increased
platelet count in the peripheral blood (Online Supplementary
Figure S7B, C). Intensive induction chemotherapy is cur-
rently used for patients with AML as a general therapeutic
strategy.”** Because cytarabine (AraC) together with an
anthracycline remains the mainstay of induction therapy,*
we set up a treatment protocol in which AML mice were
treated daily with 60 mg/kg of AraC for 1 week (Online
Supplementary Figure S7D). This treatment significantly
reduced the leukemic burden in the peripheral blood
(Online Supplementary Figure S7E) and prolonged the sur-
vival of AML mice (Online Supplementary Figure S7F), but it
was noted that the animals developed severe thrombocy-
topenia (Online Supplementary Figure S7G). To test the
hypothesis that thrombocytopenia may be more mitigated
by anti-IL-4 given during or after AraC treatment (Online
Supplementary Figure S7H), we next established a treatment
protocol in which AML mice were intraperitoneally inject-
ed daily with 10 mg/kg of anti-mIL-4 during AraC
chemotherapy (Figure 6A). Interestingly, this treatment not
only significantly reduced the leukemic burden (Figure 6B)
but also enhanced the recovery of platelets (~4.7-fold
increase) and erythrocytes (~1.9-fold increase). In contrast,
leukocytes (Figure 6C) and serum thrombopoietin concen-
tration (Online Supplementary Figure S7I) were not signifi-
cantly affected. As a result, this new strategy of combining
AraC with anti-IL-4 also significantly extended the dura-
tion of remission of AML mice (Figure 6D). Together, these
data demonstrate that anti-mIL-4 combined with
chemotherapy could improve the therapeutic response
compared to that achieved with standard chemotherapy
for AML.

Discussion

Thrombocytopenia is a frequent complication among
AML patients: It can lead to a strong dependence on
platelet transfusions and even fatal bleeding. Using an
MLL-AF9-induced AML mouse model, we demonstrated
that thrombocytopenia in AML was accompanied by a
progressive loss of mature MK in the BM. A systematic

IL-4 contributes to thrombocytopenia in AML -
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mice treated with PBS or IL-4. Five mice per group, three independent experiments. (F, G) Percentages of pre-megakaryocytic-erythroid (PreMegE) (F), megakaryocyte pro-
genitors (MkP) (F), long-term hematopoietic stem cells (LT-HSC) (G) and multipotent progenitors (MPP2) (G) in the bone marrow of mice treated wih PBS or IL-4. Five mice
per group, three independent experiments. (H, 1) Representative flow cytometric plots (H) and percentages (I) of von Willebrand factor (VWF)* cells in LT-HSC and MPP2 in
the bone marrow from mice treated with PBS or IL-4. Five mice per group, three independent experiments. (J) Mean fluorescence intensity (MFI) of IL4Ro. on HSPC subsets,
normalized to values in Lin/c-Kit"/Sca-1* (LKS") cells. Four mice per group, two independent experiments. *P<0.05, **P<0.01, ***P<0.001. ns, no significant difference.
Error bars represent the standard error of mean.
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Figure 6. Targeting interleukin-4 cooperates with chemotherapy to enhance platelet recovery in acute myeloid leukemia mice. (A) Diagram of the experimental
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comparison of the megakaryocytic differentiation land-
scape between leukemia and healthy control mice
revealed a marked reduction of MK differentiation from
MPP2 and LT-HSC via both the canonical and non-canon-
ical pathways, which was fundamentally responsible for
the decreased MK in AML BM. Transcriptome analysis of
MK from animals with AML showed severely impaired
maturation and platelet-producing capacity. Additionally,
we discovered an excessive production of IL-4 by BM
endothelial cells and found that this had a striking role in
suppressing MK differentiation from MPP2 and MK mat-
uration in vivo, which might contribute to the thrombocy-
topenia of mice with AML. Finally, our preclinical data
using pharmacological approaches to inhibit IL-4 in com-
bination with AraC treatment showed that targeting IL-4

represents a promising strategy to improve the therapeu-
tic responses in AML.

By performing colony assays on whole BM cells,
Capitano et al.® recently found that IL-4, in synergy with
transforming growth factor-p1, could inhibit hematopoi-
etic progenitor cell colony formation. Our results further
demonstrated that IL-4 had a unique inhibitory effect on
colony-forming unit-MK formation without affecting
other lineages, which was consistent with a previous
study that assessed human CD34" cells.” NF-E2 transcrip-
tion factor has been identified as an essential factor for
terminal MK maturation and normal platelet production.®
It has been shown that IL-4 downmodulated the expres-
sion of NF-E2 transcription factor at both the mRNA and
protein levels in normal maturing megakaryocytic cells
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and in megakaryoblastic cell lines.” This suggests that the
NEF-E2 transcription factor might participate in the molec-
ular mechanism of IL-4-induced defective MK differenti-
ation and polyploidization in AML, but this requires fur-
ther investigation.

Despite the marked response of LKS* cells to in vitro IL-
4 stimulation, IL-4 appeared to act to a greater degree on
the last step of MK differentiation, rather than on LT-
HSC. Studies showed that MK could originate directly
from an upstream HSC subpopulation, independently of
other lineage fates.”” Therefore, the increase of vWEF* LT-
HSC in IL-4-treated mice was more likely to be a com-
pensation for MK reduction. In our AML mouse model,
the number of PreMegE was dramatically reduced, while
the decrease of MkP was less marked, which suggests
that HSC compensated for the deficiency of MkP through
the non-canonical route. In addition, the increase of vWE*
LT-HSC in IL-4-treated mice was consistent with the phe-
nomenon observed in MK-depleted mouse models,* sug-
gesting the role of vWF* LT-HSC as MK reserves in native
hematopoiesis and their relative resistance to stimuli.
Thus, the blocked differentiation of LT-HSC in AML BM
appears to result from a complex of factors, rather than
IL-4 alone, including signals from niche cells, which
require intensive research since they cannot be corrected
easily by conventional cytotoxic therapy.

Studies have shown that leukemic cells impair the func-
tion of normal hematopoiesis by causing a significant
change in a variety of niche cells and secreting cytokines
in the BM microenvironment.**” In our study, the admin-
istration of IL-4 inhibitors alone to leukemic mice did not
increase platelet counts in the peripheral blood, likely due
to the absence of a specific effect of IL-4 inhibitors on
leukemic cells. Currently the standard treatment of
leukemia is primarily chemotherapy.” It has been reported
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that AML patients given induction treatment with high-
dose cytarabine had a considerably longer period of
thrombocytopenia and received significantly more
platelet transfusions in comparison to patients in the inter-
mediate-dose group.” Thus, it is important to use
hematopoietic growth factors to accelerate platelet recov-
ery. In our study, anti-IL-4 was administered in combina-
tion with chemotherapy, with results suggesting that this
has clinical potential for alleviating thrombocytopenia in
AML. Additionally, anti-IL-4 has been shown to be safe
when administered to patients with asthma,” implying
that it could be applied in the treatment of AML. In our
current study, all the data were generated based on a spe-
cific AML model and it is unclear whether results obtained
can be generalized to other types of AML. More studies
are, therefore, needed to expand this paradigm to other
types of leukemia and to explore whether our findings in
the mouse model can be translated to human AML.

In summary, our present study systemically describes
defective megakaryopoiesis from HSC in AML and for
the first time identifies BM endothelial cell-derived IL-4
as a candidate factor responsible for thrombocytopenia
and a potential therapeutic target, in conjunction with
chemotherapy, in patients with AML.
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Introduction

Fanconi anemia (FA) is a rare recessive disease character-
ized by multiple congenital abnormalities, progressive
bone marrow failure, and predisposition to malignancies.
It results from mutations in one of the 22 known FANC
genes.! These genes are summarized in Online
Supplementary Table S1. The proteins encoded by these
genes participate in a DNA interstrand cross-link repair
pathway that deals with DNA damage due to endogenous
aldehydes, which are particularly deleterious to
hematopoietic stem cells.” However, more recent studies
have shown that biallelic mutations in FANCAM cause
infertility and early onset cancer but not a typical FA phe-
notype, and some of the FA genes are actually 'FA-like'
since the patients with mutations in these genes do not
display hematologic defects (Online Supplementary Table
S1). Molecular subtyping is critical for the accurate diag-
nosis and clinical management of the FA patients.
However, finding causative mutations for a FA patient is
not an easy task.>*

In this study, we successfully subtyped 113 of the 117
Japanese FA patients and identified 215 mutant alleles
through a comprehensive strategy starting from a simple
genome polymerase chain reaction (PCR)-direct sequenc-
ing approach, then progressing to next generation
sequencing. The co-ordinated strategies included whole-
exome sequencing (WES) and targeted exome sequencing
(targeted-seq). In some cases in which we could not reach
a conclusive diagnosis, additional methods, such as array-
comparative genomic hybridization (aCGH) or RNA-
sequencing (RNA-seq) and whole-genome sequencing
(WGS) analysis, were extremely useful in detecting dele-
tions or splicing abnormalities, respectively. Similar to
other ethnic groups, we found that the FA-A and FA-G
groups are the most prevalent in Japan. The FANCC muta-
tion is rare and, a little surprisingly, FA-B is the third most
prevalent subtype in Japan. The patients with the rare
complementation groups, such as FA-D1, E, E I, N, P, and
T, were detected in less than 5% of the cases. We noted
striking genotype-phenotype correlation in Japanese FA-B,
D1, I, and N cases. In addition, we report the allele fre-
quency of FA-associated deleterious genetic variations in
the general Japanese population using the 3.5KJPNv2 data-
base from the Tohoku Medical Megabank Organization
(ToMMo).

Methods

Patients and samples

We studied 117 Japanese FA patients from 104 families in total.
They overlap with previously reported cases (Online Supplementary
Table S2)°* and an additional 13 new FA patients were recruited.
The diagnosis of FA was confirmed on the basis of chromosomal
breakage tests and clinical features. Informed consent was
obtained from the family for all subjects involved in this study,
and the study was approved by the Research Ethics Committees
of all participating hospitals and universities, including Tokai
University, Kyoto University, and Nagoya University. Genomic
DNA or total RNA was isolated from peripheral blood or cultured
fibroblasts using Puregene (Qiagen) or RNAeasy (Qiagen) kit,
respectively. ¢cDNA was synthesized with a PrimeScript RT
reagent kit (Takara).

Mutation screening for FANCA and FANCG, and ALDH2
genotyping

Mutation analyses by PCR of FANCA or FANCG genes,
Multiplex Ligation-mediated Probe Amplification (MLPA) tests for
FANCA (Falco Biosystems), and ALDH?2 genotyping were per-
formed as previously described.""

Targeted-sequencing and whole-exome sequencing

Ten and 67 patients were examined by targeted-seq and WES,
respectively, as previously described.’ In targeted-seq, 184 genes,
including 15 FA genes (FANCA, B, C, D1,D2, E,E G, 1], L, M, N,
O and P), were covered. All the mutation variants identified by
targeted-seq or WES were verified by PCR and Sanger sequencing.

Array-comparative genomic hybridization analysis

For 10 patients, aCGH was performed as previously described.’
The probes covered 19 FA genes (FANCA, B, C, D1, D2, E, E G, I,
J LM N, O PE QS T U)as well as FA-related genes, including
NBS1, three RAD51 paralogs (XRCC3, RAD51B, and RAD51D),
FAAP20, FAAP24, and FAAP100.

RNA-sequencing

We performed RNA-seq for three patients (Cases 62, 98, and
104). Libraries for RNA-seq were prepared using the TruSeq
RNA Sample Prep Kit (Illumina) at Macrogen, and sequenced
using the Illumina HiSeq 2500 platform with a standard 126-bp
paired-end read protocol. Exon skipping events were identified
using Genomon-fusion' in which patient-specific spliced junc-
tions were identified compared with those identified in a control
sample.

Whole-genome sequencing

We performed WGS of DNA samples from one patient (Case
64) and his parents. The TruSeq DNA PCR-Free Library
Preparation Kit (Illumina, San Diego, CA, USA) was used for
library preparation. The prepared libraries were subjected to next-
generation sequencing using a HiSeq X platform. We detected
mutation variants as previously described.®

Estimating allele frequencies of the Fanconi
anemia-associated deleterious genetic variations in
the general Japanese population

We analyzed the 3.5KJPNv2 database, which was created
with data generated by WGS of 3,554 individuals of the resident
cohort of the ToMMo Project. The ToMMo project was estab-
lished to develop a biobank that combines medical and genome
information in the Tohoku area.'* As of 5® November 2018, the
allele frequencies, including indel variations, were released in
the publicly accessible 3.5KJPNv2 database (https://jmorp.mega-
bank.tohoku.ac.jp/2018411/). Our analysis focused on nonsense
mutations, frameshift mutations (indels) and splicing donor or
acceptor site mutations with less than 1% allele frequencies.

Results

Genetic subtyping of 117 Japanese Fanconi anemia
patients through a comprehensive mutation screening
We started mutation analysis of FA patients by direct
sequencing of FANCA and FANCG, and MLPA analysis
for FANCA in 2009. WES and targeted-seq analyses were
initiated in 2012, and molecular diagnosis was successful-
ly achieved in 107 (91.5%) of the 117 patients (Figure 1A).
We also examined the ALDH2 genotype which has been
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[ ) Table 1. Allele frequency of FA-associated deleterious variants* in Japanese population.
ene Genomic location Reference allele/ ¢cDNA Protein Frequency
(hg19) Alternative allele
FANCA chr16:89882954 CGGCCCAGGCCCTCCGGCGGCCCCCTG/C ¢.77_102del p.P15fs 0.0001
FANCA chr16: 89833603 AG/A ¢.2546delC p.S849fs 0.0008
FANCA chr16:89831476 T/A ¢.2602-2A>T aberrant splicing  0.0001
FANCA chr16:89805357 TTTG/T c4189_4191del p.T1397del 0.0001
FANCC chr9:97897635 G/C ¢.836C>G p.S279X 0.0001
FANCC chr9:97864024 G/A ¢.1642C>T p.R548X 0.0003
FANCDI (BRCA2) chr13:32903604 CTG/C ¢.657_658del p.Val220fs 0.0001
FANCDI (BRCA2) chr13:32911557 ATAACAT/A ¢.3067_3072del p.N1023_11024del  0.0001
FANCDI (BRCA2) chr13:32911577 NAT ¢.3085_3086insT p.M1029fs 0.0001
FANCDI (BRCA2) chr13:32913261 AGT/A cAT70_4771del p.C1591fs 0.0001
FANCDI (BRCA2) chr13:32914065 CAATT/C €.5574_55T7del p.11859fs 0.0003
FANCDI (BRCA2) chr13:32914209 ACT/A ¢.5718_5719del p.L1908fs 0.0001
FANCDI(BRCA2) chr13:32914893 ATAACT/A ¢.6402_6406del p.N2135fs 0.0001
FANCDI (BRCA2) chr13:32920978 CT ¢.6952C>T p.R2318X 0.0003
FANCDI (BRCA2) chr13:32930713 AG/A ¢.7585delG p.G2529fs 0.0001
FANCDI (BRCA2) chr13:32972800 CT ¢.10150C>T p.R3384X 0.0004
FANCD2 chr3:10122879 T/TA ¢.3072_3073insA p.N1025fs 0.0001
FANCD2 chr3:10130510 AC €.3561-2A>C aberrant splicing 0.0001
FANCE chr6:35425734 GCTT/G .943_945del p.L316del 0.0001
FANCG chr9:35078714 AG/A c.194delC p.P65fs 0.0001
FANCG chr9:35078601 C/G ¢.307+1G>C aberrant splicing 0.001
FANCG chr9:35076439 G/A ¢.1066C>T p.Q356X 0.0004
FANCI chr15:89801943 TCTC/T ¢.94_96del p.L33del 0.0001
FANCI chr15:89803942 AG ¢.157-2A>G aberrant splicing 0.0008
FANCI chr15:89833476 G/GC ¢.1854_1855insC p.L619fs 0.0001
FANCI chr15:89843085 GAAG €.2692_2693del p.K898fs 0.0001
FANCI chr15:89843605 C/CGGCAAT ¢.2878_2879insGGCAAT p.Q961_F962insWE  0.0004
FANCI chr15:89850868 NAC ¢.3616_3617insC p.L1208fs 0.0003
FANCJ (BRIPI) chr17:59763487 G/C ¢.2615C>G p.S872X 0.0001
FANCJ (BRIPI) chr17:59761334 AC/A ¢.3072delG p.S1025fs 0.0001
FANCJ (BRIPI) chr17:59761166 C/CA €.3240_3241insT p.A1081fs 0.0003
FANCL chr2:58456995 CT c.170G>A p.W57X 0.0008
FANCL chr2:58453870 ATCT/A €.263_265del p.K88del 0.0003
FANCL chr2:58453867 AG/A ¢.268delC p.L90fs 0.0001
FANCL chr2:58387305 C/CT ¢.1044_1045insA p.G349fs 0.0001
FANCM chr14:45642287 NACT ¢.2190_2191insCT p.E735fs 0.0001
FANCM chr14:45644477 TAAAC/T €.2521_2522insAAAC p.Q842fs 0.0001
FANCM chr14:45650888 CGCAGAC cA4367_4371del p.R1456fs 0.0001
FANCM chr14:45658082 TGAAT ¢.4858_4860del p.E1620del 0.0001
FANCM chr14:45668139 G/A ¢.6008+1G>A aberrant splicing 0.0003
FANCN (PALB2) chr16:23647568 AG/A ¢.298delC p.D101fs 0.0001
FANCN (PALB2) chr16:23647395 G/A cAT2C>T p.Q158X 0.0001
FANCN (PALB2) chr16:23646369 AC/A c.1497delG p.L499fs 0.0001
FANCN (PALB2) chr16:23646192 G/A ¢.1675C>T p.Q559X 0.0003
FANCN (PALB2) chr16:23641004 CAC ¢.2470delT p.C824fs 0.0001
FANCN (PALB2) chr16:23635328 AG ¢.2834+2T>C aberrant splicing 0.0001
FANCO (RAD5IC) chr17:56787352 G/C c.837+1G6>C aberrant splicing 0.0001
FANCP (SLX4) chr16:3651155 CAGA/C ¢.985_987del p.Ser329del 0.0001
FANCP (SLX4) chr16:3647443 cr ¢.1620G>A p.W540X 0.0001
FANCP (SLX4) chr16:3644451 TAT ¢.2160+2delT aberrant splicing 0.0003
cont. on the next page
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FANCP (SLX4) chr16:3640407 CAGCTGG/C €.3226_3231del p.P1076_A1077del ~ 0.0001
FANCP (SLX4) chr16:3639742 CCT/C ¢.3895_3896del p.R1299fs 0.0001
FANCP (SLX4) chr16:3639379 TG ¢4259_4260insC p.11421fs 0.0001
FANCQ (ERCC4) chr16:14042182 C/G ¢.2729C>G p.S910X 0.0001
FANCR (RADSI) chr15:40994106 cr ¢.328C>T p.R110X 0.0003
FANCS (BRCAI) chr17:41258497 AT ¢.188T>A p.L63X 0.0003
FANCS (BRCAI) chr17:41245553 G/GAAA ¢.1995_1997insTTT p.N665_L666insF 0.0001
FANCS (BRCAI) chr17:41244748 G/A .2659C>T p.Q887X 0.0001
FANCS (BRCAI) chr17:41244333 AG/A c.3214delC p.L1072fs 0.0001
FANCS (BRCAI) chr17:41226421 C/CA c.4664_4665insT p.E1556fs 0.0001
FANCT (UBE2T) chr1:202304773 C/T c.109+1G>A aberrant splicing 0.0004
FANCU (XRCC2) chr7:152346394 TAT c.175delT p.T59fs 0.0001
FANCW (RFWD3) chr16:74695317 G/A c31C>T p.QIIX 0.0001
FANCW (RFWD3) chr16:74685992 G/GA .546_547insT p.Q183fs 0.0001
FANCW (RFWD3) chr16:74678352 C/T ¢.988-1G>A aberrant splicing 0.0001
FANCW (RFWD3) chr16:74660405 G/A c.2017C>T p-R673X 0.0001

These data were obtained from 3.5KJPNv2 database (https://jmorp.megabank.tohoku.ac.jp/201811/). *We focused on nonsense mutations, frameshift mutations, and splicing

site mutations. Missense mutation variants were not included.

reported to affect FA phenotypes (see Discussion section)
(Online Supplementary Table S2).>'° Unfortunately, muta-
tions were found in only one allele in seven (six FA-A and
one FA-G) of the 107 patients. Since the mutations in
these patients were clearly pathogenic and rare, we
assumed this was diagnostic, and did not perform further
analysis.

For the remaining ten unclassified cases, we screened
large deletions in FA and related genes using our custom-
designed aCGH in 2014. It revealed large deletions in two
FA-B cases and one FA-T case (Figure 1B). The FANCB
deletions spanned the entire genic area of FANCB (com-
plete loss), and the defects extended into neighboring
genes MOSPD2 and/or GLRA2. Reanalysis of the WES
data suggested putative junctions, where were amplified
and sequenced. While the junction in Case 60 had a 3 bp
overlapping microhomology, implying microhomology-
mediated end joining as the mechanism (see Online
Supplementary Figure S1 for further details), there was no
such homologous sequence in the break point in Case 61,
suggesting that the re-ligation was mediated by non-
homologous end joining (Figure 1B).” Two cases of entire
FANCB deletion have been described in the literature'®”
without elucidation of the junctional sequence. All of
these FANCB large deletions seem to be distinct, but uni-
formly accompany severe phenotypic malformations (see
below). The FA-T case with a large deletion was previous-
ly described.®

After aCGH, seven FA cases remained unclassified. We
performed WGS for Case 64, in which the parents’
genome was available, and RNA-seq analysis was carried
out for three cases (Cases 62, 98, and 104), in which the
patients' fibroblast cell lines were available. Interestingly,
these analyses identified three cases with aberrant splice
site mutations. WGS revealed that Case 64 harbored a
homozygous mutation (c.1154+5G>A) in intron 12 of the
FANCC gene. Real-time PCR (RT-PCR) confirmed that the
mutation caused a splicing abnormality, resulting in reten-

tion of 120bp of intron 12 and a subsequent in-frame non-
sense codon (Figure 1C). In Case 62, RNA-seq analysis
revealed skipping of FANCB exon 7 (Figure 1D). This was
likely to be caused by a mutation in the first nucleotide of
exon 7, which did not alter the encoded amino acid
(p.Leud499Leu). This mutation was considered non-patho-
genic when the WES results were originally evaluated.
However, it has been increasingly recognized that similar
synonymous mutations affect splicing and cause genetic
disorders and cancer.'*” RNA-seq and WES also revealed
that Case 98 had a homozygous mutation (c.3350+5G>A)
in intron 12 of PALB2/FANCN gene, resulting in skipping
of exon 12 (Figure 1D).

Collectively, 113 (97%) of 117 Japanese FA patients
were subtyped, and a total of 215 mutant alleles were
identified (Online Supplementary Table S2 and Figure 2A
and B). FA-A and FA-G accounted for 58% and 25% of FA
patients, respectively (Figure 2A). Interestingly, FANCB
was the third most common complementation group in
our series (approx. 3%). In notable contrast to a previous
report from the Rockefeller University Fanconi Anemia
Mutation Database,” FA-C represented an extremely rare
complementation group in Japan (Online Supplementary
Table S1). In keeping with this, there was not a single
record with an IVS4+4 mutation in the 3.5KJPN or the East
Asian population represented in the Exome Aggregation
Consortium (ExAC) database. In Europeans, the allele fre-
quency of the mutation was relatively high (0.04%) in the
ExAC database, which reflects a high frequency of the
IVS4+4A>T mutation in Ashkenazi-Jewish FA-C cases.”

Characteristics of Japanese FANCA pathogenic variants

In 68 FA-A patients (from 59 unrelated families), 130
mutant alleles were identified that consisted of 55 differ-
ent FANCA variants (listed in Online Supplementary Table
S3 and Online Supplementary Figure S3A). The mutant alle-
les included nine missense mutations, eight nonsense
mutations, 16 small insertions/deletions (indels), 12 large
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deletions, one large duplication, and nine splicing muta-
tions. All of the nine missense mutations were rated as
“damaging” by both SIFT and PolyPhen-2 prediction pro-
grams, including two novel variants
(c.2723_2725TCT>GCC, p.LS908_909RP; ¢.3965T>G,
p-V1322G). Three of the eight nonsense mutations, six of
the 16 small indels, and four of the nine splicing mutations
were novel (Online Supplementary Table S3). We consider
that these 13 novel mutations are all pathogenic. The large
duplication and all of the large deletions except one
(c.3765+827_3814del) were detected by the MLPA assay.
We did not identify the precise breakpoints of these
FANCA deletions; therefore, it was unclear whether they
were novel or not.

Similar to the previous reports from Western coun-

A Clinical Diagnosis, N=117
(Clinical features + Chromosomal breakage test)

|
v v

Direct sequencing of FANCA, and -G, N=39 o =
and/or MLPA test for FANCA, N=81 »| Targeted seq, N=10 or WES, N=67 |
| arrayCGH, N=10 |

tries,””*** the mutational spectrum in Japanese FA patients
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Table 2. Clinical phenotype of 10 Japanese Fanconi anemia patients with VACTERL-H association. ®
Mutation VACTERL-H FA-features Family  Birth DEB AL
patterns features history weight SD induced S
of FA*  score chromosome genotype
breakage
(breaks /cell)
Case 18-1 FANCA c¢.2546delC: p.S849FfsX40 C: PDA Short + -1.9 0.44 AA
R: Left renal agenesis stature
L: Bilateral absent thumbs/
Bilateral radial hypoplasia
¢.4042_4043insC:
p.11348TfsX77
Case 30  FANCA .2546delC: V: scoliosis Skin pigmentation - 2.1 2.06 GG
p.S849FfsX40  C: ASD/Persistent left superior vena Deafness
E: Esophageal atresia Right inguinal hernia
Bicornuate uterus
Short stature (-1.85D)
¢.2546delC:
p.S849FfsX40
Case 37  FANCA ¢.2546delC: E: Esophageal atresia Jejunal atresia - 23 0.12 GG
p-S849FfsX40 R: Right pelvic kidney Strabismus
L: Bilateral thumb hypoplasia Short stature (-4SD)
¢.3295C>T: p.Q1099X
Case 60  FANCB complete loss V: Spina bifida occulta/ Skin pigmentation - 48 3.8 GG
of FANCB gene Abnormal ribs Microphthalmus/
(chrX g.14730104-14904216 del) A: Anal atresia Stenocephaly/Ptosis
C: PDA Duodenal stenosis
R: Right renal agenesis Annular pancreas/
L: Right absent thumb/ Hypospadias/
Partial loss of left thumb Undescended testis
Short stature (-6SD)
Case 61  FANCB complete loss V: Abnormal ribs/Scoliosis Skin pigmentation - 2.8 42 GA
of FANCB gene A: Anal atresia Microphthalmus/
(chrX g.14810970-14932973 del) C: VSD/PS Deafness/ Ear canal stenosis
E: Duodenal atresia** Undescended testis
R: Left renal agenesis (Short stature (-1SD))
L: Bilateral absent thumbs
H: Hydrocephalus
Case 64  FANCC c.1154+5G>A: p.S386X A: Anal atresia Skin pigmentation - -2.53 78 GG
C: VSD, PDA Deafness/Left aural stenosis/
E: Esophageal atresia Right aural atresia
Cleft palate
Short stature (-2SD)
¢.1154+5G>A: p.S386X
Case 69  FANCG ¢.307+1G>C C: Coarctation complex Skin pigmentation - 17 8.54 GA
R: Right renal agenesis/ Short stature (-85D)
Left renal cyst
L: Bilateral absent thumbs/
Right radial hypoplasia
¢.1066C>T p.Q356X
Case 73-1 FANCG c.307+1G>C C: PDA Skin pigmentation + 0.9 349 GA
R: Left renal agenesis Bilateral aural atresia
L: Right absent thumb/ Short stature (-2.7SD)
Bilateral radial hypoplasia
307+1G>C continued on the next page
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continued from previous page
Case 96  FANCI  c.158-2A>G:p.SH4FfsX5 A: Anal atresia
C: VSD/PDA
R: Right renal agenesis/
Left renal hypoplasia
L: Bilateral absent thumb/
Bilateral absent radius
H: Hydrocephalus
¢.288G>A:p.C56FfsX8
c.343delA:
p.S115AfsX11

Case 99-1 FANCP C: ASDNVSD/PS
R: horseshoe kidney
L: Bilateral floating thumbs/
bilateral radial hypoplasia
c.343delA:

p.S115AfsX11

Skin pigmentation - -39 0.52 GA
Microphthalmus
Hypogenitalia
Short stature (-85D)

Intestinal malrotation + 2.3 0.91 AA
Duodenal stenosis
Short stature (-5.8SD)

*Case 18-1,73-1,and 99-1 had a sibling with Fanconi anemia (FA). ** Duodenal atresia is considered to be a part of the VACTERL association by some reports.”” ***ALDH2 wild
type and the inactivating mutation (p.Glu504Lys) allele is referred to as G and A, respectively. ALDH2: aldehyde dehydrogenase-2; ASD: atrial septal defect; BM: bone marrow;
DEB: diepoxybutane; PDA: patent ductus arteriosus; PS: pulmonary stenosis; SD: Standard Deviation; VACTERL-H: vertebral anomalies, anal atresia, cardiac anomalies, tracheal-
esophageal fistula, esophageal atresia, renal structural abnormalities, limb anomalies, and hypocephalus;VSD: ventricular septal defect.

Characteristics of Japanese FANCG pathogenic
variants

In 29 FA-G patients (from 27 unrelated families), 57
mutant alleles were identified, and seven different FANCG
variants were detected (Online Supplementary Table S4 and
Ounline Supplementary Figure S3B). There were fewer
unique mutation variants in FA-G compared with FA-A
(Figure 2B). Three of the seven FANCG variants were
novel. Of the three novel variants, two (c.907_908del and
¢.1386delC) were clearly pathogenic, whereas one muta-
tion in intron 12 (c.1637-15G>A) was of uncertain signifi-
cance. As previously reported, ¢.307+1G>C and 1066C>T
accounted for most of the FANCG mutant alleles (49 of 57;
86%) in the Japanese FA-G patients.”” Thirteen of the 29
FA-G patients were homozygous for ¢.307+1G>C, and
eight were compound heterozygous with one ¢.307+G>C
allele. Five of the eight remaining FA-G patients had
homozygous ¢.1066C>T mutations. Four cases were com-
pound heterozygous for the ¢.307+G>C and c.1066C>T
mutations. In the 3.5KJPNv2 data, FANCG ¢.307+1G>C
and ¢.1066C>T mutation variants were present with fre-
quencies of 0.1% and 0.04%, respectively (Table 1). These
mutations were similarly detected in Korean FA-G
patients™ but hardly ever observed in the other ethnic
populations according to the ExAC database.

VACTERL-H phenotype caused by FANCB, FANCI, and
other Fanconi anemia gene variants

We identified FANCB mutations in four affected males.
The FANCB gene maps to the X-chromosome. Two of the
four FA-B patients had a complete loss of the FANCB gene,
as detected by aCGH (Figure 1B). In the remaining two
patients, one harbored a nonsense mutation
(c.516G>A/p.W172X) and one had a synonymous muta-
tion (c.1497G>T/p.L499L) resulting in exon 7 skipping
(Figure 1D and Ounline Supplementary Figure S4A). All four
mutations were unique. The two FA-B cases with com-
plete loss of FANCB displayed severe somatic abnormali-
ties, consistent with VACTERL-H association (Table 2).

The VACTERL-H association is defined as having three or
more of the following defects: vertebral anomalies, anal
atresia, cardiac anomalies, tracheal-esophageal fistula,
esophageal atresia, renal structural abnormalities, limb
anomalies, and hydrocephalus.” This set of anomalies has
been reported in rare cases of FA, and is particularly asso-
ciated with FA-B, I, ], N, or O cases.” The most frequent
combination patterns in these patients with VACTERL-H
association were cardiac-renal-limb anomalies (CRL),
anal-renal-limb anomalies (ARL), and vertebral-renal-limb
anomalies (VRL), which accounted for more than half of
the patients. Cases 60 and 61 had five and seven features
of the VACTERL-H anomalies, respectively.

Compared with these two FA-B cases, Case 62 with C-
terminally truncated FANCB protein showed a less severe
phenotype and experienced later onset of bone marrow
failure (Online Supplementary Figure S4A). A recent bio-
chemical study revealed that FANCB together with
FAAP100 and FANCL are the central subcomplex compo-
nents of the FA core complex, which is essential for ID2
complex monoubiquitination, a key activation event in
the FA pathway. The FANCB:FAAP100 subunits form a
scaffold that drives dimer formation of FANCL,” which is
the E3 ligase component in the FA core complex. The trun-
cated FANCB protein in Case 62 might, to some extent,
maintain the ability to interact with FAAP100 or FANCL
protein.’ We were unable to obtain clinical information
from another FA-B patient (Case 63).

Two FA-I cases were identified, and both had com-
pound heterozygous mutations (Online Supplementary
Figure S4B). Case 96, with N-terminal premature termina-
tion codons, had the five features of the VACTERL-H
anomalies and died within two months after hematopoi-
etic stem cell transplantation (HSCT) (Tables 2 and 3). On
the other hand, Case 97, with C-terminal mutations, had
only two features of the VACTERL-H and survived for
more than 17 years after HSCT. In Case 96, a ¢.158-2A>G
mutation in intron 3 and a ¢.288G>A mutation in the last
codon of exon 4 caused splicing defects that resulted in a
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Figure 2. Frequency distribution of total (A) versus unique (B) Fanconi anemia (FA) gene mutations in the 117 Japanese FA patients. The frequency of the total FA
gene mutation was based on subtyping of 117 FA cases, while frequency of unique FA gene mutations was derived from 84 genetic variants detected in the 117 FA
patients.

Table 3. Hematologic findings and outcome of 10 Japanese Fanconi anemia patients with VACTERL-H association.

Individual Onset of BMF BM status Karyotype Age at HSCT Outcome after
(months) at HSCT of BM (months) HSCT (months)

Case 18-1 0 RCMD 46, XYadd(2) (g33) 13 Alive (105)

Case 30 70 SAA 46,XX 153 Dead/Esophageal cancer (165)

Case 37 49 RAEB1 46,XX, complex 192 Alive (66)

Case 60 58 SAA 46 XY 72 Alive (167)

Case 61 24 RCMD 46, XYadd(5) (p15) 51 Alive (160)

Case 64 40 SAA 46 XX 61 Alive (73)

Case 69 12 RCMD 46 XY 62 Alive (144)/Tongue SCC
at 14 years old

Case 73-1 48 SAA 46.XY 88 Dead/Oral SCC (111)

Case 96 7 SAA 46,XY 45 Dead (2)

Case 99-1 0 RCMD 46, XY,+del(3) (q12) 13 Alive (59)

BM:bone marrow; BMF:bone marrow failure; FA: Fanconi anemia; HSCT: hematopoietic stem cell transplantation; RAEB: refractory anemia with excess of blasts; RCMD: refractory
cytopenia with multilineage dysplasia; SAA: severe aplastic anemia; SCC: squamous cell carcinoma.

single nucleotide (guanine) insertion after exon 3 and skip-
ping of exon 4, respectively (Figure 3). For Case 97, cells
were not available and we could not verify the actual
splicing defect caused by the ¢.3006+3A>G mutation. The
patient’s mother had only the ¢.3346_3347 insT mutation,
while the father’s genome was unavailable. The mutation
at the +3 splice donor position was indicative of a poten-
tial splice defect” and we therefore considered that
¢.3006+3A>G would be a pathogenic mutation. This
mutation was very rare and not reported as an SNV in the
3.5KJNv2 and ExAC database.

We also revisited available clinical data from 103 addi-
tional FA patients, and identified seven more cases with
VACTERL-H (Tables 2 and 3). These include three FA-A,
one FA-C case, two FA-G cases, and one FA-P case. All
these seven cases met with VACTERL-H criteria with only
three features. Four of the seven cases showed the CRL
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defect combination pattern. Compared with these cases,
FA-B and FA-I cases with VACTERL-H association
appeared to have higher number of malformations (from
5 to 7). We were unable to obtain detailed clinical infor-
mation from the remaining nine patients. Thus, altogether
there were ten VACTERL-H cases out of 108 cases with
clinical data in our series, which seems slightly high com-
pared to the previous report by Alter and Rosenberg (108
cases out of 2,245).%

Early-onset malignancies associated with the FANCD1
(BRCA2) or FANCN (PALB2) complementation group
We identified two FA-D1 patients and one FA-N patient
in our series. To the best of our knowledge, no FA-N cases
and only one FA-D1 case (AP37P in Table 4) have been
previously reported from Japan.** The two FA-D1 cases
in our study had compound heterozygous mutations, of
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* which one was an N-terminal splice site mutation and the  notable that this missense mutation falls into the region
other was a nonsense or missense mutation (Online termed “FA cluster” (amino acid position 2336-2729)
Supplementary Figure S4C). Both of the two FANCD1 where all of the five FA-D1-associated BRCA2 missense
(BRCA2) splice site mutations (c.475+1G>A, c.517-2A>G) mutations are found.* One FA-N patient had a homozy-
were regarded as deleterious. The one missense mutation  gous splice mutation (c.3350+5C>T), resulting in skipping
(FANCD1 ¢.7847C>T/p.S2616F) was rated as “damaging” of exon 12 and C-terminal truncation (Figure 1D and
by both SIFT and PolyPhen-2 prediction programs. It is  Online Supplementary Figure S4D). This truncation may

FANCI c.158-2A>G
Gencme [ F— Ak F—]
RT-PCR Exon 3 4 5
] 3 5
Exon 3 4 5 Exon 3 2 W
w 4 \
e AM\ /\ o u Wil ”J\ M L
=p.S54FfsX5
FANCI c. 288G>A
I Genome D } i |
Exon 3 5
3 5
mRNA Exon 5 Exon 3
Eron 3 ‘g‘.mccl‘t\m .Fm (s SRR |;‘,(I£‘|cx( (.:‘. GroeTee
el /\ UV\
Figure 3. The two FANCI variants in Case 96 caused two types of splicing defects. Real-time ,\_L J “ " i U AR AR ‘1‘ LJMJ
quantitative polymerase chain reaction (RT-PCR) analysis was carried out using a forward flanking
primer on exon 3 and a reverse flanking primer on exon 5 as indicated. Two types of products were =p.C56FfsX8
obtained, and the sequencing analyses revealed a single nucleotide insertion (top) and exon 4
skipping (bottom).
Table 4. Clinical features of Japanese Fanconi anemia (FA)-D1 and FA-N cases.
Individual Case 65 Case 66 Case 98 AP37P*
Sex Female Male Male Male
FA mutations FANCDI FANCDI FANCN FANCDI
¢.517-2A>G, cAT5+1G>A ¢.3350+5C>T c.-40+1G>A,
¢.6952C>T: p.R2318X ¢.7847C>T:p.S2616F ¢.3350+5C>T ¢.8504C>A: p.S2835X
FA-features Short stature Short stature Short stature Short stature
Left thumb polydactyly Microcephaly ASD, PDA Mid-face hypoplasia
Right renal agenesis Congenital absence of inferior vena cava,  Sprengel’s deformity
Microphthalmus Congenital tracheal stenosis Multiple café-au-lait spots
Microcephaly Microcephaly
Chromosome breakage test Positive (MMC) Positive (MMC) Positive (DEB) Positive (MMC)
ALDH2 genotype GG GA GA GG
Hematologic abnormality None None None Acute myeloid leukemia
(onset) (2 years old)
Solid tumors (onset) Immature teratoma T-lymphoblastic Wilms None
(9 months old) lymphoma, tumor
Adenosquamous lung carcinoma (1year old)
(23 years old)
Outcome Alive with progressive Died of Died of Died of leukemia
teratoma at 1.7 years old lymphoma at Wilms tumor at 2 years old
25.5 years old at 1.5 years old
*a previously reported case. MMC, mitomycin C, Other abbreviations are explained in Table 2 and 3.

- haematologica | 2019; 104(10)



affect PALB2 interaction with RNF168 or BRCA2 which is
mediated by the PALB2 C-terminal WD40 domain.***

The three FA-D1 patients (including the previous
Japanese case), as well as the one FA-N patient, all devel-
oped early-onset malignancies; this is in line with previous
reports from Western countries (Table 4).**** Although it
is important to note that the first clinical manifestation in
such cases could be onset of malignancy without prior
clinical problems, Cases 65 and 98 had severe physical
anomalies as well. Their malformations did not fully meet
VACTERL-H criteria (Table 2). Alter et al. had previously
reported that FA-D1 and FA-N patients were characterized
by frequent VACTERL-H association and early-onset
tumors, such as Wilms tumor, or acute myeloid leukemia
(AML), with a cumulative incidence of malignancy as high
as 97 % by the age of 5.2 years.** Thus, Case 66 was highly
unusual as a FA-D1 patient. He developed T-lymphoblas-
tic lymphoma at 23 years of age, with a relatively short
stature, and severe microcephaly (Online Supplementary
Appendix). He received standard chemotherapy for the
lymphoma, which caused prolonged pancytopenia. Then
a mitomycin C-induced chromosome breakage test was
performed, and he was diagnosed as FA. We list Case 66
as FA-D1, since he had biallelic, likely deleterious, BRCA2
variants but no other FA gene mutations. This case may
expand the clinical spectrum of FA-D1. Alternatively, for
the moment, the possibility that hidden FA gene variants
caused his FA phenotype cannot be excluded.

Allele frequency of pathogenic variations in 22
Fanconi anemia genes in the Japanese population

To estimate the frequency of pathogenic FA gene varia-
tions in the Japanese population, we analyzed WGS data
for 22 FA genes from the 3.5KJPNv2 database. We identi-
fied 66 deleterious genetic variations (nonsense,
frameshifts, and splicing site mutations) in 19 FA genes
(Table 1). In addition to the three common FANCA
[c.2546¢€lC (0.08%)] and FANCG mutations [c.307+1G>C
(0.1%); c.1066C>T (0.04%)], carriers with FANCA ¢.2602-
2A>T, FANCD1 ¢.6952C>T, FANCG c¢.194delC, or FANCI
¢.157-2A>G mutations were detected at low percentages
(0.01-0.08%), and these variants were identified as
causative mutations in Japanese FA patients. Allele fre-
quencies of FANCL ¢.170G>A (p.W57X) variants were rel-
atively high (0.08%); however, no patients with these
variants were identified in our FA collection.

Monoallelic mutations in some FA genes, such as
BRCA1, BRCA2, BRIP1, PALB2 and RAD51C, cause adult-
onset cancer predisposition®* and we identified 25 dele-
terious variants in these genes (5 in BRCA7, 10 in BRCA2,
3 in BRIP1, 6 in PALB2, and 1 in RAD51C). BRCA1
¢.188T>A (p.L63X) and BRCAZ ¢.6952C>T (p.R2318X) are
well-known mutations in hereditary breast and ovarian
cancer (HBOC) in Japan.” The BRCA2 ¢.10150C>T
(p-R3384X) was more prevalent than p.R2318X, but it has
been classified as non-pathogenic because of its location
near the 3'-end.® The PALB2 c.2834+2T>C was recently
identified in a Japanese female with bilateral breast
cancer.”

From these analyses of allele frequency of FA-associated
deleterious variants in 3,554 individuals, we estimated
that approximately 2.6% of the Japanese could be consid-
ered to be carriers of pathogenic variations in FA genes.

Discussion

In this study, we report the largest series of subtyped
Japanese FA patients to date by updating our previously
reported cases with an additional 13 new cases (Online
Supplementary Table S2). We employed various methods,
including PCR-direct sequencing and next generation
sequencing. WES and targeted exome sequencing were
extremely useful in identifying mutations, as reported pre-
viously.® However, approximately half of the cases were
undiagnosed even after these procedures.* When com-
bined with the data generated by FANCA-MLPA, the diag-
nosis rate was much enhanced, since FANCA deletion was
frequent, and WES/target-seq is not necessarily effective
in identifying deletions. We also noted that mutations
affecting splicing, such as intronic or synonymous vari-
ants, were difficult to detect by WES or targeted-seq. The
former weak point was complemented by the use of
aCGH, while RNA-seq was useful in detecting splicing
abnormalities. We think the identification of two synony-
mous mutations affecting splicing is of great significance,
since this type of mutations could have been easily over-
looked. Thus, our approach ultimately achieved molecular
diagnosis in most of the cases, and many private and novel
mutations were identified in 11 of the 22 known FA genes.

Given the present results, we suggest that a molecular
work-up of Japanese FA patients should start with screen-
ing for the three most-common mutations (FANCA
c.2546delC, FANCG ¢.307+1G>C, and FANCG
¢.1066C>T) along with an MLPA assay for FANCA. As a
next step, targeted-seq or WES analysis should be consid-
ered. For the remaining unclassified cases, aCGH, WGS,
and RNA-seq analysis may be useful to identify large
indels or splicing defects. Through these combined and
comprehensive efforts, correct genetic diagnosis may be
obtained in more than 90% of the Japanese FA patients.

Aldehyde dehydrogenase 2 (ALDHZ2) converts acetalde-
hyde to acetate, and potentially catalyzes other aldehydes
as well. In East Asian countries, including Japan, a signifi-
cant fraction (approx. 50%) of the population carries
ALDH2 variant ALDH2*504Lys which is encoded by the
so-called A allele, and affects alcohol tolerance and some
aspects of human health.” We have previously described
a subset of severe FA cases that were homozygous for the
ALDH2*504Lys variant (the AA genotype), and who expe-
rienced bone marrow failure and/or myelodysplastic syn-
drome (MDS) immediately after birth.”” We also found
several FA-B and FA-I cases that were accompanied by
severe physical abnormalities, termed VACTERL-H. Two
(Cases 18-1, 99-1) of the six previously reported FA cases
carrying a homozygous ALDH2 AA genotype also dis-
played these severe malformations’ (Table 2), but, interest-
ingly, their siblings (Cases 18-2, 99-2) with ALDH2 GG
genotype displayed relatively minor physical abnormali-
ties (Online Supplementary Table S2). We note here that the
FA-B or FA-I patients with VACTERL-H anomalies were
carriers of the ALDH2 GG or the GA genotype. The
impact of endogenous aldehyde catabolism on bone mar-
row stem cells is very clear, and this effect also extends to
the role of the FA proteins in preventing severe malforma-
tions. It has been suggested that the extent of physical
abnormalities and severity of hematologic defects tend to
be correlated.” In any event, FA-B and FA-I groups often
exhibit severe malformations, as described previously”*
and confirmed here in Japanese cases. Since many of our

Molecular diagnosis and clinical features of 117 Japanese FA -

haematologica | 2019; 104(10) -



I M. Mori et al.

cases were referred to us in order to carry out HSCT, our
data could be biased toward a proportion of patients with
more severe malformations and may not reflect all indi-
viduals carrying FA gene variants. The relatively high inci-
dence of VACTERL-H anomalies in our series could reflect
this* and/or this may be due to the impact of the ALDH2
genotype.

An important issue is how prevalent the FA-causing vari-
ants in the Japanese population are. We estimate that at
least approximately 2.6% of the Japanese population might
carry pathogenic variants in FA genes, using the 3.5KJPNv2
database. In Japan, approximately ten individuals with FA
are born per one million births each year according to the
report from the Japanese Society of Pediatric
Hematology/Oncology.” FA-G accounted for 25% of
Japanese FA patients according to our study and approxi-
mately two FA-G patients are estimated to be born each
year in Japan. Our estimated allele frequency for FANCG
(0.16%) from the 3.5KJPNv2 database is a reasonable one
given the birth rate of the FA-G patients. Rogers et al. report-
ed that at least one FA disease-causing variant among 16 FA
genes (nonsense, splice altering, frame shifts, and a subset
of missense variants that are judged to be highly deleteri-
ous) was identified in 4.3% of individuals from the ESP and

1KGP studies.” This estimate was substantially higher than
ours, but our numbers may increase if we include deleteri-
ous missense mutation data in the future.

In conclusion, the molecular diagnostic strategy and
data described in this study provide a basis for future
molecular work-ups and clinical management for Japanese
FA patients. In four cases, we failed to achieve a definitive
subtyping; this could be due to technical problems or due
to novel FA genes awaiting discovery. These remain as
“unclassified”, and could be of particular interest in further
attempts to elucidate FA etiology.
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Introduction

Acquired severe aplastic anemia (SAA) is a rare disorder
characterized by peripheral bi- or pancytopenia and bone
marrow (BM) hypoplasia. Initial therapy for younger
patients with SAA is a matched sibling hematopoietic
stem cell transplantation (HSCT) or immunosuppressive
therapy (IST) if a matched sibling donor is not available.!
There is a paucity of data for children with SAA treated
during the modern era from the ethnically and geographi-
cally diverse population of North America. Pediatric stud-
ies from the National Institutes of Health,® the Japanese
Childhood Aplastic Anemia Study Group,”® Brazil,” and
the Severe Aplastic Anemia Working Party of the
European Group for Blood and Marrow Transplant
(SAAWP-EBMT)* have been reported. However, diagnos-
tic evaluation for constitutional disorders has been limit-
ed, and duration of follow up has often been variable and
short. Many published studies report outcomes with rab-
bit anti-thymocyte globulin (rtATG) due to the withdrawal
of horse ATG (hATG) from some European and Asian
markets in 2007; however, a large prospective study of
upfront rATG versus hATG reported inferior response rates
and lower survival with rATG." Thus, contemporary data
to inform therapeutic decisions in pediatric patients treat-
ed with IST in North America are of interest given inter-
national differences in treatment regimens, recent
advances in diagnosis of genetic marrow failure disorders,
improvements in HSCT outcomes, and better supportive
care.

To facilitate collaborative clinical studies of pediatric
aplastic anemia, a consortium of 25 institutions (now
numbering 39) across North America, named the North
American Pediatric Aplastic Anemia Consortium
(NAPAAC), was formed in 2014." The urgent need for
evidence-based guidelines for patient management in
pediatric SAA was highlighted by a NAPAAC survey of
clinical practices of member institutions which revealed
considerable variability in diagnostic evaluation and man-
agement.'' Recognizing the challenges of performing a
prospective trial to address these critical knowledge gaps,
NAPAAC conducted a retrospective study of presentation
and outcomes of pediatric patients diagnosed from 2002
to 2014 with SAA and treated with IST with a minimum
of two years of follow up in member institutions. The
objectives of the study were to determine the rates of
response and survival following IST, to assess rates of
clonal abnormalities, and to explore patient-specific fac-
tors contributing to survival, refractory disease, relapse,
and clonal progression following IST. This NAPAAC effort
represents the first large study of pediatric SAA reflecting
the racially diverse population of children afflicted by SAA
across multiple centers in North America. These contem-
porary data from a large number of pediatric patients will
inform future studies of additional diagnostic or prognos-
tic testing, and guide evidence-based clinical management.

Methods

Patients

A retrospective chart review was conducted by member institu-
tions of all patients aged 1-20 years treated with IST as the first
therapy for pediatric SAA between 1*January 2002 and 30™ June
2014 for whom follow up was available for a minimum of 24
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months or until death. This study was approved by the
Institutional Review Board (IRB) at each participating institution
or via a reliance agreement with the central study IRB at Boston
Children’s Hospital. Each site abstracted data from the local med-
ical record and entered them into a central Red Cap database. The
data included demographics, disease characteristics at diagnosis,
treatment, and outcomes. When available, the original
anonymized written reports of specific studies including BM aspi-
rate and biopsy, cytogenetics, fluorescence in situ hybridization
(FISH), clonal analysis for paroxysmal nocturnal hemoglobinuria
(PNH), telomere flow-FISH analysis, immunological analyses, and
autopsies were uploaded for central review.

Submitted cases were included only if the diagnostic BM was
reported as hypocellular and the patient had at least two peripher-
al cytopenias: 1) absolute neutrophil count (ANC) < 0.5 x10%/L; 2)
platelet count (Plts) < 20x10%/L; 3) hemoglobin (Hb) < 8 g/dL.
Central review of diagnostic marrow slides was not feasible but
marrow pathology reports were reviewed to confirm that the mar-
row cellularity was <25% or hypocellularity was stated to be
consistent with the diagnosis of SAA without a specified percent-
age cellularity. Patients with a local diagnosis of an inherited BM
failure syndrome were excluded from this study, as were subjects
with an HLA-matched sibling who went to transplant upfront.
Date of diagnosis was considered to be the date of the BM biopsy.
Date of treatment was considered the first day of IST, and all out-
comes were timed from the first day of treatment. Structured
reporting of status and blood counts was required at initiation of
IST, as well as at 3, 6, 12, 24, 36, 48, and 60 months, and at last fol-

low up.

Definitions

Overall survival (OS) was measured from the time from first
day of IST until death or date last known alive. Event-free survival
(EES) was measured from the time from start of IST until an event
(death or start of a second therapy for SAA, either HSCT or a sec-
ond course of IST) or the date last known to be without an event.

Response'” was defined using hemoglobin (Hb), absolute neu-
trophil count (ANC) and platelets (Plts). Complete response (CR),
very good partial response (VGPR) and partial response (PR)
required the indicated levels in all three lineages as noted below;
no response (NR) was defined as failure in any lineage:

CR: Hb =10 g/dL and ANC =1x10°/L and Plts =100x10°/L

VGPR: Hb =8 g/dL and ANC =0.5x10°/L and Plts =50x10°/L

PR: Hb =8 g/dL and ANC =0.5x10°/L and Plts =20x10°/L

NR: Hb <8 g/dL or ANC <0.5x10°/L or Plts <20x10°/L

Patients receiving transfusions of packed red blood cells within
six weeks or platelets or granulocyte-colony stimulating factor (G-
CSF)/granulocyte/macrophage-colony stimulating factor (GM-
CSF) within two weeks of evaluation were deemed to have had
NR at that time point. An objective response (OR) was defined as
at least a PR (PR+VGPR+CR) and a deep response (DR) was
defined as at least a VGPR (VGPR+CR). Duration of response
(DOR) was defined as time from start of response to an event
(death or start of a second therapy for SAA, either HSCT or a sec-
ond course of IST).

Statistical analysis

Summary statistics included median and range for continuous
variables and frequency and proportion for binary variables.
Fisher's exact test and Wilcoxon rank sum test were used to com-
pare proportions and medians, respectively. The proportion of
subjects with an OR, DR, and CR were reported along with the
exact binomial 95% confidence interval (95%CI). OS, EEFS and
DOR were estimated using the Kaplan-Meier method (log-log
transformation for Confidence Interval) and compared using the
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log-rank test. A Cox proportional hazards model was used to
compare EFS by treatment adjusting for co-variates of interest
[age, gender, time from initial IST treatment to 2™ treatment, and
lymphocytopenia (lymphocyte count <1x10°/L)]. Reference
groups in this model were: IST treatment, age at second treatment
210 years, male gender, lymphocyte count at diagnosis =1x10°/L.
An indicator variable was included in the model for missing lym-
phocyte data as these data were not provided for all subjects. The
median follow up among all subjects was 62 months. There was
80% power to detect differences of at least 16% difference in pro-
portions for 314 and 264 subjects, respectively (two-sided Fishers
exact test, alpha=0.05). In terms of precision, the maximum
Confidence Interval width of the exact binomial 95%CI for an
observed proportion was 0.12 and 0.11, respectively, with n=314
and n=264. R language was used for analysis (R Core Team, 2016,
Vienna, Austria; https://www.R-project.org).

Table 1. Baseline demographics and characteristics.

Results

Patients' characteristics at diagnosis

A total of 314 pediatric patients treated with IST for
SAA were identified by systematic retrospective chart
review across 25 NAPAAC institutions. Table 1 summa-
rizes baseline demographics of study subjects. Nine
patients (0.03%) were 1-2 years of age. Gender was even-
ly distributed. The population was racially diverse, reflect-
ing the ethnic diversity of North America. A family histo-
ry of aplastic anemia, none of whom were first-degree rel-
atives, was noted in four patients.

Hepatitis was noted prior to diagnosis in 43 (18.7%)
patients, of whom 33 (12.5%) were treated with
hATG/cyclosporine (CyA). Laboratory features at diagno-
sis are summarized in Table 2. PNH test results were
available at diagnosis for 140 patients and a PNH clone

Study subjects
All subjects hATG/CyA
Total subjects (N) 314 264
Male gender (N, %) 162 (51.6%) 141 (53.4%)
Median age in years at diagnosis (Range) 9.8 (1-20.3) 9.6 (1-20.3)
Race (N,%)
White* 183 (58.3%) 157 (59.5%)
Black or African American 52 (16.6%) 42 (15.9%)
Asian 23 (7.3%) 19 (7.2%)
Other 33 (10.5%) 24 (9.1%)
Native Hawaiian or Other Pacific Islander 11 (3.5%) 11(4.2%)
Native American or Alaska Native 1 (0.3%) 1 (0.4%)
Unknown 11 (3.5%) 10 (3.8%)
*Including Hispanic and Latino; hATG: horse anti-thymocyte globulin.; CyA: cyclosporin.
Table 2. Laboratory features at diagnosis.
All subjects hATG/CyA subjects
|
Evaluable Value Evaluable Value
PNH clone detected, N (%) 140 55 (39.3%) 109 48(44%)
Median MCV; fL (IQR) 213 89.1 (83.1-97.8) 234 89.1 (83.0-98.8)
MCV > 100fL, N, (%) 273 55 (20.1%) 234 51 (21.8%)
Median absolute reticulocyte 231 19 (9,33) 190 20 (10, 33)
count x107L (IQR)
Median lymphocyte count/mL (IQR) 260 1210 (600-1890) 221 1260 (650-1950)
Lymphocyte count <1000/mL, N (%) 260 110 (42.3%) 221 89 (40.3)

PNH: paroxysmal nocturnal hemoglobinuria; MCV: mean red cell volume; fL: fentoliter; IQ: IQR: interquartile range.

Table 3. Treatment.

reatment N (%)
hATG+CyA 264 (84.1%)
hATG+Tacro 15 (4.8%)
rATG+CyA or Tacro 15 (4.8%)
CTX 19 (6.1%)
Unspecified ATG+CyA 1 (0.3%)

Tacro: tacrolimus, CTX: cyclophosphamide; hATG: horse anti-thymocyte globulin; rATG: rabbit anti-thymocyte globulin; CyA: cyclosporine.

haematologica | 2019; 104(10)




was noted in 55 (39.3%). In most cases, the clone size was
small [interquartile range (IQR): 0-0.12%]. Only 5 patients
had PNH clones larger than 10% (range: 12.56-28.4%) in
the granulocyte lineage and none had clinically evident
hemolysis or thrombosis at diagnosis.

The most commonly investigated inherited BM failure
syndromes at diagnosis were Fanconi anemia,
Shwachman-Diamond syndrome, and dyskeratosis con-
genita. Fanconi anemia screening was negative for 292
patients (93%), 18 patients were not tested, and results
were not available for four subjects. Genetic testing for
Shwachman-Diamond syndrome was available for 46
patients (14.6%); all of these were negative. Perhaps
reflecting the evolution of understanding the role of
dyskeratosis congenita in BM failure over the past five
years, telomere length was assessed at the time of diagno-
sis in only 115 patients (36.6%) and a report of a clinical
telomere flow-FISH test was available for 93 patients
(29.6%). No patient exhibited a pattern suspicious for a
primary telomere disorder (telomeres <1* percentile in at
least 3 different lymphocyte subsets).” However, telomere
lengths <1* percentile were found in total lymphocytes in
six patients, of whom only two had a complete 6-panel
analysis.

The current diagnostic criteria for SAA includes an ARC
(absolute reticulocyte count) of <20-60x10°/L.12,14,15
Many institutions relied on hemoglobin (Hb) rather than
the ARC as a more clinically relevant indicator of ery-
throid hypoplasia to inform diagnosis and treatment deci-
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Figure 1. Correlation between absolute reticulocyte count and hemoglobin at
diagnosis. Absolute reticulocyte counts <100x10°/L (n=231) were plotted
against the hemoglobin at diagnosis. Cl: Confidence Interval.

Table 5. Response outcome in each treatment group.
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sions. Comparison of ARC versus Hb for the 231 subjects
with ARC <100 revealed a lack of concordance [(estimat-
ed Pearson correlation coefficient of 0.15 (95%CI: 0.02,
0.27)] between the commonly utilized diagnostic criteria
of ARC of <60 x10°/L and significant anemia defined as
Hb <8 g/dL (Figure 1). A subset of patients meeting ARC
criteria of ARC <60 x10°/L had Hb >8 g/dL (12.7%, 28 of
220), and conversely, some patients who did not meet
diagnostic criteria for ARC had Hb levels <8 g/dL (74%, 26
of 35).

Treatment

Treatment groups are outlined in Table 3. The majority
of patients (n=264) received hATG plus CyA. Of these
subjects, one patient received hATG but switched to rab-
bit ATG (rATG) due to an anaphylactic reaction. Overall,
the demographics of the hATG/CyA population was sim-
ilar to that of the entire group (Tables 1-3). The small num-
ber of subjects in groups treated with alternative IST regi-
mens limited intergroup comparisons, and so only out-
comes of the entire population and that of the hATG/CyA
group were analyzed.

Of the 282 subjects who were treated with hATG,187
(71%) received 40 mg/kg/day for four days, 77 were
dosed with a different regimen containing about the same
total dose of hATG, and in 18 the dose was not available.
CyA target trough levels were variable (100-400), with
the majority 200-400. Following treatment with
hATG/CyA, data regarding the cyclosporine taper were
available for 194 patients. CyA was discontinued by six
months for 13 subjects, between 6-12 months for 40 sub-
jects, between 12-18 months for 34 subjects, between 18-
24 months for 37 subjects, and after two years for 34 sub-
jects. CyA was not discontinued at last follow up for 36
subjects.

Median time from diagnosis to treatment for all subjects
was 24 days with an IQR of 12-40 days for the entire

Table 4. Best response to immunosuppressive therapy.

Response All treatments hATG/CyA

N % N )
CR 189 60.2 158 59.8
VGPR 23 73 22 83
PR 10 3.2 8 3
NR 79 25.2 66 25
NE 13 41 10 3.8
Total 314 100 264 100

CR: complete response; VGPR: very good partial response; PR: partial response; NR:
no response; NE: not evaluable.

Response Outcome Treatment Number of responses Response Rate (%) 95% CI*
Objective Response (CR+VGPR+PR) All 222 70.7 65.3, 75.7
hATG/CyA 188 71.2 65.3, 76.6
Deep Response (CR+VGPR) All 212 67.5 62.0, 72.7
hATG/CyA 180 68.2 62.2,73.8
Complete Response (CR) All 189 60.2 54.5, 65.7
hATG/CyA 158 59.8 53.7,65.8

*95% exact binomial Confidence Interval.
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Figure 2. Duration of response. Kaplan-Meier analysis of duration of response for (A) all subjects or (B) subjects treated with horse anti-thymocyte globulin

(rATG)/cyclosporine (CyA) who achieved at least a partial response.

cohort. Similar time to treatment was noted for the
hATG/CyA group, with a median time from diagnosis of
23 days and an IQ range of 12-40 days.

Response

For the cohort of 314 patients and for the subset treated
with hATG/CyA, median time to initial response was six
months (range: 3-48 months; IQR: 3-12 months). Best
responses for all patients and for the hATG/CyA group are
summarized in Tables 4 and 5.

For the 264 subjects treated with hATG/CyA, OR was
71.2% (95%CI: 65.3,76.6), consistent with results from
prior adult and pediatric studies.*”'** The quality of
response to hATG/CyA was good, with 59.8% (95%Cl:
53.7,65.8) achieving a CR. Further, since the magnitude of
a partial platelet response carries clinical implications for
quality of life, the group attaining a deep response (Plts
=50x10°/L) was separately analyzed. A deep response was
achieved by 68.2% (95%CIl: 62.2,73.8). No response (NR)
was noted in 66 subjects (25%) and 10 subjects (3.8%)
were not evaluable (NE, Tables 4 and 5). Responses at six
months post hATG/CyA were as follows: CR 21.6%,
VGPR 19.7%, PR 8%, NR 47%, NE 3.7 %.

The duration of response among subjects who had any
initial response (CR, VGPR, or PR) is shown for all subjects
(Figure 2A) and for those treated with hATG/CyA (Figure
2B). The estimated probability of sustained response for
all subjects was 94% (95%ClI: 89,96) at 24 months and
83% (95%CI: 76,88) at 60 months. For the subset of sub-
jects treated with hATG/CyA, the estimated probability
of sustained response was 94% (95%CI: 90,97) at 24
months and 84% (95%CI: 76,90) at 60 months. However,
there was no plateau for loss of response observed over
time even after five years post treatment.

Factors potentially affecting OR or DR for subjects treat-
ed with hATG/CyA were evaluated. No correlation with
response was detected for telomere lengths <1* or <10*
percentiles by flow-FISH, presence of a PNH clone, or red
cell macrocytosis (mean corpuscular volume =100 fL)
(P 20.17) (Online Supplementary Table S1). There was also
no correlation between OR and median lymphocyte count

(1.1 vs. 1.3;Wilcoxon rank sum test, P=0.51). There was no
significant difference in median time from diagnosis to

treatment between responders and non-responders
(P=0.29) (Online Supplementary Table S1).

Survival

The estimated overall survival is summarized in Figure
3. Median follow up amongst all 314 subjects was 62
months (59 months for those still alive) and 61 months
among the hATG/CyA group (59 months for those still
alive). At the time of this analysis, there were 29 (9.3%)
deaths amongst all subjects; 21 (8%) amongst hATG/CyA-
treated patients. Estimated OS (95%CI) for the entire
cohort at 12, 24 and 60 months was 96% (95%CI: 94,98),
95% (92,97), and 92% (88,95), respectively (Figure 3A).
Among the subjects who received hATG/CyA, estimated
OS (95% CI) at 12, 24 and 60 months was 97 % (94,99),
96% (93,98), and 93% (89,96), respectively (Figure 3B).
Six individuals died after one treatment with hATG/CyA
without receiving additional therapy.

Of the 314 subjects, 119 (38%) died or required an addi-
tional therapy. The estimated EES (95%CI) for all subjects
at 12, 24, and 60 months was 76% (95%ClI: 70,80), 71%
(95%ClI: 66,76), and 62% (95%CI: 56,68), respectively
(Figure 3C). The estimated median EFS for all subjects was
133 months. For patients treated with hATG/CyA, 98 of
264 subjects (37 %) had an event. Median estimated EFS
was 133 months (Figure 3D). Estimated EES (95%CI) at
12, 24, and 60 months was 76% (95%CI: 70,81), 72%
(95%CI: 66,77), and 64% (95%CI: 57,69), respectively,
with events continuing to accrue even after five years post
treatment.

No differences were detected in OS (P=0.13), EFS
(P=0.26), or response (P>0.25) versus age at diagnosis for all
subjects. No differences were detected in OS (P=0.09), EFS
(P=0.22), or response (P>0.20) versus age at diagnosis for
subjects treated with hATG/CyA.

Cytogenetics and clonal progression

Of the 271 patients in the cohort who had BM
metaphase cytogenetics (n=254) and/or FISH (n=133)

haematologica | 2019; 104(10)




Immunosuppressive therapy for pediatric aplastic anemia -

Table 6. Clonal cytogenetic abnormalities at diagnosis and at follow up.
Acquired chromosomal abnormalities at diagnosis

Status at follow up evaluation Best response to initial therapy Second therapy Outcome
del(13)(ql2q21)* Decreased clone size Relapse at two years IST Death, MVA
del(7q) Not detected CR by 12 months None Alive
add(11)(q23)* NA NR by 3 months None Alive
del(16) (q22)* Not Detected NR by 6 months BMT Alive
add(14)(ql1.2)* NA. CR by 3 months None Alive
del(13)(ql2q14)* Decreased clone size CR by 6 months None Alive
+mar|[2]* NA. NR by 12 months IST Alive
*hATG/CyA subjects

Post-treatment acquisition of chromosomal abnormalities
Time from diagnosis Best response Second

to first detection (months) to initial therapy therapy
del(13q)(q14q22)* 46 CR by 6 months None Alive
iX)(pl0)* 5.5 CR by 3 years None Alive
der(5)t(1;5) (ql;q11.2)* 66.5 NR by 12 months IST Alive
-T* 37.1 VGPR by 2 years None Alive
+14,-18* 45 CR by 12 months None Alive
-7 20 NR by 2 years BMT Death, PNA
-5,-1,del(7q),del(20p)* 43 NR by 6 months BMT Alive
8* 71 VGPR by 5 years None Alive
i2q)* 67.7 Relapse at 2 years IST Alive
-1,del(7Tq)* 30.3 NR by 12 months IST Death, ALL
del(7q22)* 67 Relapse at 2 years IST Death, AML
-T* 8 NR by 6 months IST Alive
*hATG/CyA subjects

NR: no-response; N.A.: not available; VGPR: very good partial response; CR: complete response; IST: immunosuppressive therapy; BMT: bone marrow transplant; MVA: motor
vehicle accident; PNA: pneumonia; ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia.

Table 7. Comparison of baseline cytogenetic clones with subsequent clonal abnormalities.

Baseline* Follow Up

Normal Abnormal Not Evaluahle Total

N % N % N %

Normal 137 519 12 46 115 436 264
Abnormal 3 42.9 2 28.6 2 28.6 7
Not Evaluable 16 372 1 23 26 60.5 43
Total 156 49.7 15 48 143 455 314
*Cytogenetics or fluorescence in situ hybridization at diagnosis.
assessments performed at diagnosis, seven (3%) had ~ Table 8. Subsequent treatments.
detectable clonal chromosomal abnormalities (Table 6).  HILEZIEL All patients (N=314) hATG/CyA (N=264)
Six of these patients had follow-up cytogenetic assess-  [LEEIEL N % N %
ments. Two patients had a del(13q) clone at diagnosis, 9. therapy 10 35 9 35
which remained detectable through the duration of follow o 2 il %2 13
up (range: 33-49 months) but was not associated with T
acquisition of additional chromosomal abnormalities. In 4 therapy 3 1 3 1

contrast, other small clones present at diagnosis, including
del(7q) in one patient and del(16q) in one patient, were no
longer detectable at follow-up assessment.

Of the 171 total patients who had follow-up BM
metaphase cytogenetics (n=160) and/or FISH (n=109)
assessment performed after IST initiation, 12 (7.0%)
patients had evidence of new clonal chromosomal abnor-
malities (Table 7). One additional subject had a clonal
abnormality [+der(14;21)(q10;q10)] at 143 months from
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the time of initial diagnosis; however, the baseline status
was unknown. The most common genetic alteration after
IST was loss of chromosome 7 [either -7 or del (7q)] occur-
ring in six patients (3.5%), all of whom had normal cyto-
genetics at baseline. Three patients had a del(13q) clone
detected during follow-up BM assessments of which one
was acquired after treatment. Among those patients with
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no clonal abnormalities at presentation, but who subse-
quently developed abnormalities at follow up, the median
time to observe an abnormality was 25.2 months (range:
4.3-71.0 months; 1Q range: 5.3-66.6 months). Interestingly,
only four patients had BM pathology reports confirming
the diagnosis of myelodysplastic syndrome of whom two
proceeded to HSCT prior to further clonal evolution. One
patient developed acute lymphoblastic leukemia and three
developed acute myeloid leukemia.

Complications

Complications following initiation of IST were com-
mon with bleeding (gastrointestinal, intracranial, hema-
turia or other significant hemorrhage) being most frequent
and reported in 74 (23.6%) of all subjects (23.5% of
hATG/CyA subjects). Infections, including bacteremia,
fungal infections, cellulitis, meningitis, or pneumonia,
were reported in 177 (56.4%) of all subjects (53.4% of
hATG/CyA subjects). Renal failure requiring dialysis was
reported in five patients (1.6%), all in the hATG/CyA
group (1.9%). Causes of death classified by type of thera-
py and survival interval are detailed in Online
Supplementary Table S2.
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Outcomes after second-line therapy

Subsequent treatments following upfront hATG/CyA
are summarized in Table 8.

Overall, 110 of 314 (35%) subjects received a second
treatment, 35 of the 110 a third treatment, and three a
fourth therapy.

Of the 38 patients undergoing HSCT for second-line
therapy, response to initial treatment with hATG/CyA
was as follows: 31 had refractory disease and seven had
relapsed disease. Of the seven patients undergoing HSCT
for relapsed disease, responses to initial hATG/CyA at
three months and six months were as follows: one CR
and six NR at three months; three CR, one VGPR, two
NR, and one NE at six months. Of the 52 patients receiv-
ing a second IST treatment, response to initial treatment
with hATG/CyA was as follows: 36 had refractory dis-
ease, 15 had relapsed disease, and one patient lacked avail-
able response data. Of the 15 patients undergoing second
IST for relapsed disease, responses to initial hRATG/CyA at
three months and six months were as follows: one CR,
one VGPR, one PR, and 12 NR at three months; one CR,
four VGPR, five PR, and five NR at six months. Two addi-
tional patients received tacrolimus for relapsed disease.
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Figure 3. Immunosuppressive therapy: survival. Kaplan-Meier analysis of overall survival for (A) all subjects or (B) subjects treated with horse anti-thymocyte globulin
(rATG) / cyclosporine (CyA). Kaplan-Meier analysis of event-free survival for (C) all subjects or (D) subjects treated with hATG/CyA.
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Additional information is provided in the Omnline
Supplementary Table S1.

For the 80 subjects who underwent second-line HSCT
therapy, donors included 12 matched sibling donors, 61
matched unrelated donors (MUD), and 7 haplo-identical
donors. Stem cell sources within the MUD cohort consist-
ed of 42 from BM, five from peripheral blood, 12 from
cord blood, and two without available data. Transplant
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preparative regimens varied widely both within and
between institutions.

Overall survival for patients receiving a second treat-
ment is shown in Figure 4A. Among all subjects (n=110)
and the hATG/CyA group (n=92) who received second-
line treatment, 20 (18.2%) and 15 (16.3%) died, respec-
tively. In a Cox proportional hazards model, there was no
significant effect of time from IST to second treatment on
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Figure 4. Outcomes after second-line therapy for relapsed/refractory disease. Kaplan-Meier analysis of (A) overall survival and (B) event-free survival for all subjects
or subjects treated with horse anti-thymocyte globulin (rATG)/cyclosporine (CyA). (C) Log-rank test was used to compare event-free survival after second-line treat-
ment with hematopoietic stem cell transplantation (HSCT) versus immunosuppressive therapy (IST) for all subjects or subjects treated with hATG/CyA.
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OS for either the entire cohort (HR=1.0, 95%CI: 0.98,1.02;
P=0.76) or the hATG/CyA group (HR=0.99, 95%CI:
0.98,1.03; P=0.69). EES is shown in Figure 4B. Among all
subjects receiving second-line treatment (n=110), 49
(44.6%) failed with a median time to failure of 88.5
months (95%CI: 45.6,131.5). Among the 92 subjects from
the hATG/CyA group receiving second-line treatment, 43
(46.7%) failed with a median time to failure of 64.4
months (95%CI: 44.2,131.5)

Outcomes of second-line treatment with HSCT wversus
IST were compared for all subjects and for the hATG/CyA
treatment group. Among all subjects receiving subsequent
treatment (n=110), 45 received HSCT and 65 received IST.
Among the hATG/CyA group receiving second-line treat-
ment (n=92), 38 received HSCT and 54 received a second
course of IST. Due to the significantly longer follow up
with second-line IST as compared to bone marrow trans-
plantation for both the entire cohort (69 vs. 36 months;
log rank, P=0.05) and the hATG/CyA group (74 vs. 36
months; log rank, P=0.026), the data were censored at 36
months in the analysis to minimize the impact of differen-
tial follow up. The analysis shows that EES is significantly
longer with the second-line treatment of HSCT compared
with IST (log rank, P<0.011) (Figure 4C); this effect
remains after adjusting for other variables (Ounline
Supplementary Figure S1).

Discussion

We report a multi-institutional study of the presentation
and outcomes of 314 North American pediatric SAA
patients treated with IST. Although retrospective studies
are limited by potential confounding factors and data
availability, this multicenter study provides a contempo-
rary analysis of the diagnostic evaluation and treatment
outcomes for pediatric SAA. Since the natural history,
risks, benefits, and outcomes of treatments are not identi-
cal between children versus adults with SAA, the study of
rare diseases such as pediatric SAA requires collaborative
effort through large consortia with the goal of improving
diagnosis and treatment. As with any rare disease, nation-
al registries would greatly advance the prospective study
of pediatric aplastic anemia.

Although traditionally reticulocytopenia has been used
as a diagnostic criterion for SAA, in this large study, retic-
ulocytopenia with an ARC <60x10%/L did not correlate
with a Hb <8 g/dL in a subset of patients. We found that
the majority of clinicians were using clinically significant
anemia and need for transfusion, rather than the ARC, to
inform diagnosis and initiation of therapy. Indeed, in the
setting of severe anemia without BM failure, the reticulo-
cyte count would be expected to be markedly higher, so
even an ARC within the normal range may be a sign of
impaired erythropoiesis.

Red cell macrocytosis may be indicative of the time
frame from evolution of reduced hematopoietic stem cell
numbers and clinically significant cytopenias. In addition,
red cell macrocytosis may be associated with dysplastic
processes. However, no association between macrocytosis
and likelihood of hematologic response or survival was
observed. Lymphopenia in pediatric patients with other
cytopenias may be seen with primary immunological dis-
orders; however, no association with response was

observed. Development of cytogenetically abnormal
clones or overt hematologic clonal disease was rare,
although post-treatment marrow surveillance was not uni-
formly conducted or captured due to the retrospective
nature of this analysis.

A correlation between short leukocyte telomere length
at diagnosis, measured by quantitative polymerase chain
reaction, with increased risk of relapse, clonal evolution,
and reduced survival has been reported.” Since current
clinically available telomere length testing utilizes flow-
FISH,® we explored whether the results of this clinical
telomere length assay correlated with outcomes. We did
not detect a correlation between telomere lengths less than
either the 1* or 10* percentile for age with response to IST.

We observed some notable differences from reported
outcomes for adult SAA patients treated with hATG/CyA.
Since the magnitude of blood count recovery is especially
important to support normal growth and activity in chil-
dren, we examined the quality of response to IST. Of
those pediatric patients who responded to hATG/CyA,
the quality of response was high, with 59.8% achieving a
CR and 68.2% achieving a DR. In contrast, typical rates of
CR cited for adults is 10%." In addition, a lower rate of
clonal progression was noted for children in comparison
to the 10-15% clonal progression reported in adults,
although this observation is potentially limited by the ret-
rospective nature of this study and short follow-up
time.”*However, EFS was low, with events continuing to
accrue well past five years post IST without an apparent
plateau. EES is of particular concern for pediatric patients
given their long future lifespan. Accordingly, both clinical
decisions and evaluation of new therapies should be based
on pediatric data whenever possible, rather than on
extrapolation of data from adult cohorts. For patients
with refractory or relapsed disease, EFS was superior for
patients receiving second-line treatment with HSCT com-
pared with IST even after adjusting for age, gender, time
from initial IST to second treatment, and lymphocytope-
nia. A prospective study of 21 pediatric SAA patients
receiving a second course of IST for refractory disease
reported anaphylaxis in three patients and a trilineage
response in only two (11%) of the remaining 18 patients,
with a 5-year failure-free survival of only 9% at five years
post second-line therapy.® Together with the excellent
contemporary outcomes of MUD transplantation,®
these data strongly suggest that allogeneic transplantation
with a MUD is a superior second-line therapy for relapsed
or refractory SAA after IST for pediatric patients. In addi-
tion, these data suggest a potential role for MUD HSCT as
upfront therapy in young patients. A randomized pilot
and feasibility trial comparing hATG/CyA versus MUD
HSCT in newly diagnosed SAA patients lacking an HLA-
matched family donor is currently underway.
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ABSTRACT

ransmembrane protein 30A (Tmem30a) is the P-subunit of P4-

ATPases which function as flippase that transports aminophospho-

lipids such as phosphatidylserine from the outer to the inner leaflets
of the plasma membrane to maintain asymmetric distribution of phospho-
lipids. It has been documented that deficiency of Tmem30a led to exposure
of phosphatidylserine. However, the role of Tmem30a in vivo remains largely
unknown. Here we found that Vav-Cre-driven conditional deletion of
Tmem30a in hematopoietic cells led to embryonic lethality due to severe
anemia by embryonic day 16.5. The numbers of erythroid colonies and ery-
throid cells were decreased in the Tmem30a deficient fetal liver. This was
accompanied by increased apoptosis of erythroid cells. Confocal
microscopy analysis revealed an increase of localization of erythropoietin
receptor to areas of membrane raft microdomains in response to erythro-
poietin stimulation in Ter119 erythroid progenitors, which was impaired in
Tmem30a deficient cells. Moreover, erythropoietin receptor (EPOR)-mediat-
ed activation of the STATS pathway was significantly reduced in Tmem30a
deficient fetal liver cells. Consistently, knockdown of TAIEM30A in human
CD34* cells also impaired erythropoiesis. Our findings demonstrate that
Tmem30a plays a critical role in erythropoiesis by regulating the EPOR sig-
naling pathway through the formation of membrane rafts in erythroid cells.

Introduction

Hematopoietic stem cells (HSC) are long lived and able to differentiate into sev-
eral lineages which are required throughout life.' There are two distinct waves of
hematopoietic cells during mammalian embryogenesis. The first wave progenitors
arise in the circulation of the yolk sac (YS) at embryonic day 7.25 (E7.25), and pro-
duce primitive erythrocytes which are essential for the survival of the embryo. The
second wave HSC arise at embryonic day 10.5 in the dorsal aorta and differentiate
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into mature blood cells in the fetal liver.” During embryo-
genesis, primitive erythroid cells (EryP) first arise from
mesodermal progenitors and are detected within 'blood
islands' at around E7.5. The maturation of erythroid pre-
cursors occurs in the blood circulatory system, where the
nucleuses are condensed and embryonic hemoglobin is
accumulated.® Definitive erythroid cells (EryD) rapidly
outnumber the EryP in the growing fetal liver,*” which are
identified as
B-globin switching and smaller enucleated erythroid cells.®
The fetal liver is the key organ for definitive erythropoiesis
during mid gestation. Definitive erythroid cells can be dis-
tinguished into five different sub-populations from R1 to
R5 by double staining with the surface markers CD71 and
Ter119. Erythropoiesis comprises distinct differentiation
stages including burst-forming unit-erythroid (BFU-E),
colony-forming unit-erythroid (CFU-E), proerythroblast,
basophilic erythroblast, polychromatic erythroblast,
orthochromatic erythroblast, reticulocyte and erythro-
cyte. From the CFU-E stage onwards, the cell starts to
express erythropoietin (EPO) receptor (EPOR). CFU-E and
proerythroblat require EPO for survival.®

Erythroid differentiation occurs at the erythroblastic
islands and is regulated by various cytokines and
chemokines. EPO and stem cell factor (SCF) play essential
roles in erythroid progenitor proliferation and differentia-
tion. EPO is mainly synthesized in liver during embryo
genesis and produced in the kidney in adult mammals.
EPO/EPOR-mediated signaling transduction is crucial for
primitive and definitive erythropoiesis both in the fetal
liver (FL) and in the bone marrow.”EPO has two receptors:
one is a homodimer of two EPO receptors (EPOR), anoth-
er is a heterodimer consisting of EPOR and CD131." The
homodimeric EPO receptor exists in an unliganded state
with the pre-bound tyrosine kinase JAK2." Upon binding
EPO, EPOR undergoes a conformational change that
actives JAK2 which in turn phosphorylates tyrosine
residues in the cytoplasmic tail of the EPOR.” This bind-
ing results in activation of STATS5, which leads to the acti-
vation of BCL-XL by direct STATS binding to the BCL-X
promoter.”® BCL-XL is a potent inhibitor of programmed
cell death and inhibits activation of caspases in cells
through direct interaction between caspases and BCL-
XL.*¥ The activation of the JAK2-STATS pathway
through EPO/EPOR signaling is critical for sustaining the
viability of erythroid cells in the fetal liver.'®

Lipid rafts are small microdomains (10-200 nm)
enriched in cholesterol and sphingolipids that can form
larger platforms by protein-protein and protein-lipid inter-
actions. The inner leaflet phosphatidylserine is essential
for the coupling of actin with lipid-anchored proteins. The
actin cytoskeleton clustering determines and immobilizes
long saturated acyl chains phospholipids in the inner
leaflet.” This immobilization engages in glycosylphos-
phatidylinositol (GPI)-anchored proteins in the outer
monolayer interacted by cholesterol, which form the local
raft domains. The most important role of lipid rafts is to
separate and regulate specific membrane components
with other components, thereby increasing the concentra-
tion of signaling molecules.

In eukaryotic cells, phospholipids are distributed asym-
metrically between the inner and the outer layers of the
plasma membrane."® Phosphatidylserine (PS) and phos-
phatidylethanolamine (PE) are mainly located in the inner
monolayer while phosphatidylcholine (PC) is essentially

present at the outer monolayer.”” Lipids distributions are
preserved by many of phospholipid transporters which
can be separated into three groups including scramblases,
flippases and floppases.” One of the most important trans-
porters are the members of the Type-IV P-type ATPases
(P4-ATPases) family which possess flippase activity that
transports lipids from the outer to the inner leaflet to
maintain phospholipid asymmetry. Tmem30a (also named
CDCS50A), the B-subunit of P4-ATPases, is essential for the
formation of functional transporter complexes that act as
flippase.” Maintenance of cell membrane asymmetry by
flippase is critical as the loss of this asymmetry usually
causes pathological phenotypes.”

To investigate the function of Tmem30a in embryonic
hematopoiesis, we generated hematopoietic-specific
Tmem30a deficient mice with conditional Tmem30a alleles
and Cre recombinase expression controlled by the VAV
promoter.** Tmem30a deficient mice (cKO) died in utero by
E16.5 with severe anemia. Interestingly, Tmem30a is not
essential for the maintenance of HSC homeostasis, but is
essential for the definitive erythropoiesis. Moreover,
Tmem30a deficiency impaired flippase activity, lipid rafts
formation, and activation of EPOR/JAK2/STAT5/BCL-XL
pathway. Our findings demonstrate the critical role of
Tmem30a in erythropoiesis and uncover previously
unknown mechanisms by which EPOR signal transduc-
tion pathway is initiated.

Methods

Mice

All mouse protocols were approved by the Institutional Animal
Care and Use Committee of Jinan University, China.
Tmem30a"""* mice were kindly provided by Prof. Xianjun Zhu
and were back-crossed onto a C57/BL6 background. Exon 3 of the
Tmem30a gene is flanked by loxP sites. The Vav-Cre line we used
was B6.Cg-Commd10™(Vav'™)*** to generate hematopoietic
deletion, as described previously.”

Flow cytometry

Cells were stained with APC-conjugated rat anti-mouse TER-
119 (clone: Ter119, Biolegend) and PE conjugated rat anti-mouse
CD71 (clone: RI7217, Biolegend) on ice for 30 minutes (min) in the
dark. The cells were washed twice, followed by staining with fix-
able viability DAPI (0.25 ug/10° cells) and analyzed within 1 hour
(h) of staining. For apoptosis, cells were additionally stained for 15
min in the dark with 10 uL of Annexin V-FITC in 100 uL 1xbind-
ing buffer.”® Cells were washed and cell pellets were re-suspended
in 500 uL 1xbinding buffer containing 5 uL of 7AAD and immedi-
ately analyzed by a BD FACS Fortessa machine. Apoptosis was
also assessed using TUNEL assay by flow cytometry using APO-
BrdU TUNEL assay kit (Invitrogen, A23210).

Western blot analysis

Fetal liver cell samples were separated and then transferred to
the polyvinylidene fluoride membrane. Primary antibodies to
STAT5 (#9363, CST), Phospho-STAT5 (Tyr694) (#9351, CST),
BCL-XL (54H6) (#2764, CST), Flotillin-2 (B-6) (SC-28320, Santa
Cruz), TMEMS30A (AV47410, Sigma-Aldrich), EPO-R
(SAB4500780, Sigma-Aldrich) and B-Actin (A5316, Sigma-Aldrich)
were used. The membrane was incubated with horseradish per-
oxidase enzyme conjugated secondary antibody for 1 h at RT.
Clarity western ECL substrate solutions were dropped onto the
membrane.
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Erythroid differentiation in vitro

E14.5 fetal liver cells were labeled with APC-conjugated anti-
mouse Ter119 antibody for 30 min followed by staining with anti-
APC microbeads. Ter119- cells were purified and cultured in ery-
throid-differentiation medium containing Iscove modified
Dulbecco medium, 15% FBS, 1% detoxified bovine serum albu-
min, 200 ug/mL recombinant human transferrin, 10 ug/mL recom-
binant human insulin, 10-4 M B-mercaptoethanol, and 2.5 U/mL
recombinant human EPO. After culturing the cells for 24 h, the
medium was replaced with IMDM, 20% FBS and 10* M B-mer-
captoethanol for another 24 h. Q-VD-OPh hydrate (#SML0063,
Sigma) was added to the erythroid-differentiation medium for
every 24 h.

Knockdown of TMEM30A by lentivirus in human CD34"
cells

Human CD34-positive (*) cells were purified and harvested
from cord blood. The CD34" cells were differentiated into ery-
throid cells and the differentiation was assessed by flow cytome-
try using GPA, Band 3 and a4 integrin as surface markers. pLKO1
vectors which express shRNA against the targeted gene of
TMEM30A were purchased from Sigma-Aldrich. The sequences
were as follows: sh-TMEM30A-1: GACAACCTGGAAGAAC-
GATTT. sh-TMEMS30A-2: GAGATTCTAGTGCTTTGCTTA.
Lentivirus was prepared and transfected into CD34" cells on the
culture day 2, as described previously. Knockdown efficiency was
checked by real-time polymerase chain reaction (RT-PCR). The
primers for TMEMB30A were: forward primer-5-GCGATGAAC-
TATAACGCGAAGG-3’; reverse primer-5’-GCCAATGCC-
GATGGGAATGA-3'.

Statistical analysis

FACS analysis was performed using Flow]o software (BD, ver-
sion 10). Statistical analysis was performed using GraphPad prism
software (version 7). Band signal intensities were analyzed with
Image]. The data were shown as the Mean+Standard Error of
Mean (SEM). Differences among two groups were calculated by
Student unpaired r-test. P<0.05 was considered statistically signif-
icant.

Details of the other methods used in this study are available in
the Online Supplementary Materials.

Results

Tmem30a deficient mice are embryonic lethal with
anemia at mid gestation

To investigate the function of Tmem30a in
hematopoiesis, we crossed Tmem30a™"* mice with
B6.Cg-Commd10Tg(Vavl-icre)A2Kio mice to generate
hematopoietic-specific Tmem30a-deficient mice (Online
Supplementary Figure S1A and B). The Tmem30a™",
VavCreTg/* (Tmem30a cKO) mice were not viable. The
surviving Tmem30a cKO embryos at embryonic day 14.5
(E14.5) are pale (Figure 1A), suggesting a defect in fetal
hematopoiesis. Genotyping of the progeny embryos
showed that the living embryos roughly followed the
expected Mendelian ratio with 25% Tmem30a cKO
embryos up to E12.5, but that ratio dropped to 0% by
E16.5 (Figure 1B). The Tmem30a cKO fetal liver was
noticeably smaller (Figure 1D), and the number of fetal
liver cells was significantly reduced in the cKO mice com-
pared to that of control mice at E14.5 (Figure 1C).
Hematoxylin & Eosin staining of Tmem30a fetal liver sec-
tions showed a severe atrophic phenotype (Figure 1E). Red

blood cell (RBC) count, hematocrits and hemoglobin lev-
els were significantly decreased in the peripheral blood of
the E14.5 Tmem30a cKO embryos compared with controls
(Figure 1F-H). Wright-Giemsa staining of peripheral blood
smears showed a large fraction of nucleated erythrocytes
(Figure 11) in Tmem30a cKO blood compared to control. To
explore the reasons of the impaired hematopoiesis in
Tmem30a-deficient embryos, we first analyzed the main-
tenance of HSC in fetal livers by flow cytometry (Online
Supplementary Figure S1C).” The total number of HSC
(Lin'Mac 1lowSac-1* CD48°CD150¢ cells) in cKO embryos
was comparable to controls at E14.5 (Online Supplementary
Figure S1D), indicating the impaired fetal hematopoiesis
was not due to a defect in the FL HSC in cKO embryos,
although Tmem30a is expressed in FL HSC as well as in T
cells, B cells and erythroid cells (Online Supplementary
Figure S1E). Interestingly, colony forming assay showed
that the numbers of BFU-E and CFU-E colonies were dras-
tically reduced in cKO embryos (Figure 1] and K). In con-
trast, no differences were seen in the colonies of CFU-G,
CFU-M and CFU-GM between cKO and control (data not
shown). These findings suggest that loss of Tmem30a in
mice resulted in a severe mid gestation anemia, likely due
to impaired fetal liver erythropoiesis.

Tmem30a is necessary for definitive erythropoiesis in
the fetal liver

Next, we investigated fetal liver erythroid progenitor
cells in the fetal liver. The number of EryP in cKO fetal liv-
ers was comparable with control (Online Supplementary
Figure S2A and B). We also analyzed erythro-myeloid pro-
genitors at embryo day 9.5 in the yolk sac by flow cytom-
etry (Online Supplementary Figure S2C). The absolute num-
ber of progenitors in cKO was comparable with the con-
trol group (Online Supplementary Figure S2D). Finally, we
analyzed definitive erythropoiesis using CD71 and
Ter119 as surface markers (Figure 2A). The results
showed  that  R3  erythroblast  population
(CD71"/Ter119") was predominantly affected in the fetal
livers of cKO embryos, suggesting a severe blockage in
terminal erythroid differentiation from Ter119° to
Ter119" cells (Figure 2B). To further characterize terminal
erythroid differentiation, we used FSC to separate
Ter119" cells into three populations: S1 (large), S2 (medi-
um), and S3 (small) (Figure 2C). The number of erythrob-
lasts in S1 and S2 populations (basophilic to orthochro-
matic stages) and S3 population (reticulocytes) was
decreased, suggesting a further defect at very late stage of
erythroid maturation (Figure 2D). Next, we analyzed ery-
throblast enucleation in S1-S3 populations using live-cell
nuclear staining with Syto-16 (Figure 2E). Most enucle-
ation events occurred in the S3 population, and Tmem30a
cKO fetal livers showed a significant reduction of enucle-
ating efficiency in this population (Figure 2F).

Tmem30a deficiency leads to apoptosis of fetal liver
erythroid cells

To explore the underlying mechanisms, we examined
proliferation and apoptosis of the fetal liver cells. BrdU
incorporation assays showed that the cell cycle profiles
were comparable between Tmem30a cKO and control
mice (Online Supplementary Figure S3A and B). We then
investigated apoptosis, which is usually assessed by
Annexin V binding to exposed PS. Tmem30a deficiency
lead to increased Annexin V levels (Figure 3A and B). Since
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Tmem30a deletion leads to PS exposure because of
impaired PS translocation, it is difficult to determine
whether the PS exposure is due to apoptotic or impaired
PS translocation. Therefore, we employed the TdT-medi-
ated dUTP nick end labeling (TUNEL) assay for determin-
ing the intrinsic cellular apoptosis, thereby analyzing the
apoptosis-related DNA fragmentation. TUNEL staining
showed that the cKO fetal liver cells displayed significant-
ly higher TUNEL positive cells compared with controls
(Figure 3C and D). Taken together, these data indicate that
the defect of erythropoiesis in the Tmem30a deficient
fetal liver is at least partly due to increased apoptosis.

Tmem30a in erythropoiesis and EPOR signaling

Tmem30a deficiency impairs phosphatidylserine
flippase activity in erythroid cells

Tmem30a is the B-subunit of the P4-ATPase, which func-
tions as a flippase to maintain phospholipid asymmetry.
Previous study showed that loss of Tmem30a resulted in
impaired PS translocation.”” Consistent with the previous
study, our data showed that Tmem30a deficiency led to
increased PS exposure in erythroid cells, as indicated by
increased levels of Annexin V positive cells (Figure 4A and
B). To examine if the increased PS exposure is at least part-
ly due to impaired flippase activity, we analyzed the
aminophospholipid flippase activity. NBD-PS fluorescence
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increased rapidly in wild-type cells, but this increase was
significantly blunted in cKO cells (Figure 4C and D).
Interestingly, the flippase activity was mainly compro-
mised in the R1 to R3 cell populations (Figure 4E and F),
indicating correlation between flippase activity and cell
development. We also analyzed the percentage of NBD-PS
fluorescence positive cells in the S1 to S3 cell population
and found that the flippase activity was mainly compro-
mised in S1 and S2 cell populations (Online Supplementary
Figure S4A and B). These data demonstrate that Tmem30a
is crucial for phospholipid flipping in erythroid cells.

I I

Tmem30a deficiency compromises lipid raft clustering
upon erythropoietin treatment

The above data demonstrate that Tmem30a is required
for phospholipid flipping. PS is essential for the coupling
between actin and lipid anchored proteins, and thereby
the formation of functional local raft-like domain at the
plasma membrane. One of the most important roles of
lipid rafts is to separate and regulate specific membrane
components with other components and thereby increas-
ing the concentration of signaling molecules. To examine
whether depletion of Tmem30 affects lipid raft formation
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and EPOR signaling, we analyzed the lipid raft distribu-
tion by using cholera toxin subunit B (CTxB) to label
endogenous GM1 ganglioside, a component of lipid rafts.
Co-staining of GM1 and EPOR on Ter119"*" erythroid cells
showed that EPO treatment stimulated the EPOR cluster-
ing and co-localized with the lipid rafts. Interestingly,
Tmem30a deletion inhibited lipid raft clustering and EPOR
co-localization with the lipid rafts (Figure 5A and B). The
specificity of the EPOR antibody was demonstrated by
immunofluorescence analysis omitting the primary anti-
EPOR antibody as negative control (Online Supplementary
Figure S5A). To further determine whether TMEMS30A
deficiency impedes the recruitment of EPOR to lipid raft,
lipid rafts were separated from TER119 negative fetal liver
cells upon EPO treatment. Western blot showed that the
EPOR protein was presented in the extracted lipid rafts,
but the level of EPOR was decreased in cKO cells (Online
Supplementary Figure S5B). Taken together, these data sug-
gest that the impaired lipid raft clustering upon EPO stim-
ulation in Tmem30a-deficient fetal liver erythroid cells
may compromise the EPO/EPOR signaling, which is
essential for fetal liver erythropoiesis.

Tmem30a deficiency compromises STAT5 activation
and down-regulates pro-survival protein BCL-X,
It has been well documented that EPO/EPOR signaling

activates the JAK2-STATS pathway to sustain the viability
of erythroid cells in the fetal liver.”” The above findings
strongly suggest that the observed phenotypic changes of
Tmem30a knockdown erythroid cells may be due to
impaired EPO/EPOR signal transduction. To test this, we
investigated the key components of the EPO/EPOR-JAK2-
STATS signaling pathway. FACS analysis using EPOR anti-
body staining on living TER119 erythroid cells showed
that the levels of EPOR expression on the cell surface were
not reduced in cKO mice compared to control mice (Online
Supplementary Figure S5C). Intriguingly, after EPO stimula-
tion in culture, the activation of the JAK2-STATS5 signaling
pathway was significantly impaired in Tmem30a deficient
fetal liver cells, as demonstrated by the lack of phosphory-
lation of STATS in cKO cells upon EPO treatment (Figure
6A). In addition, the downstream transcriptional target
genes of STATY signaling®such as Pim1, Socs3 and BCL-
XL were significantly decreased after EPO exposure in
Tmem30a deficient fetal livers compared to the controls
(Figure 6B). Among these genes, BCL-X; is essential for the
survival of erythroid cells. Therefore, we further analyzed
the protein levels of BCL-X, by western blotting. The pro-
survival protein BCL-X; was dramatically decreased in cKO
fetal liver although exposure to EPO did not increase BCL-
X, expression (Figure 6C). Perhaps 30-min exposure to EPO
was not enough to increase the Bcl-X; protein level. BCL-
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* X, functions as a substrate to directly inhibit caspases Ter119"" erythroid cells in order to rescue the impaired
before cleavage;" therefore, we measured caspase 3/7  definitive erythropoiesis in Tmem30a cKO erythroid cells
activity using luminescent assays. Caspase 3/7 activity was  (Figure 6E).” Interestingly, the presence of 50 uM Q-VD-
increased in cKO fetal liver cells (Figure 6D). Next, we used OPh partially rescued erythroid cell maturation of
Q-VD-OPh hydrate, a pan-caspase inhibitor to treat the Tmem30a-deficient erythroid cells (Figure 6F).
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TMEM30A is required for human erythroid
differentiation

To examine whether TAMEM30A also plays a role in
human erythropoiesis, we used shRNA-mediated knock-
down approach in human cord blood CD34" cells.*"*
Online Supplementary Figure S6A shows efficient knock-
down of TAMEM30A. As demonstrated by the decreased
expression of GPA (Online Supplementary Figure S6B),
delayed upregulation expression of band 3/downregula-
tion of a4 integrin (Online Supplementary Figure S6C),
TMEMS30A knockdown impaired erythroid differentia-
tion. Knockdown of TMEMS30A also led to reduced cell
growth (Online Supplementary Figure S6D). Moreover, sim-
ilar to the murine data, TAIEM30A knockdown also
induced a significantly increase in the frequency of
Annexin V positive cells (Online Supplementary Figure S6E
and F). We further detected apoptosis of control and
TMEM30A knockdown human erythroid cells by TUNEL
assay. TMEM30A knockdown led to increased apoptosis
(Online Supplementary Figure S6G and H). Finally, we exam-
ined the effect of TMEM30A on EPOR-mediated signal
transduction in human erythroid cells. TMEM30A knock-
down resulted in attenuated phosphorylation of EPOR
downstream target STATS (Online Supplementary Figure S61
and J). Thus, TMEM30A plays a conserved function in
both human and murine erythropoiesis.

Discussion

Studies over the past decade have clearly documented
that Tmem30a is required for the flippase activity of P4-
ATPases.® However, the function of Tmem30a in vivo
remains largely unexplored. In the present study, we
found that, unexpectedly, selective deletion of Tmem30a in
hematopoietic cells severely impaired fetal liver erythro-

Tmem30a in erythropoiesis and EPOR signaling -

poiesis which contributes to the embryonic lethality of
the mice. Our findings have, therefore, uncovered a novel
role for Tmem30a in erythropoiesis.

In exploring the underlying mechanisms for the impaired
erythropoiesis, we found that, while Tmem30a deletion did
not affect cell cycle, it led to increased apoptosis of ery-
throid cells. Interestingly, the increased apoptosis is due to
significantly impaired activation of JAK2-STATS signal
transduction pathway, the essential pathway for survival
of erythroid cells. Further examination revealed that
Tmem30a deletion impaired lipid rafts formation accompa-
nied with impaired EPOR clustering. Our findings provide
new insights into the mechanisms by which EPO/EPOR
signal transduction pathway is regulated.

The type 4 subfamily of P-type adenosine triphos-
phatases (P4-ATPases) actively transports phospholipids
across the membrane bilayer. There are 14 P4-ATPases
(ATP1-14) in eukaryotes whereas only three Tmem30
(termed Tmem30a, Tmem30b, Tmem30c) homologs are
identified, each Tmem30 protein interacting with multiple
P4-ATPases.” It is very interesting to note that, of the
three Tmems, only Tmem30a is expressed in both murine
and human erythroid cells. Since members of the Tmem
family can compensate each other, the lack of expression
of other Tmem family members in erythroid cells may
explain the severe phenotypic changes of erythroid cells
when Tmem30a is depleted. These findings imply the
important role of flippase activity in erythropoiesis.
Together with previous findings that ATP11C mutated
mice showed a lower rate of PS translocation in pre-B cells
and defective differentiation of B lymphocytes,” we sug-
gest that flippase activity may play important roles in
hematopoiesis in general, and this warrants future studies.
It is likely that members of P4-ATPases family and Tmem
family may contribute to hematopoiesis in a lineage-spe-
cific manner.
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Figure 5. Tmem30a deletion impairs erythropoietin receptor (EPOR) clustering. (A) Isolated Ter119 low erythroid cells were stained with DAPI (blue) and with an
anti-EPOR antibody (red). Lipid rafts were detected using GM1 ganglioside with FITC conjugated CTB (green). (B) Proportions of cells that showed lipid raft clustering
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The fact that EPO/EPOR mediated signal transduction
pathway in erythroid cells is essential for erythropoiesis
has been well documented.*® However, how the pathway
is initiated remains unclear. One striking finding of the
current study is that EPO induces the clustering of EPOR
at the areas of lipid raft domains on the plasma mem-
brane. Importantly, disruption of lipid rafts formation due
to Tmem30a deletion led to failure of EPOR clustering as
well as impaired activation of JAK2-STATS. These find-
ings imply that initiation of EPOR signal pathway requires
lipid rafts-mediated EPOR clustering. It has been shown
that SCF receptor is essential for erythropoiesis because

mutation of c-kit caused severe anemia.” Therefore, in
addition to EPO receptor, other receptors may also be
affected after Tmem30a deletion. Moreover, a recent study
showed that Tmem30a plays an essential role in ensuring
the survival of hematopoietic cells in adult mice,” suggest-
ing that Tmem30a play different functions between
embryo and adult hematopoiesis.

In summary, our study has uncovered a critical role of
Tmem30a in erythropoiesis and identified the underlying
mechanisms. As Tmem30a is required for the flippase
activity, our findings suggest the role of flippase in ery-
thropoiesis. Together with other findings, our study has

< * == Ctrl+EPO
S . — 1
Control cKO nEt 1 == cKO
— +
EPO:0 30 60 120 0 30 60 120 min EB 6 cKO+EPO
o2
| — — — — | pSTATS 5 —
ee 44
[ - - = = -] s
$ 24 Fekk
|’—"‘-—---| ACTIN 2
L
é 0- Iﬂl T rl I.III-_-
Pim1 Socs3 Bcel-X,
D (x10%)
c 31 o —e— Control 159 Caspase3/7 activity
Control cKO 2> —9
Z, -a— cKO —E—
H [
EPO: 0 30 60 0 30 60 min £ 24 § 10-
g | BCLX, E
(=2} (=
2 - -TI-
————— ACTIN S 1-/'\- 3 57
s
[]
14
o T 1 1 1 0 T
0 20 40 60 80 min Control cKO
E DMSO Qvb .
£ 1004
Control E
+2 80 -
‘: -
& Fk
- 60~ | —
~
[=)
Q 404
©
&
cKO S 204
c
[
o
- g 0 T T
E Ctrl Ctr+QVD cKO cKO+QVvD
o

Ter119
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Figure 7. Model of Tmem30a function in erythropoiesis. Under normal conditions, upon erythropoietin (EPO) exposure, EPO-receptor (EPOR) localizes to lipid rafts
and enhance EPOR-JAK2-STAT5-BCL-X -Caspase3 signal transduction which is essential for the survival of the embryos during erythropoiesis. In the absence of
Tmem30a, lipid raft formation is disturbed, resulting in impaired downstream signal transduction.

elucidated a previously, unknown connection among
membrane phospholipid partitioning, lipid raft clustering,
receptor signal transduction, and erythroid differentiation
(Figure 7).
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Phagocyte Biology and its Disorders

Senescence-accelerated mice (SAMP1/TA-1)
treated repeatedly with lipopolysaccharide
develop a condition that resembles
hemophagocytic lymphohistiocytosis

Isao Tsuboi,** Tomonori Harada,* Yoko Hirabayashi? and Shin Aizawa*

‘Division of Anatomical Science, Department of Functional Morphology, Nihon University
School of Medicine, Tokyo and *Cellular and Molecular Toxicology Division, National
Center for Biological Safety and Research, National Institute of Health Science, Kawasaki,
Japan

ABSTRACT

Hemophagocytic lymphohistiocytosis is a life-threatening systemic

hyperinflammatory disorder with primary and secondary forms.

Primary hemophagocytic lymphohistiocytosis is associated with
inherited defects in various genes that affect the immunological cytolytic
pathway. Secondary hemophagocytic lymphohistiocytosis is not inherited,
but complicates various medical conditions including infections, autoin-
flammatory/autoimmune diseases, and malignancies. When senescence-
accelerated mice (SAMP1/TA-1) with latent deterioration of immunological
function and senescence-resistant control mice (SAMR1) were treated
repeatedly with lipopolysaccharide, SAMP1/TA-1 mice displayed the clini-
copathological features of hemophagocytic lymphohistiocytosis such as
hepatosplenomegaly, pancytopenia, hypofibrinogenemia, hyperferritine-
mia, and hemophagocytosis. SAMR1 mice showed no features of hemo-
phagocytic lymphohistiocytosis. Lipopolysaccharide induced upregulation
of proinflammatory cytokines such as interleukin-1f, interleukin-6, tumor
necrosis factor-a, and interferon-y, and interferon-y-inducible chemokines
such as c-x-c motif chemokine ligands 9 and 10 in the liver and spleen in
both SAMP1/TA-1 and SAMR1 mice. However, upregulation of proinflam-
matory cytokines and interferon-y-inducible chemokines in the liver persist-
ed for longer in SAMP1/TA-1 mice than in SAMR1 mice. In addition, the
magnitude of upregulation of interferon-y in the liver and spleen after
lipopolysaccharide treatment was greater in SAMP1/TA-1 mice than in
SAMRI mice. Furthermore, lipopolysaccharide treatment led to a pro-
longed increase in the proportion of peritoneal M1 macrophages and simul-
taneously to a decrease in the proportion of M2 macrophages in
SAMP1/TA-1 mice compared with SAMR1 mice. Lipopolysaccharide
appeared to induce a hyperinflammatory reaction and prolonged inflamma-
tion in SAMP1/TA-1 mice, resulting in features of secondary hemophago-
cytic lymphohistiocytosis. Thus, SAMP1/TA-1 mice represent a useful
mouse model to investigate the pathogenesis of bacterial infection-associ-
ated secondary hemophagocytic lymphohistiocytosis.

Introduction

Hemophagocytic lymphohistiocytosis (HLH) is characterized by an unremitting
activation of lymphocytes and macrophages that leads to an overwhelming inflam-
matory reaction resulting in organ damage."® HLH is broadly divided into primary
HLH and secondary HLH (sHLH). Primary HLH is caused by mutations in genes
such as PFR1, UNC13D, STX11, and STXBP2, which encode proteins involved in
granule exocytosis.”® sHLH is associated with viral, bacterial, parasitic, or fungal
infections, which cause strong activation of the immune system."”” sHLH also
occurs in the context of autoimmune diseases such as systemic juvenile idiopathic
arthritis, systemic lupus erythematosus, and Kawasaki disease and malignancies
such as lymphoma.'"** HLH is characterized by high fever, lymphoadenopathy,
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hepatosplenomegaly, pancytopenia, and coagulopathy.’
The clinical entity of HLH is different from that of sepsis
or inflammatory response syndrome.” However, these
diseases show a common immunopathological state
referred to as a cytokine storm.””

Senescence-accelerated mice, senescence-prone (SAMP)
show early onset of a decline in immune function such as
decreased natural killer-cell and T-cell activities and are
susceptible to infection.'** Thus, we investigated whether
repeated lipopolysaccharide (LPS) treatment induces
hyperinflammation by deterioration of the function of the
immune system resulting in sHLH in the senescence-
prone substrain, SAMP1/TA-1 mice.

Methods

Mice

SAMP1/TA-1 mice were bred and maintained in an experimen-
tal facility at Nihon University School of Medicine.'"” SAMR1/Ta
Sle mice were purchased from Japan SLC Inc. (Hamamatsu,
Japan). Eight- to 12-week old SAMR1 and SAMP1/TA-1 male mice
were used.” All protocols involving laboratory mice were
reviewed and approved by the Nihon University Animal Care and
Use Committee (experiment codes AP15M033 and AP16M054).
The approved experimental protocol was performed humanely in
strict accordance with Nihon University rules concerning animal
care and use.

Lipopolysaccharide treatment

Mice were injected intravenously with a single dose of 25 ug
LPS three times at weekly intervals.”” The body weight of non-
treated SAMR1 and SAMP1/TA-1 mice was 29.6 + 1.1 g and 31.2
+ 1.3 g, respectively. A control group of SAMR1 and SAMP1/TA-
1 mice was treated with the same volume of pyrogen-free saline.

Progenitor cell colony assay

Myeloid progenitor (CFU-GM) cells were assayed using
MethoCult M3231 (Stem Cell Technologies Inc., Vancouver,
Canada) supplemented with 10 ng/mL recombinant murine gran-
ulocyte-macrophage colony-stimulating factor. B lymphoid-prog-
enitor (CFU-preB) cells were assayed using MethoCult M3630.
Erythroid progenitor (BFU-E) cells were assayed using MethoCult
M3334 supplemented with 1 ng/ml recombinant murine inter-
leukin (IL)-3. Megakaryocytic progenitors (CFU-Mk) were assayed
using MegaCult-C supplemented with 50 ng/mL recombinant
human thrombopoietin, 10 ng/mL recombinant murine IL-3, 20
ng/mL recombinant human IL-6, and 50 ng/ml recombinant
murine IL-11. Cells were cultured in a humidified incubator at
37°C and 5% CO,. CFU-GM, CFU-preB, and CFU-Mk cells were
counted 7 days after plating the cells. BFU-E cells were counted 10
days after plating the cells.

Gene expression assay

The levels of gene expression of cytokines were determined
with real-time polymerase chain reaction (PCR) using the
Applied Biosystems 7500 Fast Sequence Detection System.
Briefly, total RNA from splenic and liver cells was isolated using
ISOGEN reagent (Nippongene Corp., Toyama, Japan). mRNA
was reverse transcribed using Superscript III (Life Technologies,
Carlsbad, CA, USA) and Oligo-dT (Promega Corp., Madison, WI,
USA). The levels of gene expression were determined with real-
time PCR using TagMan™ Universal Fast PCR master mix
(Applied Biosystems, Foster City, CA, USA) and specific primers.
Specific primers and probes for murine IL-1p, IL-6, IL-10, tumor
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necrosis factor (TNF)-a, interferon (IEN)-y, Cxcl9, Cxcl10, and
GAPDH genes were purchased from Applied Biosystems as
described elsewhere.”*

Clinical laboratory tests and enzyme-linked
immunosorbent assays

Plasma fibrinogen levels were measured by ACL ELITE PRO
(Instrumentation Laboratory, Bedford, MA, USA). Serum ferritin
levels were evaluated with an enzyme-linked immunosorbent

assay kit (Abcam pic, Cambridge, UK).

Flow cytometry analysis for peritoneal macrophage
polarization in SAMR1 and SAMP1/TA-1 mice

Peritoneal cells (2 x 10°) were labeled using fluorescein isothio-
cyanate-conjugated rat anti-mouse CD11b monoclonal antibody
and phycoerythrin-conjugated rat anti-mouse inducible nitric
oxide synthase (iNOS) monoclonal antibody, or phycoerythrin-
conjugated rat anti-mouse CD11b monoclonal antibody and fluo-
rescein isothiocyanate-conjugated rat anti-mouse CD206 mono-
clonal antibody. Labeled cells were analyzed by flow cytometry
(Cytomics FC500, Beckman Coulter, Brea, CA, USA) for direct
detection of CD11b"/iNOS* M1 macrophages and
CD11b'/CD206" M2 macrophages.

Statistical analysis

Data are expressed as the mean + standard deviation (SD). Data
sets were compared using the two-tailed unpaired Student ¢ test
and two-way analysis of variance. Differences were considered
statistically significant at P<0.05.

Results

Repeated lipopolysaccharide treatment induced pancy-
topenia in SAMP1/TA-1 mice but not in SAMR1 mice

The numbers of peripheral white blood cells, red blood
cells, and platelets were evaluated in SAMR1 and
SAMP1/TA-1 mice after repeated LPS treatment (Figure
1A). The number of white blood cells in LPS-treated
SAMR1 mice was slightly decreased until day 21 after
the first LPS treatment compared with that of the non-
treated control group (day 0). In contrast, the number of
white blood cells in LPS-treated SAMP1/TA-1 mice was
significantly decreased to 17.5% that of the non-treated
control group by day 21 (SAMP1/TA-1; day 0 vs. day 7;
P<0.05, day 0 vs. day 14; P<0.005, day 0 vs. day 21;
P<0.005). The number of red blood cells in LPS-treated
SAMRI1 mice remained unchanged compared with that
in the non-treated control group. In contrast, the number
of red blood cells in LPS-treated SAMP1/TA-1 mice was
significantly decreased to 44.7% that in the non-treated
control group by day 21 (SAMP1/TA-1; day 0 vs. day 7;
P<0.005, day 0 vs. day 14; P<0.005, day O vs. day 21;
P<0.005). The numbers of platelets in LPS-treated
SAMR1 mice on days 7, 14, and 21 were higher than
those in the non-treated control group. In contrast, the
number of platelets in LPS-treated SAMP1/TA-1 mice
was significantly decreased to 9.9% that in the non-
treated control group by day 21 (SAMP1/TA-1; day 0 vs.
day 7; P<0.005, day 0 vs. day 14; P<0.005, day O vs. day
21; P<0.005).

Hemophagocytosis in hematopoietic tissues of
lipopolysaccharide-treated SAMP1/TA-1 mice
Hemophagocytosis was observed in SAMP1/TA-1 mice
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7 days after the first LPS treatment. Figure 1B shows
hemophagocytic cells in peripheral blood, bone marrow,
and the spleen.

Repeated lipopolysaccharide treatment induced
hepatosplenomegaly in SAMP1/TA-1 mice but
not in SAMR1 mice

The ratios of liver weight and spleen weight to whole
body weight in SAMR1 and SAMP1/TA-1 mice after
repeated LPS treatment were evaluated (Figure 2A). The
ratio of liver weight to body weight in LPS-treated
SAMRI mice remained unchanged compared with that of
the non-treated control group (day 0). In contrast, the ratio
of liver weight to body weight in LPS-treated SAMP1/TA-
1 mice increased continuously to 385.8% that of the non-
treated control group by day 21 after the first LPS treat-
ment (SAMP1/TA-1; day 0 vs. day 7; P<0.001, day O vs.
day 14; P<0.001, day 0 vs. day 21; P<0.001).

The ratio of spleen weight to body weight in LPS-treat-
ed SAMR1 mice was slightly increased to 134.8% that of
the non-treated control group (day 0) on day 7 after the
first LPS treatment and remained unchanged thereafter. In
contrast, the ratio of spleen weight to body weight in LPS-
treated SAMP1/TA-1 mice was markedly increased to
548.2% that of the non-treated control group on day 7 and
remained unchanged thereafter (SAMP1/TA-1; day 0 vs.

day 7; P<0.001, day 0 vs. day 14; P<0.001, day 0 vs. day 21;
P<0.001).

Figure 2B shows a photograph of the spleens and livers
of SAMP1/TA-1 mice on day 21 after the first saline or LPS
treatment. Repeated LPS treatment induced marked
hepatosplenomegaly in SAMP1/TA-1 mice.

Liver and spleen histology in SAMP1/TA-1 mice
after repeated lipopolysaccharide treatment

Figure 3A shows liver histology of SAMP1/TA-1 mice
21 days after the first treatment with saline or LPS. Figure
3B shows high-power liver histology of SAMP1/TA-1
mice 21 days after the first treatment with LPS.
Congestion (Figure 3Ba) and microthrombi (Figure 3Bb) in
the liver were observed in LPS-treated SAMP1/TA-1
mice.

Figure 4 shows splenic histology of SAMP1/TA-1 mice
21 days after the first treatment with saline or LPS. The
red pulp region was expanded, and the structure of splenic
pulp appeared somewhat chaotic in LPS-treated
SAMP1/TA-1 mice compared with that in saline-treated
SAMP1/TA-1 mice (Figure 4A vs. Figure 4B). Furthermore,
decreased tissue staining of hemosiderin (ferric iron) was
observed in LPS-treated SAMP1/TA-1 mice compared
with that in saline-treated SAMP1/TA-1 mice (Figure 4C
vs. Figure 4D).
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Figure 1. Repeated lipopolysaccharide treatment induced pancytopenia and hemophagocytosis in SAMP/TA-1 mice. (A) Numerical changes in white blood cell
(WBC), red blood cell (RBC), and platelet counts in SAMR1 and SAMP1/TA-1 mice after treatment with lipopolysaccharide (LPS). Numerical changes in the counts of
WBC (a), RBC (b), and platelets (c) in SAMR1 and SAMP1/TA-1 mice after repeated LPS treatment are shown. The samples of peripheral blood cells were obtained
from non-treated control mice (day 0) and mice 7, 14, and 21 days after the first treatment with 25 ug LPS. Each bar represents the mean * standard deviation
obtained from three mice. (B) Hemophagocytosis in hematopoietic tissues of SAMP1/TA-1 mice after LPS treatment. A peripheral blood smear (a) and touch prepa-
rations of bone marrow (b) and spleen (c) were made on day 7 after the first treatment with 25 pg LPS. Cells were stained with Wright-Giemsa, and hemophagocytosis
was evaluated.
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Figure 2. Repeated lipopolysaccharide treatment induced hepatosplenomegaly in SAMP/TA-1 mice. (A) Changes in the ratio of liver and spleen weight to total body
weight (BW) in SAMR1 and SAMP1/TA-1 mice after treatment with lipopolysaccharide (LPS). Changes in the ratio of liver (a) and spleen weight (b) to total BW in
SAMR1 and SAMP1/TA-1 mice after repeated LPS treatment are shown. The samples of spleen and liver obtained from non-treated control mice (day 0) and mice
7, 14, and 21 days after the first treatment with 25 pg LPS were weighed and expressed as a ratio of liver and spleen weight to total BW. Each bar represents the
mean + standard deviation obtained from three mice. (B) Photograph of spleen and liver specimens from SAMP1/TA-1 mice 21 days after the first treatment with

saline or 25 ug LPS.

Lipopolysaccharide treatment induced
hypofibrinogenemia and hyperferritinemia
in SAMP1/TA-1 mice

The levels of fibrinogen in plasma in SAMP1/TA-1 mice
7 days after the first treatment with saline or LPS were 241
+ 55 mg/dL and 103 + 13 mg/dL, respectively (Figure 5A).
The levels of fibrinogen in the plasma of other strains of
mice range from 200 to 400 mg/dL.” The levels of ferritin
in serum in SAMP1/TA-1 mice 21 days after the first treat-
ment with saline or LPS were 1680 + 138 ng/mL and 3080
+ 1126 ng/mlL, respectively (Figure 5B). The levels of fer-
ritin in the serum of other strains of mice range from 750
to 1000 ng/mL.**¥

Numerical changes in hematopoietic progenitor cells
in bone marrow from SAMR1 and SAMP1/TA-1 mice
after repeated lipopolysaccharide treatment

The numbers of hematopoietic progenitor cells in
femoral bone marrow were evaluated in SAMR1 and
SAMP1/TA-1 mice after repeated LPS treatment (Figure 6).

The numbers of myeloid progenitor (CFU-GM) cells in
both SAMR1 and SAMP1/TA-1 mice on days 7, 14, and 21
after the first LPS treatment were similar to those in the
non-treated control group (day 0).

The numbers of B-cell progenitor (CFU-preB) cells in
SAMRI mice on days 7, 14, and 21 after the first LPS treat-

ment were slightly decreased compared with those of the
non-treated control group. In contrast, the numbers of CFU-
preB cells in SAMP1/TA-1 mice on days 7, 14, and 21 after
the first LPS treatment were significantly decreased com-
pared with those of the non-treated control group.

The numbers of erythroid progenitor (BFU-E) cells in
both SAMR1 and SAMP1/TA-1 mice on days 7, 14, and 21
after the first LPS treatment were decreased compared with
those of the non-treated control group. The magnitude of
the decrease in the number of BFU-E cells was greater in
SAMP1/TA-1 mice than in SAMR1 mice (day 7; SAMR1 vs.
SAMP1/TA-1 P<0.05, day 14; SAMRI vs. SAMP1/TA-1
P<0.05, day 21; SAMRI1 vs. SAMP1/TA-1 P<0.05).

The numbers of megakaryocytic progenitor (CFU-Mk)
cells in SAMP1/TA-1 mice on days 7, 14, and 21 after the
first LPS treatment were decreased compared with those
of the non-treated control group, whereas the numbers of
CFU-Mk cells in SAMR1 mice on days 7, 14, and 21 after
the first LPS treatment were increased.

Changes in the levels of gene expression of cytokines
and chemokines in the liver and spleen in SAMR1 and
SAMP1/TA-1 mice after the first lipopolysaccharide
treatment

Levels of gene expression of inflammatory cytokines,
such as IL-1p, IL-6, TNF-o, and IFN-y, anti-inflammatory

haematologica | 2019; 104(10)




A .
saline
T
°
<
=
wl
I
=
o
-
x
&
I g
B

HE(X400)

cytokines such as IL-10, and IEN-y-induced chemokines
such as Cxcl9 and Cxcl10 in the liver and spleen of
SAMR1 and SAMP1/TA-1 mice after the first LPS treat-
ment were evaluated (Figure 7).

Figure 7A shows the changes in levels of gene expression
for cytokines in the liver in SAMR1 and SAMP1/TA-1 mice
after the first LPS treatment. The levels of gene expression
of IL-1pB, IL-6, TNF-a,, IFN-y, IL-10, Cxcl9, and Cxcl10 in the
liver of non-treated SAMP1/TA-1 mice were 401%, 253%,
146%, 380%, 694 %, 353%, and 220% those of non-treated
SAMRI mice, respectively. The levels of gene expression of
IL-1pB, IL-6, TNF-a, IFN=y, IL-10, Cxcl9, and Cxcl10 in the
liver of both SAMR1 and SAMP1/TA-1 mice after the first
LPS treatment were markedly upregulated during the first 6
h. Thereafter, the levels of gene expression of the cytokines
and chemokines in the liver of SAMP1/TA-1 mice remained
upregulated, whereas the levels of the cytokines and
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Figure 3. Changes in liver histology
in SAMP1/TA-1 mice after
lipopolysaccharide treatment. (A)
Livers obtained from SAMP1/TA-1
mice 21 days after the first treat-
ment with saline (a, c) or 25 pg
lipopolysaccharide (LPS) (b, d) were
sectioned and stained with hema-
toxylin & eosin (HE). (B) Changes in
high-power liver histology in
SAMP1/TA-1 mice after LPS treat-
ment.  Congestion (a) and
microthrombi (b) were observed in
the livers of LPS-treated SAMP1/TA-
1 mice.

chemokines in the liver of SAMR1 mice promptly returned
to pretreatment levels. Furthermore, the level of IFN-y gene
expression in the liver of SAMP1/TA-1 mice during the first
6 h after the first LPS treatment was markedly higher than
that in SAMR1 mice.

Figure 7B shows the changes in the levels of gene
expression of cytokines in the spleen in SAMR1 and
SAMP1/TA-1 mice after the first LPS treatment. The lev-
els of gene expression of IL-1, IL-6, TNE-o,, I[FN-y, IL-10,
Cxcl9, and Cxcl10 in the spleen of non-treated
SAMP1/TA-1 mice were 135%, 142%, 102%, 187%,
81%, 68%, and 71% those of non-treated SAMR1 mice,
respectively. The levels of gene expression of IL-1p, IL-6,
TNE-o, IFN-y, IL-10, Cxcl9, and Cxcl10 in the spleen of
SAMRI mice after the first LPS treatment were markedly
upregulated during the first 6 h, followed by prompt
downregulation. The time courses of gene expression of
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4 IL-1p, IL-6, TNE-a, IL-10, Cxcl9, and Cxcl10, but not Changes in the polarization of M1/M2 peritoneal

[FN-y, in the spleen of SAMP1/TA-1 mice after LPS treat- macrophages in SAMR1 and SAMP1/TA-1 mice after
ment were similar to those in SAMR1 mice. The level of  the first lipopolysaccharide treatment

gene expression of IFN-y in the spleen of SAMP1/TA-1 The polarization of M1/M2 peritoneal macrophages of
mice during the first 6 h after LPS treatment was marked- SAMR1 and SAMP1/TA-1 mice after the first LPS treat-
ly higher than that in SAMR1 mice. ment was evaluated. Figure 8 shows the changes in the
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Figure 4. Changes in splenic histology in SAMP1/TA-1 mice after lipopolysaccharide treatment. (A-D) Spleens obtained from SAMP1/TA-1 mice 21 days after the
first treatment with saline (A, C) or 25 ug lipopolysaccharide (LPS) (B, D) were sectioned and stained with hematoxylin & eosin (HE) (A, B) or Berlin blue to label triva-
lent iron (Fe) (C, D).
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Figure 5. Changes in plasma fibrinogen levels and serum ferritin levels in SAMP1/TA-1 mice after lipopolysaccharide treatment. (A) Plasma fibrinogen levels were
measured with ACL ELITE PRO in plasma obtained from SAMP1/TA-1 mice 21 days after the first injection of saline or 25 ug lipopolysaccharide (LPS). (B) Serum fer-
ritin levels were evaluated with an enzyme-linked immunosorbent assay kit in serum obtained from SAMP1/TA-1 mice 7 days after the first treatment with saline or
25 ug LPS. Each bar represents the mean + standard deviation obtained from three mice. *P<0.05 vs. saline-treated control.
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proportions of M1 and M2 macrophages in SAMR1 and
SAMP1/TA-1 mice after the first LPS treatment. The pro-
portion of M2 macrophages (CD11b*/CD206" cells) was
higher than that of M1 macrophages (CD11b*/iNOS" cells)
in both non-treated SAMR1 and non-treated SAMP1/TA-
1 mice. When treated with LPS, the proportions of M1
macrophages in SAMR1 and SAMP1/TA-1 mice were
increased by day 2. Thereafter, although the proportions
of M1 macrophages decreased in both SAMRI1 and
SAMP1/TA-1 mice, the magnitude of the decrease in the
proportions of M1 macrophages on day 5 after LPS treat-
ment differed between SAMR1 and SAMP1/TA-1 mice.
Namely, the proportion of M1 macrophages in
SAMP1/TA-1 mice remained high (8.0% of M1 cells) com-
pared with that in SAMR1 mice (1.4% of M1 cells).

When treated with LPS, the proportions of M2
macrophages remained unchanged in both SAMR1 and
SAMP1/TA-1 mice by day 2. Thereafter, the proportion
of M2 macrophages in SAMP1/TA-1 mice decreased by
day 5 (52.5% to 30.2%), whereas the proportion of M2
macrophages in SAMR1 mice remained high (57.2% to
58.4%).
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Discussion

Several murine models of primary HLH and sHLH have
been described. Murine models of primary HLH were gen-
erated by deletion of perforin and Rab27a genes, and
mutation of the Unc13d gene, leading to defects in the
granule exocytic pathway.”® In contrast, sHLH can be
induced by Epstein-Barr virus infection in humanized
mice transplanted with human CD34* cells, Salmonella
enteritica infection in Sv12956 mice, and cytomegalovirus
infection in BALB/c mice.”*"* Furthermore, C57BL/6 mice
repeatedly given the toll-like receptor 9 agonist, CpG, and
IL-6 transgenic mice given LPS also develop sHLH.**

Henter et al' proposed that the diagnosis of HLH is
based on eight criteria, including fever, splenomegaly
bicytopenia, hypertriglyceremia and/or hypofibriogene-
mia, hemophagocytosis, low/absent natural killer-cell
activity, hyperferritinemia, and high levels of soluble IL-2
receptor. Five of these eight criteria must be fulfilled for a
diagnosis, unless a family history is present that is consis-
tent with sHLH. When repeatedly treated with LPS,
SAMP1/TA-1 mice showed hepatosplenomegaly, pancy-
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Figure 6. Numerical changes in hematopoietic progenitor cells in the bone marrow from SAMR1 and SAMP1/TA-1 mice after lipopolysaccharide treatment. (A-D)
The numbers of hematopoietic progenitor cells in the femoral bone marrow of SAMR1 and SAMP1/TA-1 mice after repeated treatment with lipopolysaccharide (LPS)
are shown: myeloid progenitors, CFU-GM (A); B lymphoid progenitors, CFU-preB (B); erythroid progenitors, BFU-E (C); and megakaryocytic progenitors, CFU-Mk (D). The
samples of femoral bone marrow cells were obtained from non-treated control mice (day 0) and mice 7, 14, and 21 days after the first treatment with 25 pg LPS.
Each bar represents the mean + standard deviation obtained from three mice. *P<0.05, 'P<0.005 vs. non-treated control.
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topenia, hypofibrinogenemia, hyperferritinemia, and
hemophagocytosis in peripheral blood, the bone marrow,
and the spleen. These features are compatible with sHLH.

sHLH is a severe and potentially fatal condition that
leads to overwhelming inflammation. Central to its patho-
genesis is a cytokine storm with markedly increased levels
of numerous proinflammatory cytokines such as IL-1p, IL-
6, TNF-a, and IEN-y. The levels of gene expression of IL-
1B, IL-6, TNF-a, and IFN-y were all markedly upregulated
in the liver and spleen during the first 6 h after the first LPS
treatment in both SAMR1 and SAMP1/TA-1 mice (Figure
7). However, the subsequent time course of gene expres-
sion for the cytokines in the liver and spleen were differ-
ent between SAMR1 and SAMP1/TA-1 mice. Namely, the
upregulation of IL-1f, IL-6, TNF-a, and IFN-y in the liver
of SAMP1/TA-1 mice was prolonged compared with that
in SAMR1 mice (Figure 7A). These data suggest that pro-
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longed overwhelming inflammation occurred in
SAMP1/TA-1 mice but not in SAMR1 mice.

Macrophages commonly exist in two distinct subsets,
M1 and M2 macrophages, which have opposite functions.
M1 macrophages are proinflammatory, and M2
macrophages are anti-inflammatory. The M1/M2
macrophage balance governs the inflammation process.”
LPS treatment resulted in a prolonged increase in the pro-
portion of M1 macrophages and simultaneously a
decrease in the M2 macrophage proportion in SAMP1/TA-
1 mice on day 5, compared with SAMR1 mice (Figure 8).
The proportions of M1 and M2 macrophages were ana-
lyzed using peritoneal macrophages, and these data also
support the idea that prolonged overwhelming inflamma-
tion occurred in SAMP1/TA-1 mice.

In addition, the magnitude of the upregulation of IFN-y
in the liver and spleen was greater in SAMP1/TA-1 mice
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Figure 7. Changes in the levels of gene expression of cytokines and chemokines in the liver and spleen in SAMR1 and SAMP1/TA-1 mice after the first lipopolysac-
charide treatment. (A, B) Changes in levels of gene expression of proinflammatory cytokines such as interleukin (IL)-1f, IL-6, tumor necrosis factor (TNF)-o, and inter-
feron (IFN)-y; anti-inflammatory cytokines such as IL-10; and IFN-y-inducible chemokines such as Cxcl9 and Cxcl10 in the liver (A) and spleen (B) of SAMR1 and
SAMP1/TA-1 mice after the first treatment with lipopolysaccharide (LPS). The expression levels of pro-inflammatory cytokines such as IL-1f (a), IL-6 (b), TNF-a (c),
and IFN-y (d); anti-inflammatory cytokines such as IL-10 (e); and IFN-y-inducible chemokines such as Cxcl9 (f) and Cxcl10 (g) were evaluated in the liver (A) and spleen
(B) of SAMR1 and SAMP1/TA-1 mice 1, 3, and 6 h and 1, 2, 3, 5, and 7 days after the first treatment with 25 ug LPS. Each value shown for SAMR1 (closed circles)
and SAMP1/TA-1 (open circles) mice after LPS treatment is relative to the level in non-treated control SAMR1 mice. Each bar represents the mean + standard devi-

ation obtained from three mice.
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than in SAMR1 mice (Figure 7Ad and 7Bd). The fluctua-
tion of the expression of IFN-y-inducible chemokine genes
such as Cxcl9 and Cxcl10 in the liver and spleen of
SAMP1/TA-1 mice paralleled that of IEN-y, which indicat-
ed that functional IEN-y was produced in the liver and
spleen. In several animal models of sHLH, IEN-y has been
identified as a mediator of systemic inflammation and
may play a pivotal role in the pathogenesis of sHLH,
whereas the role of other cytokines is still not clear.®" IL-
1B, IL-6, and TNF-a are cytokines downstream of IFN-y in
a mouse model of sHLH.** Buatonis er a/.** demonstrated
that in an sHLH model induced by repeated toll-like recep-
tor 9 treatment, total IFN-y levels produced in tissues were
500- to 2,000-fold higher than those measured in blood,
and they identified the liver and spleen as major sites of

SHLH in LPS-treated SAMP/TA-1 mice e

IEN-y production. IFN-y may be a critical factor in the
pathogenesis of sHLH in SAMP1/TA-1 mice. However,
investigation of a therapeutic approach using antibodies
for proinflammatory cytokines such as IL-1f, IL-6, TNF-a,
and IEN-y in mice is necessary to clarify the central
factor(s) in the pathogenesis of sHLH-like disease in LPS-
treated SAMP1/TA-1 mice.

Acute systemic inflammation augments myelopoiesis
but suppresses B lymphopoiesis and erythropoiesis.”*
Furthermore, acute systemic inflammation provokes rapid
consumption of platelets, resulting in transient thrombo-
cytopenia.” The numbers of peripheral white blood
cells, red blood cells, and platelets in SAMP1/TA-1 mice
after repeated LPS treatment decreased rapidly compared
with those in SAMR1 mice (Figure 1A). When BALB/c

Figure 8. The proportions of M1 and M2
peritoneal macrophages in SAMR1 and

SAMP1/TA-1 mice after lipopolysac-
charide treatment. (A; B) The changes
in the proportions of M1 cells
(CD11b"/iNOS* cells) (A) and M2 cells
(CD11b"/CD206" cells) (B) in SAMR1
and SAMP1/TA-1 mice after the first
treatment with 25 ug lipopolysaccharide

(LPS) were evaluated. The samples of
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mice were treated repeatedly with LPS, the numbers of
white blood cells and platelets decreased rapidly after
each treatment, followed by a prompt return to near or
above pretreatment levels; the number of red blood cells
remained unchanged.” Thus, the changes in the number
of peripheral blood cells in SAMR1 mice after repeated
LPS treatment were comparable with those in BALB/c
mice after repeated LPS treatment.

The number of preB-cell progenitor cells in bone mar-
row was significantly decreased in SAMP1/TA-1 mice
after LPS treatment, whereas the number of myeloid pro-
genitor cells remained unchanged (Figure 6A,B). These
results may indicate that the number of peripheral lym-
phocytes was more significantly decreased in SAMP1/TA-
1 mice than in SAMR1 mice (Figure 1A). The number of
erythroid progenitor cells was more significantly
decreased in LPS-treated SAMP1/TA-1 mice than in LPS-
treated SAMR1 mice (Figure 6C). Furthermore, the num-
ber of megakaryocyte progenitor cells in LPS-treated
SAMP1/TA-1 mice was decreased, whereas the number of
megakaryocyte progenitor cells in LPS-treated SAMRI1
mice was increased (Figure 6D). These results suggest that
severe anemia and thrombocytopenia in LPS-treated
SAMP1/TA-1 mice may be in part due to profound and
prolonged suppression of erythropoiesis and throm-
bopoiesis in the bone marrow. Taken together, the pro-
longed and tremendous cytokine storm induced by LPS
may have disrupted the dynamics of hematopoiesis.

When repeatedly treated with LPS, ferric iron storage in
the spleen of SAMP1/TA-1 mice was markedly decreased
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compared with that of non-treated SAMP1/TA-1 mice
(Figure 4C vs. 4D). A similar phenomenon was observed
in Typhimurium-infected mice, a model of sHLH, which
showed increased erythropoiesis in the spleen.” When
C57BL/6 mice are treated with an inflammatory com-
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In this study, we demonstrated that SAMP1/TA-1 mice
treated repeatedly with LPS develop an sHLH-like dis-
ease. SAMP1/TA-1 mice are susceptible to infection due
to latent deterioration of immunological function.
Bacterial infections are reported in 9% of adult cases of
HLH.** LPS is a characteristic component of the wall of
Gram-negative bacteria. Several cases of adult-onset
sHLH associated with severe Gram-negative bacterial
infection such as Salmonella typhi, Escherichia coli,
Klebsiella pneumoniae and Haemophils parainfluenzae have
been reported.”* Thus, SAMP1/TA-1 mice are a useful
model to investigate the pathogenesis of bacterial infec-
tion-associated sHLH.
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Arrayed molecular barcoding identifies
TNFSF13 as a positive regulator of acute
myeloid leukemia-initiating cells
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ABSTRACT

ment promotes acute myeloid leukemia (AML) cell growth. Due to

the complexity and low throughput of in vivo stem-cell based
assays, studying the role of cytokines in the BM niche in a screening setting
is challenging. Here, we developed an ex vivo cytokine screen using 11
arrayed molecular barcodes, allowing for a competitive in vivo readout of
leukemia-initiating capacity. With this approach, we assessed the effect of
114 murine cytokines on MLL-AF9 AML mouse cells and identified the
tumor necrosis factor ligand superfamily member 13 (TNESF13) as a posi-
tive regulator of leukemia-initiating cells. By using Tnufsf13” recipient mice,
we confirmed that TNFSF13 supports leukemia initiation also under phys-
iological conditions. TNFSF13 was secreted by normal myeloid cells but not
by leukemia mouse cells, suggesting that mature myeloid BM cells support
leukemia cells by secreting TNFSF13. TNFSF13 supported leukemia cell
proliferation in an NF-kB-dependent manner by binding TNFRSF17 and
suppressed apoptosis. Moreover, TNESF13 supported the growth and sur-
vival of several human myeloid leukemia cell lines, demonstrating that our
findings translate to human disease. Taken together, using arrayed molecu-
lar barcoding, we identified a previously unrecognized role of TNFSF13 as
a positive regulator of AML-initiating cells. The arrayed barcoded screening
methodology is not limited to cytokines and leukemia, but can be extended
to other types of ex vivo screens, where a multiplexed in vivo read-out of
stem cell functionality is needed.

Dysregulation of cytokines in the bone marrow (BM) microenviron-

Introduction

Acute myeloid leukemia (AML) is characterized by an accumulation of immature
myeloid blasts in the bone marrow (BM).! By providing cell-cell interactions and
secreted factors, the BM niche supports AML and normal hematopoietic stem and
progenitor cells (HSPC)."? A dysregulation of cytokines in the BM microenviron-
ment upon AML development contributes to the selective advantage of leukemia
stem cells,' a self-renewing population of leukemia cells that constitutes a chemo-
resistant reservoir responsible for disease relapse.’

To identify factors that regulate AML cells, we recently developed an in vitro
cytokine screen using fluorescently labeled c-Kit" leukemia cells mixed with corre-
sponding normal BM cells, allowing us to successfully identify both negative and
positive regulators of AML cells.However, to assess effects on leukemia stem cells,
there is a strong demand to improve such screens to evaluate the impact of
cytokines on the leukemia-initiating capacity of cells more directly using an in vivo
readout. A major challenge for combining ex vivo screens with i vivo read-out of
stem cell function is the large number of experimental animals needed to provide
meaningful data. Hence, new methods that allow for a multiplexed in vivo read-out
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of leukemia-initiating activity are needed. Molecular bar-
coding strategies, combined with next-generation
sequencing (NGS), enable an i vivo readout of stem cell
function in a competitive setting.”” By using this strategy,
the in vivo cell fate of multiple hematopoietic stem cells
(HSC) or leukemia clones can be monitored on a clonal
level.>® However, because these approaches use pooled
barcoded libraries, the i vivo cell fate of the genetically
marked stem cell clones within mice cannot be traced to
separate experimental conditions, such as cytokine stimu-
lations.

In this study, we created a library of 11 arrayed molecu-
lar barcodes that were used to mark leukemia cells
exposed to 114 separate cytokine conditions. The 11 bar-
coded leukemia cell populations were then pooled and
injected into mice allowing for an i vivo competition read-
out of leukemia-initiating activity. By using this method-
ology, we identified the tumor necrosis factor ligand
superfamily member 13 (TNESF13; also named, A prolif-
eration-inducing ligand, APRIL) as a novel positive regula-
tor of leukemia-initiating cells. TNESF13 promoted AML
cell growth by suppressing apoptosis and activating
nuclear factor kappa B (NE-«kB).

Methods

Murine leukemia model

MLL-AF9 (KMT2A-MLLT3) leukemias were generated on a
dsRed" C57BL/6 transgenic background (6051; Jackson Laboratory,
Bar Harbor, ME, USA), as previously described.”'® Experiments
involving murine leukemia cells were performed using tertiary or
quaternary transplanted leukemia cells serially propagated in sub-
lethally irradiated (600 cGy) recipient mice. All animal experi-
ments were conducted according to an Animal Care and Use
Committee protocol approved by the Lund/Malmé Ethical
Committee. Except for the propagation of leukemia cells, all
experiments involving murine leukemia cells were performed
using c-Kit" bone marrow cells. For details on the c-Kit" cells isola-
tion and cell culture conditions, see the Omnline Supplementary
Methods.

Generation of 11 lentiviral vectors containing
molecular barcodes

To generate lentiviral vectors containing non-expressed molec-
ular barcodes, we used a lentiviral pLKO.1 vector (Addgene
#32684) that co-expressed a short hairpin RNA (shRNA) and a
green fluorescent protein (GFP) marker gene.'" The shRNA
sequence, along with its promotor, was replaced by genetic bar-
codes (42 to 46 nucleotides) flanked by 23mer primer sequences
using the Nde1 and EcoR1 restriction sites (Online Supplementary
Table S1). Viral vectors with VSV-g pseudotyping were produced
using standard protocols.

Ex vivo cytokine screening using barcoded leukemia
cells

Freshly isolated c-Kit" dsRed” leukemia cells were transduced
with the barcoded lentiviral vectors and exposed to the cytokine
library of 114 cytokines (Online Supplementary Table S2) in 96-well
plates. After 72 hours, cells from different wells were pooled, with
each pool containing leukemia cells from up to 11 barcoded pop-
ulations representing specific culture conditions, and injected into
sublethally irradiated (600 cGy) recipient C57BL/6 mice via tail
vein injection. After 7-12 days, mice were sacrificed, BM cells
were harvested, and DNA was extracted (Qiagen Blood and

Tissue DNA Extraction Kit). For details on the screen see the
Online Supplementary Methods.

Sequencing of barcodes and bioinformatics analysis

Following BM cell extraction and DNA purification (DNAeasy
Blood and Tissue Kit, Qiagen), the regions containing the barcodes
were amplified using two-step polymerase chain reaction (PCR).
Step one utilized pLKO.1-specific primers containing Nextera
overhangs (Online Supplementary Table S3). The number of reads
per barcode of each sample was extracted and normalized to the
total read count within each sample. The mean of the three bio-
logical replicates was then calculated after normalization to the
input (Day 0). For further details on the sequencing and bioinfor-
matics, see the Online Supplementary Methods.

Tnfsf13” mouse model

The C57BL/6  Tufsf13” mouse (#022971; B6.Cg-
Tnfsf13tm1Pod/])""® was obtained from The Jackson Laboratory
(Bar Harbor, Maine, USA) and further backcrossed (>5 genera-
tions) onto C57BL/6 wild-type mice. Genotyping was performed
by PCR using protocols provided by the Jackson Laboratory.

Retroviral MLL-AF9 expression in c-Kit* bone marrow
cells and transplantations into sublethally irradiated
mice

Murine stem cell virus gammaretroviral vectors co-expressing
MLL-AF9 and GFP (MIG-MLL-AF9)"" were produced with an
ecotropic envelope using standard protocols in 293T cells. c-Kit"
BM cells were pre-stimulated for two days and spinoculated.
Following overnight incubation at 37°C, transduced cells were
injected into sublethally irradiated (600 cGy) recipient mice via tail
vein injection. Each recipient mouse received cells corresponding
to 250,000 initially seeded cells. Blood samples were taken after 40
days, and mice were sacrificed when they showed signs of dis-
ease. To assess leukemia development in sublethally irradiated
(600 cGy) secondary recipient mice, 1,000 or 10,000 spleen
leukemia cells from primary recipients were injected via the tail
vein. For details on the transduction of c-Kit" BM cells, see the
Online Supplementary Methods.

Flow cytometric analysis and cell sorting

The flow cytometric analyses were performed using a FACS
Canto II (BD Biosciences, San Jose, CA, USA) or a FACS
LSRFortessa (BD Biosciences), and cell sorting was performed
using a FACS Aria IT (BD Biosciences). For detailed information on
antibodies used and staining for LSK and HSPC analysis, cell cycle,
apoptosis and phosphoflow, see the Online Supplementary Methods.

Statistical analysis

Prism 6 (Graphpad) was used for the statistical analyses, includ-
ing Student rtest and Kaplan-Meier survival analysis. Statistical
significance is shown with asterisks: *P<0.05; **P<0.01;
**P<0.001; ****P<0.0001. Data are presented as mean+Standard
Deviations (SD).

Results

Development of an ex vivo cytokine screen with a
competitive in vivo read-out of leukemia-initiating
activity using molecularly barcoded leukemia cells

To identify cytokines that regulate AML stem cells using
a competitive in vivo read-out of leukemia-initiating activ-
ity, we generated lentiviral vectors harboring genetic bar-
codes in an arrayed setting. This approach allows for

TNFSF13 is a positive regulator of AML cells -
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labeling of leukemia cell populations with distinct molec-
ular barcodes followed by exposure to separate experi-
mental conditions. Each labeled cell population was stim-
ulated with one cytokine ex vivo and after culture,
leukemia cells from multiple cytokine conditions were
pooled prior to in vivo competition. To trace the effects of
the cytokines to the leukemia-initiating capacity of bar-
coded cells, the representation of individual barcodes in
vivo was assessed using NGS (Figure 1A).

To allow for in vivo competition of up to 11 barcoded cell
populations, we generated 11 lentiviral vectors with
unique molecular barcodes and GFP as a marker gene
(Online Supplementary Table S1). The barcodes were used
to mark c-Kit" murine MLL-AF9 AML cells generated on a
dsRed transgenic background (Figure 1A and Ounline
Supplementary Figure S1A). We have previously used these
cells in screens because they have a well-defined
leukemia-initiating cell population and initiate AML with
a short latency, enabling rapid follow-up experiments in
syngeneic hosts.**1*4!°

To validate the robustness of the new methodology, 11
barcoded c-Kit" leukemia cell populations were exposed
separately for three days to stem cell factor (SCF), which
binds c-Kit and activates signaling that promotes
leukemia-initiating cells.”® Leukemia cells from the 11 bar-
coded cell populations were then pooled and injected into
sublethally irradiated mice for i vivo competition of

leukemia-initiating activity. Seven days post transplanta-
tion, mice were sacrificed, their BM was harvested, and
DNA was extracted. We found that the 11 barcoded vari-
ants showed a similar distribution with less than 2-fold
variability in the input pool relative to the i vivo pool
(range: 0.51- to 1.65-fold), demonstrating that the arrayed
barcoding methodology was robust in assessing the
leukemia-initiating activity of the AML cells following ex
vivo culture (Figure 1B).

Identification of TNFSF13 as a positive regulator of
acute myeloid leukemia-initiating cells

To assess the impact of a library of 114 murine
cytokines on c-Kit" MLL-AF9 leukemia cells, we per-
formed two arrayed ex vivo cytokine screens, in which
each cytokine was assessed in triplicate wells (Online
Supplementary Table S2). After three days of ex vivo
cytokine stimulation, up to 11 cytokine conditions of bar-
coded leukemia cells were pooled and injected into recip-
ient mice (Figure 1A). As an internal positive control, for
each pool, we stimulated one of the barcoded cell popula-
tions with SCE The mice were sacrificed on day 7 (screen
I) or day 12 (screen II) post transplantation, and engraft-
ment of transduced leukemia cells was confirmed by
assessing the frequency of GFP positive cells within
dsRed" cells (Online Supplementary Figure S1B and C). As
predicted, barcoded leukemia cells stimulated with SCE
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Figure 1. A barcoded cytokine screen identifies TNFSF13 as a positive regulator of acute myeloid leukemia (AML)-initiating cells. (A) Schematic flowchart depicting
the arrayed barcoded ex vivo cytokine screen with AML cells. In total, 12 pools in triplicate were used to screen the entire cytokine library. After seven (screen I) or
12 (screen Il) days, mice were sacrificed. Data were normalized to the input representation for each barcode. (B) Pie chart displaying the contribution of each bar-
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showed a relative increase within all pools i vivo, thus val-
idating the new method (Figure 1C). Although a number
of cytokines, such as interleukin-3 (IL3) and granulocyte-
macrophage colony-stimulating factor (GM-CSEF), that
greatly expand (>20-fold over 3 days) AML cells in culture
were included in the screen,’ none of them expanded the
leukemia-initiating cell population as assessed with i vivo
read-out (Online Supplementary Table S3). This finding
highlights the need for in vivo readout to assess the impact
of cytokines on the leukemia-initiating capacity of the
cells. Setting a threshold for 2-fold enrichment, TNFSF13
was the only cytokine, other than SCE, that scored in both
screens (on average a 3.1-fold relative increase). In addi-
tion, the screens identified Interleukin 9 (IL9) as a candi-
date positive regulator (1.8 relative increase) of leukemia-
initiating cells (Online Supplementary Table S2). Moreover,
several negative regulators of leukemia-initiating cells
were identified that were not further investigated in the
present study (Online Supplementary Table S2).

Ex vivo stimulation with TNFSF13 or IL9 promotes
leukemia-initiating cells

To validate the findings from the screen and first explore
TNESF13 as a regulator of primitive AML cells, we cul-

TNFSF13 is a positive regulator of AML cells -

tured c-Kit' MLL-AF9 leukemia cells with increasing doses
of TNESF13. TNFSF13 supported the growth and survival
of c-Kit" leukemic cells in culture (Figure 2A and Omnline
Supplementary Figure S2A), but did not affect normal HSPC,
as assessed by analyzing the effect of TNFSF13 on Lin-Sca-
1" c-Kit" (LSK) BM cells from healthy mice (Figure 2B).
Moreover, ex vivo stimulation of c-Kit* leukemia cells with
TNESF13, followed by transplantation into sublethally
irradiated mice, resulted in significantly higher levels of
circulating leukemia cells in peripheral blood (mean 25.6%
vs. 1.83% for non-stimulated cells; P<0.0001) (Figure 2C
and D). Notably, the numbers of circulating leukemia cells
were even higher than for mice that had received
leukemia cells that were stimulated with SCF as a positive
control (25.6% vs. 7.8%; P<0.01) (Figure 2D). Consistent
with this finding, the TNFSF13-treated group exhibited
reduced survival (median survival 29 vs. 38 days for the
non-stimulated group; P<0.0001) (Figure 2E) and survival
was even slightly shorter than for the SCF-treated group
(Figure 2E). At the time of sacrifice, all except for one con-
trol mouse had a high leukemic burden, as confirmed by
enlarged spleens and a high percentage of leukemia cells
(>95% dsRed" cells) in their BM (Online Supplementary
Figure S2B and C). Consistent with the findings in the
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screen, IL9 also supported the growth of leukemic cells i
vitro (Online Supplementary Figure S3A) and ex vivo stimula-
tion of c-Kit" leukemia cells with IL9 prior to transplanta-
tion into mice resulted in elevated levels of leukemia cells
in the blood and reduced survival compared to controls
(Online Supplementary Figure S3B and C). Taken together,
these observations validate our barcoded screening strate-
gy and demonstrate that primarily TNFSF13, but also IL9,
support AML-initiating cells.

Myeloid cells secrete TNFSF13

To assess the in vivo relevance of TNESF13 in the context
of AML, we measured TNESF13 levels in the peripheral
blood (PB) and BM of healthy control and leukemic mice.
TNESF13 was present at physiologically relevant levels in
the PB and BM of both leukemic and healthy mice but at
significantly higher levels in the blood of healthy control

mice (Figure 3A and B). To determine whether TNFSF13 is
secreted by AML cells or provided by cells in the microen-
vironment, normal c-Kit" cells and AML BM cells were
cultured for three days in suspension cultures under con-
ditions favoring myeloid (Gr-1'CD11b") cell growth
(Figure 3C), and TNFSF13 expression in cells and TNESF13
levels in the supernatants were analyzed. We found that
normal myeloid BM cells expressed high levels of
TNESF13 (>240 ng/mL in supernatant), whereas leukemic
cells did not (<10 ng/mL in supernatant), suggesting that
non-leukemic myeloid cells support AML cells by secret-
ing TNFSF13 (Figure 3D and E).

Tnfsf13” mice have myelopoiesis defects

To investigate the physiological role of TNESF13 in an in
vivo context, we used Tnufsf13” mice, which previously
have mainly been characterized regarding cytokine regu-
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lation and T-cell biology.”** No change in white blood cell
count, red blood cell count, or platelet levels was observed
in Tnfsf13” mice (Online Supplementary Table S4). We then
characterized their HSPC compartment and the lineage
distribution in the BM and PB (Online Supplementary Figure
S4A and B). Whereas long- and short-term HSC numbers
were not affected, a significant decrease in granulocyte
and macrophage progenitor (GMP) cells, accompanied by
reduced numbers of monocytes, and a trend towards
lower levels of granulocytes, was observed (Figure 4A-D,
Ounline Supplementary Table S4 and Online Supplementary
Figure S4A and B). Moreover, a skewing towards more B
cells and fewer T cells was detected in the BM, whereas in
the PB, only T cells were significantly altered (Online
Supplementary Table S4). These data indicate that TNESF13
supports the formation of GMP cells and that it favors
myeloid and T-cell development relative to B cells.
TNESF13 is a ligand for two cell-surface receptors: TNF
receptor superfamily member 13B (TNFRSF13B) and 17
(TNERSF17).” Whereas TNFRSF17 was expressed on c-
Kit*leukemia cells, these cells were devoid of TNFRSF13B
expression (Figure 4E and F). On normal HSPC, and in
mature lineages of the BM and PB, TNFRSF17 was more
broadly expressed than TNFRSF13B (Figure 4G and H and
Ounline Supplementary Figure S4C-G). TNFRSF17 expression
was detected in several mature blood cell lineages and
multiple progenitor cell populations, with the lowest
expression detected on long-term HSC (Figure 4G and H
and Ounline Supplementary Figure S4C and D). These data
suggest that TNFRSF17 is the primary receptor for
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TNESF13 on murine AML cells and a putative receptor for
TNESF13 on normal murine myeloid progenitor cells and
monocytes.

TNFSF13 promotes acute myeloid leukemia initiation
by suppressing apoptosis and promoting active cell
cycle progression

To assess whether TNFSF13 supports leukemia-initia-
tion and progression in vivo, c-Kit" Tufsf13” BM cells were
transduced with a gamma retroviral vector expressing
MLL-AF9 and transplanted into sublethally irradiated
Tufsf13" or Tnufsf13” recipient mice (Figure 5A). A 2.1-
fold-lower (P<0.01) leukemic burden was detected in the
PB of Tufsf13” recipient mice six weeks post transplanta-
tion, but no significant survival difference was observed
between the two groups (Figure 5B and C and Omnline
Supplementary Figure S5A and B). To study whether
TNESF13 supports AML maintenance 7# vivo, 10,000 or
1,000 leukemia cells harvested from spleens of primary
recipients of each group were transplanted into correspon-
ding Tufsf13"* or Tnfsf13” secondary recipient mice (Figure
SA). Interestingly, while no significant difference in sur-
vival was observed between the groups when transplant-
ing 10,000 leukemia cells (Online Supplementary Figure
S5C), Tnfsf13” recipients showed an extended survival
compared to Tnufsf13"* recipients when 1,000 leukemia
cells were transplanted (mean of 28.5 vs. 34.5 days;
P=0.0235) (Figure 5D). These data indicate that TNESF13
supports AML initiation and maintenance under physio-
logical conditions.
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HSC), (B) granulocyte and macrophage progenitor (GMP) cells, (C) monocytes, and (D) granulocytes in the bone marrow of Tnfsf13”*(n=14) and Tnfsf13” (n=13)
mice. Flow cytometric analysis showing (E) TNFRSF17 (purple) and (F) TNFRSF13B (green) expression on c-Kit* MLL-AF9 leukemic cells. Isotype control is shown in
light gray. TNFRSF17 geometric mean fluorescent intensity (gMFI) expression within (G) hematopoietic stem and progenitor cells (HSPC) (n=5) and (H) lineage pop-
ulations (n=10) in the bone marrow of normal mice, after subtracting the signal using matching isotype control antibodies. Values are meanstStandard Deviation.

*P<0.05; ****P<0.0001. WBC: white blood cells.
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To explore the biological mechanisms by which
TNESF13 promotes AML cells, we investigated whether
TNESF13 affects the apoptosis and cell cycle status of c-
Kit" leukemia cells. We found that TNESF13 stimulation
had an anti-apoptotic effect, with both early and late
apoptotic cells being reduced (Figure 6A and B). The anti-
apoptotic effects were also accompanied by an increase in
actively cycling cells (Figure 6C and D). Collectively, these
data indicate that TNFSF13 supports AML cells by sup-
pressing apoptosis and promoting active cell cycle pro-
gression.

TNFSF13 promotes human acute myeloid leukemia
cells by suppressing apoptosis

To assess whether TNESF13 also stimulates human
AML cells, we analyzed the sensitivity of nine human
myeloid leukemia cell lines to TNFSF13. Upon serum dep-
rivation, we found that TNFSF13 significantly supported
the growth and survival of six of the nine cell lines and
TNESF13 was confirmed to bind to the cell surface of the
AML cells (Figure 7A and B and Ounline Supplementary
Figure S6A and B). To efficiently bind to TNFRSF13B or
TNERSF17, TNESF13 binds to heparan sulfate proteogly-
cans (HSPG), which facilitates TNFSF13 oligomerization.'®
In accordance with this, we detected expression of the
proteoglycan SYNDECAN-1 (CD138) on Mono-Mac-6
cells (Figure 7C). Further, as previously described,®” the
binding of TNESF13 to HSPG was blocked by heparin
(Figure 7D). Moreover, consistent with the effect observed
on murine c-Kit" leukemia cells, TNESF13 stimulation sup-
pressed apoptosis in the AML cell line Mono-Mac-6
(Figure 7E and Online Supplementary Figure S6C), but did

not significantly affect the cell cycle (Online Supplementary
Figure S6D). In accordance with murine AML cells,
TNEFRSF13B was not expressed on human AML cell lines,
whereas TNFRSF17 was detected on 3 of 9 of the myeloid
leukemia cell lines by flow cytometry, and in 7 of 9 of cell
lines by real-time PCR, albeit at low levels (Online
Supplementary Figure S6E and H).

To investigate which of the two receptors is the most
prominent on AML patient cells, we analyzed their
expression pattern in AML patient data from the TCGA
database.” Similar to the c-Kit" murine leukemia cells and
human cell line data, TNFRSF17 was expressed at signifi-
cantly higher levels than TNFRSF13B (Ounline
Supplementary Figure S6l). In addition, we observed a high-
er relative expression of both TNFRSF13B and TNFRSF17
in RUNX1-mutated (2.5- and 2.6-fold change, respective-
ly) and TP53-mutated (3.5- and 3.2-fold change, respec-
tively) AML patients, two genetic subtypes associated
with a dismal outcome (Online Supplementary Table S5).**
These findings demonstrate that TNFSF13 also promotes
human AML cells in vitro by suppressing apoptosis, and
suggest that TNFRSF17 is the primary receptor for
TNESF13 on human AML cells.

TNFSF13B promotes proliferation of human acute
myeloid leukemia cells

We also evaluated the role of TNESF13B (BAFF) in AML,
another ligand for TNFRSF17. TNEFSF13B levels were
approximately 100-fold lower than TNFSF13 levels in the

mouse BM (Figure 3B and Ounline Supplementary Figure
S7A), whereas similar levels of the two cytokines were
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Figure 5. TNFSF13 supports leukemia development in vivo. A total of 250,000 c-Kit" bone marrow (BM) cells from Tnfsf13” mice were transduced with a
MIG-MLL-AF9 retroviral vector and transplanted into sublethally irradiated Tnfsf13** and Tnfsf13” primary recipient mice (22 mice per group, pooled from four inde-
pendent experiments). 1,000 leukemia cells harvested from spleens of primary recipients were transplanted into secondary recipient mice with matching genetic
background. (A) Schematic picture showing the experimental setup. (B) Percentage of leukemic (GFP*) cells in the peripheral blood of the Tnfsf13” and Tnfsf13"*
recipient mice 40 days after transplantation, normalized to the mean of the control (Tnfsf13**) group in each experiment. Horizontal lines show the mean values with-
in groups. (C) Kaplan-Meier curves showing the survival of primary recipient mice. (D) Kaplan-Meier curves showing the survival of secondary recipient mice (6 mice
per group; pooled data from 2 donors per group). *P<0.05; **P<0.01.
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observed in plasma (Figure 3A and Ounline Supplementary
Figure S7B). The c-Kit" murine leukemia cells did not show
a significant response to TNESF13B stimulation i vitro
(Online Supplementary Figure S7C), but in human Mono-
Mac-6 cells, TNFSF13B stimulation had similar effect as
TNESF18, resulting in increased cell number (Online
Supplementary Figure S7D).

TNFSF13 supports acute myeloid leukemia cells in an
NF-xB-dependent manner

To explore the molecular mechanism by which
TNESF13 promotes AML cell growth and survival, we
generated RNA sequencing data of Mono-Mac-6 cells that
had been stimulated with TNFSF13 for 24 hours.
Consistent with TNFSF13 being a member of the tumor
necrosis factor (TNF) superfamily, gene set enrichment
analysis (GSEA) demonstrated an enriched TNF receptor
activation signature upon TNFSF13 stimulation [false dis-
covery rate (FDR) <0.10] (Figure 7F and Ounline
Supplementary Table S6). Furthermore, an enriched NF-kB
signature was evident in TNEFSF13-stimulated cells
(FDR<0.05) (Figure 7G and Ounline Supplementary Table S6)
and phospho-flow cytometric analysis confirmed NF-kB
activation upon TNEFSF13 stimulation (Figure 7H).
Consistent with this data, TNFSF13 stimulation resulted

TNFSF13 is a positive regulator of AML cells -

in a significant upregulation of the NF-kB target genes
AGT, IRF1, IRE7, PTGDS, and VIM (Online Supplementary
Figure S8A). By using a TNFRSF17 blocking antibody,
TNESF13-induced cell proliferation and NF-kB activation
was hindered (Figure 71 and J), demonstrating that
TNESF13 activates NF-xB by binding to TNFRSF17. To
assess whether TNFSF13 promotes cell proliferation by
activating NF-xB, we inhibited NF-kB activation using
TPCAT1 and IKK-16, two selective inhibitors of IkB kinase
(IKK).”* Both TPCA1 and IKK-16 treatment inhibited
NF-kB activation and reversed the effects of TNESF13 in
Mono-Mac-6 cells (Figure 7K and L and Ounline
Supplementary Figure S8B and C). These data demonstrate
that TNFSF13 supports the growth of human AML cells in
an NF-kB-dependent manner.

Discussion

Although in vivo assays are critical to assess stem cell
function, performing screens in vivo is challenging due to
the large number of experimental animals needed to pro-
vide meaningful data. In this study, we developed arrayed
molecular barcodes in lentiviral vectors, which enabled us
to assess the effects of 114 cytokines on leukemia-initiat-
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Figure 6. TNFSF13 maintains acute myeloid leukemia (AML) cells by suppressing apoptosis and promoting cell cycle progression. c-Kit* MLL-AF9 AML cells were
cultured for 3 days with stem cell factor (SCF) as a baseline and stimulated with TNFSF13 or no TNFSF13 (Control) prior to apoptosis and cell cycle analysis. (A)
Representative contour plots showing Annexin-V and 7AAD staining. (B) Percentage of early (Annexin-V*7AAD") and late (Annexin-V*7AAD") apoptotic cells (n=3). (C)
Representative contour plots showing Ki67 and DAPI staining. (D) Percentage of cells in GO, G1, or S/G2/M phase of the cell cycle (n=3) determined by Ki67 and

DAPI staining. Values are meanstStandard Deviation. *P<0.05; **P<0.01.
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Figure 7. TNFSF13 promotes human acute myeloid leukemia cells in an NF-kB-dependent manner. (A) Output cell number of human myeloid leukemia cell lines
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cell number. Values are meanstStandard Deviation. *P<0.05; **P<0.01; ****P<0.0001. FDR: false discovery rate; DMSO: dimethyl sulfoxide.




ing function using a competitive in vivo readout of
leukemic cells. This approach significantly reduces the
number of mice since leukemia cells from up to 11 differ-
ent cytokine conditions can be pooled in each mouse. The
arrayed barcoded approach is applicable to other types of
ex vivo screens with in vivo readouts, as shown recently in
a small-molecule screen using metastatic pancreatic cells.”

The barcoded cytokine screens identified IL9 and
TNESF13 as candidate positive regulators of leukemic-ini-
tiating cells. Validation experiments confirmed that both
IL9 and TNESF13 supported AML-initiating cells, but as
TNFSF13 was more potent than IL9, we selected
TNESF13, a TNF superfamily ligand,” for further studies.
The findings that Tufsf13” recipient mice had lower
leukemia burden and increased survival compared to con-
trols following serial transplantations of leukemia cells
suggest that TNESF13 supports AML cells also under
physiological condition. TNFSF13 has previously been
shown to promote cancer-cell growth and survival of sev-
eral types of solid tumors”* and B-cell malignancies, such
as acute lymphoblastic leukemia, Hodgkin lymphoma,
and multiple myeloma.””* In addition, elevated
TNESF13 levels have been found in multiple cancer types
and are associated with a poor prognosis,” suggesting that
TNESF13 has broad tumor-promoting activity. Whereas
the first Tufsf13” mouse model generated did not reveal
alterations in T- and B-cell development or in vitro func-
tion,* later studies of Tufsf13” mice identified increased
proliferation of T cells, changes in the secretion of
immuno-cytokines, and impaired antibody class switch-
ing.14,34

In AML, TNFSF13 secretion has been linked to
chemoresistance® and elevated TNEFSF13 serum levels
have been reported in patients,™* but TNFSF13 has not
previously been associated with AML stem cells or
myelopoiesis. Given that the GMP cell stage is associated
with AML initiation,” it was interesting to note that
TNERSF17 is expressed on myeloid progenitor cell popu-
lations and that Tufsf13” mice have reduced numbers of
GMP cells and monocytes, suggesting that TNFSF13 has a
previously unrecognized role in myelopoiesis.

In agreement with previous studies showing that
TNESF13 is expressed by infiltrating neutrophils in solid
tumors®* and by myeloid BM cells in multiple myelo-
ma,”"*” we found that TNEFSF13 was secreted by
CD11b*Gr-1" myeloid cells but not by the corresponding
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murine AML cells. This finding suggests that mature
myeloid BM cells support AML cells by secreting
TNESF13. In contrast to the findings in the murine MLL-
AF9 AML model, TNESF13 is expressed by leukemia cells
in certain AML subtypes,*¥ suggesting that TNFSF13
might play a more critical role for leukemia development
and progression in these subtypes.

The anti-apoptotic effect induced by TNESF13 is consis-
tent with prior findings in B-cell malignancies®* and
glioma,® suggesting a similar mechanism induced by
TNESF13 in various types of cancers. Moreover, TNESF13
promoted AML cells in an NF-kB-dependent manner,
which is in agreement with studies showing that
TNESF13 activates NF-xB in multiple myeloma cells,”
chronic lymphocytic leukemia, and non-Hodgkin lym-
phoma B cells.” NE-«B signaling is elevated and critical for
AML stem cells,”* including MLL-rearranged AML cells,
but the underlying mechanism causing NF-kB activation
has not been clarified. Along with IL1-induced activation
of NF-xB in primitive leukemia cells,” our findings suggest
that TNESF13 contributes to enhanced NF-kB activity in
AML cells. Because AML cells from various AML subtypes
lacking MLL rearrangements were also sensitive to
TNESF13, the effects of TNFSF13 stimulation are not
restricted to MLL-rearranged AML.

In summary, we have established a cytokine screen
using arrayed molecular barcoding of AML cells allowing
for an in vivo competitive readout of leukemia-initiating
activity. The screen provides a new strategy for studying
the influence of secreted factors on AML-initiating cells.
This approach identified TNESF13 as a positive regulator
of AML stem cells and showed that TNESF13 promotes
AML cells in an NF-kB-dependent manner. Moreover, we
identified a role for TNFSF13 in normal myelopoiesis and
showed that normal myeloid cells secrete TNFSF13. This
study demonstrates the utility of using arrayed molecular
barcoding as a new screening tool for identifying novel
stem cell regulators.
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ABSTRACT

nternal tandem duplication in Fms-like tyrosine kinase 3 (FLT3-ITD) is

the most frequent mutation observed in acute myeloid leukemia (AML)

and correlates with poor prognosis. FLT3 tyrosine kinase inhibitors are
promising for targeted therapy. Here, we investigated mechanisms damp-
ening the response to the FLT3 inhibitor quizartinib, which is specific to the
hematopoietic niche. Using AML primary samples and cell lines, we
demonstrate that convergent signals from the hematopoietic microenviron-
ment drive FLT3-ITD cell resistance to quizartinib through the expression
and activation of the tyrosine kinase receptor AXL. Indeed, cytokines sus-
tained phosphorylation of the transcription factor STATS in quizartinib-
treated cells, which enhanced AXL expression by direct binding of a con-
served motif in its genomic sequence. Likewise, hypoxia, another well-
known hematopoietic niche hallmark, also enhanced AXL expression.
Finally, in a xenograft mouse model, inhibition of AXL significantly
increased the response of FLT3-ITD cells to quizartinib exclusively within a
bone marrow environment. These data highlight a new bypass mechanism
specific to the hematopoietic niche that hampers the response to quizar-
tinib through combined upregulation of AXL activity. Targeting this signal-
ing offers the prospect of a new therapy to eradicate resistant FLT3-ITD
leukemic cells hidden within their specific microenvironment, thereby pre-
venting relapses from FLT3-ITD clones.

Introduction

The Fms-like tyrosine kinase 3 (FLT3) gene encodes a class III receptor tyrosine-
kinase (RTK) that is well expressed in hematopoietic stem progenitor cells (HSPC)
and strongly activates PI3SK/AKT and MAPK pathways upon ligand binding.'
Internal tandem duplication (ITD) in FLT3 is one of the most frequent mutations
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found in acute myeloid leukemia (AML).” Although the
FLT3-ITD mutation is a late event in leukemogenesis,” it
is an important target for the disease.* Indeed, FLT3-ITD
mutation is associated with a poor prognosis,”” and its
frequent occurrence at relapse suggests that FLT3-ITD
AML-initiating cells are key targets for long-lasting remis-
sion.

The FLT3-ITD mutation induces constitutive activity of
the receptor and a distinct pattern of activated signaling
pathways, the principal change being the activation of
the transcription factor STAT5.° FLT3 tyrosine kinase
inhibitors (FLT3-TKI), which were developed as ATP-
competitive inhibitors, were initially tested in clinical tri-
als and produced variable benefits according to the dis-
ease heterogeneity. Among these treatments, quizartinib
(AC220), a FLT3-TKI specifically designed for FLTS3,
induces a hematologic improvement in monotherapy
associated with approximately 50% of response.’
However, bone marrow (BM) blasts show little noticeable
cell apoptosis, but are associated with cell-cycle arrest
and terminal differentiation.”” Remissions are of short
duration, with the emergence of resistance related to sev-
eral mechanisms. Intrinsic mechanisms include the acti-
vation of bypass signaling pathways'' and activation loop
or gatekeeper mutations.” Extrinsic mechanisms include
cell-to-cell interactions and secretion of cytoprotective
factors.”

AXL belongs to the TAM receptor family, which also
includes TYRO3 and MER.” This RTK is activated by
homodimerization upon binding of its major ligand
growth arrest-specific 6 (GAS6)." The GAS6/AXL path-
way contributes to cell growth, survival, invasiveness,
chemotaxis, apoptotic body clearance and immunity.”
AXL is ectopically- or over-expressed in a wide variety of
cancers and has always been associated with a poor prog-
nosis.'* We have reported resistance mechanisms involv-
ing AXL in chronic myeloid leukemia."” In AML, AXL and
GASG levels of expression have been related to poor out-
comes.'®"” Paracrine AXL activation has been shown to
induce AML resistance to conventional chemotherapies
but also to FLT3-targeted therapy.”* However, no infor-
mation is available concerning the regulation of AXL
expression in the context of the AML-supportive
hematopoietic niche, which sustains AML resistance in
vivo.

Indeed, AXL expression and function have been shown
to be modulated by stress, nutrient deprivation and low
oxygen (O,) concentration in various solid tumors.'**
These characteristics are quite similar to those within the
hematopoietic microenvironment of AML-initiating cells.
We show here that the hematopoietic microenvironment
educates AML cells to over-express AXL through a
cytokine-dependent STATS activation and low O, con-
centration.

Methods

Cell culture, apoptosis and AXL, GAS6 and STAT5 gene
expression knock-down using shRNA

Al cell lines (MV4-11, MOLM-13, MOLM-14, UT7-mpl,
K562, MS5, OP9, HS27a) were cultured in RPMI1640 or aMEM
medium, supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, 50 U/mL penicillin, and 50 ug/mL streptomycin.
Hypoxia was induced by incubating cells in a specific O, cham-

ber (BioSpherix). The UT7-mpl cell medium was supplemented
with granulocyte-macrophage colony-stimulating factor (GM-
CSE 2.5ng/mL, Diaclone, France), as previously described.”
UT7-mpl cells were pre-incubated for 18 hours (h) in the
absence of GM-CSEF, before being activated by cytokines. Where
indicated, cells were cultured with vehicle or thrombopoietin
peptide (Sigma), interleukin (IL)-3 (Miltenyi Biotec), AXL-Fc
chimeric proteins (R&D Systems), AC220 (quizartinib) (LC lab-
oratories), R428 (Selleckchem), Ly294002, pimozide, JAK
inhibitor-I (Calbiochem/Merck). AC-4-130, a selective STATS
inhibitor, was provided by JANPIX Ltd. (UK) under the license
from Prof. Patrick Gunning’s group (University of Toronto,
Canada).”® Cell apoptosis was assessed using an APC-conjugated
Annexin V labeling detection kit coupled to flow cytometry and
BDFACSDIVA™ software (BD Bioscience). For shRNA, viral
supernatants were titrated by serial dilutions and a FACS analy-
sis of GFP co-expressed marker in transduced K562 cells 72 h
later (Accuri C6, Beckton Dickinson). Lentiviruses were added
once, at a multiplicity of infection of 5-20 according to the cells.
Transduced cells were sorted 2-3 days after transduction using
GFP. Two different shRNA were used for all targets (Online
Supplementary Table S1). To confirm silencing, AXL, GAS6 or
STATS protein expressions were analyzed by immunoblotting.

Acute myeloid leukemia patient and cord blood donor
biological samples

Acute myeloid leukemia samples were obtained from
patients at the University Hospital of Bordeaux and University
Hospital Paris Centre who gave written informed consent for
the use of biological samples for research, in accordance with
the Declaration of Helsinki. This allowed the collection of clini-
cal and biological data in an anonymized database, registered at
the “Commission Nationale de I'Informatique et des Libertés”
(authorization n. 915285) and “Comité de Protection des
Personnes” (authorization n. 2015-08-11D). For FLT3-ITD AML
patient samples, selection criteria were high leukemic burden
(blast cells level > 70%) and high FLT3-ITD/WT ratio ITD/WT
> 0.5) (Online Supplementary Table S2). Bone marrow mononu-
clear cells were co-cultured with MS5 stromal cells in H5100
medium (Stem Cell Technologies), unless otherwise stated.
When indicated, AML cells were preincubated for 18 h in serum-
free IMDM medium in the absence of MS5 before being incu-
bated for 7 h in the presence of a cytokine cocktail that included
IL-3 (20 ng/mL), GM-CSF (10 ng/mL) and TPO (20 nM). Human
cord blood (CB) units were collected according to institutional
guidelines. Cord blood CD34" were purified and cultured in a
four-cytokine-supplemented serum-free IMDM medium, as pre-
viously described.”

Further details about the methods used are available in the
Online Supplementary Appendix.

Results

Stromal protection of FLT3-ITD AML cells to quizartinib
correlates with STATS activation

We first confirmed the protective effect of three stro-
mal cell lines on MV4-11, MOLM-13 and MOLM-14
FLT3-ITD AML cell lines exposed to quizartinib (AC220),
an ATP-competitive FLT3- inhibitor. Co-culture of AML
cells with one human (HS27a) and two murine (OP9 or
MS5) stromal cells decreased apoptosis triggered by FLT3-
TKI treatment compared to AML cells cultured without
stroma (Figure 1A and Omnline Supplementary Figure S1A
and B). This decrease persisted at high AC220 concentra-



tions (10-20 nM) (Online Supplementary Figure S1C) and
was not due to a decrease in active AC220 concentration
by the metabolism of stromal cells (Online Supplementary
Figure S1D). To investigate further the mechanism of such
protection, stromal/AML cell co-cultures were performed
with a transwell separating the two kinds of cells, thereby
avoiding cell-to-cell contact. Transwell-separated stromal
cells still protected FLT3-ITD AML cells from quizartinib-
induced apoptosis, but the protective effect was weaker
(Figure 1B), suggesting the involvement of both cell-to-
cell contact and diffusible factors. We then analyzed sig-
naling pathways in cells treated with AC220 in the pres-

AXL and resistance to quizartinib in the hematopoietic niche -

FLT3-ITD AML cell lines (MV4-11, MOLM-14) decreased
Yso: FLTS, Ton/Y20:ERK, Ser s AKT and Yeou/Yes STATS
phosphorylation in the absence of stroma, the presence of
co-cultured stromal cells (MS5, OP9, HS27A), along with
AC220 treatment, specifically sustained
Y50 STATSA/Ys0sSTATS5B  phosphorylation  (hereafter
referred to as pYSTATYS) (Figure 1C and Online
Supplementary Figure S1E). STAT5 Tyr phosphorylation
was still conserved at higher AC220 concentrations
(Online Supplementary Figure S1F).

Therefore, stromal protection of FLT3-ITD AML cells is
associated with an FLT3-ITD-independent conservation

ence or absence of stroma. Whereas AC220 treatment of  of STATS5 tyrosine phosphorylation.
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AXL contributes to stromal cell-dependent FLT3-ITD
AML resistance to FLT3-TKI

To determine how STATS contributes to TKI-resistance
of AML cells by stromal cells, we looked for STATS target
genes in myeloid cells. We searched for STATS regulated
genes by conducting a comparative large-scale genome
expression analysis of STAT5 knocked-down (KD) and
control cells using normal human primitive CD34* CD38"
HSPC. Among the top-ranked down-regulated transcripts
upon STAT5 KD, we looked for mediators that might be
involved in stromal protection. AXL was the only RTK
down-regulated in these STAT5 KD cells (Ounline
Supplementary Table S3) and was the only one reported in
resistance to treatment in AML.”'* To examine the role of
AXL in cancer resistance, we investigated whether there
was a link between STAT5-dependent AXL regulation,
stroma-dependent STATS tyrosine phosphorylation main-
tenance and stromal protection for AC220. We found that
AXL mRNA and protein were both decreased in STATS
KD HSPC (Online Supplementary Figure S2A). Like HSPC,
STATS KD induced AXL loss in MV4-11 and MOLM-14
FLT3-ITD or UT7 FLT3 wt AML cell lines (Figure 2A and
Ounline Supplementary Figure S2B). STAT5 is encoded by
two highly similar genes, STATSA and STAT5B, whose
combined KD led to cell death. However, STATS5A-
restricted KD did not affect AML cell survival; it allowed
us to perform rescue experiments. Silencing of STAT5A
followed by expression of either murine STATS5A or
murine STAT5B enhanced AXL expression, thus providing
evidence that both STATS regulated AXL expression
(Online Supplementary Figure S2B). Finally, we found that
stromal cells enhanced both STATS phosphorylation and
AXL expression in MV4-11 and MOLM-14 cells (Figure
2B). These activities were both prevented when cells were
incubated in the presence of the STAT5 inhibitor AC-4-
130 (Online Supplementary Figure S2C). Overall, these data
indicated that stroma supports STAT5 activation of AML
cells, which enhances AXL expression of AML cells.

We thus analyzed the role of AXL in AML cell survival
with a well-characterized and clinically investigated AXL-
TKI compound, R428.* To determine whether AXL and
FLT3-ITD pro-survival activity were connected, we first
determined the minimal effective AC220 and R428 dose
to induce apoptosis after 48 h of incubation (Online
Supplementary Figure S2D). The minimal effective AC220
dose was 1-3 nM, depending on the FLT3-ITD AML cell
line, whereas for R428 it was 0.3 wM for all. Using these
doses, we observed that AXL and FLT3 co-inhibition trig-
gered additive apoptosis (IMOLM-13) and even a weak
synergistic activity (MV4-11 and MOLM-14) as compared
to single drug treatment (Figure 2C).

Next, we investigated whether such effects were
observed in primary AML blasts. In all primary AML sam-
ples tested, HS27a stroma induced upregulation of AXL
expression (AML#1, #2 in Figure 2D and Online
Supplementary Table S2). However, this increase did not
provide extra AML cell survival when AXL activity was
inhibited. Instead, AXL and FLT3 co-inhibition induced a
significantly stronger apoptosis than single drug treat-
ments on primary AML blasts cultivated ex vivo on stromal
cells (AML #3 to #9 in Figure 2E and Online Supplementary
Table S2).

AXL is activated through the binding of its ligand GAS6,
for which autocrine and paracrine activities have been
reported in various contexts, including AML. Although

both stromal and leukemic cells are known to secrete
GAS6, stromal secretion was 10- to 20-fold more abun-
dant than leukemia ones, as detected by species-specific
ELISA (Online Supplementary Figure S2E)” We analyzed
the contribution of GAS6 to the protective activity of stro-
mal cells toward AC220-induced AML cell apoptosis.
Protection of FLT3-ITD AML cells by stromal cells was
significantly reduced yet was not suppressed in the pres-
ence of AXL-Fc, a well-known GAS6-neutralizing mole-
cule” (Figure 2F). Moreover, GAS6-KD OP9 stromal cells
provided weaker protection than parental OP9 (Figure 2G
and Omnline Supplementary Figure S2F), confirming the
results observed with AXL-Fc.

Taken together, using an AXL inhibitor (R428) or a
GAS6-neutralizing molecule (AXL-Fc) and genetically
engineered stromal cells (OP9 shGASG6), these results con-
firm that AXL activity contributes to the stromal protec-
tion of FLT3-ITD AML.

STAT5-activating cytokines up-regulate AXL expression
and activity

Since AXL expression is associated with STATS activa-
tion, we wondered whether and how stroma activates
STATS. We first analyzed GAS6 activity but did not detect
any STAT5 tyrosine phosphorylation upon GAS6 treat-
ment in AML cells. We therefore wondered whether
STAT5-activating cytokines, secreted by stromal cells,
could trigger AXL overexpression. Therefore, we first used
the UT7-mpl AML cell line (FLT3 wild type) which is
highly sensitive to GM-CSF and TPO for its growth and
survival.” Both GM-CSF and TPO activated STATS and
enhanced AXL expression within a few hours (Figure 3A
and B). These cytokines are known to activate STATS by
binding to their receptors through subsequent activation
of JAK2 kinase. In the presence of the STAT5 inhibitor
pimozide (pi) or the JAK2 inhibitor-I (ji), GM-CSF and
TPO no longer up-regulated AXL expression, whereas
inhibition of the PISK/AKT pathway by LY294002 (ly) had
no effect (Figure 3B). We further observed that AXL acti-
vation was also induced by GM-CSF and TPO in AML
cells, as assessed by Tyr779 AXL phosphorylation detec-
tion and by global Tyr phosphorylation in AXL immuno-
precipitates (Figure 3B and C). Similar results were
obtained using primary CB CD34* HSPC in the presence
of interleukin (IL)-3 or TPO. However, this was not the
case with the FLT3 ligand, which did not activate STAT5
(Online Supplementary Figure S3A). These results indicated
that STATS5-activating cytokines can up-regulate both
AXL expression and activation in normal HSPC and FLT3
wild-type AML.

FLTS-ITD AML cells are known to co-express cytokine
receptors such as IL-3 and TPO receptors, whose activity
remains ill-defined.** We wondered whether cytokines
could trigger AXL upregulation, specifically in FLT3-ITD
AML cells. Despite the presence of FLT3-ITD inhibitor
AC220, 1L-3 sustained STATS phosphorylation (Figure
3D). This activation was correlated with an increase in
AXL protein expression (Figure 3E). Similarly, in primary
AML samples, an IL-3/GM-CSE/TPO cytokine cocktail
increased AXL RNA expression (AML#10-12 and #15-16
in Figure 3F and Online Supplementary Table S2) associated
with STATS activation (AML#10-14 in Figure 3G and
Ounline Supplementary Table S2).

To unravel how STATS up-regulates AXL transcript lev-
els, we focused on the AXL genomic sequence. STAT5

haematologica | 2019; 104(10)
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transcription factors bind to TTCN3GAA STAT-Response
Element (SRE) on their target genes. One SRE that is con-
served among species including rat, mouse and human
was identified within intron 16 and located at Chr19(%)

[41,725,104-41,767,672]

(www.genome.ucsf.edu).

Oligonucleotide pull-down assays showed that this iden-
tified SRE was functional, since it bound STATS as effi-
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ciently as the control canonical SRE (ONc) from the IRF1
promoter sequence (Online Supplementary Figure S3B).
Chromatin immunoprecipitation (ChIP) assays with
STATS5 antibodies showed that STATS-activation trig-
gered binding to the AXL genomic sequence (Figure 3H).
Together with STAT5 binding, recruitment of RNAPolII to
the AXL gene was enhanced, as assessed by anti-RNAPolII
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Figure 2. STAT5 up-regulates AXL which
contributes to FLT3-ITD acute myeloid
leukemia (AML) cell survival. (A) MOLM-14
and MV4-11 cells were transduced with the
indicated shRNA encoding lentiviral vectors
and lysed three days later. Immunoblot
analysis of the indicated proteins was per-
formed with f§ actin as a loading control. (B)
MOLM-14 and MV4-11 cells were co-cul-
tured in the absence (-) or presence (+) of
OP9 stromal cells for 48 hours (h) before
being isolated and lysed. The indicated pro-
teins were analyzed by immunoblotting. (C)
MV4-11, MOLM-13 and MOLM-14 cells were
treated in the absence (Vehicle) or presence
of minimal effective (MV4-11, MOLM-14) or
suboptimal (MOLM-13) dose of AC220 (1
nM) and R428 (0.3 uM) or both (Combo) for
48 h. Apoptosis induction was determined
as in Figure 1. (D) Primary FLT3-ITD AML
blasts (n=2, AML#1-2) were cultured with-
out (-) or with (+) human stromal cells
(HS27a) for two days and lysed. Immunoblot
analysis of the indicated proteins was per-
formed with (3 actin as a loading control. (E)
Primary FLT3-ITD AML blasts (n=7, AML#3-
9) were co-cultured on MS5 stromal cells for
24 h, then co-incubated in the presence of
AC220 (1 nM), R428 (0.3 uM) or both for 48
h. Apoptosis induction was assessed by
Annexin V/DAPI labeling and flow cytometry
analysis. Results are from seven AML sam-
ples treated in independent experiments. (F)
MV4-11 cells were incubated with AC220 (1
nM), without (none) or with stromal cells
(OP9) added with Ctrl-Fc or AXL-Fc
(1 ug/mL). Cell apoptosis was determined
as indicated in Figure 1. (G) MV4-11 cells
were incubated in the absence (Vehicle) or
presence of AC220 (3 nM), without (None)
or with OP9 stromal cells that express shCtrl
or shGASG. Apoptosis induction was deter-
mined as described above. Graphs show the
meantStandard Error of Mean of results of
at least three independent experiments.
*P<0.05; **P<0.01; ***P<0.001.
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Figure 3. Activation of STAT5 up-regulates AXL gene expression and phosphorylation. (A) UT7-mpl acute myeloid leukemia (AML) cells were treated with GM-CSF (2.5
ng/mL) or TPO (20 nM) for the indicated time and lysed. Immunoblot analysis of the indicated proteins; HSP60 was used as a loading control. (B) UT7-mpl cells were
treated with GM-CSF (2.5 ng/mL) or TPO (20 nM) for the indicated time in the absence or presence of pimozide (pi, 2 uM), JAK inhibitor-I (ji, 1 uM) or Ly294002 (ly,
20 uM). Total cell lysates were analyzed by western blotting with the indicated antibodies. HSP60 was used as a loading control. (C) UT7-mpl cells were incubated with
(+) or without (-) TPO (20 nM) for one hour (h) before being lysed. AXL immunoprecipitates were prepared and analyzed by immunoblotting with the indicated antibodies.
(D and E) MOLM-14 or MV4-11 cells were pre-incubated with (+) or without (-) AC220 (3 nM) for 3 h before adding IL-3 (ng/mL, MOLM-14) or TPO (nM, MV4-11) at the
indicated concentration. Cells were incubated for 4 h before being lysed. (F and G) MS5 co-cultured AML primary blasts were maintained in serum-free medium without
stroma for 18 h before being incubated in the presence of a IL-3 (20 ng/mL)/GM-CSF (10 ng/mL)/TPO (20 nM) cytokine cocktail for 7 h and then lysed for protein (F,
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real-time quantitative polymerase chain reaction (RT-gPCR) quantification of AXL mRNA levels in cytokine-treated and untreated primary AML cells, normalized to
GAPDH expression, and expressed relative to untreated cells. (H and 1) UT7-mpl cells were incubated with (+) or without (-) TPO (20 nM) for 30 minutes. Chromatin-
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Immunoprecipitated DNA were analyzed by qPCR using primers spanning the conserved STAT5-responsive element of AXL gene sequence and expressed relative to
total lysates (input). Graphs show the meantStandard Error of Mean of at least three independent experiments. *P<0.05; **P<0.01; ***P<0.001; NS: not significant.
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ChIP (Figure 3I). These data indicated that STAT5 binds to
the AXL gene and increases AXL promoter activity.

Taken together, these data indicated that STAT5 medi-
ates stroma-dependent AXL upregulation.

Low 0, concentration enhances AXL expression

In addition to stromal cells and cytokines, the
hematopoietic niche is also characterized by low O, con-
centrations, which have been linked to AXL expression in
other cancer cells.*** We thus assessed the contribution of
low O, levels (1% O,) in this model. Interestingly, hypoxia
enhanced AXL expression in both FLT3-ITD AML cell
lines and primary FLT3-ITD AML blasts (Figure 4A and
AML#17 in Figure 4B and Online Supplementary Table S2).
Several Hypoxia-Response Elements (HRE) have been
described within a 2.4 kb fragment of the AXL promoter.”
AXL transcript levels were thus assessed in hypoxic cul-
ture for both AML cell lines and primary AML blasts. In all
cells, hypoxia enhanced AXL RNA expression, thereby
indicating that O, levels affect AXL expression (Figure 4C
and AML#18-20 in Figure 4D and Omnline Supplementary
Table S2).

As AXL contributed to FLT3-ITD AML cell survival in
normoxia (see Figure 2C), we then analyzed its involve-

ment in AML cell survival in hypoxia by using the AXL-
TKI R428. In the absence of stroma, R428-induced apop-
tosis was similar in hypoxia and normoxia. Conversely, in
the presence of stroma, R428 triggered much stronger
apoptosis under hypoxia (Online Supplementary Figure S4).
Overall, these data indicate that both low O, concentra-
tions and STAT5-activating stromal cytokines, in addition
to GAS6, regulate AXL activity, thus mediating stronger
AXL-dependent protection of AML cells.

AXL mediates microenvironment-dependent resistance
of FLT3-ITD acute myeloid leukemia cells to AC220
treatment in vivo

Having shown that AXL mediates microenvironment-
dependent protection against quizartinib iu vitro, we ana-
lyzed the contribution of AXL in vivo. To better investigate
the role of AXL on a long timescale, we generated stable
AXL KD FLTS-ITD AML cells through lentivirus-mediated
RNA interference (Online Supplementary Figure S5A). MV4-
11 shCtrl and MV4-11 shAXL cells were engineered to sta-
bly express the firefly luciferase gene. They were
xenografted by vein injection and leukemic cell engraft-
ment was analyzed by bioluminescence imaging (BLI). BLI
analysis did not evidence any significant difference in
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Figure 4. Low O, concentration up-regulates AXL expression of FLT3-ITD acute myeloid leukemia (AML) cells. (A) MV4-11 cells were incubated for 48 hours (h) at 20%
or 1% 0, with or without MS5 stromal cells as indicated; MOLM-14 cells were incubated for 48 h at 20% or 1% O, without stroma. Immunoblot analysis of the indicated
proteins was performed with § actin as a loading control. (B) Primary FLT3-ITD AML blasts (AML#17) were cultured with HS27a stromal cells for two days in normoxia
(20%) and hypoxia (1%). Samples were lysed at day zero and two days after growth on stromal cells. Immunoblot analysis of the indicated proteins was performed with
B actin as a loading control. (C) MV4-11 and MOLM-14 cells were incubated for 48 h at 20%, 3%, 1% O,. Real-time quantitative polymerase chain reaction (RT-gPCR)
analysis of AXL mRNA was performed. Results are normalized to GUSB expression and expressed relative to 20% O, cultured cells. (D) Primary AML blasts (n=3,
AML#18-20) were incubated for 48 h at 20% and 3% O,. RT-gPCR analysis of AXL mRNA was performed as in (B). Graphs show the meantStandard Error of Mean of

results of at least three independent experiments. *P<0.05; **P<0.01; ***P<0.001.
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engraftment (timing, intensity) between MV4-11 shCtrl
and MV4-11 shAXL cells after seven days (Ounline
Supplementary Figure S5B). Half of the mouse cohort was
then treated with AC220 (5 mg/kg/day) by daily oral gav-
age for seven days, and response to treatment was
assessed by BLI at day 14. The tolerance to treatment was
checked by body weight control twice a week. A similar
bioluminescence indicative of tumor progression was
observed for MV4-11 shCtrl and MV4-11 shAXL cells in
the vehicle-treated cohort (Figure 5A and B). In contrast, a
significant decrease in total bioluminescent signal was
observed in response to AC220 in MV4-11 shAXL-
engrafted mice as compared to MV4-11 shCtrl-engrafted
animals (P<0.01) (Figure 5B). To strengthen these data in
the specific setting of the microenvironment, another set
of experiments was performed with the same sequence of
conditioning, engraftment and treatment, but BLI was per-
formed upon treatment on femurs and tibias ex vivo at sac-

B I

rifice. Again, a significant decrease in bioluminescence
was observed in bones from AC220-treated MV4-11
shAXL-engrafted mice compared to bones from MV4-11
shCtrl-engrafted animals, whereas no significant differ-
ence was observed between these two cohorts in the
absence of treatment (Figure 5C). Immunohistochemistry
analysis of BM was then performed to trace human cells
in the murine bone marrow tissue. Similar amounts of
human cells were detected in MV4-11 shCtrl- and shAXL-
injected mice in the absence of treatment (Figure 5D). In
the AC220-treated cohort, as expected, lower amounts of
human cells were detected in MV4-11 shCtrl-engrafted
BM than in the untreated cohort. Interestingly, almost no
human cells were detectable in MV4-11 shAXL-treated
animal samples, so BLI detection was under the threshold
in MV4-11 shAXL-treated animals (Figure 5D). Altogether,
these results show that AXL plays a key role in the AC220
response of FLT3-ITD AML cells in the specific context of

A do d, dyy
‘l’ \l/ Vehicle \l/
—_—
™, Sh
@\
2t X
éé) W) AC220
> Bioluminescence
Vehicle imaging
—94 Sh
LW
AC220
Ly ]
B C
N *k
107 NS ** . 10°1 |_S| —
; r 1 r 1 »n . -
@ 10°4 "= & ) L]
r E— uld = 100 =
a S A B . .
@ 1084 vy oo [ Ll . o
b u A I3 LI LA M e A
c ﬁ_ S 104{ mgu® wy ) A
3 1071 § Ty o A
2 . WA o - S -.z'rl‘ = =
£ £ 1034 . R
£ 10° [= oy A
= . S o5 144
| -l AAA
105 T L] L] T 102 T T ? -
shCtrl shAXL shCtrl shAXL shCtrl shAXL shCtrl shAXL
Vehicle AC220 Vehicle AC220
D
=
L ol
Q
L
[}
-
N
< Figure 5. AXL sustains FLT3-ITD acute myeloid leukemia (AML) cell
2 resistance to AC220 in the bone marrow hematopoietic niche. (A)
S MV4-11 shCtrl-Luc and MV4-11 shAXL-Luc were injected at day O
(10° cells/mouse) in the retro-orbital sinus vein of busulfan-pre-
- treated NSG female mice. Mice were then treated or not with
é AC220 (5 mg/kg/day body weight) from day 8 to day 14. At day 14,
< animals (B) or bones (femurs, tibias), collected from the indicated
: animals (C) were subjected to bioluminescent imaging (BLI). The
- dotted line shows the median background signal indicating the
g',- threshold for BLI sensitivity. Ph: photon; s: second; sr: steradian. (D)
> Immunohistochemistry analysis of Human Leukocyte Antigen
b expression in bone marrow biopsies collected from the indicated

AML cell-injected mice in the absence or presence of AC220 at day
14. *P<0.05; **P<0.01; ***P<0.001; NS: not significant.

haematologica | 2019; 104(10)




the hematopoietic niche, thus confirming our i vitro and
ex vivo data.

Next, we wondered whether the bone marrow niche
protection of FLT3-ITD AML cells is specific to the
hematopoietic niche conditions or if it would be similar in
other microenvironments. We thus evaluated the impact
of quizartinib on subcutaneous xenograft tumor growth
using control (MV4-11 shCtrl) and AXL KD (MV4-11
shAXL) AML cells. Subcutaneous implantation of these
cells into immunodeficient NSG mice resulted in solid
tumors without any difference between MV4-11 shCtrl
and MV4-11 shAXL cells (Online Supplementary Figure
S5C). After 21 days, when tumors reached 300-500 mm?®,
half of the mouse cohort received AC220 by daily oral
gavage (5 mg/kg/day). This resulted in complete regres-
sion of the tumors after 14 days. We did not observe any
difference between MV4-11 shCtrl and MV4-11 shAXL in
terms of response to AC220 treatment regarding both the
kinetic and intensity of tumor regression (Ounline
Supplementary Figure S5C). The daily administration of
AC220 was ceased after full tumor regression, allowing
tumor regrowth 12 days after AC220 withdrawal. Again,
a similar progression was observed post-relapse between
MV4-11 shCtrl and MV4-11 shAXL-injected cohorts both
in time to relapse and in tumor volumes, thus confirming
the specific role of the hematopoietic niche (Online
Supplementary Figure S5C). Similar tumor weights at sacri-
fice confirmed these observations (Online Supplementary
Figure S5D).

The absence of any difference in subcutaneous tumor
growth between MV4-11 shCtrl and MV4-11 shAXL-
injected animals shows that the instrumental role of AXL
in protecting AML cells against FLT3-targeted therapy in
vivo is specifically mediated by the hematopoietic niche.

Discussion

These findings show that the bone marrow hematopoi-
etic niche provides specific protection for FLT3-ITD AML
cells against quizartinib by multiple signaling pathways
converging to AXL upregulation and activation. In addi-
tion to the established role of the AXL canonical ligand
GAS6, the bone marrow niche enhances AXL expression
and the activity of AML cells through both STAT5-activat-
ing soluble factors and local hypoxic environment.

The microenvironment was already known to promote
AML cell resistance via several mechanisms such as
CXCL12-CXCR4 signaling,” adhesion molecules such as
CD44 and selectins,” vasculature by VEGE?* and angiopoi-
etins/TIE2 signaling® and well-reviewed by Brenner et al.*
More recently, FLT3-ligand and FGF1/2 were also identi-
fied as protective molecules against FLT3-TKI in vitro.”
Hypoxia, a key factor of the microenvironment, was also
reported to drive pro-tumoral signaling in AML via a
HIF1a/MIF/IL8 pathway that is also thought to play a role
in chronic lymphocytic leukemia survival.® Stroma has
also been shown to sustain AML cell resistance to cytara-
bine via activation of the AXL receptor upon AML cell-
dependent education of stroma to secrete GAS6 i vitro.”!
We now provide evidence that several microenvironment
messages converge to enhance AXL expression and activa-
tion, which sustain pro-survival signals to selectively pro-
tect FLT3-ITD AML cells from quizartinib treatment in
situ. Beyond demonstrating the value of AXL as a thera-

peutic target for AML burden, our data suggest a more
appealing approach in which prevention of AXL expres-
sion will be key to alleviating protection against treatment
of the leukemic initiating cells provided by their
hematopoietic niche.

The role of cytokines and growth factors inside the
hematopoietic niche with regard to AML cell survival has
long been debated. TPO receptor expression level has
been shown in approximately 50% of AML patients.*’ In
addition, primary human AML engrafts with higher effi-
cacy in mice in which human versions of CSF1, CSE2, IL3
and TPO genes are knocked-in into murine loci, suggest-
ing the central role of these cytokines.” The IL-3 receptor
(CD123), whose expression carries a poor prognosis,” is
thought to be a marker for AML-initiating cells* and to be
closely related with FLT3-ITD mutation.” Our data now
demonstrate a new survival mechanism provided by
STATS/hypoxia in the upregulation of AXL.

AXL expression is often up-regulated in solid tumors. Its
activation has been mostly observed under stress condi-
tions associated with metastatic disease or in situations
where tumor cells are under severe nutrient deprivation.
Knowledge about the extracellular messages that regulate
AXL expression is limited. However, interferon-o has
been reported to enhance AXL expression in monocytes
through a STAT1-dependent pathway, but the mechanism
by which this is achieved has not yet been investigated.®
Our results show for the first time that the AXL gene
exhibits a conserved SRE that binds cytokine-activated
STATS which up-regulates AXL gene expression through
enhanced recruitment of RNAPolIl. All the cytokines stud-
ied (IL-3, GM-CSF and TPO) activated both STAT5A and
STAT5B, but we observed that STATS5A-selective knock-
down triggered massive AXL downregulation, whatever
the levels of STATSB expression and activation (Dumas et
al., 2019, personal communications). These observations sug-
gest that STATSA plays a dominant role in AXL regula-
tion, an observation that fits with major regulation by
STATSA of other genes like HIF2a or PHDS3 that promote
HSPC and leukemia cell maintenance, as we and others
have observed.” Whether other STATS-activating factors
also enhance AXL expression and contribute to tumorige-
nesis and resistance of other myeloid leukemia, non-
myeloid leukemia and/or solid tumors awaits further
investigation.

The current findings show that STAT5-activating factors
not only enhance AXL expression but also trigger AXL
activation. Indeed, TK receptors such as EGFR or VEGER,
which activate Src kinases,” and FLT3, were shown to
activate AXL.” AXL also functions as a docking site for
non-receptor kinases such as Syk and Lyn,* which could
be activated by hematopoietic niche signals. Whether
other kinases mediate AXL activation remains to be stud-
ied.

AXL expression is known to be modulated by O, con-
centration in various solid tumors.”** Our present data
extend these observations to AML. Low O, concentra-
tions are a well-known BM niche hallmark.” Hypoxia was
shown to down-regulate FLT3 and FLT3-ITD signaling in
AML cells.” Under such conditions, the PI3K/AKT path-
way was shown to sustain AML cell survival, rescuing
FLT3 activity,” while AXL is known to activate PI3K/AKT
signaling in AML cells. We and others have previously
shown that cytokine-activated STATS enhances HIF2a
expression directly* but also indirectly by inhibiting one
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of its destabilizers, the prolyl 4-hydroxylase domain pro-
tein 3 (PHD3) in both normal hematopoietic progenitors
and leukemic cells.” Such activities might reinforce the
hypoxia-induced message coming directly from the
microenvironment and strengthen AXL overexpression.

Finally, our data show that the hematopoietic niche pro-
vides selective signals regulating AXL expression. This
plays a pivotal role in the selective response of FLT3-ITD
AML cells to quizartinib within the specific location of the
bone marrow, where leukemic stem cells are well main-
tained. Our study suggests that, in addition to the dual
inhibition of AXL and FLT3 through TKI combination or a
dual TK inhibitor such as gilteritinib, targeting AXL
upstream signaling steps could be investigated in targeting
FLTS-ITD AML-initiating cells in the hematopoietic
niche.””
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ABSTRACT

inimal (or ‘measurable’) residual disease in acute lymphoblastic

leukemia appears to be a prognostic indicator, with potential

value in informing individualized treatment decisions. Complete
understanding of the strength of the association between minimal residual
disease and long-term outcomes is, however, lacking. A systematic litera-
ture review and meta-analysis were performed to elucidate the clinical sig-
nificance of minimal residual disease with respect to relapse-free survival
and overall survival in precursor B-cell acute lymphoblastic leukemia. A
total of 23 articles and abstracts, most published between 2012 and 2016,
were identified for inclusion in the primary meta-analysis. Typically,
patients were in their first complete remission at the time of minimal resid-
ual disease assessment; in two studies, all patients were in their second, or
later, complete remission. The primary analysis revealed improved relapse-
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for patients with Ph-positive disease in particular, out-
comes with standard combination chemotherapy are
poor.’® The tyrosine kinase inhibitors imatinib, dasatinib,
nilotinib, and ponatinib have shown efficacy in patients
with Ph-positive disease, and there are some preliminary
suggestions that they may also be efficacious in selected
subsets of Ph-negative ALL."®* Moreover, several targeted
therapies have been developed for patients with B-ALL,
such as the antibody-based therapies rituximab, ino-
tuzumab ozogamicin and blinatumomab, these latter
demonstrating greater effectiveness than salvage
chemotherapy in the very high-risk setting of
relapsed/refractory ALL, including both Ph-positive and
Ph-negative patients.”"

The introduction of targeted therapies, alongside
advances in diagnostic procedures, have improved out-
comes for patients with B-ALL.”* However, despite a
substantial proportion (74% to 91%) of patients achieving
complete remission (CR), one-third or more will eventual-
ly relapse because of the presence of submicroscopic lev-
els of leukemic cells in the bone marrow.""® The presence
of these remaining cancer cells is known as minimal resid-
ual disease (MRD; alternatively termed ‘measurable resid-
ual disease’).

MRD is increasingly being used in clinical practice as an
independent prognostic marker for the duration of CR and
long-term outcomes in patients with ALL, and for inform-
ing treatment decisions.”” The European Society for
Medical Oncology (ESMO) and National Comprehensive
Cancer Network clinical practice guidelines for adult
patients with ALL recommend the quantification of MRD
whenever possible,”*** but it is not yet clear whether
MRD status alone is sufficient to predict prognosis, or
whether it should be combined with other parameters,
such as patient-related (e.g., age) or disease-related (e.g.,
cytogenetics) risk factors. In drug development, MRD
response has been considered as an early marker of effica-
cy in clinical studies, with potential use as a surrogate end-
point in registration studies for accelerated drug
approval.®” A full understanding of the prognostic signif-
icance of MRD is needed to guide its use across this broad
range of settings.

A large number of studies have shown that achievement
of MRD-negative status correlates positively with CR
duration, reduced risk of relapse, and HSCT success.””
The use of MRD testing is individualized within a given
study protocol, and hence there is wide variation in the
test method used, the timing and sensitivity of MRD
assessment, the characteristics of the patients, and the
treatments used before and after MRD was assessed. We
conducted a systematic review to capture the evidence
supporting the clinical significance of MRD on clinical out-
comes and used this evidence to inform a meta-analysis
with the aim of quantifying the impact of MRD status on
relapse-free survival (RES) and overall survival (OS). A
recent meta-analysis suggested that event-free survival
and OS were almost always better in patients with ALL
who were MRD negative than in those who were MRD
positive.”® This meta-analysis included studies in children
and adults, and in B-cell and T-cell phenotypes. Our meta-
analysis focused on adult patients with B-ALL and
includes 23 studies, 18 of which were not in the previous
meta-analysis, which enabled us to explore the impact of
MRD status within clinically important subgroups in this
population.

Methods

Systematic literature review
Evidence base

We systematically reviewed published studies according to a
prespecified protocol, using a process compliant with the 2009
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.” PubMed and Embase databases
were searched (Online Supplementary Table S1) for studies in
humans published in English between 1 January, 1995 and 1
March, 2016. Additional searches were conducted for congress
proceedings [American Society of Clinical Oncology (ASCO),
American Society of Hematology (ASH), European Hematology
Association (EHA), and ESMO] published between 2012 and 2016.

Screening and data extraction

Titles or abstracts identified from the initial searches were eval-
uated against the prespecified inclusion criteria (Ounline
Supplementary Methods). The full texts were obtained for all studies
deemed eligible, and for studies whose eligibility was unclear dur-
ing the title/abstract screening. The full texts were independently
screened by two reviewers to confirm which studies should be
included. Any discrepancies were resolved by a third reviewer.
Data extraction is described in the Online Supplementary Methods.

Meta-analysis
Evidence base

Studies identified from the systematic literature review were
excluded from the meta-analysis if RES was not reported separate-
ly for patients who were MRD-negative and MRD-positive in sta-
tus, or if insufficient data were reported to calculate a hazard ratio
according to the methods outlined in Tierney et al® For studies
that included patients with B-ALL and T-cell ALL (T-ALL), hazard
ratios were calculated only for the patients with B-ALL, if it was
possible to do so.

Outcomes

The primary outcome was RES — alternatively termed disease-
free, event-free or leukemia-free survival in some publications. In
studies that provided RES definitions, RES was mostly measured
from CR until relapse or death. Other studies that provided a def-
inition measured RFS from HSCT* or from the start of treat-
ment.** For the purposes of the meta-analysis, we used the meas-
ure of RFS as provided in each study publication. The primary
analysis set was based on studies that reported RFS according to
MRD status. The secondary outcome was OS, determined from
those studies in the primary analysis set that also reported OS
according to MRD status.

Statistical analysis

The analysis of hazard ratios used unadjusted measures of treat-
ment effect, where available. Meta-analysis was performed using
the random effects model.”* Heterogeneity between studies was
assessed statistically using the I and Cochran Q tests.”* Meta-
regression was performed to investigate the relationships between
covariates (Ph status, median follow-up time, MRD cut-off sensi-
tivity threshold, post-MRD treatment, disease stage, sex and age)
and study-level hazard ratios.”

Results
Search results

The systematic literature search identified 1,899
records (1,252 full papers and 647 congress abstracts) for
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title and abstract screening. An additional four full papers
were included that were not identified during the sys-
tematic literature searches, giving a total of 1,903 records
(Figure 1). Following screening of the title and abstract of
each record, 278 records were included in the full text
screen. Finally, 33 full papers and 21 congress abstracts
were covered in the systematic review; these included
8,820 patients with B-ALL, 5,979 of whom had available
MRD data. The study and patients’ characteristics,
together with clinical outcomes, are summarized in
Ounline Supplementary Tables S2-S7. In total, 32 records

OVID and PubMed
initial search:
1252 records

Congress abstracts
initial search:
647 records

Y

Title and abstract
screening:
1903 records?

(23 full texts and 9 congress abstracts) were eligible for
the meta-analysis; of these, 23 records were included in
the primary analysis set; the remaining papers were
excluded because either the study populations over-
lapped with another, more recent, publication, and there
were no unique data for inclusion in the meta-analysis,
or inconsistencies in data reporting meant that it was not
possible to calculate hazard ratios. A list of studies iden-
tified in the systematic review but not included in the
meta-analysis, with reasons, is provided in Ounline
Supplementary Table S8.

Excluded: 1625 records
Reasons for exclusion:
« Did not compare patients who were
MRD+ with those who were MRD-
« Patients aged < 15 years
 Study included patients with T cell ALL
only

A

Full text screening:
278 records

Y

« Study did not report outcomes for patients
with B cell ALL separately

» Retrospective study with < 50 patients

 Prospective study that measured MRD
retrospectively in < 50 patients

* Did not report RFS or similar®

* Duplicate

» Wrong article type

Excluded: 224 records
Reasons for exclusion:

4

Selected qualitative analysis:
54 records
(33 full texts and 21 congress abstracts)

>+ No unique data reported
» RFS or similar reported, but data not
compared by MRD status

Excluded: 22 records
Reasons for exclusion:
* RFS not reported or RFS not reported

A

Selected inclusion in the
meta-analysis evidence base:
32 records
(23 full texts and 9 congress abstracts)

l

Selected inclusion in the

Y

according to MRD status

« Insufficient data reported to calculate
HR for RFS

» No unique data reported

Excluded: 9 records
Reasons for exclusion:
« Study populations overlapped with a

primary analysis set:
23 records

more recent publication
« Inconsistencies in data meant it was not
possible to calculate HRs

Figure 1. PRISMA flow diagram. °Includes four full text articles that were not identified during the systematic literature searches. "Protocol amendment. Includes
disease-free survival, leukemia-free survival and duration of complete response or progression-free survival. ALL: acute lymphoblastic leukemia; B cell ALL/B-ALL:
B-cell acute lymphoblastic leukemia; HR: hazard ratio; MRD: minimal residual disease; MRD—: minimal residual disease-negative status; MRD+: minimal residual
disease-positive status; PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses; RFS: relapse-free survival; T cell ALL/T-ALL: T-cell acute lym-

phoblastic leukemia.
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Characteristics of studies and patients text when analyzing clinical outcomes according to MRD *
in the meta-analysis status.”***** Most studies assessing MRD status in
Disease stage and treatment adults with B-ALL were published from 2011 onwards,

Key characteristics of the studies included in the meta- with the exception of a prospective study in Germany®
analysis (Table 1) were considered in order to provide con-  and a Polish study.” Studies were mainly conducted in

Table 1. Characteristics of studies included in the meta-analysis.

First author Year  Total Ph MRD MRD MRD ALL MRD timing Pre-MRD Post-MRD Risk
number  status method level test  phenotype tx tx  group
of patients location

(with MRD data)
Included in primary analysis
Lussana® 2016 106 (73) Pos PCR 10° NA B-cell Pre-HSCT CRl  Targeted HSCT NA

Gokbuget" 2015 116 (112) Neg PCR 10 Central B-cell <3 months from induction ~CRI*  Targeted  Mix NA
Chiaretti® 2015 63 (60) Pos PCR NA NA B-cell <3 months from induction ~ CRI ~ Targeted  Mix NA
Jabbour® 2017 78 (78) NA Flow 10+ Local B-cell <3 months from induction ~CR2  Targeted  Mix NA

(6 color) or later
Nishiwaki* 2016 432 (432) Pos PCR 10° Local B-cell Pre-HSCT CR1  Targeted HSCT NA
Ravandi" 2016 340 (260) Mix Flow 10~ Local B-cell <3 months from induction ~ CR1 ~ Targeted  Mix NA
(6 color)
Bassan® 2014 159 (106) Neg PCR 10+ NA Mix = 3 months from induction  CRI1 Chemo Mix Mix
(79% B-cell)

Beldjord* 2014 860 (423) Neg PCR 10+ Central B-cell < 3 months from induction  CRI1 Chemo Mix Mix
Gokbuget” 2012 1648 (580) Neg PCR 10 Central Mix < 3 months from induction ~ CRI1 Chemo Mix  Mix

(66% B-cell)

Holowiecki” 2008 131 (116) Neg Flow 10°  Central Mix < 3 months from induction ~ CRI1 Chemo Mix  Mix
(3 color) (75% B-cell)

Patel® 2010 161 (161) Neg PCR 10+ NA B-cell < 3 months from induction ~ CRI1 Chemo Mix Mix

Bassan® 2014 304 (141, Neg PCR 10+ NA Mix > 3 months from induction ~ CRI1 Chemo Mix  Mix
[98 included (76% B-cell)

in the analysis])
Gokbuget® 2014 189 (73) Neg PCR 10 Central B-cell <3 months from induction ~CR2 ~ Targeted Mix  Mix

or later
Bachanova® 2014 197 (185) Pos PCR NA Local B-cell Pre-HSCT CR1  Targeted HSCT NA
Giebel® 2010 123 (123) Neg Mix 10- Local B-cell Pre-HSCT CR1 Chemo  HSCT  High
Tucunduva® 2014 98 (98) Pos Mix Mix Local B-cell Pre-HSCT CRI® Targeted HSCT NA
Wassmann® 2005 27 (27) Pos PCR NA Central B-cell Post-HSCT CRI* HSCT  Targeted NA
Weng” 2013 125 (106) Mix Flow 10+ Local B-cell < 3 months from induction ~ CRI1 Chemo Mix NA
(6 color)
Yanada™ 2008 100 (85) Pos PCR 10°  Central B-cell <3 months from induction ~ CRI ~ Targeted  Mix NA
Wetzler® 2014 34 (13) Pos PCR NA  Central B-cell Post-HSCT CR1  Targeted NA NA
Yoon® 2016 173 (169) Pos PCR 10 Central B-cell Pre-HSCT CR1  Targeted HSCT NA
Lim* 2016 82 (78) Pos PCR 10°  Central B-cell <3 months from induction ~ CRl ~ Targeted  Mix NA
Short® 2016 202 (122) Pos PCR 10 NA B-cell <3 months from induction ~ CRI  Targeted Targeted NA

Included in subgroup analysis
Ravandi* 2016 340 (260) Mix Flow 10+ Local B-cell > 3 months from induction ~ CR1 ~ Targeted  Mix NA
Gokbuget™ 2012 1648 (580) Neg PCR 10 Central Mix > 3 months from induction®  CRI Chemo Mix Standard/

(669 B-cell) high
Holowiecki™ 2008 131 (116) Neg Flow 10 Central Mix > 3 months from induction ~ CRI1 Chemo Mix Mix
(3 color) (75% B-cell)
Patel® 2010 161 (161) Neg PCR 10+ NA B-cell > 3 months from induction/  CRI Chemo  HSCT/ Standard/
pre-HSCT* Chemo  high

*CR1 65%, CR2 34%, CR3 2%;"CR1 81%, CR2 19%; “CR1 78%, CR2 22%; ‘Study included in primary analysis with additional subgroups available for inclusion in subgroup analyses.
‘Minimal residual disease was assessed at multiple time points, both <3 months and >3 months after induction. ALL: acute lymphoblastic leukemia; Central: central laboratory; CR1: first
complete remission; CR2: second complete remission; CR3: third complete remission; Chemo: chemotherapy; Flow: flow cytometry; HSCT: hematopoietic stem-cell transplantation; Local:
local laboratory; Mix: mixed; MRD: minimum residual disease; NA: not available; Neg: negative; PCR: polymerase chain reaction; Ph: Philadelphia chromosome; Pos: positive; R/R: relapsed
and/or refractory; Targeted: targeted agent (e.g., tyrosine kinase inhibitor, blinatumomab, inotuzumab); tx: treatment.
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Europe or East Asia, and almost all studies prospectively
assessed MRD; only two studies included patients exclu-
sively in second CR (CR2) or later, and the rest were in
patients in first CR (CR1) at the time of MRD assessment
(of these, three studies included a minority of patients in
CR2 or later in combination with patients in CR1, and
these were categorized as CR1 for the purposes of the
meta-analysis). Approximately half were in Ph-positive
patients (n=11), and these patients had typically received
chemotherapy plus a tyrosine kinase inhibitor before their
MRD assessment (Online Supplementary Table S2). Most
patients with Ph-negative ALL received chemotherapy,
with or without targeted agents. As mentioned, there
were only two studies in which all patients were in CR2
or later, and these patients had received treatment with
blinatumomab or inotuzumab ozogamicin, with or with-
out chemotherapy, before MRD was assessed.** Two
studies, in Ph-positive patients, examined the impact of
MRD status following transplantation.®

Treatment received after MRD assessment varied
across, and within, the studies; in most studies (n=14),
pooled survival outcomes were reported for the mix of
post-MRD treatments (targeted therapy, chemotherapy
and HSCT) (Table 1). Six studies reported outcomes sepa-
rately for patients who received an HSCT after their MRD
assessment; a further two studies reported outcomes sep-
arately for post-MRD treatment with a targeted agent.

Minimal residual disease assessment methodology and timing

MRD was most commonly assessed at a central labora-
tory (n=10); other studies used a local reference laboratory
(n=7) or did not specify whether centralized assessment
was performed (n=6). A range of methodologies were
used to assess MRD, although most (n=17) were poly-
merase chain reaction (PCR) based (Table 1). All but one of
the studies of patients with Ph-negative ALL used PCR-
based methodologies; three specified that they looked for
immunoglobulin or T-cell receptor gene rearrangements
(Online Supplementary Tables S2 and S3). The remaining
study used multiparameter flow cytometry (Online
Supplementary Table S2). For patients who had Ph-positive
ALL, all studies (n=11) used BCR-ABL as a marker of
MRD; most (n=9) used real-time quantitative PCR, one
study used molecular testing and one study used fluores-
cent in-situ hybridization. The most commonly used sen-
sitivity limit was 1 in 10 cells for all methodologies, and
sensitivities of 1 in 10° cells were only reported for PCR-
based detection in studies of patients with Ph-positive sta-
tus (Table 1). The three studies that included patients with
mixed Ph status or did not report Ph status all used multi-
parameter flow cytometry (22%) (Online Supplementary
Tables S2 and S3). The number of colors used ranged from
three to eight, and no trends in the number of colors used
were observed over time in the studies.

MRD measurements were generally taken within 3
months of induction treatment (n=14) (Ounline
Supplementary Tables S2 and S3).

Clinical outcomes according to minimal residual
disease status
Relapse-free survival

Figure 2 shows the meta-analysis results for the 23 stud-
ies included in the primary analysis. The overall results
show improved RES for patients who achieved MRD neg-
ativity [random effects hazard ratio (HR)=2.34; 95% con-

fidence interval (CI): 1.91-2.86], and the effect was seen
consistently across all studies.

The I’ value was 59 %, indicating moderate-to-high het-
erogeneity between the studies in the primary analysis.
This effect was anticipated given the known variations
between studies in the design, patients’ characteristics and
treatments received. For this reason, a predefined set of
subgroups was examined to explore whether MRD nega-
tivity had a consistent effect in important subgroups of
patients.

All subgroups showed an improved RES in patients who
achieved MRD negativity; no significant differential sub-
group effects were observed (Figure 3). Although it should
be noted that for some subgroups there were very few
studies available, which contributed to overlapping confi-
dence intervals, some trends were seen. The prognostic
value of MRD appeared stronger in patients who received
chemotherapy than in those who received targeted thera-
py before MRD assessment (HR=2.98; 95% CI: 2.12-4.20
and HR=0.90; 95% CI: 1.53-2.36, respectively), but the
confidence intervals overlap. The subgroup that received
HSCT before MRD assessment has a hazard ratio of 5.19
(95% CI: 1.95-13.8), but it should be noted that this is
based on one study, and the confidence intervals are very
wide. The prognostic value of MRD also seemed to be
stronger in patients who received chemotherapy after
their MRD assessment (HR=6.52; 95% CI: 2.43-17.5) than
in those who received HSCT after MRD assessment
(HR=1.73; 95% CI: 1.27-2.37), but again it should be
noted that the data for chemotherapy after MRD assess-
ment are from only one study.

The subgroup analysis was repeated separately accord-
ing to Ph status and timing of MRD assessment (Online
Supplementary Figures S1 and S2). There was no difference
in RES improvement for patients who achieved MRD neg-
ativity between studies in the Ph-positive (HR=2.04; 95%
CI: 1.53-2.78) and Ph-negative (HR=2.46; 95% CI: 2.02—
2.98) groups. Hazard ratios in all subgroups favored MRD
negativity, regardless of Ph status, with no apparent differ-
ence between Ph-positive and Ph-negative cases in any
subgroup (Online Supplementary Figure S1). Similarly, there
was no difference in RES improvement for patients who
achieved MRD negativity at early timepoints (within 3
months from induction: HR=2.60; 95% CI: 2.05-3.31) and
later timepoints (more than 3 months from induction:
HR=2.23; 95% ClI: 1.67-2.97). Hazard ratios were more
favorable in most subgroups at the early MRD timepoint
compared with the later MRD timepoint group, but the
subgroup confidence intervals overlapped between the
early and later MRD timepoints (Online Supplementary
Figure S2).

Overall survival

The meta-analysis results for the 14 studies included in
the secondary (OS) analysis are summarized in Figure 4.
The overall results show improved OS for patients who
achieved MRD negativity (HR=2.19; 95% CI: 1.63-2.94).
Individually, the results were consistently in favor of MRD
negativity across all the studies with the exception of that
by Bachanova et al.,* who reported a hazard ratio of 0.94,
but with a confidence interval that crossed the null value
(95% CI: 0.65-1.35). Four other studies also had confi-
dence intervals that crossed the null value.®*#%

The I’ value was greater for the OS analysis (67 %) than
for the RFS analysis (59%), again confirming the extent of
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the heterogeneity in the studies in terms of design, popu-
lations and treatment protocols. Reassuringly, a prede-
fined analysis of key subgroups of interest showed a con-
sistent improvement in OS in patients who achieved
MRD negativity (Figure 5). As for RES, no significant dif-
ferential subgroup effects were seen. The prognostic value
of MRD appeared to be greater in patients who received
HSCT before MRD assessment (HR=8.02; 95% CI: 2.32—
27.7) than those assessed after chemotherapy (HR=3.01;
95% CI: 2.08-4.37) or targeted therapy only (HR=1.65;
95% CI: 1.24-2.20). The prognostic value of MRD was
less notable in patients who received HSCT treatment
after MRD assessment (HR=1.24; 95% CI: 0.86-1.78) than
those who received alternative interventions (HR=2.50;
95% CI: 1.88-3.33). As for RFS, the number of studies in
some subgroups was small, and many of the confidence
intervals overlapped.

Meta-regression
Meta-regression was explored to further investigate the
heterogeneity between studies. The analysis was limited

Meta-analysis of the impact of MRD in adult B-ALL -

by the small number of studies that provided information
for certain covariates (i.e. those used to define the sub-
groups), and for this reason we focused on RES for which
more studies were available. Heterogeneity remained
even after adjustment for almost all covariates, as reflected
by a significant within-group Q-statistic (Qw) (Online
Supplementary Table S9). The exception was risk group;
however, interpretation of the relevance of this covariate
is limited by its inclusion in only three studies.

Of note, the Tierney method® used to calculate the haz-
ard ratio for each study had no significant effect on the
treatment difference.

Discussion

This systematic review and meta-analysis found that in
adults with B-ALL, achieving MRD negativity was consis-
tently associated with better survival outcomes than those
of patients with MRD-positive status. In addition, the
benefit of achieving MRD negativity was evident in all the
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Figure 2. Forest plot of relapse-free survival hazard ratios for all studies included in the primary analysis. Cl: confidence interval; HR: hazard ratio; MRD: minimal
residual disease; MRD neg: minimal residual disease-negative status; MRD pos: minimal residual disease-positive status.
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subgroups that we examined, highlighting its relevance
for assessing prognosis and measuring treatment efficacy.
There were some preliminary indications that MRD status
may have a greater effect on outcomes in certain patient
subgroups than in others. These data should be interpret-
ed with caution, since no significant differential subgroup

effects were seen, and most of the confidence intervals
overlapped.

Our data build upon evidence from a recent meta-analy-
sis of patients with B-ALL or T-ALL by Berry et al. that
showed hazard ratios for event-free survival and OS
almost uniformly favor MRD negativity, and that this
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Figure 3. Forest plot of relapse-free survival hazard ratios by subgroup (random effects model). B cell ALL/B-ALL: B-cell acute lymphoblastic leukemia; CI: confi-

Chemo: chemotherapy; Flow: flow cytometry; HR: hazard ratio; HSCT: hematopoietic

stem-cell transplantation; MRD: minimal residual disease; MRD neg: minimal residual disease-negative status; MRD pos: minimal residual disease-positive status;
N: number of studies; PCR: polymerase chain reaction; Ph: Philadelphia chromosome; SCT: stem-cell transplantation; targeted: targeted agent (e.g., tyrosine kinase
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effect is retained within each of the subgroups.” The haz-
ard ratio effect size appears slightly larger than in our
meta-analysis, which could reflect differences in the stud-
ies included or the different analysis approach that was
used (with a Bayesian rather than a random effects
model). There was only partial overlap in studies between
the two meta-analyses, with five studies included in
both,”*** meaning that our study adds 18 studies and
2,245 patients to the combined evidence base. Only one of
the adult studies in the analysis by Berry et al. was identi-
fied as concerning B-ALL,” but our efforts to extract data
from the B-ALL populations wherever possible allowed us
to conduct subgroup analyses specific for this phenotype
with 19 studies of RES and 12 studies of OS. Similarly, we
calculated outcomes according to Ph status for a larger
number of studies (20 vs. 8 in Berry et al.), enabling a more
robust subgroup analysis and allowing further subgroup
analyses to be conducted within each cytogenetic catego-
ry. The lack of overlap between the two meta-analyses
was likely due to differences in eligibility criteria: our
study allowed for a larger range of methods to calculate
hazard ratios (as described in Tierney et al.*’), only exclud-
ing studies with small patient numbers if MRD was exam-
ined retrospectively, and included congress abstracts. Our
study focused on a narrower population than that of Berry
et al., but a high degree of heterogeneity remained; this
highlights the limitations of conducting meta-analyses
according to MRD status and should encourage future
research using pooled analysis of patient-level data.

In general, MRD evaluations are conducted in two dif-
ferent scenarios. The first is in patients who achieve mor-

Meta-analysis of the impact of MRD in adult B-ALL -

phological remission after receiving induction therapy, at
the time of remission evaluation or shortly after, to evalu-
ate the quality of the response. The second scenario is to
use MRD monitoring as a predictor for pending relapse.
We examined subgroups according to the timing of MRD
assessment, either before or after 3 months from starting
induction, or before or after HSCT. MRD assessments up
to 3 months from induction were generally taken during
or at the end of induction treatment — i.e. before consoli-
dation or intensification therapy - and this subgroup
therefore falls into the first scenario. In our analysis, there
was little difference in the relative effect of MRD assessed
at 3 months or later, and four studies that evaluated out-
comes from multiple MRD timepoints showed a benefi-
cial effect of MRD negativity at both earlier and later time-
points. Furthermore, subgroup analysis of RFS according
to the timing of MRD assessment showed that there was
no difference in RES improvement for patients who
achieved MRD negativity at early timepoints compared to
those who achieved it at later timepoints. Measurement of
MRD after HSCT may also fall into the second scenario,
and the apparently large impact of MRD on RFES and OS
in the post-HSCT subgroup may reflect the strong predic-
tive ability of MRD to detect relapse in this setting.
Nevertheless, the timing of MRD measurement is an
important consideration if the technique is to be used to
support treatment decisions, and evidence exists to sup-
port early MRD testing. For example, in a study conducted
in the USA that enrolled patients with Ph-negative B-ALL
or T-ALL, MRD levels as early as 28 days following the
initiation of induction therapy were used to predict out-
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Figure 4. Forest plot of overall survival hazard ratios for all studies included in the primary analysis. Cl: confidence interval; HR: hazard ratio; MRD: minimal residual

disease; MRD neg: minimal residual disease-negative status; MRD pos: minimal

residual disease-positive status.
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* comes.” In another study assessing patients with Ph-neg-  importance of early testing if MRD status is to be used to
ative B-ALL or T-ALL, an early MRD response (day 11) influence treatment decisions.
was associated with the best prognosis.” In addition, in an Information from MRD testing could help to target
analysis of patients with Ph-negative ALL from France, highly effective immunotherapies, as well as therapies
Belgium and Switzerland, lack of MRD response 6 weeks  that are less well tolerated, such as HSCT, to those at high
after induction initiation could identify patients who risk of relapse. In a study of Ph-negative patients from the
would benefit most from HSCT.” This highlights the GRAALL-2003 or -2005 trials, transplant was found to
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Figure 5. Forest plot of overall survival hazard ratios by subgroup (random effects model). B cell ALL/B-ALL: B-cell acute lymphoblastic leukemia; Cl: confidence
interval; CR1: first complete remission; CR2: second complete remission; chemo: chemotherapy; Flow: flow cytometry; HR: hazard ratio; HSCT: hematopoietic stem-
cell transplantation; MRD: minimal residual disease; MRD neg: minimal residual disease-negative status; MRD pos: minimal residual disease-positive status; N:
number of studies; PCR: polymerase chain reaction; Ph: Philadelphia chromosome; SCT: stem-cell transplantation; targeted: targeted agent (e.g., tyrosine kinase
inhibitor, blinatumomab, inotuzumab); tx: treatment.
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prolong RFS compared with chemotherapy among those
who did not achieve an early MRD response, but was no
better than chemotherapy in patients who did achieve an
early MRD response.” Likewise, the PETHEMA ALL-
ARO3 trial used MRD to guide treatment decisions at the
end of consolidation, and found that HSCT could be
avoided in patients who reached MRD negativity without
adversely affecting their prognosis.” Similarly, a study
using the Northern Italy Leukemia Group trial protocol
10/07 implemented risk-stratification to define a cohort of
patients with an MRD response who could achieve good
outcomes with conventional maintenance instead of
HSCT after induction therapy.” These studies provide evi-
dence that MRD can play a role in sparing patients from
the risks associated with transplantation, without nega-
tively affecting survival outcomes.® New systemic thera-
pies may offer alternatives to HSCT; for example, a phase
II study (published in full since the literature review was
conducted) found that blinatumomab could induce a com-
plete MRD response in over three-quarters of patients
with MRD-positive ALL in first-line treatment;” blinatu-
momab is now approved for use in patients with MRD-
positive ALL in the USA.® There is a need to establish the
role of MRD testing in guiding treatment in each subgroup
of patients with ALL and to determine an evidence-based
treatment protocol to optimize patients’ outcomes.

Ph-positive and Ph-negative disease differ not just in
terms of prognosis, but also in treatment regimens and
method of MRD assessment. We analyzed RFS separately
for Ph-positive and Ph-negative studies, and the prognos-
tic ability of MRD negativity remained the same regard-
less of Ph status, with no discernible difference among
subgroups. Subdividing the total population according to
Ph status led to shrinkage or elimination of certain sub-
groups, but these results again point to the consistency of
effect of MRD negativity across clinically relevant popula-
tions. It will be important in future research to further dis-
sect the Ph-like subset of patients (who have a similar
gene expression profile to Ph-positive ALL but without
the targetable BCR-ABL translocation), given their poor
prognosis and persistence of MRD.**

The question of how sensitive MRD assays need to be
remains to be resolved. In a study of patients with untreat-
ed Ph-negative B-ALL or T-ALL, MRD levels of 10° or
greater were associated with a poor prognosis.” In our
study, no real differences in the association between MRD
level and outcome were seen, regardless of whether the
sensitivity threshold was 107 10~ or 107°. Therefore, the
threshold of 10 recommended by ESMO seems appropri-
ate.’

The studies included in this systematic review and
meta-analysis represent a broad range of patient sub-
groups and treatment regimens. Consequently, the find-
ings should be generalizable across the whole B-ALL pop-
ulation. Nevertheless, these analyses have some limita-
tions. Given the wide range of treatment regimens, fol-
low-up times and methodologies for assessing MRD, the
data should be interpreted with caution. Heterogeneity
was high (as measured using I’), but this was expected
because it reflects the nature of studies included: they
were not randomized and included different populations
of patients, methods of analysis, follow-up times and
study designs. In addition, treatments administered after
MRD assessment, particularly HSCT, would be a major
confounding factor when assessing the relationship

Meta-analysis of the impact of MRD in adult B-ALL -

between MRD and survival outcomes. We investigated
sources of heterogeneity by using predetermined sub-
group analyses of factors that might affect MRD and sur-
vival, and by using meta-regression. The subgroup analy-
ses support the overall conclusion that MRD negativity is
associated with better survival outcomes than MRD posi-
tivity. Heterogeneity remained high after accounting for
key variables, indicating that there could be additional fac-
tors that affect the relative effect of MRD status on out-
comes, which we were unable to account for in this analy-
sis. Furthermore, for some subgroups very few studies
were available, and data were sparse, meaning that the
reliability of some of the subgroup results was subopti-
mal.

In some cases, time-to-event data were missing, and
hazard ratios were calculated using published methodolo-
gies to account for this.*” However, the meta-regression
for RES indicated that the Tierney method used to calcu-
late hazard ratios was unlikely to influence the magnitude
of the effect of MRD negativity.

It would be of interest to study the impact of MRD on
bone marrow relapse. Although REFS is a good proxy for
relapse, deaths in remission (e.g., following HSCT) may
affect the results. This meta-analysis focused on MRD as
a risk factor for systemic relapse and did not examine
MRD as a predictor of extramedullary relapse or death
from other causes, such as transplant-related mortality;
therefore, different rates of death across subgroups from
causes other than bone marrow relapse could confound
the results. The extent of confounding due to HSCT-relat-
ed mortality is unclear, however, and only two of the
studies included in the meta-analysis comprised solely
patients who did not undergo HSCT. Overall, the strong
relationship observed in our study, and that by Berry et
al.” highlights the high prognostic value of MRD, despite
this confounding factor.

In four studies, it was not possible to separate the B-cell
and T-cell populations; however, the majority of patients
in these studies had B-ALL (66% to 79%), and there was
no difference in the prognostic value of MRD between the
B-ALL and mixed studies for either RES or OS. It should
also be noted that our analysis only included two studies
in CR2 or later; however, results in this subgroup were
consistent with the overall findings.

In conclusion, this systematic review and subsequent
meta-analysis have generated support for the use of MRD
as a prognostic marker in the management of patients
with ALL. Overall, and in all subgroups analyzed, MRD
negativity was associated with better survival outcomes
than MRD positivity. This finding appeared relatively
unaffected by variation in the timing or sensitivity thresh-
old of the MRD assay applied, though other factors — such
as the window of opportunity for treatment before relapse
— may need to be considered when refining MRD assess-
ment methodology to optimize its value in practice.
Detection of MRD offers a promising clinical tool that
may help clinicians to harness the potential of emerging
targeted therapies for ALL.
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ABSTRACT

e Shc family adaptor p66Shc acts as a negative regulator of prolifer-
ative and survival signals triggered by the B-cell receptor and, by
enhancing the production of reactive oxygen species, promotes

oxidative stress-dependent apoptosis. Additionally, p66Shc controls the
expression and function of chemokine receptors that regulate lymphocyte
traffic. Chronic lymphocytic leukemia cells have a p66Shc expression defect
which contributes to their extended survival and correlates with poor prog-
nosis. We analyzed the impact of p66Shc ablation on disease severity and
progression in the Eu-TCL1 mouse model of chronic lymphocytic
leukemia. We showed that Eu-TCL1/p66Shc” mice developed an aggres-
sive disease that had an earlier onset, occurred at a higher incidence and led
to earlier death compared to that in Eu-TCL1 mice. Eu-TCL1/p66Shc” mice
displayed substantial leukemic cell accumulation in both nodal and extra-
nodal sites. The target organ selectivity correlated with upregulation of
chemokine receptors whose ligands are expressed therein. This also applied
to chronic lymphocytic leukemia cells, where chemokine receptor expres-
sion and extent of organ infiltration were found to correlate inversely with
these cells’ level of p66Shc expression. p66Shc expression declined with dis-
ease progression in Eu-TCL1 mice and could be restored by treatment with
the Bruton tyrosine kinase inhibitor ibrutinib. Our results highlight p66Shc
deficiency as an important factor in the progression and severity of chronic
lymphocytic leukemia and underscore p66Shc expression as a relevant ther-
apeutic target.

Introduction

Chronic lymphocytic leukemia (CLL) is characterized by the accumulation of
long-lived mature CD5" B cells in peripheral blood, bone marrow and secondary
lymphoid organs.! Leukemic cell survival is associated with defective apoptosis’
and, moreover, is promoted by stromal cell-derived chemokines during their transit
through secondary lymphoid organs,’ where they also undergo proliferation within
pseudofollicles.' Imbalanced expression of chemokine receptors regulating homing
to (CCR7, CXCR4, CXCRY) and egress from (S1PR1) secondary lymphoid organs
concurs to retain CLL cells in the Iymphoid niche.®

The adaptor p66Shc participates in signaling pathways linking oxidative stress to
apoptosis.* p66Shc promotes the production of reactive oxygen species (ROS) by
interrupting the mitochondrial respiratory chain through cytochrome ¢ binding and
oxidation, causing activation of the apoptotic cascade. Additionally, it negatively
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regulates B-cell survival by modulating the expression of
several Bcl-2 family members and inhibiting the activation
of the pro-survival kinase Akt.** p66Shc also participates
in B-cell trafficking by controlling CCR7, CXCR4 and
S1PR1 surface expression both transcriptionally and post-
translationally.”* Moreover, p66Shc attenuates CXCR4 and
CXCRS signaling.” CLL cells have a defect in the expres-
sion of p66Shc® and its transcription factor STAT4" which
is causal to their extended survival,"”"" suggesting a link
between p66Shc deficiency and the pathogenesis of CLL.

Overexpression of TCL1 driven by the IgM heavy chain
enhancer (Eu-TCL1) in mice results in the development of
a B-cell leukemia that recapitulates aggressive CLL."” Here
we have addressed the effect of p66Shc deficiency on the
onset, development and outcome of CLL by generating a
Eu-TCL1/p66Shc” mouse. We showed that p66Shc dele-
tion in Eu-TCL1 mice resulted in accelerated leukemogen-
esis and enhanced disease aggressiveness, with enhanced
nodal and extranodal infiltration. Our data provide direct
evidence that p66Shc deficiency concurs to CLL pathogen-
esis and highlight p66Shc expression as a relevant disease
target.

Methods

A detailed description of the methods is available in the Online
Supplementary Data file.

Mice

Eu-TCL1"® and p66Shc” C57BL/6] (C57/p667)" mice were
crossed to generate Eu-TCL1/p66Shc” mice: the screening strategy
is illustrated in Online Supplementary Figures S1 and S2. C57BL/6]
and C57/p66" mice were used as controls. Mice with 210%
peripheral blood CD5'CD19" cells were considered to have devel-
oped leukemia. Overt leukemia was defined as reported else-
where.”

Cell lines, patients and healthy donors

Transfectants generated using the CLL-derived B-cell line
MEC1" and expressing human full-length p66Shc or the
p66ShcQQ mutant were described previously.® p6éshe silencing in
an Epstein-Barr virus (EBV) B-cell line was performed as described
elsewhere."” Peripheral blood samples were collected from 157
treatment-naive CLL patients and five CLL patients subjected to
pharmacological treatments (Online Supplementary Table S1). B cells
from 15 buffy coats were used as healthy population controls. B
cells were purified and transfected as described previously.®

Immunophenotyping of leukemic cells

Single-cell suspensions from mouse peripheral blood, peritoneal
wash, spleen, bone marrow, lymph nodes, liver and lung were
depleted of erythrocytes by hypotonic lysis and incubated with
mouse Fc-Block for 15 min at 4°C. Murine leukemic cells and B
cells purified from CLL patients and healthy donors were stained
(antibodies and reagents listed in Online Supplementary Table S2)
and subjected to flow cytometry (Guava Easy Cyte cytometer,
Millipore).

RNA purification and polymerase chain reactions

Total RNA was extracted and retrotranscribed as described pre-
viously.® Real-time polymerase chain reactions (PCR) (primers list-
ed in Online Supplementary Table S3) were performed using GoTaq
Long PCR Master Mix (Promega) and results were processed and
analyzed as described elsewhere."

p66shc deletion exacerbates leukemia in TCL1 mice -

Cell treatment, apoptosis and reactive oxygen species
measurement, immunoblot and chemotaxis assays

Freshly isolated normal and leukemic mouse B cells were treat-
ed with 50 uM H,O, for 24 h, 1 wM ibrutinib for 48 h, or 35 uM
fludarabine phosphate for 16 h. Dimethylsulfoxide was used as a
control. Apoptosis was measured by flow cytometry on FITC-
labeled annexin-V -stained CD5'IgM" cells. Intracellular ROS were
measured by flow cytometry in cells labeled for 30 min at 37°C
with 5 uM CM-H,DCFDA.*

Immunoblots and chemotaxis assays (antibodies and
chemokines listed in Online Supplementary Table S2) were carried
out as reported previously."

Histopathology and immunohistochemistry
Tissues, peripheral blood and peritoneal wash were collected
and processed as detailed in the Online Supplementary Methods.

Statistical analyses

One-way analysis of variance (ANOVA) with a post-hoc Tukey
test was used for experiments in which multiple groups were
compared. Mann-Whitney rank-sum tests were performed to
determine the significance of differences between two groups.
Survival curves and medians were calculated within subgroups
with the Kaplan-Meier method. A log-rank test was used to com-
pare differences between estimated survival curves. Statistical
analyses were performed using GraphPad Software (La Jolla, CA,
USA). P values <0.05 were considered statistically significant.

Study approval
Experiments were approved by the Institutional Review Board
and the local Ethics Committee.

Results

p66Shc expression decreases during leukemia
progression in tumoral cells from Eu-TCL1 mice

CLL cells have a profound reduction in p66Shc expres-
sion, which is more severe in patients with an unfavorable
prognosis.® As Eu-TCL1 mice are a model of aggressive
CLL,” we investigated whether the p66Shc defect in CLL
cells is recapitulated in leukemic Eu-TCL1 cells. p66Shc
mRNA was quantified in splenic leukemic cells from Eu-
TCL1 mice with overt leukemia (=50% peripheral blood
CD5°CD19* cells and a white blood cell count above the
normal range; see Online Supplementary Methods).”® The
analysis was extended to Bla cells from C57BL/6 mice, the
normal CD5* B-cell counterpart,”® and to the two other
mature B-cell subsets, Blb and B2. While p66Shc was
expressed at comparable levels in all normal B-cell subsets,
tumoral B cells from mice with advanced disease expressed
less p66She compared to normal Bla cells (Figure 1A).
Interestingly, Bla cells from Eu-TCL1 mice with milder
disease (~20% peripheral blood CD5*CD19* cells) had
intermediate levels of p66Shc (Figure 1B,C), indicating that
p66Shc expression declines during disease progression, as
further supported by a >78% inverse correlation between
p66Shc mRNA levels in CD5'CD19" cells and the percent-
age of leukemic cells in peripheral blood from the same
mouse (Figure 1D). STAT4, a key transcription factor for
p66She that is defective in CLL cells,” was also downregu-
lated in Eu-TCL1 mice (Figure 1C,E).

The p66Shc expression defect in CLL cells can be res-
cued by in vitro or in vivo treatment with the Btk inhibitor
ibrutinib, used for CLL treatment.””” As for human CLL
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cells, p66Shc expression increased in splenic leukemic
cells from Eu-TCL1 sick mice treated with 1 wM ibrutinib
for 48 h, concomitant with increased STAT4 expression
(Figure 1EG) supporting the notion that the therapeutic
effects of ibrutinib are associated with its STAT4/p66Shc-

p66Shc deficiency accelerates leukemogenesis
in Eu-TCL1 mice

Our results suggest that the p66Shc defect observed in
leukemic CLL and Eu-TCL1 cells may be implicated in dis-
ease pathogenesis. To test this hypothesis, we transferred
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Figure 1. p66Shc expression decreases during leukemia progression in tumoral cells from Eu-TCL1 mice and can be restored by ibrutinib treatment. (A)
Quantitative real-time polymerase chain reaction (qQRT-PCR) analysis of p66Shc mRNA in Bla, B1b, B2 and total mature B lymphocytes purified from four wildtype
(WT) mice and in leukemic cells purified from five Eu-TCL1 sick mice. The relative gene transcript abundance was determined on triplicate samples using the AACt
method and normalized to GAPDH. (B, E). gRT-PCR analysis of p66Shc (B) and STAT4 (E) mRNA in B lymphocytes purified from five WT mice and in leukemic cells
purified from Eu-TCL1 mice with mild (~20% CD5'CD19" cells in peripheral blood) (n=6) or overt leukemia (250% CD5'CD19" cells and white cell count
>10.7x10%/mL in peripheral blood) (n=5). The relative gene transcript abundance was determined on triplicate samples using the AACt method. (C) Immunoblot
analysis with anti-Shc and anti-STAT4 antibodies of postnuclear supernatants of leukemic cells purified from either WT (n=3) or Eu-TCL1 mice with mild (n=3) or
overt leukemia (n=3). The stripped filters were reprobed with anti-actin antibodies. (D) Correlation between the percentages of CD5'CD19° cells and the mRNA levels
of p66Shc in peripheral blood samples obtained from Eu-TCL1 mice at different disease stages (n=12). (F) gRT-PCR analysis of p66Shc (left) and STAT4 (right) mRNA
in leukemic cells purified from spleens of Eu-TCL1 sick mice (n=4) incubated for 48 h with either dimethylsulfoxide (DMSO) (absolute cell viability: 88.4 + 3.2% of
annexin V/propidium iodide cells) or 1 uM ibrutinib (absolute cell viability: 84.9 + 2.9% of annexin V/propidium iodide  cells). The relative gene transcript abundance
was determined on triplicate samples using the AACt method. (G) Immunoblot analysis with anti-Shc and anti-STAT4 antibodies of postnuclear supernatants of
leukemic cells purified from spleens of Eu-TCL1 sick mice (n=3) incubated for 48 h with either DMSO or 1 uM ibrutinib. The stripped filters were reprobed with anti-
actin antibodies. Mean + standard deviation. One-way analysis of variance (ANOVA), multiple comparisons. ****P<0.0001; ***P<0.001; **P<0.01; *P<0.05
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Supplementary ~ Figure S1A,B).” As expected, Eu-
TCL1/p66Shc” B cells did not express p66Shc (Online
Supplementary Figure S1C,D) while expressing wildtype
p53, similar to Euw-TCL1 cells (Online Supplementary
Methods and Online Supplementary Table S3)*° Eu-
TCL1/p66Shc” mice developed a CLL-like disease similar
to that occurring in Eu-TCL1 mice. A large lymphocyte
population, associated with the characteristic Gumprecht
shadows, was evident in peripheral blood smears from
sick mice (Online Supplementary Figure S1E). Flow cytomet-
ric analysis of peripheral blood samples from 6- and 9-
month old mice revealed a discrete population of CD5* B
cells, which is the hallmark of disease development in Eu-
TCL1 mice (Online Supplementary Figures S1F and $2).”
Similar to Eu-TCL1 mice, leukemic Eu-TCL1/p66Shc”
mice eventually became visibly ill, showing labored
breathing and splenomegaly (Online Supplementary Figure
S$1G and Ounline Supplementary Table S4) that necessitated
euthanasia.

To address the impact of p66Shc deficiency on disease
onset and progression, we followed leukemia develop-
ment in 87 Eu-TCL1 and 134 Eu-TCL1/p66Shc” mice by
immunophenotyping monthly peripheral blood samples.
Eu-TCL1/p66Shc” mice showed higher white blood cell
counts and higher CD5"CD19* cell percentages in periph-
eral blood compared to those in Eu-TCL1 mice (Figure
2A,B; Online Supplementary Figure S1G). Moreover disease
progression, assessed as rate of increase in the percentage
of CD5°CD19" cells, was faster in Eu-TCL1/p66Shc” mice
(Figure 2C).

Disease incidence, defined as the percentage of sick
mice (>10% peripheral blood CD5'CD19* cells vs. ~5% in
healthy C57BL/J6 mice) (Online Supplementary Figure S3) at
defined time points, was significantly higher in Eu-
TCL1/p66Shc” mice than in Eu-TCL1 mice (Figure 2D).
Moreover, p66Shc deficiency led to an earlier onset of dis-
ease, which was detected ~2 months earlier in Eu-
TCL1/p66Shc” mice (Figure 2D) and resulted in a shorter
lifespan (Figure 2E). Hence p66Shc deficiency in Eu-TCL1
mice accelerates disease onset and development as well as
its progression to an aggressive presentation.

p66Shc deficiency enhances leukemic cell
chemoresistance

Consistent with the ability of p66Shc to modulate the
expression of pro- and anti-apoptotic Bcl-2 family mem-
bers,” leukemic Eu-TCL1/p66Shc” cells expressed higher
and lower levels of Bcl-2 and Bax, respectively, compared
to levels in their Eu-TCL1 counterparts (Figure 3A,B). At
variance, Mcl-1 expression was comparable (Online
Supplementary Figure S4). Accordingly, leukemic cells from
sick Eu-TCL1/p66Shc” mice were more resistant to flu-
darabine treatment, also when co-cultured with OP9 stro-
mal cells to simulate the pro-survival stromal microenvi-
ronment (Figure 3C). Hence p66Shc deficiency in Eu-
TCL1 leukemic cells promotes these cells’ survival, which
likely contributes to the faster disease development and
unfavorable outcome in Eu-TCL1/p66Shc” mice. This is
supported by the higher sensitivity to fludarabine of
leukemic cells from Eu-TCL1 mice with milder disease
(<85% peripheral blood CD5*CD19* cells) compared to
leukemic cells from mice at later disease stages (=35%
peripheral blood CD5'CD19" cells) (Figure 3D), which
may be accounted for, at least in part, by their higher
residual p66Shc expression (Figure 1B,C). Consistent with

this notion, tumoral Eu-TCL1/p66Shc” cells were less sen-
sitive to fludarabine treatment, independently of disease
stage (Figure 3D). Hence the reduction of p66Shc expres-
sion in Eu-TCL1 mice during disease development con-
tributes to the decreased chemosensitivity of leukemic
cells.

p66Shc deficiency in Eu-TCL1 mice is associated
with nodal and extranodal leukemic cell accumulation

Leukemic cells accumulate in the peritoneal cavity of Eu-
TCL1 mice at early stages of disease, subsequently coloniz-
ing spleen, bone marrow and lymph nodes as well as extra-
nodal sites.” p66Shc modulates the surface levels of recep-
tors that regulate homing to and egress from secondary
lymphoid organs,®” suggesting that its deficiency might con-
tribute to leukemic cell accumulation in secondary lym-
phoid organs and infiltration into non-lymphoid organs.
The extent of organ infiltration by leukemic cells was meas-
ured in spleen, bone marrow and lymph nodes from Ep-
TCL1 and Eu-TCL1/p66Shc” mice with ~60% leukemic
cells in peripheral blood. The analysis was extended to liver
and lung, as infiltration in these organs has been document-
ed in CLL,”*” as well as to the peritoneal infiltrate.

Flow cytometric analysis of CD5*CD19* cells revealed
higher percentages of leukemic cells in lymph nodes of
Eu-TCL1/p66Shc” mice than in those of Eu-TCL1 mice
(Figure 4A). This was confirmed by hematoxylin & eosin
staining and immunohistochemical analysis of the same
organs, which highlighted massive lymph node infiltra-
tion of Eu-TCL1/p66Shc” mice by small lymphoid-like
B220" cells (Figure 4A). At variance, leukemic cell accumu-
lation in spleen and bone marrow was comparable (Online
Supplementary Figure S5 and Ounline Supplementary Table
S4), suggesting that Eu-TCL1/p66Shc” tumoral cells show
organ selectivity.

Leukemic cell infiltrates in the liver and lung were found
to be more substantial in Eu-TCL1/p66Shc” mice than in
Eu-TCL1 mice and were frequently associated with loss of
organ architecture (Figure 4B,C). Increased peritoneal
leukemic cell accumulation was also observed in Eu-
TCL1/p66Shc” mice (Figure 4D). Interestingly, flow cyto-
metric analysis of the proliferation marker Ki-67 revealed
a higher proliferation rate of leukemic Eu-TCL1/p66Shc”
cells in lymph nodes, liver and lung compared to their Eu-
TCL1 counterparts (Online Supplementary Figure S6), con-
sistent with the anti-mitogenic function of p66Shc.”

Increased colonization of nodal and extranodal sites
by Eu-TCL1/p66Shc” cells is associated with higher
expression of homing receptors

The chemokine receptors CXCR4 and CCR7 contribute
to the pathogenesis of CLL by modulating leukemic B-cell
homing to secondary lymphoid organs and bone mar-
row.””** p66Shc modulates surface expression of homing
and egress receptors both transcriptionally and post-trans-
lationally in normal and CLL B cells,”® suggesting that the
increased colonizing ability of leukemic Eu-TCL1/p66Shc”
cells may be caused by imbalanced expression of these
receptors. Splenic leukemic cells from Eu-TCL1 and Ep-
TCL1/p66Shc” mice with overt leukemia were analyzed
by quantitative real-time PCR and flow cytometry for
expression of chemokine receptors that regulate CLL cell
homing to and residency in lymphoid organs, namely
CXCR4, CCR7 and S1PR1. Splenic B cells from C57BL6/]
and C57BL6/J/p66Shc” mice were used as controls.

p66shc deletion exacerbates leukemia in TCL1 mice -
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Expression of CXCR4, which mainly guides B-cell homing  secondary lymphoid organs,” was strongly downregulat-
to the bone marrow,” was comparable in leukemic cells ed in Eu-TCL1/p66Shc” compared to Eu-TCL1 cells
from both mouse strains (Figure 5A), accounting at least  (Figure 5C), in agreement with the causal relationship
in part for the comparable extent of tumoral cell infiltra- ~ between p66Shc and S1PR1 expression in CLL cells.®
tion in the spleen. Conversely, surface expression of Consistent with these results and the massive lymph node
CCR7, the main lymph node B-cell homing receptor,”  colonization (Figure 4A), leukemic Eu-TCL1/p66Shc” cell
was higher in Eu-TCL1/p66Shc” cells (Figure 5B). chemotaxis towards the CCR7 ligand MIP-3f and the
Expression of SIPR1, which controls B-cell egress from  S1PR1 ligand S1P was enhanced and suppressed, respec-
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tively, compared to that of leukemic Eu-TCL1 cells, as Lymphocyte homing to non-lymphoid organs is con-
assessed in transwell assays (Online Supplementary Figure  trolled by G protein-coupled receptors. B-cell homing to
S7). Although surface and mRNA levels of CXCR4 were the liver is regulated by CCR1, CCR2, and CXCRS3,
similar in the two mouse strains, tumoral Eu- while CCR2, CCR5, and CXCRS3 have been implicated in
TCL1/p66Shc” cell chemotaxis towards the CXCR4 lig-  B-cell homing to the lung.”** CCR1 and CCR5 mRNA
and CXCL12 was enhanced (Online Supplementary Figure levels in leukemic cells were comparable in the two
S7), consistent with the ability of p66Shc to negatively mouse strains (Ounline Supplementary Figure SS8).
regulate CXCR4-dependent signaling” and CXCR4 recy- Conversely, both surface and mRNA levels of CCR2 and

cling’ in human B cells. CXCRS3 were higher in leukemic Eu-TCL1/p66Shc™ cells
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* than in Eu-TCL1 cells (Figure 5D,E). Consistent with C57BL6/] and C57BL6/]/p66Shc” mice (Figure 5 and

these results and their enhanced liver and lung coloniza-  Online Supplementary Figure S7), further supporting the
tion (Figure 4B,C), chemotaxis towards the respective central role of p66Shc in modulating expression of these
chemokines was enhanced in leukemic Eu-TCL1/p66Shc  receptors. Collectively, these results suggest that the
" cells compared to leukemic Eu-TCL1 cells (Online more efficient colonization of and accumulation in extra-
Supplementary Figure S7). Of note, similar effects, albeit nodal sites by p66Shc” leukemic cells can be accounted
less pronounced, were observed when mRNA and sur- for, at least in part, by the ability of p66Shc to modulate
face levels of these receptors, and the chemotactic the expression of chemokine receptors that guide the
responses thereof, were analyzed in B cells from cells’ homing to those sites.
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Reconstitution of p66Shc in chronic lymphocytic 13q deletion or TP53 deletion/mutation, was observed
leukemia cells normalizes their CCR2 and CXCR3 (Online Supplementary Figure S9A,B).
expression We investigated whether the residual levels of p66Shc in

We translated these results to human CLL cells, in CLL cells could be correlated with the expression of the
which a drastic reduction in p66Shc mRNA was observed  trafficking receptors found to be modulated by p66Shc
compared to levels in healthy donor B cells, with lower deficiency in Eu-TCL1 leukemic cells. As reported,® sur-
residual levels in patients with unmutated IGHV (UM- face and mRNA levels of CCR7 and S1PR1 correlated
CLL), who develop aggressive disease,” compared to inversely and directly, respectively, with p66Shc expres-
patients with mutated IGHV (M-CLL) (Figure 6A,B).° No  sion in CLL cells from the patients included in this study
correlation with other genetic markers of CLL, namely (Figure 6C,D and Ounline Supplementary Figure S10A,B).
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Consistent with our finding that the upregulation of sur-
face CXCR4 in CLL cells is mainly controlled post-transla-
tionally," no correlation was observed between the
mRNA levels of p66Shc and CXCR4 (Figure 6E and Online
Supplementary Figure S10C).

The analysis was extended to CCR2 and CXCRS3,
which were selectively overexpressed in UM-CLL cells
(Online Supplementary Figure S9C,D). Similar to CCR7,
expression of these receptors was inversely correlated
with that of p66Shc (Figure 6EG and Ounline Supplementary
Figure S10D,E), suggesting that p66Shc may negatively
modulate their expression. p66Shc reconstitution in CLL
cells did indeed result in a decrease in CCR2 and CXCR3
mRNA (Figure 6H and Online Supplementary Figure S10F).

Interestingly, infiltration of both nodal and extranodal
areas, assessed by the number and size (cm) of infiltrated
lymph nodes and the presence of spleen and/or liver
enlargement, was significantly greater in patients whose
leukemic cells had p66Shc mRNA levels below an arbi-
trarily set threshold (0.24, corresponding to the mean
AACt p66Shc mRNA of all CLL patients) (Online
Supplementary Figure S11 and Table 1). These data provide
evidence of a correlation of the severity of the p66Shc
expression defect in CLL cells with their ability to infil-
trate both nodal and extranodal districts, strongly sup-
porting a role for p66Shc deficiency in disease presenta-
tion. Of note, p66Shc expression was enhanced in CLL
patients showing a significant response to second-line
ibrutinib treatment but not in CLL patients who failed to

Table 1. Pathological characteristics of patients with chronic lymphocytic
leukemia and p66Shc mRNA levels in their respective leukemic cells during
treatment.

AACt p66Shc mRNA

>0.24+0.7 < 0.2420.7
“above threshold”  “below threshold”
N. of CLL patients 30 34
N. of UM-CLL patients 6 19
% UM-CLL 20.00 55.88
N. of infiltrated lymph nodes 0.67+0.23 2.27+0.24
(***P<0.001 below vs.
above threshold)
%LN>15cm 53.33 88.23
% Spleen infiltration (> 13 cm) 13.33 70.59
% Liver infiltration (> 1 cm under arch) 3.33 29.41

Patients responding  Patients “failing”

to ibrutinih ibrutinih
Before CIT 0.8+0.2 0.140.06*
(* P<0.05 “failing” s.
responding patients)
Follow-up CIT 5.8+2.3 0.35
Before ibrutinib 1.1£1.04 0.12+0.08
Follow-up ibrutinib 26.1+6.9 0.23+0.22**

(**P<0.01 “failing” vs.
responding patients)

Patients with chronic lymphocytic leukemia (CLL) were grouped according to p66Shc mRNA
expression into either “above threshold” and “below threshold” (threshold 0.24, corresponding
to the mean AACt p66Shc mRNA; n CLL=157), or according to response to ibrutinib into either
“responding” or “failing” based on International Working Group CLL response criteria.”” Mann-
Whitney rank sum test. ***P<0.001; **P=<0.01; *P<0.05. LN: lymph nodes; CLL: chronic lympho-
cytic leukemia; UM-CLL: unmutated CLL; CIT: chemo-immunotherapy:.
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respond to ibrutinib therapy (Table 1 and Online
Supplementary Table S1), suggesting that the response of
CLL patients to therapeutic regimens results, at least in
part, from the ability of leukemic cells to restore p66Shc
expression.

Modulation of CCR2 and CXCR3 expression by p66Shc
is mediated by its pro-oxidant activity

p66Shc has a ROS-elevating activity that depends on its
ability to interact with cytochrome c¢ and interrupt the
respiratory chain. We quantified homeostatic ROS pro-
duction in CLL cells loaded with the cell-permeant probe
CM-H,DCFDA. ROS production was profoundly
decreased in CLL B cells compared to that in normal B
cells, with the lowest levels in UM-CLL patients (Figure
7A), consistent with their lowest p66Shc levels.®
Furthermore, we found a direct correlation between ROS
production and p66Shc expression in CLL cells (Figure
7B). These findings were recapitulated in CM-H,DCFDA-
loaded Eu-TCL1 cells which, similar to CLL cells, express
low levels of p66Shc (Figure 1B) and in which ROS pro-
duction was lower than that in B cells from control
C57BL/6 mice (Figure 7C). ROS production was further
impaired in Eu-TCL1/p66Shc” cells (Figure 7C), confirm-
ing the pro-oxidant activity of p66Shc.

Transcription of both ccr7 and s1pr1 is controlled in
opposite directions by the ROS-elevating activity of
p66Shc.® To address the potential role of the pro-oxidant
function of p66Shc in the regulation of CCR2 and CXCR3
expression we used the CLL-derived human B-cell line
MECT1 stably transfected with a ROS-defective mutant
carrying a E—Q substitution at positions 132-133
(p66QQ), which disrupts cytochrome ¢ binding (Figure
7D,E).? The empty vector transfectant lacking p66Shc (ctr)
and a transfectant expressing the wildtype protein (p66)
were used as controls. Flow cytometric analysis of home-
ostatic ROS production in the CM-H,DCFDA-loaded
MECT1 transfectants showed enhanced ROS production
in p66Shc-expressing cells, but not in cells expressing
p66ShcQQ, compared to control cells (Figure 7F).

Mitochondrial redox signaling and apoptosis are also
modulated by p53,* which is mutated in a large propor-
tion of CLL patients' as well as in MEC1 cells.” To rule
out a role for TP53 mutations in the enhanced ROS pro-
duction by p66Shc-expressing MEC1 cells, ROS were
measured in EBV-immortalized B cells, which express
wildtype p53,* transiently depleted of p66Shc by short
interfering RNA-mediated knock-down. Similar to MEC1
cells, p66Shc deficiency in EBV-immortalized B cells
resulted in a lower intracellular ROS content and
enhanced CCR2 and CXCR3 expression (Online
Supplementary Figure S12), underscoring the specific con-
tribution of p66Shc to the ROS-dependent modulation of
these receptors.

Surface and mRNA expression of CCR2 and CXCR3
was next measured in all transfectants. The wildtype
p66Shc-expressing transfectant, but not the p66QQ
transfectant, had lower mRNA and surface levels of both
receptors compared to the levels in control cells (Figure
7G,I). Surface and mRNA expression of CCR2 and
CXCR3 was also decreased in MEC1 cells after treatment
with 50 uM H,0,, an exogenous ROS source (Figure 7H-
J), indicating that the ability of p66Shc to modulate
CCR2 and CXCR3 expression involves its ROS-elevating
activity.
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Figure 7. The pro-oxidant activity of p66Shc modulates CCR2 and CXCR3 expression. (A, C) Flow cytometric analysis of reactive oxygen species (ROS) production in
B cells purified from either healthy donors (HD, n=7) or patients with chronic lymphocytic leukemia (CLL) grouped according to whether they had mutated CLL (M-
CLL) (n=11) or unmutated CLL (UM-CLL) (n=9) (A) and in Bla cells from wildtype (C57BL/6, n=9) mice and from Eu-TCL1 (n=13) or Eu-TCL1/p66Shc” (n=12) sick
mice (C), loaded with CM-H,DCFDA. Data refer to duplicate samples from each patient/donor/mouse. (B) Correlation between mRNA levels of p66Shc and ROS pro-
duction in B cells purified from CLL patients (n=28). (D, E) Immunoblot analysis of Shc expression (D) and quantitative real-time polymerase chain reaction (qQRT-
PCR) analysis of p66Shc mRNA (E) in MEC1 B cells stably transfected with empty vector (ctr) or an expression construct encoding either wildtype p66Shc (p66) or
the EE132/133QQ (p66QQ) mutant, and in B cells purified from healthy donors (HD) (n=3). A control anti-actin blot of the stripped filter is shown below. The migration
of molecular mass markers is indicated. The domain structure of p66Shc showing the localization of the amino acid residues substituted in the mutants is schema-
tized at the top of the panel. (F) Flow cytometric analysis of ROS production in the MEC1 B-cell transfectants and in B cells purified from healthy donors (B cell, n=5)
loaded with CM-H,DCFDA. Data refer to duplicate samples from five independent experiments. (G, I). Flow cytometric analysis (G) and gRT-PCR analysis of the mRNA
levels (I) of CCR2 (left) and CXCR3 (right) in MEC1 transfectants. Data refer to duplicate samples from five independent experiments. (H, J). Flow cytometric analysis
(H) and gRT-PCR analysis of the mRNA levels (J) of CCR2 and CXCR3 in MEC1 cells treated for 24 h with either dimethylsulfoxide (DMSO) or 50 uM H,0,. Data refer
to duplicate samples from four independent experiments. The relative gene transcript abundance was determined on triplicate samples using the AACt method.
Mean + standard deviation. Mann-Whitney rank sum test. ****P<0.0001; ***P<0.001**P<0.01; *P<0.05. MFI: mean fluorescence intensity.
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Discussion

Here we used a genetic approach to specifically assess
the outcome of p66Shc deficiency on CLL cell survival and
disease onset and development. We showed that p66Shc
deletion in Eu-TCL1 mice results in accelerated leukemo-
genesis and enhanced disease aggressiveness, with mas-
sive nodal and extranodal infiltration. The enhanced abili-
ty of leukemic p66Shc” cells to infiltrate organs was asso-
ciated with increased expression of chemokine receptors
that drive homing to the organs. p66Shc expression
declined with disease progression in Eu-TCL1 cells, simi-
lar to human CLL. This defect could be restored by ibruti-
nib treatment which enhanced the cells’ chemosensitivity.
These results demonstrate in vivo that the p66Shc defect
found in CLL cells concurs to CLL pathogenesis. Of note,
p66Shc” mice spontaneously develop age-related autoim-
munity,” a feature frequently associated with CLL.'
Interestingly, p66Shc downregulation in CLL B cells
induces the expression of the inhibitory molecule ILT3,*
suggesting that compensatory mechanisms might be oper-
ational to restrain CLL cell responses.

The negative impact of p66Shc deletion on disease pro-
gression and outcome in Eu-TCL1 mice can be accounted
for, at least in part, by the extended survival and chemore-
sistance of leukemic cells, even when co-cultured with
stromal cells as a surrogate pro-survival microenviron-
ment. The p66Shc expression defect in CLL contributes to
this biological behavior. p66Shc deficiency does indeed
impinge on the Bcl-2 family balance in B cells, contributing
to the shift of CLL cells towards survival, which correlates
with chemoresistance and poor prognosis.” The ROS-ele-
vating activity of p66Shc*" underlies this latter’s ability to
modulate the genes, several of which are redox-sensitive."

The survival of CLL cells depends to a major extent on
their ability to home to the pro-survival microenvironment
of bone marrow and secondary lymphoid organs. This
process is orchestrated by homing receptors responding to
local chemokines and egress receptors responding to lymph
and blood S1P® p66Shc is a central part of this circuitry
which it affects by: (i) modulating CCR7 and S1PR1 expres-
sion in opposite directions in a ROS-dependent fashion;® (ii)
modulating CCR7 and CXCR4 by slowing down their
endosomal recycling;’ and (iii) attenuating CXCR4 and
CXCRS signaling by recruiting the phosphatases SHP-1 and
SHIP-1 close to the activated receptors.” The p66Shc defect
in CLL cells has a major impact on these processes, resulting
in enhanced responses to the chemokines of the lymphoid
niche and impaired response to S1P’® This imbalance is
expected to contribute to the lymphadenopathy and
chemoresistance observed in a significant proportion of
CLL patients, and indeed the levels of CCRY are significant-
ly higher and those of S1PR1 lower in CLL patients with
clinical lymphadenopathy.® We showed that the levels of
p66Shc in leukemic cells are inversely related to both the
number and size of infiltrated lymph nodes in CLL patients.
The results obtained in Eu-TCL1/p66Shc” mice, showing
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ABSTRACT

laptesed pegol (NOX-A12) is a pegylated structured L-oligoribonu-
cleotide that binds and neutralizes CXCL12, a chemokine tightly

regulating the life cycle of chronic lymphocytic leukemia cells. The
resulting inhibition of CXCR4 and CXCRY signaling reduces the protective
activity of the bone marrow and lymph node microenvironment. CXCL12
inhibition mobilizes chronic lymphocytic leukemia cells into the circulation
and prevents their homing into the protective niches. In this phase I/II
study, 28 patients with relapsed/refractory chronic lymphocytic leukemia
were treated with olaptesed pegol in combination with bendamustine and
rituximab. Combination treatment was preceded by single escalating pilot
doses of olaptesed pegol in the first ten patients for evaluation of safety and
pharmacokinetics. Peak concentrations and systemic exposure of olaptesed
pegol were dose-linear; plasma elimination was monophasic with a 53.2 h
half-life. A rapid increase in circulating chronic lymphocytic leukemia cells
was observed already 1 h after administration of olaptesed pegol and lasted
for atleast 72 h. Single-agent treatment was well tolerated and no dose-lim-
iting toxicity was observed. The combination regimen yielded an overall
response rate of 86%, with 11% of patients achieving a complete response
and 75% a partial response. Notably, all ten high-risk patients, including
four with a 17p deletion, responded to treatment. The median progression-
free survival was 15.4 (95% confidence interval: 12.2, 26.2) months while
the median overall survival was not reached with >80% of patients alive
after a median follow-up of 28 months. Olaptesed pegol was well tolerated
and did not result in additional toxicity when combined with bendamus-
tine and rituximab (ClinicalTrials.gov identifier: NCT01486797). Further clini-
cal development of this novel CXCL12 inhibitor is thus warranted.

Introduction

Olaptesed pegol (NOX-A12) is a novel, pegylated L-oligoribonucleotide, a so-
called Spiegelmer®, which binds and neutralizes the chemokine CXCL12 (stromal
cell-derived factor-1, SDF-1) with high affinity and specificity. As a result, it inhibits
CXCL12 signaling through both of its receptors, CXCR4 and CXCR7."” In healthy
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volunteers, single doses of olaptesed pegol mobilized
white blood cells into peripheral blood; the mobilization
was long-lasting and increased dose-dependently to more
than 4 days at the highest dose in a phase I study.' Further
analyzing the mode of action, it could be shown that
olaptesed pegol detaches CXCL12 from cell surfaces lead-
ing to a disruption of the existing chemokine gradient.’
CXCL12 facilitates homing and retention as well as traf-
ficking of hematopoietic and immune cells via CXCR4.!
This feature makes CXCL12 one of the key factors known
to support survival of chronic lymphocytic leukemia (CLL)
cells in the protective niches of the bone marrow and
lymph node microenvironment which is an essential part
of the pathogenesis and progression of the disease.” The
CLL dissemination inside tissue microenvironments is
actively coordinated by a crosstalk between leukemic cells
and stroma, where CXCL12 not only mediates CLL cell
chemotaxis, actin polymerization, and migration beneath
and underneath CXCL12-secreting stromal cells but also
protects CLL cells from spontaneous and drug-induced
apoptosis.® Although surface expression of CXCR7 was
not observed on CLL cells,” CXCR7-dependent angiogenic
mononuclear cell trafficking was shown to support bone
marrow angiogenesis® which plays a pathophysiological
role in the leukemic microenvironment.’ Interference with
CXCL12 signaling by olaptesed pegol was shown to
inhibit CLL cell chemotaxis and induce chemosensitiza-
tion in vitro using primary CLL cells® as well as to remove
CLL cells from the nurturing and protective microenviron-
ment, prevent homing and make them more vulnerable to
conventional therapy in vivo in an Eu-TCL1 transgenic
mouse model.” A similar phenomenon was recently
demonstrated preclinically and clinically in multiple
myeloma, in which olaptesed pegol was combined with
bortezomib and dexamethasone." In relapsed/refractory
CLL patients, disease control becomes increasingly diffi-
cult due to increased resistance to therapy. Olaptesed
pegol represents a novel paradigm of therapy that moves
away from cancer cells to microenvironmental elements
as the primary treatment target.

We report here the findings of a phase lla study, meant
to translate the novel concept of combining chemo-
immunotherapy and CXCL12 inhibition into the clinic
(Online Supplementary Figure S1 delineates the anticipated
mode of action), in which we assessed the pharmacoki-
netic, pharmacodynamic, safety and first efficacy data of
olaptesed pegol in patients with relapsed/refractory CLL.
The main objectives of the study were to assess the safety
and tolerability of olaptesed pegol alone and in combina-
tion with bendamustine and rituximab (BR) in CLL
patients, as well as to determine the response rates and
remission duration.

Methods

The trial (EudraCT number 2011-004672-11, NCT01486797)
was conducted in compliance with the Declaration of Helsinki
and the International Conference on Harmonization Good
Clinical Practices Guidelines. The clinical study protocol and its
amendments, informed consent documents, and any other study-
related documents were reviewed and approved by the applicable
regional review boards or ethics committees. All authors had
access to the primary clinical data.

Patients

Twenty-eight patients with relapsed/refractory CLL were
enrolled out of 32 patients screened. Patients were eligible for this
study if they were bendamustine-sensitive (having achieved at
least a partial response lasting at least 6 months) or bendamustine-
naive. Patients were required to present with a World Health
Organization (WHO) Performance Status <2 and a modified
Cumulative Incidence Rating Scale (CIRS) score <7, to have a
serum creatinine level <1.5 x the upper limit of normal (ULN)
and/or calculated creatinine clearance =50 mL/min/1.73 m? and
appropriate hematologic (platelet count =75x10°/L, absolute neu-
trophil count >0.75x10°/L) and liver parameters (bilirubin <1.5 x
ULN, aspartate transaminase and/or alanine transaminase <2.5 x

ULN).

Trial design and treatment

Initially, a single dose of olaptesed pegol was administered
intravenously to ten patients in the pilot study phase to study safe-
ty, pharmacokinetics and pharmacodynamics of olaptesed pegol
alone. Subsequently, olaptesed pegol was administered intra-
venously once per cycle in combination with BR as six cycles of 28
days to all 28 eligible patients including the initial ten pilot patients
to study safety and efficacy of this novel combination. Details on
drug administration are provided in the Ounline Supplementary
Information.

Study assessments

Responses were assessed at the end of cycle 6 according to the
1996 National Cancer Institute-Working Group (NCI-WG) criteria
updated in 2008 by the International Workshop on Chronic
Lymphocytic Leukemia (IWCLL)."” Adverse events were continu-
ously monitored until 30 days after the last olaptesed pegol dose
and were graded by National Cancer Institute’s Common
Terminology Criteria for Adverse Events (CTCAE) version 4.03.

Olaptesed pegol concentrations were measured in plasma at the
indicated time points by a validated assay for pharmacokinetic
analyses (see supplement to Vater et al."). The pharmacodynamic
activity of olaptesed pegol was studied by five-color flow cytom-
etry analysis using a standard diagnostic panel based on CD5,
CD19, CD45, 7-AAD plus beads on peripheral blood samples to
study the mobilization of CLL cells. Additionally, CXCR4 expres-
sion was assessed on the detected CLL cells. Analyses were per-
formed centrally by MLL GmbH (Munich, Germany). Minimal
residual disease was not assessed.

A fluorescence i situ hybridization cytogenetics panel was used
to investigate CLL cells unless this had been performed within the
last 24 weeks prior to screening. Deletions of 11q22-q23, 13q14,
17p13 as well as a marker for trisomy 12 were assessed. IGHV sta-
tus and TP53 mutations were not assessed.

Serum for immunogenicity analyses was collected at screening,
day -14, before first dosing at cycles 1 and 4 as well as at the final
examination and 6 months thereafter. Further details can be found
in the Online Supplementary Information.

Statistical analyses

Data management and biostatistics were performed by AMS
Advanced Medical Services GmbH (Mannheim, Germany). All
statistical analyses are descriptive and exploratory. Efficacy param-
eters were analyzed using SAS version 9.1.3 (SAS Institute Inc,
Cary, NC, USA). Actuarial survival curves were estimated accord-
ing to the Kaplan-Meier method.



Results

Patients’ flow and characteristics

Thirty-two patients were screened. Ten patients were
enrolled into the pilot group, which included a replace-
ment for a patient withdrawn from the study after cycle 1.
Eighteen more patients were enrolled after completion of
the pilot group: these 18 patients started directly with
combination treatment. Three patients discontinued ther-
apy before completion of three treatment cycles because
of chlamydial pneumonia, E. coli sepsis and one patient’s
decision and five more patients discontinued therapy
before completion of six treatment cycles because of rash,
multiple episodes of infection, start of a new therapy after
progressive disease and personal decision by two patients
(Online Supplementary Figure S2). The median number of
olaptesed pegol + BR cycles administered was six (range,
1-6). All 28 enrolled patients constitute the intent-to-treat
(ITT) population and all analyses presented further below
were performed on the ITT population. One patient with-
drew his consent for the study before any disease assess-
ment, thus the remaining 27 patients constitute the full
analysis set.

Table 1. Patients’ demographics and baseline characteristics (n = 28).

Age (years) Mean 66
BMI (kg/m®) Mean 25
Sex Male N (%) 16 (57%)
Female N (%) 12 (43%)
Ethnic origin Caucasian N (%) 28 (100%)
Disease stage (Binet) Stage A N (%) 6 (21%)
Stage B N (%) 11 (39%)
Stage C N (%) 11 (39%)
WHO Performance Status 0 N (%) 23 (82%)
1 N (%) 5 (18%)
CIRS Performance Score 0 N (%) 6 (21%)
1 N (%) 3 (11%)
2 N (%) 4 (14%)
3 N (%) 1 (3.6%)
4 N (%) 4 (14%)
5 N (%) 5 (18%)
6 N (%) 5 (18%)
Risk status High risk* N (%) 10 (36%)
Non-high-risk N (%) 17 (61%)
Notknown N (%) 1 (3.6%)
Hemoglobin (g/ dL) Mean (+ SD)  12.432 (1.890)
Absolute lymphocyte counts (x107L) Mean (= SD)  47.309 (50.620)
Platelets (x10%L) Mean (+ SD)  145.89 (72.426)
Neutrophils (x107L) Mean (= SD)  4.249 (3.074)
Prior treatment with fludarabine N (%) 23 (82%)
and/or bendamustine
Prior treatment with rituximab N (%) 19 (68%)
Prior treatment lines Median (range) 1(1-3)
Response to previous line of therapy CR N (%) 10 (36%)
PR N (%) 17 (61%)
PD N (%) -
n.a. N (%) 1 (3.6%)

*Defined as having a deletion of 17p13 or who relapsed within less than 24 months after pre-
vious fludarabine or bendamustine-containing treatment regimens according to Stilgenbauer
& Zenz." BMI: body mass index; WHO: World Health Organization; CIRS: Cumulative Illness
Rating Scale; SD: standard deviation.

The patients’ demographic details and baseline charac-
teristics are shown in Table 1. The median age was 66
years (range, 41 —79) and 78% of patients had Binet stage
B or C disease. High-risk CLL, defined as having a deletion
of 17p13 or relapse within less than 24 months after pre-
vious fludarabine- or bendamustine-containing treatment
regimens,”® was found in ten patients (36%), of whom
four (14%) presented with a 17p13 deletion (Table 2).
Eighty-two percent of the patients had received prior
treatment with fludarabine and/or bendamustine and
68% had been previously treated with rituximab. The
median number of prior lines of therapy was one (range,
1-8) and the majority of patients (61%) had responded to
their last therapy line with a partial response whereas
36% achieved a complete response. Eight patients (29%)
presented with a deletion of 11q22-q23 and 13 patients
(46%) a deletion of 13q14. Three patients (11%) had tri-
somy 12 (Table 2).

Pharmacokinetics

In patients enrolled into the pilot phase, peak plasma
concentrations of olaptesed pegol increased in an approx-
imately dose-linear way with mean peak levels of 1.76,
3.95 and 7.20 umol/L at doses of 1, 2 and 4 mg/kg, respec-
tively (Figure 1 and Ownline Supplementary Table S1). The
terminal elimination half-life in patients receiving 4 mg/kg
olaptesed pegol was 53.2 h, total body clearance was 36.1
ml/h and the volume of distribution at steady state was
2.9 L; similar figures were obtained for patients receiving
1 and 2 mg/kg olaptesed pegol (Online Supplementary Table
S1). Peak plasma concentrations at cycles 1 and 4, when
olaptesed pegol was administered in combination with BR
were similar to the values for the agent given as a single
dose (Online Supplementary Table S2).

Pharmacodynamics

CLL cell mobilization in the pilot group was evident
already 1 h after olaptesed pegol treatment with 10,196
CLL cells/ul on average above baseline detected in
peripheral blood (mean baseline level: 41,318 CLL
cells/uL). A peak of 22,939 CLL cells/uL on average above

Table 2. Detailed cytogenetic abnormalities.

Parameter Number (%) of patients
Deletion of 17p13 Abnormal 4 (14%)
Normal 23 (82%)
Missing 1 (3.6%)
Deletion of 11q22-q23 Abnormal 8 (29%)
Normal 19 (68%)
Missing 1 (3.6%)
Trisomy 12 Abnormal 3 (11%)
Normal 22 (79%)
Missing 3 (11%)
Deletion of 13q14 Abnormal 13 (46%)
Normal 14 (50%)
Missing 1 (3.6%)
Number of cytogenetic abnormalities 0 6 (21%)
1 14 (50%)
2 7 (25%)
Missing 1 (3.6%)

The fluorescence in situ hybridization panel analysis identified 21 (75%) patients with
one or more cytogenetic abnormalities. IGHV status and 7P53 mutations were not
assessed.

Olaptesed pegol + BR in relapsed/refractory CLL -

haematologica | 2019; 104(10) m-



- M. Steurer et al.

baseline, corresponding to a 200% increase, occurred at 24
h and CLL cell mobilization was effectively maintained
for at least 72 h (Figure 2A,B). Simultaneously, CXCR4
expression on CLL cells gradually increased during the
intravascular circulation of CLL cells peaking at 24 h
(Figure 2C). In cycle 4, mobilization was evaluated in 24
patients and, similarly to the pilot phase, CLL cells were
mobilized already 1 h after olaptesed pegol treatment
with 187 CLL cells/ul above baseline (mean baseline
level: 224 CLL cells/uL). Mobilized CLL cell numbers grad-
ually increased, peaking at 24 h with 679 CLL cells/uL on
average above baseline, corresponding to a >300%
increase (Figure 2D,E) accompanied by a steady CXCR4
increase on CLL cells (Figure 2F).

Safety

Olaptesed pegol was safe and well tolerated as
monotherapy with no serious adverse events reported in
the pilot phase. All patients were escalated to the highest
anticipated dose of 4 mg/kg olaptesed pegol, which was
previously established in healthy volunteers as safe and effi-
cacious in terms of lymphocyte mobilization.! Common
adverse events (=10%) observed in the trial are shown in
Table 3. The most frequent adverse event observed on BR
alone is neutropenia with grade 3/4 events recorded in up
to 50% of the patients."” The triple regimen of olaptesed
pegol in combination with BR does not seem to increase the
incidence of grade 3/4 neutropenia, with a 50% incidence
reported in this study. The incidences of grade 3/4 anemia
and thrombocytopenia were low (14.3% each). There were

very few non-hematologic grade 3/4 toxicities and these
were mostly reported by single patients (nausea 3.6%, con-
stipation 3.6%, abdominal pain 3.6%, pyrexia 3.6%,
fatigue 3.6%, hyperuricemia 7.1% and cytokine release

-~ 1 mg/kg
6- -@- 2 mg/kg
-+ 4 mg/kg

Plasma concentration [uM]
i

01 3 14
Sampling Day

Figure 1. Plasma concentration-time curves of olaptesed pegol after adminis-
tration of single intravenous doses (pilot phase, monotherapy). Data are shown
as geometric means.
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Figure 2. Mobilization kinetics of chronic lymphocytic leukemia cells and their CXCR4 expression levels after administration of olaptesed pegol. (A) Baseline values
were set to 0 and chronic lymphocytic leukemia (CLL) cell counts above baseline are depicted as mean and standard error of mean (SEM) after administration of
olaptesed pegol alone to ten patients in the pilot phase. (B) Baseline values were set to 100% and CLL cell mobilization above baseline is depicted in percent after
administration of olaptesed pegol alone to ten patients in the pilot phase. (C) Mean fluorescence intensity (MFI) of CXCR4 expression on CLL cells was set to 100%
at baseline and changes in MFI are depicted in percent for ten patients in the pilot group. (D) Baseline values were set to O and CLL cell counts above baseline are
depicted as mean and SEM after administration of olaptesed pegol in combination with bendamustine and rituximab (BR) for 24 patients in cycle 4. (E) Baseline val-
ues were set to 100% and CLL cell mobilization above baseline is depicted in percent after administration of olaptesed pegol in combination with BR for 24 patients
in cycle 4. (F) MFI of CXCR4 expression on CLL cells was set to 100% at baseline and changes in MFI are depicted in percent (whisker plots for 24 patients in cycle
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syndrome 3.6%). Grade 3/4 infections occurring during
treatment were reported by single patients only (pneumo-
nia 3.6%, cystitis 3.6%, infection 3.6%, lung infection
8.6%, chlamydial pneumonia 3.6% and sinusitis 3.6%)
(Online  Supplementary Figure S3). Of note, two (7.1%)
patients experienced tumor lysis syndrome during the first
treatment cycle, one laboratory (grade 1) and one clinical
(grade 3) (Online Supplementary Figure S3).

Treatment response and survival

The overall response rate (ORR) defined as partial
response or better, was assessed at the end of cycle 6. The
ORR was 86% (24/28) in the ITT patient population, in
which 75% (21/28) of the patients achieved a partial
response and 10.7% (3/28) a complete response (Table 4).
Similar response rates were observed in the full analysis
set (ORR 89%; 24/27) and per-protocol population (ORR

Table 3. Common adverse events (incidence =10%) observed in the
trial.

Adverse event Grade1l Grade2 Grade3 Grade 4
Hematologic toxicity
Neutropenia 10.7 32.1 179
Anemia 7.1 14.3
Thrombocytopenia 3.6 71 71
Febrile neutropenia 3.6 7.1
Leukopenia 10.7
Non-hematologic toxicity
Nausea 214 143 3.6
Constipation 17.9 3.6 3.6
Diarrhea 14.3 10.7
Vomiting 10.7 7.1
Abdominal pain upper 7.1 3.6
Pyrexia 17.9 143 3.6
Fatigue 10.7 3.6
Asthenia 143
Chills 10.7 3.6
General physical health 7.1 3.6
deterioration
Mucosal inflammation 10.7
Edema peripheral 7.1 3.6
Hypokalemia 143 7.1
Hyperuricemia 7.1 7.1
Cough 10.7 7.1
Pleural effusion 10.7
Rash 3.6 7.1
Cytokine release syndrome 10.7 3.6

Olaptesed pegol + BR in relapsed/refractory CLL -

91%; 19/21) (Online Supplementary Table T3). Notably, all
ten patients who had a high-risk status responded to the
treatment with a partial response (Table 4). Patients who
had received two or more previous treatment lines had an
ORR of 82% (9/11) and patients who had been pre-treated
with fludarabine or bendamustine had an ORR of 83%
(19/23) (Table 4). After an increase of lymphocytosis in the
pilot group during olaptesed pegol monotherapy, a rapid
reduction of lymphocytosis in peripheral blood, with nor-
malization by treatment cycle 2 — 3, was observed (Figure
3A). The reduction of circulating CLL cells during the first
treatment cycles also became evident by the significant
improvement of the CLL to leukocyte ratio from cycle 1 to
cycle 4 in the majority of the patients (Figure 3B). At
screening, 24 out of 28 patients reported enlarged lymph
nodes. A reduction of lymph node size by =50% at the
end of treatment was achieved in 18 out of these 24
patients (Figure 3C). Hematologic parameters such as
hemoglobin concentration and platelet count improved
after an initial expected drop; neutrophil values stabilized
throughout the treatment course (Online Supplementary
Figure S4). After a median follow-up of 28 months, the
median progression-free survival was 15.4 (95% confi-
dence interval: 12.2, 26.2) months (Figure 4A) while the
median overall survival was not reached: the 3-year sur-
vival rate was > 80% (Figure 4B) in the ITT population.

Discussion

The survival of CLL cells depends on periodic CXCL12-
mediated migration into the bone marrow and other lym-
phoid tissue in order to establish an interactive network of
cellular contacts within the microenvironment.” This
interaction represents a novel and vulnerable therapeutic
target which can be utilized in combination therapies.”
The here-presented phase Ila study was meant to investi-
gate the concept of simultaneously targeting CLL and its
microenvironment. The study builds on the preclinical
proof-of-concept regarding the significance of CXCL12
blockade in CLL*" and on clinical phase I data in healthy
subjects' as well as phase II data relating to targeting the
multiple myeloma microenvironment."

The pharmacokinetic data of olaptesed pegol observed
in this study were very similar to those from healthy sub-
jects and patients with multiple myeloma studied previ-
ously with regard to peak concentrations and terminal
elimination half-life."" This indicates that the uptake, dis-

Table 4. Response rates in the intention-to-treat population (n=28) including subgroups.

High risk* Prior treatment lines Fludarahine OR bendamustine
pre-treatment

no missing 1 2 or more pre-treated naive
N (%) 28 (100%) 10 (36%) 17 (61%) 1 (3.6%) 17 (61%) 11 (39%) 23 (82%) 5 (18%)
CR 3 (10.7%) 0 3 (17.6%) 0 3 (17.6%) 0 (0%) 1 (4.3%) 2 (40%)
PR 21 (75%) 10 (100%) 11 (64.7%) 0 12 (70.6%) 9 (81.8%) 18 (78.3%) 3 (60%)
PD 3 (10.7%) 0 2 (11.8%) 1 (100%) 2 (11.8%) 1 (9.1%) 3 (13%) 0
NE 1 (3.6%) 0 1 (5.9%) 0 0 1(9.1%) 1 (4.3%) 0
ORR 86% 100% 82% 0% 88% 82% 83% 100%

# defined as having a deletion of 17p13 or who relapsed within less than 24 months
Stilgenbauer & Zenz."” *Response percentages are calculated based on the number o
gressive disease; NE: not evaluable; ORR: overall response rate (=PR); ITT: intention-to-

after previous fludarabine or bendamustine-containing treatment regimens according to
f patients in the respective subgroup. CR: complete remission; PR: partial response; PD: pro-
treat.
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tribution and metabolism of olaptesed pegol were inde-  cycle 4. The observed CXCR4 increase that accompanied
pendent from disease and combination partner. Rapid mobilization reflects the extended circulation of CLL cells
increases in CLL cell numbers were observed, with a peak  in the periphery as described by Calissano et al.” and rep-
at 24 h, which were maintained for at least 72h. resents a pharmacodynamic biomarker for the sustained
Interestingly, CXCR4 expression on CLL cells gradually = blockade of CXCL12 by olaptesed pegol. Of note, contin-
increased during the intravascular circulation of CLL cells, uous circulation of CLL cells ultimately leads to apoptosis,
also peaking at 24 h. The mobilization efficiency was a phenomenon also called ‘death by neglect”™ due to the
maintained throughout the cycles with an up to 3-fold fact that CLL cells need to regularly receive their survival
increase in CLL cell numbers above mean baseline level in  signals from the protective niches.’
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The triple regimen of olaptesed pegol in combination
with BR was generally well tolerated with neutropenia
recorded as the most frequent adverse event. The inci-
dences of grade 3/4 anemia and thrombocytopenia were
low. Non-hematologic toxicities, mostly nausea and
pyrexia followed by mild diarrhea and constipation, were
generally manageable. Altogether, the reported frequency
and severity of adverse events were to be expected in a
population of relapsed/refractory CLL patients during
standard BR therapy."*" Therefore, it does not appear that
treatment with olaptesed pegol results in significant addi-
tional toxicities on top of BR.

Treatment with olaptesed pegol in combination with
BR resulted in an ORR of 86% with 11% of patients
achieving a complete response. Acknowledging the limi-
tations of cross-trial comparisons due to different inclu-
sion criteria of patients as well as the limited sample size
of 28 patients in this study, the ORR of 86% compares
favorably with responses to BR alone reported earlier
with ORR ranging from 45-72%."" Although limited by
the low numbers of patients, subgroup analyses showed
that all ten high-risk patients, including four with a 17p
deletion, achieved a partial response with the combina-
tion of olaptesed pegol and BR, even though 17p-deleted
patients have been reported to respond poorly to BR
alone.""

Other combinations with BR in relapsed/refractory CLL
patients resulted in ORR of 84% for cytarabine + BR*
82.7% for the BTK inhibitor ibrutinib + BR,** 70% for the
PI3K inhibitor idelalisib + BR,"” 67 % for fludarabine + BR *
and 47% for lenalidomide + BR.* Of note, higher toxicity
rates were reported for the addition of kinase inhibitors to
BR regarding neutropenia, diarrhea and pneumonia'" and
very high incidences of grade 3/4 neutropenia and throm-
bocytopenia were reported if another chemotherapeutic
drug was combined with BR.**

The median progression-free survival of 15.4 months in
the ITT population is in the range of what is expected
after BR treatment alone (11.1, 13.3, 14.7, and 17
months)."*"” Seymour et al. reported a progression-free sur-
vival of 16.6 months for patients treated with BR only
after one prior therapy line, which is slightly longer than
the progression-free survival of 15.4 months in our study;

Percent PFS
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however only 12.9% of the patients in the MURANO
study had Rai stage III-IV CLL whereas 39% of patients in
our study had Binet stage C disease.” Comparable pro-
gression-free survival values were achieved by the addi-
tion of another chemotherapy to BR such as fludarabine +
BR or cytarabine + BR (19 and 16 months, respectively),**
however much better progression-free survival results
were reported for the combination of kinase inhibitors
and BR (20.8 months for idelalisib” and not reached for
ibrutinib") . Notably, kinase inhibitors strongly interfere
with CXCR4 downstream signaling and the resulting CLL
cell displacement from their supportive microenviron-
ment, followed by leukemia cell death due to ‘death by
neglect’, is a central mechanism of action of kinase
inhibitors.” In contrast to olaptesed pegol which was
given once per 28-day cycle, however, the kinase
inhibitors were administered daily or twice daily. Thus,
the authors suggest studying whether longer progression-
free survival could be achieved if olaptesed pegol were to
be administered more often to fully exploit the ‘death by
neglect’ mechanism indicated by the transient CXCR4-
increase on peripheral CLL cells following olaptesed pegol
treatment. Furthermore, kinase inhibitor treatment was
sustained after completion of six BR cycles and could,
therefore, further prolong the time to progression, where-
as olaptesed pegol treatment was stopped after six BR-
combination cycles. The median overall survival was not
reached, resulting in a 3-year survival rate of >80% in the
ITT population which compares favorably with other
effective BR combinations (60% - 75%)."7*"%

A recent combination therapy utilizing bendamustine
for initial debulking followed by obinutuzumab and vene-
toclax resulted in an ORR of 90% in a subgroup of 29
relapsed/refractory CLL patients.” A comparable ORR of
92% was achieved in 12 relapsed/refractory CLL patients
when chemotherapy was omitted and obinutuzumab,
ibrutinib and venetoclax were administered sequentially.”
Another chemotherapy-free combination of rituximab
and venetoclax produced an ORR of 92.3% in 194
relapsed/refractory CLL patients." Interestingly, olaptesed
pegol was reported to synergize with anti-CD20 antibod-
ies such as rituximab or obinutuzumab by enhancing
immune cell infiltration and antibody-dependent cellular
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Figure 4. Progression-free survival and overall survival of patients. Kaplan-Meier analyses of (A) progression-free survival and (B) overall survival in the intent-to-treat

population (n=28) are depicted. PFS: progression-free survival; OS: overall survival.
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Plasma Cell Disorders

Histone deacetylase inhibition in combination
with MEK or BCL-2 inhibition in multiple
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ABSTRACT

patients with this disease still inevitably relapse and become refrac-

tory to existing therapies. Mutations in K-RAS, N-RAS and B-RAF
are common in multiple myeloma, affecting 50% of patients at diagnosis
and >70% at relapse. However, targeting mutated RAS/RAF via MEK inhi-
bition is merely cytostatic in myeloma and largely ineffective in the clinic.
We examined mechanisms mediating this resistance and identified histone
deacetylase inhibitors as potent synergistic partners. Combining the MEK
inhibitor AZD6244 (selumetinib) with the pan-histone deacetylase
inhibitor LBH589 (panobinostat) induced synergistic apoptosis in RAS/RAF
mutated multiple myeloma cell lines. Interestingly, this synergy was
dependent on the pro-apoptotic protein BIM. We determined that while
single-agent MEK inhibition increased BIM levels, the protein remained
sequestered by anti-apoptotic BCL-2 family members. LBH589 dissociated
BIM from MCL-1 and BCL-X;, which allowed it to bind BAX/BAK and
thereby initiate apoptosis. The AZD6244/LBH589 combination was specif-
ically active in cell lines with more BIM:MCL-1 complexes at baseline;
resistant cell lines had more BIM:BCL-2 complexes. Those resistant cell
lines were synergistically killed by combining the BH3 mimetic ABT-199
(venetoclax) with LBH589. Using more specific histone deacetylase
inhibitors, i.e. MS275 (entinostat) and FK228 (romidepsin), and genetic
methods, we determined that concomitant inhibition of histone deacety-
lases 1 and 2 was sufficient to synergize with either MEK or BCL-2 inhibi-
tion. Furthermore, these drug combinations effectively killed plasma cells
from myeloma patients ex vivo. Given the preponderance of RAS/RAF muta-
tions, and the fact that ABT-199 has demonstrated clinical efficacy in
relapsed/refractory multiple myeloma, these drug combinations hold prom-
ise as biomarker-driven therapies.

Despite recent advances in the treatment of multiple myeloma,

Introduction

Multiple myeloma (MM) is a cancer of differentiated plasma cells." It evolves
from a premalignant condition called monoclonal gammopathy of undetermined
significance, which affects 5.3% of adults over the age of 70> More than 30,000
people are projected to be diagnosed with MM in the USA in 2018.° Despite
improvements in survival, MM remains incurable." In addition, it is a clinically het-
erogeneous disease, with several major cytogenetic abnormalities that affect prog-
nosis.” Nevertheless, most patients receive uniform up-front treatment."® Clearly,
there is an unmet need for therapies that target particular drivers of the disease.

The RAS/RAF/MEK/ERK pathway is abnormally activated in MM through sev-
eral mechanisms including oncogenic mutations and cytokines in the bone marrow
microenvironment.”® Activating mutations in K-RAS, N-RAS and B-RAF have been
reported in 50% of MM patients at diagnosis.”” Such mutations are present in
<10% of patients with monoclonal gammopathy of undetermined significance,
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suggesting a role in disease progression.”** Furthermore,
>70% of patients have RAS/RAF mutations present at
relapse.”” It  follows that directly targeting
RAS/RAF/MEK/ERK in MM could be a promising strate-
gy. However, MEK inhibition is merely cytostatic in MM
in vitro.” Furthermore, a clinical trial evaluating MEK
inhibitor monotherapy in MM showed limited efficacy.”
Thus, it appears that for MEK inhibitors to be relevant in
MM, they must be combined with other agents.

Recently, histone deacetylase (HDAC) inhibitors have
shown significant activity in numerous tumor types, both
in vitro and in the clinic." In fact, the pan-HDAC inhibitor
LBH589 (panobinostat) was recently approved for treating
relapsed/refractory MM patients in combination with
bortezomib.”” As chemotherapeutic agents, HDAC
inhibitors have been shown to inhibit cell survival and pro-
liferation and enhance immune-mediated cytotoxicity.""

We hypothesized that LBH589 could induce enhanced
apoptosis when combined with MEK inhibition in MM.
Our hypothesis stemmed from two considerations: (i)
MEK inhibitors induce apoptosis in several other RAS/RAF
mutated cancers,'” suggesting MM-specific resistance
factors, and (if) HDAC inhibitors kill MM cells through
several known mechanisms, including modulation of the
pro- and anti-apoptotic BCL-2 family members, which
often mediate chemoresistance.""**

In the present study, we show that MEK inhibition with
AZD6244 (selumetinib), when combined with LBH589,
synergistically drives intrinsic apoptotic cell death in MCL-
1  “primed” RAS/RAF mutated MM cell lines.
Mechanistically, MEK inhibition increases BIM levels;
LBH589 acts as a de facto MCL-1 and BCL-X; inhibitor, dis-
sociating BIM:MCL-1 and BIM:BCL-X; complexes. In con-
trast, we demonstrate that LBH589 synergizes with the
BH3 mimetic ABT-199 (venetoclax) in BCL-2 “primed” cell
lines, which are resistant to the AZD6244/LBH589 combi-
nation. Finally, we show that concomitant inhibition of
HDAC1 and HDAC?2 is sufficient to synergize with either
MEK or BCL-2 inhibition in the same distinct MM cell lines.

Given that refractoriness to whole classes of drugs (e.g.
proteasome inhibitors) is the final common endpoint for
nearly all patients with MM, the agents in this study are
felicitous because they work via alternative mechanisms
of action, are already approved or in clinical development,
and offer the tantalizing prospect of targeted therapy guid-
ed by RAS/RAF mutational status and MCL-1/BCL-2 func-
tional dependence.

Methods

Ethics

This study was approved by the Mayo Clinic Institutional
Review Board. Patients’ cells were collected after informed con-
sent, in adherence to the Declaration of Helsinki.

Multiple myeloma cell lines and patients’ cells

DOX40, H929, KMS11, KMS18, KMS28BM, MM1S, MMIR,
OPM1, OPM2, RPMIB226 and U266 were obtained (see Online
Supplementary Methods)."”” Briefly, all cell lines were cultured in
RPMI 1640 medium (Mediatech Inc., Manassas, VA, USA) con-
taining 10% fetal bovine serum (Mediatech, Inc.). Freshly
obtained bone marrow aspirates from MM patients were collected
after informed consent, then CD138* or bone marrow stromal
cells were sorted and cultured as previously described.””

- V.G. Ramakrishnan et al.

Reagents

ABT-199 was generously provided by Abbvie (Chicago, IL,
USA). AZD6244, MEK162, SCH772984, SAHA, LBH589, MS275
and FK228 were purchased from Selleckchem (Houston, TX,
USA). Tubacin was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Stock solutions were made in dimethylsulfoxide, aliquoted
and stored at —20°C.

MTT, proliferation, and apoptosis assays

Cellular viability was measured using 3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyl tetrasodium bromide (MTT) (Chemicon
International Inc., Temecula, CA, USA) colorimetric assays at the
indicated time points. Proliferation arrest assays were completed
using *H-thymidine uptake as previously described.” Apoptosis of
patients’ cells was assayed using annexin/propidium iodide (PI) as
previously described.”” Briefly, cells were washed twice with
annexin binding buffer (ABB: 10 mM HEPES pH 7.4, 140 mM
NaCl, 2.5 mM CaCl,) and then 100 uL cells (10’/mL) were stained
for 15 min at room temperature with 3 uL of annexin V-FITC
(Caltag, Burlingame, CA, USA), then washed with ABB and re-
suspended in 500 uL of ABB with 5 uL of 1 mg/mL PI (Sigma-
Aldrich, St. Louis, MO, USA). The samples were then run on a
Canto flow cytometer (BD Biosciences, San Jose, CA). All experi-
ments with MM cell lines were performed in triplicate.

Western blotting

MM cell lines were lysed with NP40 buffer, 1 mM phenyl-
methyl-sulfonyl-fluoride (PMSEF), protease inhibitor cocktail (PIC),
and 1 mM HAILT Phosphatase Inhibitor (Thermo Fisher Scientific,
Rockford, IL, USA). Protein concentrations were measured using
the BCA assay (Thermo Fisher). First, 20-25 ug were loaded on 4-
20% Tris-Glycine gels and transferred onto polyvinylidene difluo-
ride membranes (Bio-Rad, Hercules, CA , USA). Antibodies for
acetylated histone 3, BAK, BAX, BCL-2, BCL-X,, BIM, caspase 8,
caspase 9, ERK, GAPDH, HDAC1, HDAC2, HDAC6, MCL-1,
PARP, p-BCL-2 (S70), pERK, p-MCL-1 (S64), and p-MCL-1 (T163)
were purchased from Cell Signaling Technology (Danvers, MA,
USA) and used for probing as previously described.””” All western
blot experiments were performed in triplicate with a representa-
tive blot shown.

Immunoprecipitation

Proteins (100-150 ug) were incubated in a total volume of 500
uL of NP40 buffer, 1 mM PMSE 1 mM PIC, 1 mM HALT
Phosphatase Inhibitor (Thermo Fisher Scientific), and a 1:100
dilution of the following primary antibodies for 4 h: BAX 6A7
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), BAX
(Millipore Sigma, Burlington, MA, USA), and BCL-2, BCL-X|,
BIM and MCL-1 (Cell Signaling Technology). Samples were then
incubated with ChIP-Grade Protein G Magnetic Beads (Cell
Signaling Technology) for 12 h, washed five times, boiled in 2x
Laemmli Sample Buffer dye (Bio-Rad) at 100 °C for 5 min, then
loaded on 4-20% Tris-Glycine gels (Bio-Rad) and probed as
described above. All experiments were performed in triplicate
with a representative blot shown.

Short interfering RNA transfection

Short interfering (sijRNA for BIM, BAX, BAK, HDACI,
HDAC2 and HDAC6 were purchased from Thermo Fisher
Scientific. ERK1 and ERK2 siRNA were purchased from Santa
Cruz Biotechnology. siRNA were electroporated into MM cell
lines using the Lonza nucleofector kit V (Lonza, Basel,
Switzerland). The manufacturer’s G-15 program was used for
KMS18 and OPM2; O-23 was used for MM1S and KMS28. All
experiments were performed in triplicate.
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Isobologram analysis

The effects of combination treatments in MM cells were ana-
lyzed using the CalcuSyn™ software program (Biosoft, Ferguson,
MO, USA), which is based on the Chou-Talalay method, as previ-

ously described.”*

Results

Single-agent MEK inhibition does not induce cell
death in multiple myeloma cell lines

Prior studies have documented the lack of induction of
cytotoxicity by single-agent MEK inhibitors in MM."” We
aimed to confirm these findings using a panel of MM cell
lines that are wild-type or mutated for RAS/RAF. We treat-
ed cell lines with increasing doses of the MEK inhibitor
AZD6244 (selumetinib) and observed a lack of significant
cytotoxicity, with ICs, not reached at doses up to 1500 nM
(Online Supplementary Figure 1A). AZD6244 was slightly
more capable at inducing proliferation arrest in the same
panel of cell lines, but still largely ineffective (Online
Supplementary Figure 1B). These results were also con-
firmed by performing annexin/PI staining after treating
two RAS mutant MM cell lines with 5000 nM of
AZD6244, which is far above the concentrations at which
the kinase activity of MEK is inhibited (Ounline
Supplementary Figure 1C). Thus, it became clear that
despite commonly occurring oncogenic mutations in RAS
and RAF, MEK inhibitors have limited scope as single-
agents in MM.

MEK + HDAC inhibition induces synergistic cell death
in multiple myeloma cell lines

We examined the ability of the recently approved pan-
HDAC inhibitor LBH589 (panobinostat) to enhance cell
death induced by AZD6244 in MM cell lines. Low doses
of the AZD6244/LBH589 drug combination induced
potent synergistic cytotoxicity (Figure 1A). Interestingly,
the synergy was observed in cell lines with mutations in
K-RAS and N-RAS (i.e. H929, MM1R, MM1S, RPMI8226)
and B-RAF (i.e. U266), but not in cell lines that are wild-
type for RAS and RAF (i.e. KMS11, KMS18, OPM2). We
also observed significantly more potent proliferation
arrest when the drugs were used in combination (Figure
1B).

Components of the bone marrow microenvironment
such as bone marrow stromal cells play an indispensable
role in MM disease progression and resistance to thera-
pies.”  We  therefore  investigated  whether
AZD6244/LBH589 was able to overcome the protective
effects of bone marrow stromal cells. To do this, we co-
cultured MM1S cells with patient-derived bone marrow
stromal cells and measured the proliferation rate after
treatment with either single-agent AZD6244 or LBH589,
or the drug combination. We observed that the
AZD6244/LBH589 combination was able to inhibit the
proliferation of MM1S even when co-cultured with bone
marrow stromal cells (Figure 1C). We also noted synergis-
tic cell death when we used another MEK inhibitor,
MEK162 (binimetinib), or the ERK inhibitor SCH772984
in combination with LBH589 (Online Supplementary Figure
1D). Furthermore, AZD6244 synergistically killed MM
cells when combined with the pan-HDAC inhibitor
SAHA (data not shown).

To understand whether the cytotoxicity caused by the

HDAC + MEK or BCL-2 inhibition in multiple myeloma e

AZD6244/LBH589 combination occurred through the
apoptotic pathway, we performed annexin/Pl staining.
The drug combination clearly induced apoptotic cell death
by 72 h (Figure 2A). We also examined whether the com-
bination induced the cleavage of caspases and PARP, both
of which are markers of apoptosis. The
AZD6244/LBH589 combination induced potent cleavage
of caspase 9 and PARP, but not caspase 8, suggesting that
the cell death occurred through the mitochondrial intrinsic
apoptotic pathway (Figure 2B). Next, we examined
whether the drugs, at the doses used above, were able to
inhibit their target proteins. As expected, AZD6244 inhib-
ited pERK and LBH589 caused an increase in acetylated
histone H3 levels (Figure 2C). Finally, to confirm that
MEK/ERK pathway inhibition contributed to the synergy
with LBH589, and to examine whether both isoforms of
ERK need to be inhibited for the synergy to occur, we
nucleofected isoform-specific ERK siRNA into MM1S and
treated the cells with LBH589. We observed that ERK1 or
ERK2 knockdown individually enhanced the cell death
induced by LBH589 (Figure 2D, E). However, simultane-
ous knockdown of both isoforms led to even more pro-
nounced cell death when used in combination with
LBH589, supporting an important survival role for both
ERK isoforms in this context. Finally, we treated plasma
cells obtained from MM patients with the drug combina-
tion. The characteristics of these patients are detailed in
Ounline Supplementary Table S1. 1t is worth noting that sev-
eral patients had high-risk features including TP53 dele-
tion, t(4;14) and refractoriness to multiple lines of therapy:.
We observed augmented apoptosis with the
AZD6244/LBH589 drug combination compared to the
effects of either drug alone (Table 1).

MEK + HDAC inhibitor-induced synergistic apoptosis is
mediated by BIM

Given that the MEK/ERK pathway is known to phos-
phorylate the pro-apoptotic BH3-only protein BIM at ser-
ine 69 (S69) to mark it for proteasomal degradation,* we
were not surprised to find that AZD6244 treatment
increased BIM protein levels (Figure 3A). Although prior
studies have shown that HDAC inhibition increases BIM
expression in MM, *"”” we did not observe increased levels
of BIM with the several-fold lower doses of LBH589 that
were used in this study (Figure 3A). Even so, given that
MEK inhibition increased BIM and that the drug combina-
tion induced potent activation of intrinsic apoptotic mark-
ers, we hypothesized that BIM might play an important
role in the observed synergy. To investigate this, we
nucleofected MM1S cells with BIM siRNA and observed
that BIM knockdown completely protected from the syn-
ergistic cell death induced by the MEK + HDAC inhibitor
combination (Figure 3B).

HDAC inhibition dissociates BIM from MCL-1 and BCL-X,

From the above results, it became clear that BIM plays
an essential role in the synergistic apoptosis induced by
the drug combination. Since BIM was upregulated by
AZD6244, but not by LBH589, we reasoned that the
increased levels of BIM induced by AZD6244 were unable
to activate apoptosis due to sequestration by the anti-
apoptotic BCL-2 family members (i.e. BCL-2, BCL-X; and
MCL-1). Thus, we hypothesized that the mechanism by
which LBH589 synergizes with AZD6244 is by modulat-
ing the interactions of BIM with the anti-apoptotic BCL-2

haematologica | 2019; 104(10) -
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Figure 1. MEK inhibition in combination with histone deacetylase inhibition synergistically kills
multiple myeloma cell lines in vitro. (A) AZD6244 and the pan-histone deacetylase (HDAC)
inhibitor LBH589 induced synergistic cytotoxicity, assayed using MTT at 72 h in the RAS-mutated
human multiple myeloma (MM) cell lines H929, MM1S, and RPMI8226, and the RAF-mutated
human MM cell line U266. Viability is shown as percent of control on the Y-axis. Combination
index (Cl) values <1.0, indicating synergy, are shown for each cell line. (B) AZD6244 and LBH589
induced proliferation arrest, assayed with *H-thymidine incorporation, by 48 h in H929, MM1S,
RPMI8226, and U266 cells, shown as percent of control on the Y-axis. (C) Bone marrow stromal
cells (BMSC) derived from an MM patient were co-cultured with MM1S, and proliferation was
assayed using *H-thymidine incorporation after treatment for 48 h with AZD6244, LBH5589, or
the combination. Error bars represent the standard error of the mean of triplicate experiments.
Differences between groups were calculated with the Student t test. **P<0.001, #P<0.01. All
experiments were performed in triplicate.
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family proteins. In pursuit of demonstration of this, we
immunoprecipitated BIM and examined its binding pat-
tern with BCL-2, BCL-X; and MCL-1 before and after drug
treatment. AZD6244 increased the relative amount of
BIM bound to all three anti-apoptotic proteins, which may
partly explain why even though the drug markedly
increases BIM levels, it has limited cytotoxic effects in
MM as a single agent (Figure 3C). Interestingly, LBH589
dissociated BIM from MCL-1 and BCL-X|, but not BCL-2
(Figure 3C). This effect was particularly evident when the
anti-apoptotic proteins were “primed” with more BIM by
AZD6244. We also noted this dissociation in the recipro-
cal experiment when pulling down with BCL-2 and MCL-
1, and probing for BIM (Figure 3C). Furthermore, we
observed increased BIM bound to both BAX and BAK
after AZD6244 and LBH589 treatment individually, which
was markedly increased after the combination treatment
(Figure 3D). We also noted that LBH589 dissociated BAK
from MCL-1 in a similar manner to BIM, which theoreti-
cally would facilitate increased BIM:BAK complexes in the
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presence of LBH589 to further activate the intrinsic apop-
totic cascade (Figure 3D).

MCL-1/BCL-2 expression and BIM binding profile cor-
relate with sensitivity to MEK + HDAC inhibition

In light of LBH589 dissociating BIM from MCL-1 and
BCL-X,, but not from BCL-2, we wondered if the cell lines
that were resistant to the MEK+HDAC inhibitor combi-
nation expressed higher baseline levels of BCL-2. Western
blots confirmed that this was partly true, but many of the
AZD6244/LBH589-sensitive cell lines, including MM1R,
MM1S, RPMIB226 and U266, had high expression of both
BCL-2 and MCL-1 (Figure 4A). To interrogate the possibil-
ity that expression is a poor indication of functional
dependence on either anti-apoptotic protein, we immuno-
precipitated BIM and examined baseline levels of
BIM:BCL-2, BIM:MCL-1 and BIM:BCL-X, complexes in
cell lines that were either sensitive or resistant to the MEK
+ HDAC inhibitor combination. Notably, BIM was mostly
bound to MCL-1 in all of the cell lines which were sensi-

Figure 2. MEK + histone deacetylase inhibition drives synergistic apoptosis in multiple myeloma cell lines and inhibits target proteins. (A) Flow cytometric cell via-
bility of the RAS mutant human multiple myeloma (MM) cell lines H929 and MM 1S measured as the proportion of annexin-/propidium iodide (PI)- cells, after 24, 48

and 72 h of treatment with AZD6244 and LBH589 at the indicated doses. Viabil

with AZD6244/LBH589 for 24 h, then whole-cell lysates were separated using sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and subjected
to western blotting for the indicated proteins. (D) MM1S was electroporated with scrambled siRNA, ERK1, ERK2 siRNA or the combination, then left untreated or
treated with 5 nM LBH589. At 72 h, cell viability was assessed using flow cytometry by analyzing the proportion of annexin-/PI" cells, shown as percent of control on
the Y-axis. (E) Whole-cell lysates from these cells were separated using SDS-PAGE and subjected to western blotting to confirm ERK1 and ERK2 silencing. Error bars
represent the standard error of mean of triplicate experiments. Differences between groups were calculated with the Student t test. **P<0.001. All experiments were

performed in triplicate.

ity is shown as percent of control on the Y-axis. (B,C) H929 and MM1S were treated
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tive to the MEK + HDAC inhibitor combination, including
the aforementioned MM1R, MM1S, RPMIB8226 and U266,
suggesting that MCL-1 that is “BIM-primed” is critical for
the observed synergy to occur (Figure 4A). On the other
hand, cell lines with BIM mostly bound to BCL-2 were
resistant to the MEK + HDAC inhibitor combination
(Figure 4A). It was noteworthy that BCL-X; was weakly
expressed in most of the cell lines and there were few
BIM:BCL-X, complexes at baseline (Figure 4A).

BCL-2 + HDAC inhibition induces synergistic apoptosis
in MEK + HDAC inhibitor-resistant, BCL-2-primed cell
lines

Since cell lines with more BIM:BCL-2 complexes rela-
tive to BIM:MCL-1 complexes were resistant to the MEK
+ HDAC combination, we hypothesized that these BCL-
2-primed cell lines would be sensitive to BCL-2 inhibition
with the BH3 mimetic ABT-199 (venetoclax) when used in

combination with LBH589. Remarkably, BCL-2 + HDAC
inhibition caused synergistic proliferation arrest and cyto-
toxicity in nearly all the cell lines that were resistant to the
MEK + HDAC combination, including DOX40, KMS18,
KMS28 and OPM2 (Figure 4B and data not shown).
Pronounced induction of apoptosis was confirmed by
annexin/PI staining (Online Supplementary Figure S2).

This coincided with cleavage of caspase 9/3 and PARP
(Figure 4C). Immunoprecipitation experiments demon-
strated that ABT-199 dissociated BIM from BCL-2, and
LBH589 dissociated BIM from MCL-1 (Figure 4D). In addi-
tion, we found that ABT-199 and LBH589 both increased
BIM bound to both BAX and BAK, an effect that was even
more pronounced with the drug combination (Figure 4E).
Moreover, BAX/BAK knockdown with siRNA protected
from the ABT-199/LBH589-induced cytotoxicity, confirm-
ing that the observed synergistic cell death occurred via
the mitochondrial intrinsic apoptotic pathway (Figure 4F).

Table 1. Changes in apoptosis of multiple myeloma patients’ plasma cells exposed to various drug combinations. Plasma cells sorted from
patients with multiple myeloma were exposed to AZD6244, LBH589, and the combination, or ABT-199, LBH589, and the combination for 72 h.
The proportion of cells undergoing apoptosis was measured using flow cytometry, and the relative fold change in apoptosis is indicated. The upper
part of the table summarizes the results from the 14 patients treated with the AZD6244/LBH489 combination, while the lower part summarizes
the results for the nine patients treated with the ABT-199/LBH589 combination.

Drug dose (nM) Relative fold change in apoptosis
Patient # AZD6244 LBH589 Control AZD6244 LBH589 AZD6244+
LBH589
MCl1 500 10 1 1.35 3.15 5.96
MC2 500 1 1.1 343 4.07
MC3 500 1 1.07 347 447
MC4 500 75 1 0.62 2.14 2.62
MC5 300 5 1 421 3.07 20.71
MC6 500 75 1 1.07 741 15.19
MCT7 500 25 1 1.67 1.54 9.44
MC8 500 25 1 467 433 9.56
MC9 500 25 1 1 1.38 2.85
MCI10 500 1 1 2.75 4.75 11
MCI1 500 1 1 2.78 1.78 6.78
MCI12 500 2.5 1 2.85 1.23 4.08
MCI3 500 25 1 2 3.75 75
MC14 500 2.5 1 2.3 2.1 5.6
Mean fold change in apoptosis 1 2.15 3.11 7.85
Drug dose (nM) Relative fold change in apoptosis
Patient # ABT-199 LBH589 Control ABT-199 LBH589 ABT-199+
LBH589
MCI10 500 1 1 2.75 475 135
MCI1 500 2.5 1 1.78 489 6.22
MCI12 500 25 1 215 1.23 323
MCI3 500 25 1 3 3.75 12.75
MC14 500 1 1 22 2.1 46
MCI5 1000 1 1 12.33 3.33 2133
MC16 500 25 1 233 2 7.67
MCI17 500 25 1 .71 2 10.71
MCI18 500 25 1 1.75 1.38 2.16
Mean fold change in apoptosis 1 4 2.82 9.13
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Finally, we noted enhanced apoptosis after treating plas-
ma cells from MM patients with the ABT-199/LBH589
combination (Table 1).

Notably, the ABT-199/LBH589 combination did not
synergistically induce cell death in the RAS/RAF mutant,
AZD6244/1LBH589-sensitive cell lines (i.e. H929, MMI1R,
MM1S, RPMI and U266). This dovetails with the finding
that while LBH589 dissociated BIM:MCL-1 complexes in
all the cell lines we tested, it did not shift BIM onto BCL-
2 in RAS/RAF mutant cell lines (e.g. MMI1S) (Figure 3C).
However, LBH589 did shift BIM onto BCL-2 in the
RAS/RAF wild-type cell lines (e.g. OPM2) (Figure 4D),
which jibes with its potent synergistic effect when com-
bined with ABT-199. In summary, it appears that
AZDG6244/LBH589 and ABT-199/LBH589 target two dis-
tinct subgroups of MM cell lines with different BCL-2
family binding proclivities.

Baseline MCL-1/BCL-2 phosphorylation status
correlates with sensitivity to MEK + HDAC or
BCL-2 + HDAC inhibition

To determine why certain cell lines would preferentially
have BIM bound to one anti-apoptotic protein over anoth-
er, i.e. BCL-2 versus MCL-1, we examined several phos-
phorylation sites known to affect the binding capacity and
stability of the BCL-2 family to see if there was any corre-
lation. Interestingly, cell lines with higher p-BCL-2 at ser-
ine 70 (S70) tended to have more BIM bound to BCL-2
(Figure 5A). p-BCL-2 (S70) is known to increase the anti-
apoptotic capacity of BCL-2, i.e. its ability to bind BAK
and BH3-only proteins.”

On the other hand, cell lines with BIM mostly bound to
MCL-1 tended to have relatively low expression of p-
BCL-2 (S70), as well as relatively high expression of p-
MCL-1 at threonine 163 (T163) (Figure 5A). p-MCL-1
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Figure 3. MEK + histone deacetylase inhibitor induced synergistic apoptosis is mediated by BIM. (A) The RAS mutant human multiple myeloma (MM) cell lines H929
and MM1S were treated with AZD6244/LBH589 for 24 h, then whole-cell lysates were blotted for the indicated proteins. (B) MM1S was electroporated with scram-
bled siRNA or BIM siRNA and then left untreated or treated with 5 nM LBH589. At 72 h, cell viability was assessed using flow cytometry by analyzing the proportion
of annexin-/propidium iodide (PI)- cells, shown as percent of control on the Y-axis. Furthermore, the whole-cell lysates were separated using sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and subjected to western blotting for the indicated proteins to confirm silencing. Error bars represent the standard
error of mean of triplicate experiments. Differences between groups were calculated with the Student t test. **P<0.001. (C) (Upper) H929 and MM1S were treated
with AZD6244 (250 nM and 150 nM, respectively) and LBH589 (5 nM) for 24 h. BIM immunoprecipitates were separated using SDS-PAGE and subjected to western
blotting to examine BCL-2, MCL-1 and BCL-X, binding patterns. Whole cell lysates (input) were also separated and probed for the indicated proteins. (Lower)
Immunoprecipitates from MM1S for BCL-2 and MCL-1 were also separated and probed to examine BIM binding. (D) H929 and MM1S were treated with AZD6244
(250 nM and 150 nM, respectively) and LBH589 (5 nM). BAX and BAK immunoprecipitation was performed and western blotting was used to examine levels of BIM
and MCL-1 bound to BAX and BAK. Whole cell lysates (input) were also separated and probed for the indicated proteins. All experiments were performed in triplicate.
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(T168) is a well-documented post-translational modifica-
tion that stabilizes MCL-1, protecting it from proteasomal
degradation.”” However, we did not observe a correlation
between p-MCL-1 at serine 64 (S64) and BIM binding
preference (data not shown). p-MCL-1 (S64) increases the
binding capacity of MCL-1, but not its stability.”

To our surprise, p-BCL-2 (S§70) and p-MCL-1 (T163)
were nearly perfect in predicting sensitivity to either MEK
+ HDAC or BCL-2 + HDAC inhibition (Figure 5A). This
was particularly striking in the case of DOX40, a doxoru-
bicin-resistant cell line derived from RPMIB226. DOX40
expressed more p-BCL-2 (S70) than p-MCL-1 (T163), and
was sensitive to the ABT-199/LBH589 combination,
whereas its parental cell line RPMI8226 did not express p-

sensitive to the AZD6244/LBH589 combination (Figure
SA). Interestingly, the only cell line we tested that was
resistant to both drug combinations was KMS11, and this
line has low expression of both p-BCL-2 (S70) and p-
MCL-1 (T168) (Figure 5A).

RAS/RAF mutational status predicts sensitivity to MEK
+ HDAC or BCL-2 + HDAC inhibition

Since MEK inhibitors target the pathway downstream
of RAS/RAF, we were curious to determine whether sen-
sitivity to the AZD6244/LBH589 combination correlates
with RAS/RAF mutational status. This is a felicitous
prospect because the MEK/ERK pathway in part controls
p-MCL-1 (T163).” Indeed, the RAS-mutated cell lines

BCL-2 (S70), but did express p-MCL-1 (T163), and was H929, MM1R, MM1S, RPMIB226, and the RAF-mutated
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Figure 4. Predominance of BIM:MCL1 complexes correlates with sensitivity to MEK + histone deacetylase (HDAC) inhibition; MEK + HDAC inhibitor-resistant cell
lines that had predominantly BIM:BCL-2 complexes were synergistically killed by BCL-2 + HDAC inhibition. (A) Whole-cell lysates from a panel of human multiple
myeloma (MM) cell lines were immunoprecipitated with BIM. Subsequently, western blotting was performed to examine baseline levels of BIM:BCL-2, BIM:BCL-X, and
BIM:MCL-1 complexes. Whole cell lysates (input) were also separated with sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and probed for the
indicated proteins. Cell lines sensitive to the AZD6244/LBH589 combination are indicated in blue. The mutational status of the cell lines, i.e. mutated or wild-type
(WT) for RAS/RAF, is shown. (B) The BH3 mimetic ABT-199 and the pan-HDAC inhibitor LBH589 induced synergistic cytotoxicity (assessed using MTT) by 72 h in the
human MM cell lines KMS18, OPM2 (RAS/RAF wild-type) and KMS28 (RAS mutant). Viability is shown as percent of control on the Y-axis. Combination index (Cl) val-
ues <1.0, indicating synergy, are shown for each cell line. (C) KMS28 and OPM2 were treated with ABT-199/LBH589 for 24 h, then whole-cell lysates were separated
using SDS-PAGE and probed for the indicated proteins. (D) OPM2 was treated with 50 nM ABT-199 and 5 nM LBH589 for 24 h, then immunoprecipitates for BCL-2
and MCL-1, and whole cell lysates (input) were separated using SDS-PAGE and probed for the indicated proteins. (E) OPM2 and KMS28 were treated with ABT-199
(50 nM and 250 nM, respectively) and LBH589 (5 nM) for 12 h. BAX and BAK immunoprecipitates and whole-cell lysates (input) were separated using SDS-PAGE
and subjected to western blotting for the indicated proteins. All experiments were performed in triplicate.
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cell line U266 were all sensitive to MEK + HDAC inhibi-
tion and had high baseline expression of p-MCL-1 (T163)
(Figures 1A and 5A). On the other hand, the RAS/RAF
wild-type cell lines KMS18 and OPM2 were resistant to
MEK + HDAC inhibition, but sensitive to BCL-2 + HDAC
inhibition. These cell lines also had high expression of p-
BCL-2 (S70) (Figures 4B and 5A). However, the correlation
between sensitivity to either drug combination and
RAS/RAF mutational status was not perfect: DOX40 and
KMS28 both have mutated RAS, but were sensitive to
BCL-2 + HDAC inhibition rather than to MEK + HDAC
inhibition. Finally, KMS11, which was resistant to both
combinations, has wild-type RAS/RAF. Thus, we conclude
that p-BCL-2 (S70), p-MCL-1 (T163) and RAS/RAF muta-
tional status could all be useful biomarkers to predict for
sensitivity to either the MEK + HDAC or BCL-2 + HDAC
inhibitor combinations.

HDAC inhibition alters the phosphorylation of MCL-1
Given that HDAC inhibition dissociated BIM from
MCL-1, we investigated whether LBH589 altered the
expression of any BH3-only proteins that could theoreti-
cally bind to MCL-1 to displace BIM. However, at the
doses at which we observed synergy, LBH589 did not
appreciably alter the expression of any of the BH3-only
proteins, including NOXA, PUMA, BAD, BID, BIK, BME
or HRK (data not shown). Since we found that baseline
post-translational modifications on several of the anti-
apoptotic BCL-2 family members correlated with sensitiv-
ity to either drug combination, we studied whether
LBH589 altered any post-translational modifications on
MCL-1 or BCL-X; that could explain the BIM dissociation.

HDAC + MEK or BCL-2 inhibition in multiple myeloma e

Interestingly, LBH589 down regulated p-MCL-1 (S64) in
a time- and dose-dependent manner (Figure 5B). In addi-
tion, AZD6244 increased p-MCL-1 (S64), which may
explain in part why MCL-1 becomes “primed” with BIM
after AZD6244 treatment (Figure 5C). When the drugs
were combined, LBH589 still decreased p-MCL-1 (564)
when compared to AZD6244 alone (Figure 5C). Taken
together, it seems that LBH589 might facilitate apoptosis
by decreasing the phosphorylation of MCL-1 at the S64
residue, making it less “sticky” to BIM, especially after it
becomes primed with BIM in the context of MEK
inhibitor treatment.”
p-MCL-1 (S64) is known to be driven by JNK,* and
CDK1/2.#* However, we were unable to replicate syner-
v when we used JNK or CDK inhibitors in combination
with AZD6244 or ABT-199 (data not shown). Relatively less
is known about the role of post-translational modifica-
tions on BCL-X,, but similar to BCL-2 and MCL-1, phos-
phorylation has been documented to modulate the anti-
apoptotic role of BCL-X,.” However, LBH589 did not
appreciably alter p-BCL-X; (S62) levels (data not shown).

HDACG inhibition does not enhance apoptosis induced
by MEK inhibition

Next, we wanted to identify which HDAC(s) must be
inhibited for the observed synergy to occur with MEK or
BCL-2 inhibitors. First, we examined the role of HDAC6
given the relevance of inhibiting the aggresome pathway
in MM and early clinical results obtained using HDAC6
inhibition in the relapsed/refractory setting.”™ Treating
cells with AZD6244 in combination with the HDAC6-
specific inhibitor tubacin did not lead to synergistic cell
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Figure 5. Phosphorylation status of MCL-1/BCL-2 correlates with sensitivity to MEK + histone deacetylase (HDAC) or BCL-2 + HDAC inhibition, and HDAC inhibition
affects the phosphorylation of MCL-1. (A) Whole-cell lysates from a panel of human multiple myeloma (MM) cell lines were separated with sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and subjected to western blotting for the indicated proteins. Cell lines sensitive to the AZD6244/LBH589 combination
are indicated in blue. Cell lines sensitive to the ABT-199/LBH589 combination are indicated in red. KMS11 was resistant to both drug combinations, and is indicated
in black. Mutational status of the cell lines, either mutated or wild-type (WT) for RAS/RAF, is shown. (B) H929 was treated for 1, 6, 12, and 24 h with 5 and 10 nM
LBH589. Whole cell lysates were separated with SDS-PAGE and subjected to western blotting for the indicated proteins. (C) H929 and MM1S were treated with
AZD6244 (250 nM and 150 nM, respectively) and LBH589 (5 nM) for 24 h. Whole cell lysates from these cells were separated with SDS-PAGE and western blotting
was performed for the indicated proteins. (D) KMS28 was electroporated with scrambled siRNA or BAX and BAK siRNA, then treated with 250 nM ABT-199 and 5nM
LBH589. At 72 h, cell viability was assessed using flow cytometry by analyzing the proportion of annexin-/propidium iodide (PI)- cells, shown as percent of control
on the Y-axis. In addition, whole-cell lysates were separated using SDS-PAGE and probed for the indicated proteins to confirm silencing. Error bars represent the stan-
dard error of mean of triplicate experiments. All experiments were performed in triplicate.
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death (Online Supplementary Figure S3A). These results
were confirmed by knocking down HDAC6 using siRNA
(Online Supplementary Figure S3B). Considering all the find-
ings, we concluded that HDACG6 inhibition does not seem
to be important for the synergistic cell death induced by
the AZD6244/LBH589 combination.

Simultaneous inhibition of HDAC1 and HDAC2 is suffi-
cient to enhance cell death induced by MEK or BCL-2
inhibition

We next examined whether inhibiting class I HDAC
augmented cell death in combination with MEK or BCL-
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2 inhibitors. For this, we first used MS275 (entinostat),
which inhibits HDAC1, 2 and 3. We observed potent syn-
ergy when MS275 was used with AZD6244 or ABT-199
in MM cell lines (Online Supplementary Figure S4A, B) and
patients’ cells (Online Supplementary Table S2) similar to
the synergy observed with LBH589. This synergy
occurred even at very low doses of MS275 (i.e. 150 nM),
which would be unlikely to inhibit HDACS3 (the ICs, for
HDACS is 1.7 uM).* To determine whether inhibiting
HDAC1 and 2 would be sufficient to synergize with
AZD6244 or ABT-199, we used the HDACI1 and 2
inhibitor FK228 (romidepsin) in combination with
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Figure 6. Concomitant inhibition of histone deacetylases 1 and 2 replicates synergy with MEK or BCL-2 inhibition in multiple myeloma cell lines. (A) The histone
deacetylase (HDAC)-1 and -2 inhibitor FK228 (romidepsin) was combined with AZD6244 in increasing doses in the MCL-1 primed, RAS/RAF mutant human multiple
myeloma (MM) cell lines H929, MM1R, RPMI8226 and U266. Cellular viability was assessed using MTT at 72 h. Viability is shown as percent of control on the Y-
axis. Combination index (Cl) values <1.0, indicating synergy, are shown for each cell line. (B) FK228 was combined with ABT-199 in increasing doses in the BCL-2-
primed human MM cell lines KMS18, OPM1, OPM2 (RAS/RAF wild-type) and KMS28 (RAS mutant). Cellular viability was assessed using flow cytometry by analyzing
the proportion of annexin-/propidium iodide (PI)- cells, shown as percent of control on the Y-axis. (C) KMS28 was treated with 100 nM ABT-199 and 0.5 nM FK228
for 24 h, then immunoprecipitates for BCL-2, MCL-1 and BCL-X, or whole cell lysates (input) were separated using sodium dodecylsulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and probed for the indicated proteins. Light and dark film exposures are shown for the BCL-2, MCL-1 and BCL-X, immunoprecipitates so the
BIM:MCL-1 and BIM:BCL-X, dissociations are apparent. (D) MM1S was electroporated with scrambled siRNA, HDAC1 siRNA, HDAC2 siRNA or HDAC1 and 2 siRNA,
then left untreated or treated with 250 nM AZD6244. At 72 h, cell viability was assessed using flow cytometry by analyzing the proportion of annexin-/PI- cells, shown
as percent of control on the Y-axis. In addition, whole-cell lysates were separated using SDS-PAGE and probed for the indicated proteins to confirm silencing. (E)
KMS18 was electroporated with scrambled siRNA or HDAC1 and HDAC2 siRNA, then left untreated or treated with 50 nM ABT-199. At 72 h, cell viability was assessed
using flow cytometry by analyzing the proportion of annexin’/PI- cells, shown as percent of control on the Y-axis. Also whole-cell lysates were separated using SDS-
PAGE and probed for the indicated proteins to confirm silencing. Error bars represent the standard error of mean of triplicate experiments. Differences between
groups were calculated with the Student t test. **P<0.001, *P<0.01. All experiments were performed in triplicate.
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AZD6244 or ABT-199 and observed marked synergy in
MM cell lines (Figure 6A, B) and patients’ cells (Online
Supplementary Table S2). Using western blotting and
immunoprecipitation, we also replicated the mechanistic
finding that FK228 downregulates p-MCL-1 (S64) and
causes BIM dissociation from MCL-1 and BCL-X; in
KMS28 (Figure 6C) and H929 (Online Supplementary Figure
S4C). This strongly suggested that HDAC1 and 2 are
involved in the mechanism. To confirm these results, we
performed knockdown studies with HDAC1- and
HDAC2-specific siRNA. Knocking down HDACI and
HDAC?2 individually in combination with AZD6244 or
ABT-199 caused minor increases in apoptosis. However,
simultaneous knockdown of both HDAC1 and HDAC2,
when combined with AZD6244 or ABT-199, caused sig-
nificantly more apoptosis (Figure 6D, E). Inhibiting
HDACS in addition to HDAC1 and HDAC2 did not aug-
ment the synergy (data not shown). Dovetailing with our
results with pharmacological HDAC inhibitors, we
observed p-MCL-1 (S64) downregulation when HDACI1
and HDAC2 were silenced in tandem (Figure 6D). We
also noted that knocking down either HDAC1 or HDAC2
individually caused a reciprocal upregulation of HDAC2
and HDACI, respectively. We speculate that this could be
the reason why inhibition of HDAC1 or HDAC2 individ-
ually was not sufficient to synergize with either MEK or
BCL-2 inhibition (Figure 6D, E). Taken together, these

A MCL-1 primed

mutated*

mutated*

-8-0-8

HDAC1+2 inhibition

results showed that simultaneous inhibition of HDACI1
and HDAC?2 is sufficient to markedly enhance the apop-
tosis induced by AZD6244 or ABT-199 in MM.

Discussion

The sequestration of pro-apoptotic BCL-2 family pro-
teins, such as BIM, by their anti-apoptotic counterparts,
i.e. BCL-2 and MCL-1, is a pervasive survival strategy in
cancer.” Hence, treatments that alter the pro/anti-apop-
totic BCL-2 family member ratio or modulate their bind-
ing dynamics hold considerable promise, particularly in
hematologic malignancies. In the present study, we iden-
tified two drug combinations, i.e. MEK + HDAC and
BCL-2 + HDAC inhibition, which target two distinct sub-
groups of MM: MCL-1 or BCL-2 primed, respectively
(summarized in Figure 7). In support of these being dis-
crete phenotypes, none of the MM cell lines that we test-
ed was sensitive to both drug combinations. Furthermore,
sensitivity aligned mostly based on RAS/RAF mutational
status.

Mutations in the RAS/RAF pathway are present in near-
ly half of all malignant tumor types.” In lieu of a direct
way to inhibit RAS, MEK inhibitors have shown signifi-
cant clinical benefit in several RAS/RAF-mutated can-
cers.”* Herein, we identified that RAS/RAF-mutated MM

BCL-2 primed

McCL-1

3

-8

ABT-199

§

Apoptosis

Figure 7. Proposed mechanism of MEK or BCL-2 inhibition in combination with histone deacetylase inhibition in multiple myeloma. (A) MCL-1-primed lines, which
all had mutated RAS/RAF, were sensitive to the MEK + histone deacetylase (HDAC) inhibitor combination. MEK inhibition increased BIM levels, and HDAC1+2 inhi-
bition dissociated BIM:MCL-1 and BIM:BCL-X, complexes, the former perhaps by means of downregulation of p-MCL-1 (S64). (B) BCL-2-primed cell lines tended to be
wild-type (WT) for RAS/RAF, and were sensitive to the BCL-2+HDAC inhibitor combination. Likewise, HDAC1+2 inhibition dissociated BIM:MCL-1 complexes. Both drug
combinations in effect increased free BIM levels, which we found were able to engage BAX and BAK, ultimately leading to synergistic apoptotic cell death.
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cells are particularly sensitive to MEK inhibition when
this is used in combination with pan-HDAC or class I
HDAC inhibitors. Our results demonstrate that while sin-
gle-agent MEK inhibition increased BIM, this protein
remained sequestered by anti-apoptotic BCL-2 family
members. Concomitant HDAC inhibition, specifically of
class I HDAC, dissociated BIM:MCL-1 and BIM:BCL-X;
complexes, but not BIM:BCL-2 complexes, thereby free-
ing BIM to activate apoptotic cell death (Figure 7A).

Given the prevalence of RAS/RAF mutations in MM,
we anticipate that this combination could be highly clin-
ically effective. While we did not investigate specific dif-
ferences between N-RAS and K-RAS mutations here, a
prior study showed different response durations after
standard therapy, i.e. bortezomib, between these two
subgroups; future research should examine the signifi-
cance of these isoforms in the context of MEK + HDAC
inhibition.* In addition, given the marked intra-tumoral
heterogeneity of MM, the impact of the variant allele fre-
quency of RAS/RAF mutations must be evaluated in
future studies.

Our mechanistic studies identified that MEK + HDAC
inhibitor-sensitive MM cell lines expressed high levels of
p-MCL-1 (T163), a post-translational modification that
enhances the stability of MCL-1 and is driven in part by
ERK.* MCL-1 is unique among the anti-apoptotic BCL-2
family because of its short half-life, but is often upregu-
lated or stabilized in numerous cancers, including MM.¥*
Although p-MCL-1 (T163) does not affect the binding
capacity of MCL-1, stability of the anti-apoptotic BCL-2
family proteins is part and parcel of their function.”

Interestingly, we identified for the first time that the
pan-HDAC inhibitor LBH589 and class I HDAC
inhibitors MS275 and FK228 act as MCL-1 and BCL-X;
inhibitors at relatively low doses. Furthermore, we sug-
gest that the downregulation of p-MCL-1 at the S64
residue may be responsible for the former observation.”
Unlike other studies using several-fold higher doses of
HDAC inhibitors in their experiments,'®* HDAC inhibi-
tion did not increase levels of BIM, NOXA, or any other
BH3-only proteins in our experiments. Thus, HDAC
inhibitor-driven upregulation of BH3-only proteins does
not appear to mediate synergy with MEK or BCL-2 inhi-
bition, at least in MM. However, we were unable to elu-
cidate specifically how HDAC inhibition downregulated
p-MCL-1 (S64), or functionally prove that this was
responsible for the observed BIM dissociation. In addi-
tion, further studies are required to determine how
LBH589 dissociates BIM from BCL-X;.

MM cell lines that were resistant to MEK+HDAC inhi-
bition had markedly more BIM:BCL-2 complexes at base-
line. Combining ABT-199 (venetoclax) with HDAC
inhibitors synergistically killed these cell lines (Figure 7B).
ABT-199 is a highly potent BCL-2 inhibitor which, in just
a few years, has altered the treatment landscape of chron-
ic lymphocytic leukemia.* It has also produced promising
clinical responses in many other hematologic malignan-
cies and several non-Hodgkin lymphomas.” More rele-
vant to our study, single-agent ABT-199 recently pro-
duced encouraging clinical responses in patients with
relapsed/refractory MM, particularly those with t(11;14)
who had high BCL2 expression.” It is conceivable that
HDAC inhibition could either expand the pool of patients
who would be sensitive to BCL-2 inhibition, or deepen
the responses of partially sensitive patients.

However, it should be noted that concomitant HDAC
inhibition did not sensitize all MM cell lines to BCL-2
inhibition, as evidenced by the in vitro resistance of
RAS/RAF mutant, MCL-1-primed MM cell lines to BCL-2
+ HDAC inhibition. Even so, it is well documented that
increased sequestration of BH3-only proteins by MCL-1
and BCL-X; is a major resistance mechanism of BH3
mimetics.” Perhaps then, HDAC inhibition could re-sen-
sitize patients, who relapse after ABT-199 treatment, to
BCL-2 inhibition. It is also worth noting that several spe-
cific MCL-1 inhibitors are actively being developed for
use in MM.* Speculatively, cells that acquire resistance to
MCL-1 inhibition could be investigated to determine
whether they become more BCL-2-dependent, and there-
by sensitive to the ABT-199/LBH589 combination.

Notably, we demonstrated markedly increased apopto-
sis in plasma cells sorted from MM patients with a wide
variety of clinical characteristics after treatment with the
MEK + HDAC and BCL-2 + HDAC inhibitor combina-
tions ex vivo. However, there were too few patients’ sam-
ples to discern if the type or number of prior lines of ther-
apy, or particular cytogenetic abnormalities predicted for
sensitivity to either combination. Even so, it is conceiv-
able that readily discernible subgroups of patients,
beyond the subgroups formed on the basis of RAS/RAF
mutational status, may be identified and that these sub-
groups could be more likely to respond to either combi-
nation therapy, akin to patients with t(11;14) treated with
ABT-199.%

Using both pharmacological and genetic methods, we
determined that simultaneous inhibition of HDAC1 and
HDAC2 was sufficient to induce apoptosis when com-
bined with either MEK or BCL-2 inhibition. This is of inter-
est because the clinical utility of the pan-HDAC inhibitor
LBH589 in MM has been limited by toxicities, mostly
related to diarrhea, fatigue, lymphopenia and thrombocy-
topenia,"” which could perhaps be avoided with more spe-
cific HDAC inhibition. MS275 (entinostat), an HDACI, 2,
and 3 inhibitor, is actively being investigated in clinical tri-
als for numerous tumor types.” Moreover, FK228
(romidepsin), which mostly inhibits HDAC1 and HDAC2,
has been approved by the Food and Drug Administration
for the treatment of several T-cell lymphomas.

Specific HDAC1+2 inhibition has previously been
shown to drive apoptosis in lymphoid cell lines.” In MM,
a prior study showed that the apoptosis induced by
HDAC inhibitors is mainly mediated by HDAC class I
inhibition.” Interestingly, elevated HDAC1 expression
has been correlated with poor prognosis in MM.* In our
study, we observed that both HDAC1 and HDAC2 must
be inhibited for the synergistic effect with AZD6244 or
ABT-199. Given the genetic and functional similarity
between HDAC1 and 2, we think that it will be impor-
tant to target both of these proteins simultaneously to
attain meaningful clinical responses. It must be noted that
while our approach using HDAC inhibition holds consid-
erable promise in MM and other cancers, the pharmaco-
logical specificities of HDAC inhibitors have been incon-
sistently described to date, and often do not include
specificity for particular HDAC1/2-containing multipro-
tein complexes such as CoREST." Speculatively, perhaps
inhibition of these complexes is important for the mech-
anisms described in the present study, rather than inhibi-
tion of the isolated enzymatic activity of HDAC1 and 2.
If so, compounds with greater specificity for CoREST or
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other HDAC1/2-containing complexes could achieve
greater efficacy with potentially less toxicity.”
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Platelet Biology & its Disorders

Anti-apoptotic BCL2L2 increases
megakaryocyte proplatelet formation
in cultures of human cord blood
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ABSTRACT

megakaryocytes in culture. The genes responsible have been rigor-

ously studied i vivo in mice, but are poorly characterized in human
culture systems. As CD34-positive () cells isolated from human umbilical
vein cord blood were differentiated into megakaryocytes in culture, two
distinct cell populations were identified by flow cytometric forward and
side scatter: larger size, lower granularity (LLG), and smaller size, higher
granularity (SHG). The LLG cells were CD4la"" CD42a"¢
phosphatidylserine*>, had an electron microscopic morphology similar to
mature bone marrow megakaryocytes, developed proplatelets, and dis-
played a signaling response to platelet agonists. The SHG cells were
CD41a*CD42a""phosphatidylserine™", had a distinctly apoptotic mor-
phology, were unable to develop proplatelets, and showed no signaling
response. Screens of differentiating megakaryocytes for expression of 24
apoptosis genes identified BCL2L2 as a novel candidate megakaryocyte
apoptosis regulator. Lentiviral BCL2L2 overexpression decreased megakary-
ocyte apoptosis, increased CD41a* LLG cells, and increased proplatelet for-
mation by 58%. An association study in 154 healthy donors identified a
significant positive correlation between platelet number and platelet
BCL2L2 mRNA levels. This finding was consistent with the observed
increase in platelet-like particles derived from cultured megakaryocytes
over-expressing BCL2L2. BCL2L2 also induced small, but significant
increases in thrombin-induced platelet-like particle allbp3 activation and P-
selectin expression. Thus, BCL2L2 restrains apoptosis in cultured
megakaryocytes, promotes proplatelet formation, and is associated with
platelet number. BCL2L2 is a novel target for improving megakaryocyte and
platelet yields in in vitro culture systems.

ﬁ poptosis is a recognized limitation to generating large numbers of

Introduction

Hematopoietic stem cells (HSC) are essential for reconstituting hematopoiesis in
the setting of bone marrow (BM) transplantation and are of great value for studies
of the basic biology of hematopoiesis. Differentiating HSC into megakaryocytes
(MK) in culture has become a standard approach to study megakaryocytopoiesis
(MKpoiesis). MK culture systems are also powerful tools for the functional assess-
ment of novel platelet genes, gene variants, protein-coding transcripts, and
microRNA associated with platelet reactivity and clinical hemorrhagic or throm-
botic disorders. Recent advancements in MKpoiesis research have opened up a
new, promising field of ex vivo manufacturing of platelets,"* with the ultimate goal
of infusing these products into patients with thrombocytopenia or qualitative
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platelet disorders. Improvements in this technology may
also allow 'designer' platelets to be engineered that over-
come immunological incompatibility and infection issues.’

A major limitation of all MK culture systems is the rela-
tively short time period for which the differentiating MK
can be kept viable before they die through apoptosis.®
The role of apoptosis during MKpoiesis is somewhat con-
troversial,” with some data supporting a role for the intrin-
sic pathway of apoptosis in platelet production,®'® while
other studies show that MK must restrain apoptosis to
survive and progress safely through proplatelet formation
and platelet generation.'™* However, the apoptosis regula-
tors of human cord blood-derived (CB)-MK cultures
remain poorly understood. During the course of our stud-
ies with cultured CB MK we observed two distinct popu-
lations of cells by forward and side scatter flow cytometry.
The aims of the current study were to determine: (i)
whether there were viability and apoptosis differences
between these two populations; and (ii) molecular mech-
anism(s) of apoptosis regulation during Mkpoiesis. We
also wanted to begin to identify approaches that would
reduce MK apoptosis in order to produce greater yields of
MK and platelet in cultures. We demonstrate that the
anti-apoptosis Bcl2 family member BCL2L2 (encoding Bcl-
w) regulates cultured MK apoptosis, promotes proplatelet
formation, and is associated with human platelet number.

Methods

Primary megakaryocyte cultures

Human umbilical cord CB was obtained from the New York
Blood Center (New York, NY, USA) under institutional review
board (IRB) approval (00108527). CD34" hematopoietic stem and
progenitor cells (HSPC) were isolated from human umbilical vein
CB and cultured in serum free expansion media supplemented
with 25 ng/mL of stem cell factor (SCF) and 20 ng/mL of throm-
bopoietin (TPO) (Peprotech, Rocky Hill, NJ, USA) for six days.
Cells were cultured with 50 ng/mL TPO only from days 6-13."
Adult granulocyte-macrophage colony-stimulating factor (GM-
CSF) mobilized CD34" HSPC were purchased from the Utah Cell
Therapy and Regenerative Medicine Center (Salt Lake City, UT,
USA) under the University of Utah IRB approval (00108527).

Megakaryocyte proplatelet formation assay

Day 9 transduced cells were plated at 2x10* cells/mL in
60u-Dish Grid-500 plates (Ibidi, Fitchburg, WI, USA) using fresh
medium supplemented with 50 ng/mL TPO. On day 13, the pro-
platelet forming (PPF) MK, defined as displaying at least one fila-
mentous pseudopod, were scored with a light microscope blinded
as to experimental group. Images were taken at room tempera-
ture under 40x objective, numerical aperture 1.35, using FV1000
confocal laser scanning microscope (Olympus, Center Valley, PA,
USA). The percentage of PPF MK was calculated as the number of
PPF MK compared to the total number of round cultured cells ana-
lyzed. An average 200 cells were counted per condition.

Integrin allbP3 activation assessment

Cells were resuspended in Tyrode’s buffer (138 mM NaCl, 5.5
mM dextrose, 12 mM NaHCO;, 0.8 mM CaCl,, 0.4 mM MgCl,,
2.9 mM KCl, 0.36 mM Na,HPO,, 20 mM Hepes, pH 7.4).
Integrin ollbp3 activation was quantified with FITC-labeled
PAC1 (1:100) (BD Pharmingen) in response to stimulation'” with
no agonist (resting), 100 uM PAR4-AP [GL Biochem (Shanghai)
Ltd., China], 250 nM thrombin (Enzyme Research, South Bend,

IN, USA) or 10 ug/mL CRP (synthesized at Baylor College of
Medicine and cross-linked with glutaraldehyde) for 20 minutes
(min) at 37°C, followed by 4% paraformaldehyde fixation at
room temperature. Cells were analyzed on a Cytoflex or BD
Accuri C6 flow cytometer.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 6
software version 10.1 (La Jolla, CA, USA) and reported as
MeanzStandard Error of Mean (SEM). Fold changes for BCL2L2
levels over time in cultures and for lentiviral overexpression were
presented as log, (fold change) compared to their respective con-
trols (day 6 for changes in BCL2L2 levels over time and empty vec-
tor control for overexpression) and analyzed by a one-sample t-
test. Log, transformation was adopted to have a normally distrib-
uted fold-change data, determined by Kolmogorov-Smirnov nor-
mality test. The relationship between platelet BCL2L2 mRNA
expression levels and platelet counts in the 154 healthy human
donors in the Platelet RNA Expression Study 1 (PRAX-1) was
assessed by Pearson’s correlation with 95% Confidence Interval
(95%CI). For all other analyses, statistical significance was
assessed using paired Student r-test. P<0.05 was considered statis-
tically significant.

See Online Supplementary Appendix for further details of the

experiments.

Results

Subsets of cultured megakaryocytes show differing
viability

CD34" cells were isolated from human umbilical vein
CB and cultured to generate MK as described previously.”
By day 13, CD34" cells were differentiated into MK, as
demonstrated by the expression of mature MK markers
(Online Supplementary Figure S1A-D). Day 13 MK were
larger than day 0 HSC (Online Supplementary Figure S1E)
and demonstrated polyploid MK (Online Supplementary
Figure S1F and G). Thus, these culture conditions promot-
ed generation of mature, polyploid MK.

Flow cytometric analysis of day 13 cultures revealed dis-
tinct cell populations differing by forward scatter (ESC)
and side scatter (SSC) characteristics (Figure 1A): larger
MK with lower granularity [larger, lower granular (LLG)]
and smaller MK with higher granularity [smaller, higher
granular (SHG)]. Peripheral blood (PB) mobilized adult
CD34" cells cultured under the same conditions also gen-
erated similar subpopulations of MK (Online Supplementary
Figure S2). Approximately 80% of LLG MK expressed
both CD41a/CD42a and CD41a/CD42b markers, while
only 20-30% SHG MK were double positive for mature
MK markers (Figure 1B). Lower surface expression of
CD42b (GPlbay) in day 13 SHG cells compared to LLG
cells is consistent with mitochondrial damage'® as
observed in apoptotic adult mobilized HSPC-derived
MK.”

Since the numbers of SHG MK showed less differentia-
tion towards mature MK than the LLG MK, and because
SHG MK showed reduced CD42b expression, we consid-
ered whether SHG MK may have undergone (or be under-
going) apoptosis. Figure 1C shows few CD41a" LLG MK-
bound annexin V [termed phosphatidylserine (PS)*], a
marker of apoptosis-induced phosphatidylserine expres-
sion, whereas a significantly higher percentage of CD41a*
SHG MK bound annexin V (termed PS"&"). Anti-annexin



V microbeads were used to separate day 13 PS** LLG MK
from PS"¢" SHG MK (purity shown in Online Supplementary
Figure S3). Transmission electron microscopy revealed
that PS" LLG MK exhibited many typical features of BM
MK, including large cells with multi-lobed nuclei, mito-
chondria, granules and surface protrusions (Figure 2A). In
contrast, most of the PS*#" SHG MK were apoptotic, dis-
playing membrane blebbing, highly condensed or absent
nuclei, and few or no granules (Figure 2B). CD41a"LLG
MK showed a substantial increase in mitochondrial mem-
brane potential compared to CD41la" SHG MK (Figure
1D), further supporting viability of the former.

Several approaches to characterize the functionality of
the LLG and SHG MK were undertaken. The signaling
capacity of these different MK populations was assessed
and LLG, but not SHG, were able to activate integrin
allbB3 in response to agonist stimulation (Figure 3A). In
addition, thrombin-induced Ca’" mobilization was
observed only in LLG cells but not in SHG cells (Figure
3B). Importantly, by day 13 we observed MK proplatelet
formation (PPF). After separating LLG from SHG based on
PS exposure, we observed more PPF in PS*LLG MK than
in PS"&" SHG MK (Figure 3C).

Next, we sought to address whether the LLG popula-
tion was the origin of the SHG cells. Day 13 PS** LLG MK
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were isolated and labeled with lipophilic cell tracking dye
DiO"®* and cultured for an additional 48 hours (h) to fol-
low the 'movement' of the DiO label to SHG MK (Figure
3D). We observed an increase in DiO" LLG MK at day 15
(Figure 3E). More importantly for this experiment, signif-
icantly more SHG MK contained tracking dye after an
additional two days in culture (Figure 3E). These data indi-
cate that CB-derived MK cultures represent a continuum
of cells transitioning from mature viable CD41a™¢"
CD42a"# PS** functional LLG MKs into CD41a""
CD42a""PS™¢ apoptotic SHG MK.

BCL2L2 regulates megakaryocyte apoptosis and larger,
lower granular megakaryocyte number

To begin to understand the molecular mechanisms reg-
ulating cultured MK apoptosis, we screened 24 genes with
established roles in intrinsic and extrinsic apoptosis path-
ways whose expression changed as MK matured in cul-
ture. Because the percentages of SHG MK substantially
increased between day 6 and day 13 (Online Supplementary
Figure S4), we performed gene expression profiling on
CD61-purified MK at these time points and observed a
3-fold and 12-fold increase, respectively, in BCL2L1 and
BCL2L.2, two anti-apoptotic Bcl-2 family members (Figure
4A). BCL2L1 encodes Bcl-xL and has an established role
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Figure 1. Two distinct populations emerge during cultured megakaryocytopoiesis. (A) Forward scatter (FSC) and side scatter (SSC) flow cytometric analysis of day
13 cultures showing the distinct larger size, lower granularity (LLG) and smaller size, higher granularity (SHG) populations of megakaryocytes (MK). (B) LLG and SHG
cells were quantified for dual MK markers CD41aCD42a (n=10) and CD41aCD42b (n=10) by flow cytometry. (C) LLG and SHG MK were analyzed by flow cytometry
using PE-labeled annexin V and APC-labeled anti-CD41a (n=5). (D) LLG and SHG MK were stained with APC-labeled anti-CD41a and TMRM to detect mitochondrial

membrane potential and analyzed by flow cytometry (n=4). Error bars indicate mean+SEM. All assays performed on day 13 cultures.
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Figure 2. Transmission electron microscopy images of cultured megakaryocytes (MK). (A) Three representative annexin V microbead-isolated PS“*larger size, lower
granularity MK. (B) Three representative annexin V microbead-isolated PS"" smaller size, higher granularity MK.
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Figure 3. Larger size, lower granularity (LLG) and smaller size, higher granularity (SHG) megakaryocytes (MK) are viable and apoptotic, respectively. Assays per-
formed on day 13 cultures for (A-C). (A) LLG and SHG MK were stimulated with PAR4-AP, thrombin, collagen related peptide (CRP) or no agonist (resting), and PAC1
binding (marker of integrin allbf3 activation) was quantified by flow cytometry (n=4). n.s.: not significant. (B) LLG and SHG were stimulated with thrombin (red line)
or no agonist (resting; black line) and calcium mobilization was measured (gray lines represent Standard Error of Mean for 3 separate experiments). (C)
Quantification of proplatelet forming (PPF) MK blinded as to whether samples were PS**LLG or PS"&" SHG cells. Data were collected from five independent cords
and each data point represents the percentage of PPF MK counted from randomly selected objective field image. An average 200 cells were counted per cord sam-
ple. (D) Schematic outlining for DiO labeling experiment. Day 13 PS** LLG MK were separated from PS"# SHG MKs using annexin V microbeads. PS** LLG MK were
labeled with Vybrant DiO cell tracking dye and re-cultured for two days. (E) Bar graph showing numbers of DiO-positive PS** LLG MKs and PS"#" SHG MK at day 13
and day 15 (48 hours post DiO addition) (n=6).
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in MKpoiesis.”*** However, BCL2L2 (encoding Bcl-w)
has not been studied in Mkpoiesis and became the focus
of further investigation. The increase in expression of
BCL2L2 observed by RNA sequencing was verified by
qPCR on RNA isolated from CD61-purified MK (Figure
4B). This led to the hypothesis that those MK with
increasing levels of anti-apoptotic BCL2L2 would be the
LLG, whereas those MK with stable or decreasing levels of
anti-apoptotic BCL2L2 would be the SHG. LLG MK and
SHG MK were purified by cell sorting and analyzed for
changes in BCL2L2 expression over time in culture. There
was no difference between LLG and SHG cells for BCL2L2
expression at days 6 and 9, but a significant difference was
observed by day 13 due to a fall in BCL2L2 in SHG cells
and concomitant rise in LLG cells (Figure 4C).

We next considered the effects of BCL2L2 on cultured
MK apoptosis and number. Initially, we used the general
Bcl-2 family inhibitor, ABT-263, to screen for an effect on
CD41a" LLG MK numbers, and observed a significant
reduction (Online Supplementary Figure S5). Since ABT-263
inhibits all Bcl-2 family members, we specifically tested
the effects of BCL2L2 on the cultured MK. CB-derived
MK cultures were transduced with lentiviral vectors con-
taining BCL2L.2, and both mRNA and protein increased by
day 13 (Figure 5A-C). BCL2L2 overexpression significant-
ly reduced the percentage of annexin V' CD4la* MK
(Figure 5D) and increased the number of CD41a" LLG MK
by 19% (1.36x10° to 1.61x10°%; P=0.049).
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BCL2L2 regulates megakaryocyte proplatelet formation

Megakaryocyte PPF is believed to be a critical process in
thrombopoiesis. By day 13 we observed MK PPF primari-
ly in LLG MK (Figure 3C), and asked whether Bcl-w might
affect PPE Importantly, when we scored MK PPF blinded
to lentiviral transduction treatment group, we found that
BCL2L2 overexpression induced a significant 58%
increase in PPF MK (Figures 5E and F).

Relationship between BCL2L2 expression and platelet
number

Megakaryocyte PPF is tightly linked to PB platelet
count,'”"” raising the possibility that BCL2L2 may regu-
late platelet number as well as MKpoiesis. Because we
had previously performed genome-wide platelet gene
expression profiling in 154 healthy individuals,"* we were
able to query this dataset for such an association. Platelet
BCL2L2 mRNA levels were positively correlated with
platelet count in the PRAX1-1 study (Figure 6A).

As is typical of MK culture systems, the day 13 cultures
also contained a population of small, hypogranular parti-
cles that overlapped the forward and side scatter proper-
ties of normal human platelets (Figure 6B). These particles
are typically referred to as platelet-like particles (PLP), and
we assessed the effect of MK BCL2L2 overexpression on
PLP number and function. Compared to control lentiviral
transduction, BCL2L2 overexpression induced a modest
but significant increase in CD41a" PLP from approximate-
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Figure 4. Expression of the anti-apoptotic gene BCL2L2 increases functional megakaryocytes (MK). CD61* MK RNA was isolated from day 6 and day 13 cultures
for analyses in (A) and (B). (A) CD61-positive () MK expression of 24 apoptosis-related genes was assessed by RNA sequencing (n=3). Average fold changes in expres-
sion for day 13 versus day 6 are shown. (B) CD61* MK BCL2L2 quantification by quantitative polymerase chain reaction (QPCR) (n=4). (C) Larger size, lower granu-
larity (LLG) and smaller size, higher granularity (SHG) MK were flow cytometrically sorted and BCL2L2 expression was quantified by qPCR. Fold changes were deter-
mined for LLG and SHG MK compared to their respective day 6 expression (n=4 for day 6 and day 13; n=6 for day 9).
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ly 10% to approximately 19% (Figure 6C), suggesting
BCL2L2 enables mature platelet production.

Platelet-like particles were stimulated with thrombin to
assess their ability to activate allbp3 and release o-gran-
ules. PLP from both control and BCL2L2 lentiviral con-
structs demonstrated cell activation above background
(Figure 5D and E, and flow cytometry plots in Omnline
Supplementary Figure S6); the signal was small but consis-
tent in PLP with control lentivirus. Importantly, among
these CD41a" and CD42a" PLP, MK BCL2L2 overexpres-
sion enhanced thrombin-induced activation compared to
control lentivirus (Figure 6D and E, and flow cytometry
plots in Online Supplementary Figure S6). PAC1 binding and
P-selectin expression in PLP treated with buffer instead of
thrombin were not altered by BCL2L2 overexpression
(data not shown).

Discussion

There has been exciting progress in the generation of
MK and platelets via the use of induced pluripotent stem
cells, immortalized MK cell lines, and bioreactors,"** but
cultured human CB MK remain an important tool for gain-
ing a deeper understanding of MKpoiesis and platelet pro-
duction. Apoptosis of MK in a culture system remains a
major obstacle to progress in the in vitro generation of MK
and platelets.® A great deal of our understanding about the
apoptosis genes regulating MKpoiesis and PB platelet
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while relatively less is known about i vitro cultured MK
apoptosis. The major finding in the current study is that
the pro-survival gene BCL2L2 restrains apoptosis in cul-
tured human MK| regulates PPE and is associated with
platelet number in healthy humans. We also found that
suspensions of CB-derived MK are a useful system for
assessing candidate gene function by flow cytometric
analysis, and that BCL2L2 overexpression induced
increases in agonist-induced signaling responses in PLP.
BCL2L2 thus becomes another potential target for enhanc-
ing MK vyields in vitro, which may benefit both basic
research on MKpoiesis and the long-term goal of produc-
ing platelets for transfusion into patients.

Two distinct populations of cells invariably emerged
during our CB MK cultures that were easily distinguished
by flow cytometry logarithmic scale forward and side
scatter measures. Electron microscopic analysis of the LLG
MK (Figure 2) demonstrated they were most similar to pri-
mary BM MK, and resembled those observed by Cramer
et al?® and Chantelot-Bellanne et a4l In contrast, the SHG
population represented primarily apoptotic cells resem-
bling the senescent MK observed by Radley et al., where
the nucleus fragmented but the cells appeared to change
shape and 'round up' rather than fragment. Membrane
degradation during apoptosis likely contributed to the loss
of MK markers (Figure 1B). The most important functional
differences between LLG and SHG were the ability to
form proplatelets and 'signal' in response to platelet ago-
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Figure 5. BCL2L2 overexpression reduces megakaryocyte (MK) apoptosis. (A-F) Transduction of MK cultures with empty lentiviral vector (Ctrl lenti) or lentiviral vector
containing BCL2L2. (A) Overexpression of BCL2L2 mRNA was confirmed by quantitative polymerase chain reaction (QPCR). Fold change of BCL2L2 mRNA levels was
determined compared to Ctrl lenti (n=5). (B) Representative western blot image for Bel-w protein (encoded by BCL2L2 gene) for BCL2L2 overexpression compared
to Ctrl. (C) Densitometric analysis of western blots for BCL2L2 overexpression compared to Ctrl (n=5). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a normalizer for densitometric analysis. (D) The percentage of annexin V-positive (*) CD41a* MK was determined for BCL2L2 over-expressed and Ctrl cells
by flow cytometry (n=5). (E) Representative image of proplatelet formation in Ctrl and BCL2L2 over-expressed cells. Image shows a-tubulin staining (red) and nuclear
stain, DAPI (blue). White arrows show proplatelet-forming MK. (F) Quantification of proplatelet forming (PPF) MK amongst total cells blinded to treatment group (n=5).
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nists (Figure 2A-C). It is worth noting that although PS-
positivity marked apoptotic SHG MK, some fraction of
LLG MK were also capable of PS exposure in response to
thrombin stimulation (Online Supplementary Figure S7),
perhaps akin to collagen and thrombin activated (COAT)
platelets.®® Thus, simple gating on flow cytometric for-
ward and side scatter measurements, without the need for
fluorescently-labeled antibodies, identified functional MK
and can improve signal-to-noise read-outs that test the
functionality of candidate MK/platelet genes.

Apoptosis was established as a mechanism for platelet
lifespan by the Kile laboratory when they showed that the
balance between Bcl-xL and Bak regulate murine lifespan
in vivo.® The pro-survival Bcl-2 family member Bcl-xL
degrades in aging platelets, thus allowing apoptosis to pro-
ceed. In addition to Bcl-xL, the Bcl-2 family includes Bcl-
2, Md-1 and Bcl-w, which are encoded by BCL2, MCL1
and BCL2L2, respectively. Altered murine expression of
pro-survival Bcl-2 family members has shown variable
effects on platelet number. Global chimeric vav-Bcl2 over-
expression resulted in normal MK numbers but an approx-
imately 50% reduction in platelet counts,* whereas MK-
specific deletion of Bc/2 had no effect on platelet number.”
MK-specific deletion of Bc/2/1 deletion caused MK apop-
tosis, loss of platelet shedding, and a macrothrombocy-
topenia.” MK-specific deletion of Mc/1 did not affect MK
number or morphology, or platelet count or volume.”
Print et al. globally inactivated Bc/2/2 to study its impor-
tance in murine physiology.*® Although Mkpoiesis was
not a major focus of their study, they reported that three

BCL2L2 promotes MK numbers and PPF -

Bcl212” mice displayed numbers of MK colony-forming
cells and platelets comparable to three wild-type litter-
mates. This latter report appears to differ from our finding
in primary human MK and platelets, where BCL2L2
increased during MK differentiation, overexpression of
BCL2L2 increased the numbers of both the viable CD41a’
LLG MK and MK PPF (Figure 4E and F), and BCL2L2 levels
correlated with platelet number (Figure 5A). This apparent
discrepancy between human and mouse regarding the
effect of BCL2L2 on MKpoiesis and platelet production
could be due to a compensatory upregulation of other Bcl-
2 family members in the Bc/2/2 null mice. Alternatively,
small numbers of mice and different conditions may have
led to a chance finding in the Print ez al. study,” but there
also may be species differences in the relative importance
of BCL2L2 because human platelets contain 3.6-fold high-
er levels of BCL2L2 transcripts than mouse platelets.”
We showed that the SHG MK were derived from the
LLG MK (Figure 2D and E), supporting a process by which
viable LLG avoid apoptosis long enough to mature and
acquire mature MK markers, but an unknown trigger
induces some cells to become dying SHG. The day 9 to
day 183 increase in BCL2L2 is expected to restrain apopto-
sis in LLG cells, whereas BCL2L2 reduction should enable
apoptosis to proceed in SHG cells (Figure 3C). Perhaps a
yet-to-be-defined switch regulates BCL2L2 levels after day
9 in cultured cells. CB-derived LLG MK began to develop
proplatelet extension around day 12 and peaked at days
13-15, similar to what had been reported by Balduini et
al® Because SHG appear days before PPF MK (Online
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Figure 6. Relationship of BCL2L2 to blood platelet number and cultured platelet-like particles (PLP). (A) BCL2L2 is positively associated with peripheral blood
platelet counts in 154 healthy individuals in the PRAX1 study. (B) Forward scatter and side scatter flow cytometric analysis of human peripheral blood platelets
(Peripheral Plts), day 13 PLP and the merged image. (C-E) Flow cytometric assessment of cultured PLP after MK transduction with empty lentiviral vector (Ctrl lenti)
or lentiviral vector containing BCL2L2. PLP were defined by forward scatter, side scatter and presence of platelet-specific surface marker (see Methods). (C) The per-
centages of day 13 PLP that were CD41a-positive (*) (n=6). (D) The percentages of day 13 PLP that bound PAC1 after stimulation with 250 nM thrombin (n=5). (E)
The percentages of day 13 PLP that expressed P-selectin after stimulation with 250 nM thrombin (n=5).
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Supplementary Figure S4), they do not seem to be 'exhaust-
ed' MK post release of proplatelets.

Sim et al. used adult mobilized HSPC to culture MK that
also gave rise to populations of functional and apoptotic
MK.” Our work differs from this primarily by studying
the molecular mechanism of apoptosis. We are unaware
of direct comparisons among any source of MK (neonatal,
adult, murine, embryonic stem cells, etc.) in terms of the
degree of apoptosis in culture, but it is reasonable to con-
sider that some molecular mechanisms will be shared. In
this regard, our data show no statistically significant dif-
ference between BCL2L2 levels in neonatal and adult MK
(P>0.47), and adult MK also display more PPF with
BCL2L2 overexpression (Online Supplementary Figure S8).
As with MK there is no statistically significant difference
between BCL2L2 levels in neonatal and adult platelets.”

The finding of a significant positive correlation between
human platelet BCL2L2 levels and PB platelet counts
(Figure 5A) supports a mechanism whereby Bcl-w increas-
es MK PPF which causes increased blood platelets.
Numerous apoptosis genes have been studied for effects
on Mkpoiesis.**""** We observed that pro-apoptotic
genes BAX and BAK1 showed little to no change in expres-
sion from day 6 to day 13 in MK cultures (Online
Supplementary Figure S9A and B). However, similar to
BCL2L2, anti-apoptotic gene BCL2L1 showed increased
expression in LLG over time, and was higher at day 13 in
LLG compared to SHG (Online Supplementary Figure S9C).
Taken together, these studies suggest BCL2L1 and BCL2L2
restrain apoptosis and that this may be the key mecha-
nism for prolonging MK survival in the late stages of dif-
ferentiation in culture. We cannot exclude a role for other
apoptosis genes in Mkpoiesis and platelet production. It
is also reasonable to consider that, like Bcl-xL and Bak, Bcl-
w may also impact the life span of the human PB platelet.”
However, additional studies are needed to address this
possibility.

The BCL2L2-induced increase in MK PPF led to experi-
ments assessing production of PLP. BCL2L2 overexpres-
sion roughly doubled the number of CD41la" PLP and
increased the ability of these PLP to show a functional
response when activated with thrombin (Figure 5C-E).
However, we did not observe any significant correlation
between in vivo BCL2L2 expression with other platelet
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agonists such as ADP, PAR1-AP and PAR4-AP (www.
Plateletomics.com, as reported by Simon et al.*).
Nevertheless, we would emphasize that the percentages
of functional PLP were small, although consistent and sta-
tistically significant.

Our findings have several research and clinical implica-
tions. Firstly, we have shown that simple gating on flow
cytometric forward and side scatter measurements allows
the identification of the subset of viable and functional
MK. This approach represents a substantial improvement
in the signal-to-noise read-outs to test the functionality of
candidate MK/platelet genes identified in GWAS.
Secondly, promotion of apoptosis by inhibiting of Bcl-2
family members is under investigation for the treatment
of a variety of malignancies;** a limiting toxicity has been
thrombocytopenia.”* Bcl-2 family members, MICL1 and
BCL2L1 are the most frequently amplified in 26 tumor
types,** whereas BCL2L2 amplification is rare.” Perhaps
selective targeting of Bcl-2 family members that spares
Bcl-w could minimize thrombocytopenia. Lastly, progress
toward the manufacture of in vitro platelets may benefit
from the pro-survival benefits on MK generation and PPF
of Bcl-w. BCL2L2 overexpression may have synergistic or
additive effects when used in combination with an antag-
onist of the aryl hydrocarbon receptor (StemRegenin 1),
BCL2L1 overexpression, abscisic acid, and other factors
that have been shown to increase numbers of proplatelet-
forming MK in culture."**
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Complications of whole-exome sequencing
for causal gene discovery in primary platelet
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ABSTRACT

rimary platelet secretion defects constitute a heterogeneous group of
Pfunctional defects characterized by reduced platelet granule secretion

upon stimulation by different agonists. The clinical and laboratory het-
erogeneity of primary platelet secretion defects warrants a tailored
approach. We performed a pilot study in order to develop DNA sequence
analysis pipelines for gene discovery and to create a list of candidate causal
genes for platelet secretion defects. Whole-exome sequencing analysis of 14
unrelated Italian patients with primary secretion defects and 16 controls
was performed on Illumina HiSeq. Variant prioritization was carried out
using two filtering approaches: identification of rare, potentially damaging
variants in platelet candidate genes or by selecting singletons. To corrobo-
rate the results, exome sequencing was applied in a family in which platelet
secretion defects and a bleeding diathesis were present. Platelet candidate
gene analysis revealed gene defects in 10/14 patients, which included
ADRA2A, ARHGAP1, DIAPH1, EXOC1, FCGR2A, ITPR1, LTBP1, PTPN7,
PTPN12, PRKACG, PRKCD, RAP1GAP, STXBP5L, and VWF. The analysis
of singletons identified additional gene defects in PLG and PHACTRZ in
two other patients. The family analysis confirmed a missense variant
p-D1144N in the STXBP5L gene and p.P83H in the KCNAIB3 gene as
potentially causal. In summary, exome sequencing revealed potential causal
variants in 12 of 14 patients with primary platelet secretion defects, high-
lighting the limitations of the genomic approaches for causal gene identifi-
cation in this heterogeneous clinical and laboratory phenotype.

Introduction

Disorders of platelet function are characterized by highly variable mucocuta-
neous bleeding manifestations and excessive hemorrhage following surgical proce-
dures or trauma." Primary platelet secretion defects (PSD) are the most common
platelet functional defects® and display both clinical and laboratory heterogeneity.®
From a clinical standpoint, PSD may be associated with a mild to severe bleeding
tendency.” Thus, given the heterogeneous nature of PSD, laboratory testing is lim-
ited to specialized laboratories and accurate mechanistic diagnosis remains chal-
lenging.

Platelet aggregation and secretion studies with lumi-aggregometry, in which dense
granule secretion is assessed in parallel with traditional light transmission aggregom-
etry, provide evidence for platelet dysfunction.®” PSD is characterized by reduced or
absent d-granule secretion upon stimulation by one or more platelet aggregation ago-
nists either at low or high doses.”” However, lumi-aggregometry, the gold standard
technique for platelet function studies, is not always predictive of the molecular
mechanisms, rendering the mechanistic differentiation of primary PSD difficult.

Multiple inherited alterations of platelet function have been described, including
forms with different patterns of inheritance.”*"* When the laboratory phenotype is
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not discriminatory, genotyping using next-generation
DNA sequencing (NGS) could be a comprehensive and
cost-effective strategy for the diagnosis of platelet func-
tion disorders."™ Indeed, NGS-based approaches, based
on whole-exome sequencing (WES) or custom gene pan-
els, proved to be successful for the diagnosis of inherited
platelet defects.""**** Leo et al. applied WES to study 329
candidate genes involved in platelet function defects and
identified gene variants in patients with defects in Gi sig-
naling and with platelet secretion abnormalities.” WES
was also successful in identifying causal mutations in the
RASGRP2 gene, which encodes a protein required for sig-
naling and platelet activation,”” and in identifying a
causal mutation displaying autosomal dominant inheri-
tance located in the THBD gene.” However, a standard-
ized pipeline or procedure linking the identified gene
defects to the specific sub-phenotype of diverse platelet
function disorders is still lacking.

Given the positive experience acquired with the use of
WES in identifying potentially pathogenic genetic variants
in platelet function defects, the use of NGS-based diagnos-
tics provides a great opportunity to improve causal gene
identification and understand the underlying clinical phe-
notype.”” For this reason, we decided to apply exome
sequencing in a well-characterized group of patients with
primary PSD and clinically relevant bleeding.” The aim of
our pilot study was to test whether WES could be an ade-
quate diagnostic tool for causal gene discovery in a hetero-
geneous group of platelet function defects such as primary
PSD.

Methods

Study population

Fourteen unrelated patients with a diagnosis of primary PSD
were enrolled from among 360 individuals with suspected platelet
function disorders referred to our outpatient clinic at Ospedale
Maggiore Policlinico (Milan, Italy).

The patients’ inclusion criteria were: (i) European ancestry; (ii)
platelet count >120x10%/L; (iii) impaired platelet ATP secretion
after stimulation with two or more agonists measured by lumi-
aggregometry; (iv) normal expression of platelet glycoprotein (GP)
Ib/IX/V and GPIIb/Illa to exclude Bernard-Soulier syndrome and
Glanzmann thrombasthenia; (v) absence of any other known
platelet disorder; and (vi) absence of von Willebrand disease. Four
family members of one patient (C740) were also included and
studied.

All studied subjects abstained from taking drugs that affect
platelet function for 2 weeks before blood sampling. All platelet
function results were compared with our internal normal ranges.

The study was approved by the local Ethical Commiittee of the
Ospedale Maggiore Policlinico and carried out according to the
Declaration of Helsinki. All participants signed informed consent.

Platelet phenotyping

Personal and family histories and results of blood tests including
a complete blood count, prothrombin time and activated partial
thromboplastin time determined by standard methods, von
Willebrand factor antigen and von Willebrand factor ristocetin
cofactor determined by an automated latex enhanced immunoas-
say (Instrumentation Laboratory, Milan, Italy)”® were collected
(Online Supplementary Methods). The bleeding severity score (BSS)
was calculated for each patient according to Tosetto ef al.”* (normal
values: children <2; men <5; women <6).

Blood samples were drawn into trisodium citrate for coagula-
tion, von Willebrand factor measurement, and platelet function
studies and into K-EDTA for DNA extraction® and blood cell
counts.

Platelet aggregation and ATP secretion induced by ADP (4 and
20 uM), collagen (2 ug/mL), thrombin receptor activator peptide-
14 (10 wM), and thromboxane A2 analog U46619 (1 uM) were
measured in platelet-rich plasma by lumi-aggregometry (Chrono-
log 560, Mascia Brunelli, Milan, Italy).” Platelet-rich plasma was
prepared as previously reported.” Intraplatelet ADE, ATP, sero-
tonin, and fibrinogen content were measured as previously report-

ed”” (Online Supplementary Methods).

Whole-exome sequencing

Individual exomes were enriched using a SeqCap EZ Human
Exome Library Kit v2.0 (Roche NimbleGen) and paired-end
sequencing was carried out on the HiSeq2000 (Illumina, San Diego,
CA, USA) at the Beijing Genomics Institute (www.bgi.com).

The Short Oligonucleotide Analysis Package aligner (soap2.21)*
was used to align reads to the reference human genome
(hg19/GRCh37) and produce individual binary alignment map
(BAM) files. The Genome Analysis Tool Kit was used for quality
recalibration, duplicate read marking, insertions/deletions (indels)
realignment, and BAM sorting to produce a merged, sample-level

variant calling file (VCF) (Online Supplementary Methods).

Variant filtering and candidate gene discovery

Variant filtering and candidate gene discovery were performed
on the project level, merged VCF file containing 14 unrelated
Italian PSD patients and 16 healthy controls by using two different
filtering strategies: selection of singletons and filtering for the sin-
gle nucleotide variants (SNV) reported by Leo et al’ (Online
Supplementary Methods).

Variant pathogenicity was assigned according to the American
College of Medical Genetics and Genomics (ACMG) pathogenic-
ity classification.” Platelet gene expression was evaluated using
the Human Proteome Map (HPM).” (Online Supplementary
Methods).

Results

Clinical characteristics of patients with platelet
secretion defects

Of 360 patients with suspected platelet disorders inves-
tigated at our center, 14 unrelated patients (12 females and
2 males; median age 23 years) fulfilled the study inclusion
criteria (Table 1). The patients’ BSS ranged between 0 and
15 and 64% of the cases resulted abnormal (Table 1).
Prothrombin time, activated partial thromboplastin time,
plasma fibrinogen, and von Willebrand factor levels were
within the normal ranges (data not shown). Platelet count
was normal in all PSD patients (median 258 x10°/L, mini-
mum-maximum 120-357; normal values 150-450), except
for patient C749 who had a slightly low platelet count
(120 x10°/L).

Platelet functions studies

Platelet aggregation was lower than the normal range in
the majority of the patients with all agonists tested (Figure
1A) and rapidly reversible in 60% of the cases when
induced by ADP (4 uM). Platelet ATP secretion was absent
after stimulation by ADP (4 uM) in all patients and lower
than the normal range in response to the other agonists in
the majority of cases (Figure 1B). In particular, platelet
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* secretion was impaired with two stimuli in 4/14 patients, Exome sequencing and candidate gene discovery
with three stimuli in 4/14, and with more than three stim- NGS data analysis revealed 101,562 variants that passed
uli in 6/14 (Table 1). These findings confirmed the diagno-  quality control and were sequenced with an average read
sis of primary PSD in all patients. depth of 51 over each site. Of those, 96,432 were single

The concentrations of total serotonin, ADP, and ATP SNV and 5,130 were indels. The number of singletons,
were normal in all patients as was the ATP/ADP ratio, defined as private variants occurring exclusively in a single
which is considered a diagnostic hallmark for d-storage individual, was 11,430 (mean, 762) in PSD cases and
pool deficiency (Online Supplementary Table S1). Similarly, 23,564 (mean, 1,473) in controls. In addition, we identified
fibrinogen from platelet a-granules was normal. All 30,978 rare variants with a minor allele frequency (MAF)
together, these data excluded that the secretion defect of =1% and 11,187 of these variants were considered novel,
these patients was attributable to the presence of a- or 8- i.e., not listed in the Database of Single Nucleotide
storage pool deficiency. Polymorphisms (dbSNP) or any other variant database.

Table 1. Clinical and biological characteristics of 14 unrelated patients with platelet secretion defects.

Age BSS Parents First-grade family Platelet secretion stimulus
consang. Bleeding history ADP ADP Collagen U46619 TRAP
4uM 20 uM 2 ug/mL 1uM 10 uM
C696 F 34 4 no No + - - +
C708 F 36 5 no Mother (mild PSD) + + + + -
C729 F 3 2 no No + + - /p
C732 F 25 15 no No + + + -
C739 M 5 0 no Mother + + - np
C740 M 19 10 no Father (mild PSD),
Sister (mild bleeding diathesis + + + + +
without PSD)
C749 F 55 9 no Mother and sister + + + - +
with thrombocytopenia
C783 F 63 13 no Mother + + -
Cr97 F 31 5 no No + +
C831 F 20 7 no Mother + + -
C847 F 19 7 no Mother + + +
862 I 3 7 no No + + - + /p
C1075 F 52 15 no Brother + + + -
C1107 F 60 8 no No + + - +

ID: patient identity; BSS: bleeding severity score; U46619: a thromboxane A2 analog; TRAP: thrombin receptor activator peptide. F: female; M: male; PSD: platelet secretion
defect; (+) indicates defective platelet secretion response to the stimulus; (-) indicates response within the normal range; n/p: data not present.
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Figure 1. Platelet aggregation and secretion of 14 unrelated patients with platelet secretion defects. Dot plots of platelet (A) aggregation and (B) secretion. Boxes
indicate our internal range of normality (5"-95" percentiles). U46619: thromboxane A2 analog; TRAP: thrombin receptor activator peptide.
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Platelet candidate gene filtering approaches

Candidate gene discovery was carried out by two inde-
pendent filtering approaches: by identification of variants
in platelet candidate genes and by selecting singletons
(Online Supplementary Figure S1). In the former approach,
we selected from PSD patients all rare, potentially delete-
rious variants located in the coding regions of 329 candi-
date platelet genes listed by Leo et al.*® This prioritizing
strategy revealed 37 gene defects, of which six were novel
(Online Supplementary Table S2). Since this variant prioritiz-
ing strategy yielded multiple SNV for the following
patients, C729 (5 SNV), C732 (4 SNV), C739 (4 SNV),
C740 (7 SNV), and C831 (4 SNV), we used the ACMG
variant pathogenicity classification,” which revealed 14
gene defects classified as variants of uncertain significance
(VUS) in eight patients. To provide functional analysis of
these genes, we assessed their expression patterns in
platelets using the HPM, which integrates mass spectrom-
etry analysis of different human tissues and cell types as
part of the human proteome project.” This evaluation
identified potential gene defects in seven PSD patients,
with the genes involved being: EXOC1 (C732), DIAPH1
(C739), STXBP5SL and PRKACG (C740), PTPN12 (C749),
VWF (C831), PRKCD (C1075), PTPN7 and PRKCD
(C1107).

Singleton filtering approach

Given that the first approach failed to identify gene
defects in six patients, we decided to apply another filter-
ing strategy based on the isolation of singletons. To this
end, we selected from all 14 patients private variants,
which were rare and possibly deleterious and we obtained
2,875 SNV in 2,162 genes. To prioritize these SNV for
their putative role in PSD, we performed functional anno-
tation using the Database for Annotation, Visualization
and Integrated Discovery (DAVID).* Significantly associ-
ated Gene Ontology (GO) annotations were found for
gene clusters in the following functional categories: bio-
logical process - extracellular matrix organization for 48
genes (P=2.1x107, Bonferroni P=9.9x10*); cellular compo-
nent - basal lamina containing 10 genes (P=5.7x10°,
Bonferroni P=4.4x107); molecular function - extracellular
matrix structural constituent comprising 22 genes
(P=5.6x10°, Bonferroni P=8.3x10%). In addition, Kyoto
Encylopedia of Genes and Genomes (KEGG) pathway
analysis (wwiw.genome.jp/kegg/pathway.html) revealed once
again a cluster of 26 genes with functional annotation
associated with extracellular matrix-receptor interactions
(P=2.9x10°, Bonferroni P=7.9x10%). The extracellular
matrix functional category can be defined as any material
produced by cells and secreted into the surrounding medi-
um, includiing collagen, laminin, fibronectin proteins and
glycosaminoglycans (http://www.uniprot.org/keywords
/tquery=Extracellular% 20matrix), indicating that our priori-
tizing method had indeed identified genes potentially
affected in PSD.

Functional overlap between the above-mentioned gene
clusters was achieved by enriching for variants present in
genes exhibiting GO terms such as platelets and secretion,
platelets and granules, platelets and signaling.

In this way, we identified 70 potential gene defects, of
which 68 were missense variants. We also found a STOP
gain variant in the PHF14 gene (c.G298T, p.E100X) in
patient C749 and a frameshift deletion in the TBXAS?
gene (c.151_152delGT, p.V51fs) present in patient C831.

Exome sequencing in platelet secretion defects -

Importantly, all 37 missense variants identified by filtering
for gene defects in platelet candidate genes were also
found in the list of singletons, which together produced a
list of 107 candidate gene defects presented in Online
Supplementary Table S2.

Similar to the previous filtering strategy, the singleton
approach revealed an excess of potential gene defects in
several patients (Online Supplementary Table S2). To be able
to assign causality, a further reduction in the number of
SNV was necessary. To this end, we once again used the
ACMG variant pathogenicity classification,” which result-
ed in the identification of 22 putative gene defects classi-
fied as VUS in ten patients with primary PSD. However,
only 13 of these variants were located in genes expressed
in human platelets according to the HPM* (Table 2). In
summary, this variant prioritization approach provided
candidate gene defects for four patients, C696, C708,
C797 and C847, for whom the previous strategy was inef-
fective. It is interesting to note that several of these gene
defects were missing from the list of Leo et al.,” indicating
that these genomic loci could potentially become novel
candidate genes associated with PSD.

Family analysis of patient C740

Only one notable pedigree, case C740, was investigated.
The distribution of the PSD phenotype and BSS in his rel-
atives are reported in Figure 2 (father C1300, mother
C1301, and two sisters C1302 and 1304). WES was per-
formed in all four individuals and the variant filtering steps
were based on MAF <1%, selecting SNV with potentially
damaging consequences and assuming disease transmis-
sion present in affected and absent in unaffected family
members (Online Supplementary Figure S2). Upon classifica-
tion according to the ACMG,” four SNV were confirmed
in a heterozygous state in PSD-affected C740 and father
C1300, suggesting an autosomal dominant transmission
of the disease. Two of the SNV, p.D1144N in the STXBP5L
gene and p.P83H in the KCNMB3 gene, classified as VUS
(Table 3) may be involved in the secretion process, thus
being the most probable gene defects responsible for the
PSD phenotype in this family.

Discussion

In this pilot study, we performed WES in 14 unrelated
Italian patients diagnosed with primary PSD and 16
healthy controls. We selected a group with a common
phenotype characterized by impaired platelet aggregation
and secretion with two or more stimuli as assessed with
lumi-aggregometer and a normal platelet content of the
granules, confirming the diagnosis of PSD. In our previous
study, we demonstrated that a PSD was present in almost
one fifth of patients with a mild bleeding diathesis.’

To identify causal genes underlying these defects, we
carried out two prioritizing approaches, which were
based on the identification of rare, potentially deleterious
variants present in 329 platelet candidate genes listed by
Leo et al.” or by selecting singletons (Online Supplementary
Figure S1). These strategies revealed a number of plausible
candidate gene defects explaining the phenotypic defects
of primary PSD. For instance, patient C740 carries a mis-
sense variant p.D1144N in the STXBP5L gene (Table 2). In
a recent report, another missense variant was identified in
this gene as being potentially causal in platelet secretion
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abnormalities.” Since STXBP5, a paralog of STXBP5L, pro-
motes platelet secretion,** perhaps STXBPSL may also
play a role in this process. Another interesting candidate is
the KCNAB3 gene that carries the p.P83H missense vari-
ant. This gene encodes the Calcium-Activated Potassium
Channel Subunit Beta-3 protein involved in a pathway
activated in response to elevated platelet cytosolic Ca™.

For patient C732, a gene defect was found in EXOC1,
which is another candidate gene that influences platelet
granule exocytosis. This gene encodes the Exocyst
Complex Component 1 protein that functions as part of
the exocyst complex and is required for targeting exocytic
vesicles to specific docking sites on the plasma
membrane.*

We also found a missense variant, p.A464F, in the
RAP1GAP gene in patient C831. This variant has been
classified as likely benign and for this reason, it was
excluded from Table 2. Importantly, the Rap1GAP protein
plays a regulatory role in platelet aggregation,” suggesting
that this missense variant may actually have a functional
role.

As previously reported, PSD can be associated with pro-
teins acting at different levels: signal transduction, platelet
activation, degranulation, or exocytosis." Indeed, we
found potential gene defects in proteins involved in all of
these processes (Table 2). Importantly, several patients in
our study had multiple defects in the above-mentioned
genes and gene pathways, which may explain the com-

Table 2. Putative causal variants identified by whole-exome sequencing in 12/14 patients with primary platelet secretion defects according to the clas-
sification of Leo et al.* or by selecting singletons (Online Supplementary Figure S1). All variants were heterozygous.

Gene Nucleotide dhSNP Amino acid MAF MAF MAF SIFT Poly Mutation CADD  Platelet Assess.
change change 1000G  ESP ExAC phen2  Taster Cscore expression (**)

*
€696 COL24AI  c.GA6T3A p.G1558E - - D D D 25 - VUS
C708 TN ¢.G106955A  rs200497615  p.R35652Q 0.0007 0.0003 B B D 25 + VUS
CSRNPI ¢.C673T rs142034027  p.R225W 0.0007 0.0001 D D D 32 - VUS
NRPI c.G620A  rs148308681  p.R207TH 0.0001 0.0001 D D D 33 - VUS
C729 TTN ¢.C104564A - p.S34855Y - D D D 20 + VUS
ITGA2 ¢.G305A rs41392746 p.S102N - 301E-05 B B B 20 + VUS
MYO3A ¢T1525C  rs150793986  p.Y509H 0.0003 0.0002 D D D 27 VUS
muc2 c.G6931A  rs200823008  p.V23lll - 0.0001 0.0008 - - - - VUS
C732 EXOCI ¢.G2009A  rs35001804 p.G6T0E  0.003  0.0086 0.009 D D D 32 + VUS
C739 DIAPHI ¢T3227G  rs143763573  p.F1076C 0.0001 D D D 26 + VUS
ITPR3 ¢.C5720T - p.T1907M - - D D D 33 + VUS
C740 TN c.C72358T  rs372309164  p.L24120F 0.0002 0 B D D 18 + VUS
TTN c.G1895A  rs150231219  p.G632D - 0.0002 0 D B B 19 + VUS
SLC2A7 ¢.C670T rs35776221 p.R224C  0.006 0.01 0.008 D D D 27 - VUS
STXBPSL ~ c.G3430A  rs139176240  p.DII2ON - 0.0001 0.0001 B D D 25 + VUS
KCNMB3 ~ ¢.C248A rs61734056 p.P83H - 1.50E-05  0.0001 D D D 27 - VUS
LCNI ¢.G298C rs117638349  p.GI0OR  0.006  0.008 0.004 D D B 23 - VUS
PRKACG ¢.C280T - p.R94C - - - D D B 23 VUS
muc2 ¢.G2594A - p.S865N - - - - - - - - VUS
mue2 cA5038G  rs371137719  p.T1680A  0.01  0.0024 0 - - - VUS
C749 LYST ¢.G8806A rs2753327 p.v29361  0.001  0.0009 0.0009 B B D 22 VUS
TTN c.G49413T  rs202094100  p.W16471C - 0.0008 0.0006 D D D 24 + VUS
PHFI4 ¢.G298T - p.E100X - - - - D 38 - VUS
PTPNI2 c.CI066T  rs752211731 p.P356S 0 D D D 27 + VUS
C797 TN cCITT rs201490999 p.P6L D D D 24 + VUS
EGF ¢.G3073A - p.A1025T - - B B D 15 + VUS
831 TTN cTI5768A  rs138826545  p.H5256Q - 0.0002 0.0002 B B D 12 + VUS
EGF cGI723A  rs115396821  p.G575R  0.008  0.0024 0.0027 D D D 26 + VUS
TBXAST  c.151_152del - p.V5l1fs - - - - - - - + VUS
VWF ¢.G8ITIA - p.C2724Y - D D D 26 + VUS
847 TTIN c.CI1384T  rs373623340  p.R30462W 301E-05 D D D 26 + VUS
PHACTR2 ~ ¢.G1360C - p.D454H - D D D 26 + VUS
NOS3 c.C3385T  rs774447524  p.R1129C - 231E-05 D D D 34 - VUS
C1075 PRKCD cA1043G rs33911937 p.N348S 0.0015 0.0016 B B D 15 + VUS
C1107 PTPN7 c.G425A  rs115136927  pRI142Q  0.003  0.0072 0.0062 B D D 27 + VUS
PRKCD ¢.G868T - p.A290S - - - B D D 25 + VUS
MMRNI ~ c.G3680T  rs147451161  p.RI227L  0.003  0.0031 0.0036 D D D 28 + VUS

dbSNP: Database of Single Nucleotide Polymorphisms v.138; MAF: minor allele frequency (MAF from European populations is shown); 1000G: the 1000 Genomes Project; EXAC: the Exome
Aggregation Consortium; ESP: the Exome Sequencing Project; SIFT: Sorting Intolerant From Tolerant; PolyPhen2: Polymorphism Phenotyping v.2; Mutation Taster, prediction scores, D: dam-
aging; B:benign; CADD C score: Combined Annotation Dependent Depletion score;" VUS: variant of uncertain significance. (*) Platelet gene expression evaluated by the Human Proteome
Map (HPM) (http://www.humanproteomemap.org);* (**) Assess.— Assessment of variant pathogenicity assigned according to the American College of Medical Genetics and Genomics
pathogenicity classification.”
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Table 3. Putative causal variants identified by whole-exome sequencing in the family of patient C740 (Online Supplementary Figure S2).

Gene dbSNP Nucl. Amino C740 C1300 C1301 C1302 C1304 MAF MAF MAF SIFT Poly Mutation CADD Pt Assess
1000G ExAC ESP phen2 Taster Cscore Exp. (**)

change  acid
change (*)

SLC2A7  1s35776221  c.C670T pR224C  het  het - - - 0.006 001 0008 D D D 27 - VUS
STXBPSL 15139176240 c.G3430A p.DI1144N het  het - - 0.0004 0.0001 B D D 25 + VUS
KCNMB3  rs61734056  c.C248A  pP83H het  het - - 1.50E-05 0.0001 D D D 27 - VUS
LCNI 15117638349  ¢.G298C p.GI00R het  het - - - 0.006 0.008 0.004 D D B 23 - VUS

dbSNP: Database of Single Nucleotide Polymorphisms v.138; MAF: minor allele frequency (MAF from European populations is shown); 1000G: the 1000 Genomes Project; EXAC: the Exome
Aggregation Consortium; ESP: the Exome Sequencing Project; SIFT: Sorting Intolerant From Tolerant; PolyPhen2: Polymorphism Phenotyping v.2; Mutation Taster, prediction scores, D: dam-
aging; B:benign; CADD C score: Combined Annotation Dependent Depletion score;" VUS: variant of uncertain significance. (*) Platelet gene expression evaluated by the Human Proteome
Map (HPM) (http://www.humanproteomemap.org);* (**) Assess.— Assessment of variant pathogenicity assigned according to the American College of Medical Genetics and Genomics

pathogenicity classification.”

plex and heterogeneous nature of primary PSD. This indi-
cates that an in-depth functional analysis of platelet recep-
tor and signaling pathways will be necessary to discrimi-
nate differences in clinical and laboratory phenotypes of
affected individuals.

Study limitations

Following a positive experience with the application of
WES to identify gene defects underlying inherited platelet
function disorders,”” we chose to investigate primary
PSD using the same technique, hoping that a genomic
approach could be effective in identifying causal variants
in a heterogeneous clinical and phenotype such as primary
PSD. However, exome sequencing followed by two inde-
pendent variant prioritization approaches yielded incon-
clusive results. The primary reason for this is undoubtedly
the heterogeneous clinical and laboratory phenotype of
primary PSD, which may have led to the identification of
genes not necessarily associated with the disease. For
instance, 20 missense variants were detected in the TTN
gene in 11 PSD patients, of which eight are VUS.
However, TTN is one of the most frequently mutated
genes in the human genome,” implying that the variations
found in this gene are probably due to the size of its cod-
ing regions (363 exons).

Another limitation of this study was perhaps the choice
of the variant prioritization strategy. We applied a gener-
ally accepted filtering method based on the selection of
rare (MAF <1%), potentially damaging variants. This
approach revealed a great abundance of variants for most
patients, which required further selection based on the
ACMG pathogenic classification of SNV (Table 2). This
revealed 34 putative gene defects classified as VUS in 12
patients with primary PSD, of which 24 were located in
genes expressed in human platelets according to the HPM
(Table 2). However, it is possible that many potentially
causal SNV, which were classified as likely benign or
benign, were excluded due to lack of supporting evidence
or because the gene defects may only manifest at the
level of megakaryocyte development or platelet matura-
tion.

In addition, some of the functional defects might have
been located in the non-coding parts of the genome such
as promoters, intronic sequences or enhancers, which
were not covered by exome sequencing. Finally, since the
identification of gross chromosomal aberration such as
copy number variations from the WES data remains a
technical challenge, it is likely that these structural vari-

C1300 C1301
BSS =0 BSS =0
e
C740 C1302 C1304
BSS=10 BSS=3 BSS=7

Figure 2. Pedigree of patient C740. Black and white symbols indicate subjects
affected by platelet secretion defects and unaffected family members, respec-
tively. The arrow indicates the proband C740. BSS: bleeding severity score.

ants would not have been detected. Although several
bioinformatics methods have been developed for copy
number variation analysis from WES data, they require
uniform coverage and high resolution of the sequencing
data across all exons/coding regions as well as a special-
ized bioinformatics pipeline of data analysis validated
against the whole-genome data.” For this reason, whole-
genome sequencing is the only sure means for identifying
the copy number variations alongside SNV and small
indels.

In conclusion, we carried out exome sequencing in 14
patients with primary PSD and 16 healthy controls, fol-
lowed by two variant prioritization strategies. Our analy-
sis identified potential gene defects in 12 patients, imply-
ing that the NGS-based diagnostic strategies for causal
gene identification in such a heterogeneous clinical and
laboratory phenotype as primary PSD may be ineffective.
In this case, a well-defined, common disease phenotyping
and properly established pipeline for variant analysis are
necessary. The difficulty in assigning causality can be
overcome by genetic screening of affected and unaffected
family members, which allows the identification of gene
defects that segregate with the clinical phenotype, or by
functional studies.
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ABSTRACT

eibel-Palade bodies are endothelial secretory organelles that con-

tain von Willebrand factor, P-selectin and CD63. Release of von

Willebrand factor from Weibel-Palade bodies is crucial for platelet
adhesion during primary hemostasis. Endosomal trafficking of proteins like
CD63 to Weibel-Palade bodies during maturation is dependent on the
adaptor protein complex 3 complex. Mutations in the AP3B71 gene, which
encodes the adaptor protein complex 3 B1 subunit, result in Hermansky-
Pudlak syndrome 2, a rare genetic disorder that leads to neutropenia and a
mild bleeding diathesis. This is caused by abnormal granule formation in
neutrophils and platelets due to defects in trafficking of cargo to secretory
organelles. The impact of these defects on the secretory pathway of the
endothelium is largely unknown. In this study, we investigated the role of
adaptor protein complex 3-dependent mechanisms in trafficking of proteins
during Weibel-Palade body maturation in endothelial cells. An ex vivo
patient-derived endothelial model of Hermansky-Pudlak syndrome type 2
was established using blood outgrowth endothelial cells that were isolated
from a patient with compound heterozygous mutations in AP3B1.
Hermansky-Pudlak syndrome type 2 endothelial cells and CRISPR-Cas9-
engineered AP3B1” endothelial cells contain Weibel-Palade bodies that are
entirely devoid of CD63, indicative of disrupted endosomal trafficking.
Hermansky-Pudlak syndrome type 2 endothelial cells have impaired Ca2*-
mediated and cAMP-mediated exocytosis. Whole proteome analysis
revealed that, apart from adaptor protein complex 3 1, also the ul subunit
and the v-SNARE VAMP8 were depleted. Stimulus-induced von Willebrand
factor secretion was impaired in CRISPR-Cas9-engineered VAMP8”
endothelial cells. Our data show that defects in adaptor protein complex 3-
dependent maturation of Weibel-Palade bodies impairs exocytosis by
affecting the recruitment of VAMPS.

Introduction

Weibel-Palade bodies (WPB) are the storage and secretory compartment of
endothelial cells and play an important role in hemostasis, inflammation and
angiogenesis.! Secretion of their main cargo, the hemostatic protein von
Willebrand factor (vWF), promotes platelet adhesion at the site of injury.” Apart
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from vWE WPB also store angiopoietin-2, IGFBP7 and
various chemokines, along with the transmembrane pro-
tein P-selectin and the integral membrane protein
CD63."* Simultaneous release of this cocktail of inflam-
matory and angiogenic mediators from WPB also pro-
motes extravasation of leukocytes and vessel repair
mechanisms. Weibel-Palade bodies belong to the lyso-
some-related organelles (LRO), a heterogeneous group of
subcellular organelles that share features with lysosomes
through acquisition of recycled cargo and/or membrane
components from the endo-lysosomal system.’
Biogenesis and subsequent degranulation of LRO is fun-
damental to the function of a wide variety of (circulating)
cells, including granulocytes, T cells, platelets and
endothelial cells. Although their function and cargo differ
between cell types, the mechanisms and core compo-
nents that control LRO biogenesis, maturation and
degranulation are shared and operate in all cells with
LRO. In endothelial cells, biogenesis of WPB starts at the
trans-Golgi Network (TGN) and is driven by the biosyn-
thesis of vWE At this point, other soluble cargo, as well
as P-selectin, are also included in newly forming WPB. In
a subsequent post-Golgi step during WPB maturation,
additional key components, such as CD63, are trans-
ferred from adaptor protein complex 3 (AP-3)-positive
endosomes to maturing WPB.*” AP-3 is a heterotetramer-
ic complex, consisting of four subunits: $1, 81, 1 and o1,
previously also referred to as B3A-, 83-, u3A- and o3A-
adaptins, respectively.® The AP-3 ul subunit is known to
interact with membrane proteins through linear
sequences of amino acid residues in their cytoplasmic tail,
such as the di-leucine ([DE]XXXILI]) and the tyrosine
(YXXJ) motifs,”" the latter of which is also present in
CD63 (GYEVM)." When its tyrosine motif is altered or
the expression of AP-3p1 is down-regulated, CD63
shows impaired trafficking to WPB, suggestive of a direct
interaction between the AP-3 complex and CD63.

Defective formation and degranulation of LRO is at the
basis of a number of poorly understood congenital stor-
age pool disorders (SPD) that affect secretory responses of
cells. Since the mechanisms of LRO formation and
degranulation are shared between different cell types,
SPD are often polysystemic, affecting many cell types at
the same time which leads to complex disease symp-
toms. Hermansky-Pudlak syndrome (HPS) is a group of
autosomal recessive disorders characterized by hypopig-
mentation and platelet storage pool deficiency, due to
defective maturation of melanosomes and platelet dense
granules, respectively.” HPS-2, a subtype of HPS, affects
the expression and functionality of the AP-3 complex by
mutations in the AP3B1 gene, which encodes the AP-3
complex B1 subunit.” Apart from the shared HPS features
of platelet dysfunction and albinism, HPS-2 is also
uniquely characterized by CD8" cytotoxic T-cell dysfunc-
tion and neutropenia.'*'®

Given the polysystemic nature of SPD, we sought to
determine how genetic deficiencies in the AP-3 sorting
machinery impact the secretory function of endothelial
cells. Here we show, using blood outgrowth endothelial
cells (BOEC) from an HPS-2 patient, that defects in AP-3
dependent maturation of WPB impairs the exocytotic
potential of WPB by affecting the recruitment of the
WPB-localized member of the SNARE fusion machinery
VAMPS.

- E. Karampini et al.

Methods

Cell culture and isolation of blood outgrowth
endothelial cells

Blood outgrowth endothelial cells were isolated as previously
described and cultured in EGM-2 (Lonza, Basel, Switzerland,
CC-3162) supplemented with 18% fetal calf serum (FCS)
(Bodinco, Alkmaar, the Netherlands) (EGM-18)."” HPS-2 BOEC
were isolated from venous blood from a patient diagnosed with
HPS-2 (described by de Boer et al.'%), caused by compound het-
erozygote AP3B1 mutations (c.177delA, p.K59Nfs*4 and ¢.1839-
1842delTAGA, p.D613Efs*38). The study was performed
according to national regulations regarding the use of human
materials. The patient’s parents signed an informed consent
form allowing participation. Control BOEC were isolated from
healthy, anonimized donors participating in the voluntary inter-
nal blood donor system of Sanquin Blood Supply following writ-
ten consent. The study was approved by the Medical Ethical
Committee of the Academic Medical Center in Amsterdam and
was conducted in accordance with the Declaration of Helsinki.

DNA constructs

The mEGFP-LIC and LVX-mEGFP-LIC vectors have been
described before.”®"” The EGFP-AP-3f1 plasmid encoding AP-3f3
with EGFP fused to its aminoterminus was a gift from Dr.
Adolfo Saiardi.”® To construct LVX-mEGFP-AP3-B1, a 3317 bp
fragment containing the AP-381 coding sequence was cut from
EGFP-AP-31 using BsrGI and Sacll and pasted in frame behind
mEGFP using the same sites in mEGFP-LIC. In a second step, the
AP-381 coding sequence was excised from mEGFP-AP-3(31
using BsrGI and Notl and pasted in frame behind mEGFP in the
LVX-mEGFP-LIC vector.

CRISPR genome engineering

gRNA were designed to target exon 1 of the AP3B/ gene and
exon 1 and 2 of the VAMP8 gene using the CRISPR Design tool
(http://crispr.mit.edu). gRNAs [(AP3B1 exon 1: gRNA-4: TACAAT-
GAGCAGTCCGGAGG and gRNA-5: ACAATGAGCAGTCCG
GAGGA); (VAMP8 exon 1: gRNA-4: GAATGTGGAGCG-
GATCCTGG and gRNA-5: AGA ATGTGGAGCGGATCCTG;
exon 2: gRNA-3: CTGGAGCGACTCGAGATGCG)] were
selected based on the specificity score with the minimum
amount of off-target effects and were subsequently cloned as
hybridized oligos [(AP3B1: gRNA-4: RBNL306 5’-CA CCGTA-
CAATGAGCAGTCCGGAGG-3" and RBNL307 5-AAACC-
CTCCGGACTGCTCA TTGTAC-8’; gRNA-5: RBNL308 5'-
CACCGACAATGAGCAGTCCGGAGGA-3” and RBNL309 5’-
AAACTCCTCCGGACTGCTCATTGT C-3'), (VAMP8: gRNA-
3: RBNL318 5'-CACCGGTGGAGGAAATGATCGTGTG-3” and
RBNL319 5-AAACCACACGATCATT TCCTCCACC-3’;
gRNA-4: RBNL320 5-CACCGATTCACTTACTGACCGGC-
CT-3’ and RBNL321 5-AAACAGGCCGGTCAGTAAGT-
GAATC-3’; gRNA-5: RBNL322 5-CACCGA TTCACTTACT-
GACCGGCCT-3" and RBNL323  5-AAACGGCCG-
GTCTCAGTAAGTGAA TTIC-3%)] into BsmBlI-digested
LentiCRISPR_v2 vector (a gift from Dr. Feng Zhang; Addgene
#52961). A detailed protocol on transduction and clonal selec-
tion of knockout BOEC has been previously described.”

CD63 and CD62P membrane exposure

Endothelial cells were cultured in gelatin-coated 6-well plates
until confluency for 3-4 days prior to the experiment. In order to
measure CD63 surface exposure in WT and HPS-2 BOEC under
steady conditions, cells were washed twice with phosphate
buffered saline (PBS), detached with Accutase (Sigma, A6964),
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and stained with FITC-conjugated anti-CD63 antibody at 4°C
for 30 minutes (min) in the dark. After incubation, cells were
washed with PBS, spun down at 250xg, 4°C for 2 min and sus-
pended in PBS containing 0.01% (v/v) NaN3. Samples were
measured by flow cytometry (BD FACSCANTO II, BD
Biosciences). In order to measure CD62P levels on the plasma
membrane upon stimulation, cells were pre-incubated in release
medium for at least 30 min. Stimulation was performed in RM
supplemented with 100 pM histamine for 5 min. After stimula-
tion, cells were treated with ice-cold PBS and detached by
Accutase. Staining for CD62P exposure was performed at 4°C in
the dark with a PE-conjugated anti-CD62P antibody for 20 min.
Cells were centrifuged at 4°C at 250xg for 2 min and subse-
quently resuspended in PBS containing 0.01% (v/v) NaN..

Further details on materials and methods are available in the
Online Supplementary Appendix.

Results

AP3B1 deficient endothelial cells exhibit impaired
intracellular protein trafficking from endosomes to
Weibel-Palade bodies

To study the role of the AP-3 complex in primary
endothelial cells, we isolated BOEC from peripheral
blood mononuclear cells of an HPS-2 patient with muta-
tions in the AP3B1 gene that encodes for the f1 subunit
of the heterotetrameric AP-3 complex. The patient, who
has previously been described by de Boer et al.,' is a com-
pound heterozygote with both mutations (exon 2:
c.177delA, p.K59Nfs4; exon 17: c.1839-1842delTAGA,
p-D613Efs*38) leading to a frame shift and a premature
stop codon (Figure 1A). As expected, western blot analy-
sis of lysates of BOEC confirmed that the expressed levels
of AP-3 B1 were not detectable (Figure 1B). The truncated
AP-3B1 protein products, generated in the HPS-2 BOEC,
are most likely rapidly degraded as previously reported in
HPS-2 fibroblasts.” In order to test whether there is any
remaining functionality of the AP-3 complex in HPS-2
BOEC, we determined the localization of proteins that
are subject to AP-3 dependent trafficking. Both the
tetraspanin CD63 and the leukocyte receptor CD62P con-
tinuously cycle between plasma membrane and WPB.*
However, after endocytic retrieval, CD63 is incorporated
in maturing WPB through transfer from AP-3 positive
endosomes, while P-selectin diverges to the trans-Golgi
network where it is incorporated in nascent WPB.
Therefore, we stained HPS-2 and healthy control BOEC
for vWF and CD68 or P-selectin. We observed that CD63
is not detectable in WPB in HPS-2 BOEC and can only be
observed in round endosome-like structures (Figure 1E,
left). Quantitative evaluation of our imaging data showed
that in WT BOEC, nearly a third of cellular CD63 is asso-
ciated with WPB (Figure 1 right top), and that on average
about 60% of the WPB are CD63 positive (1E right bot-
tom), numbers that are both in close accordance with pre-
vious studies.”” We observed a sharp reduction in these
parameters in HPS-2 BOEC pointing to a defect in CD63
trafficking. P-selectin trafficking to WPB is unaffected by
the lack of AP-3 B1 (Online Supplementary Figure S1A). We
also measured CD63 surface expression in HPS-2 and
healthy control BOEC under steady state conditions
using flow cytometry. We observed that CD63 surface
levels were significantly increased in HPS-2 BOEC (Online
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Supplementary Figure S1B). Taken together these data
point to defective AP-3 dependent trafficking mecha-
nisms in HPS-2 BOEC.

To further corroborate the role of AP-3 in trafficking of
CD63, we also generated AP3B1 knock-out primary
endothelial cells using CRISPR-Cas9 gene editing. Using
lentiviral transduction of cord blood BOEC (cbBOEC),
with guide (gRNA) targeting the first exon of the AP3B1
gene, we generated 3 clonal cbBOEC lines containing
indels that led to frame shifts and subsequent premature
stop codons in the AP3B1 gene (Figure 1C). This resulted
in complete abolishment of AP-331 expression in all three
clonal lines (Figure 1D). Similar to what we observed in
HPS-2 BOEC, and to what has been reported in endothe-
lial cells after siRNA-mediated AP-3 1 silencing,” WPB of
AP3B17 cbBOEC did not contain CD63 (Figure 1F and
Ounline Supplementary Figure S2).

AP3B1-deficient HPS-2 blood outgrowth endothelial
cells have an unstable AP-3 complex and lack the
Weibel-Palade body v-SNARE VAMPS

To better understand the phenotypic effect of loss of
AP-3 B1 expression, we performed a comparative analy-
sis of the whole proteome between HPS-2 and healthy
control BOEC by means of label-free LC-MS/MS. We
identified 5812 proteins, from which 4323 were quantifi-
able following the selection criteria. To include the natu-
ral variation in our analysis, we compared HPS-2 BOEC
to four independent healthy control donors. Z-scored
LFQ values of the proteins with the highest variation
between samples (S0=0.4, FDR = 0.05) are shown in the
heatmap in Figure 2A. Following this approach, we were
able to confirm the AP-3 B1 depletion in HPS-2 BOEC
(Figure 2B). Moreover, we observed that the expression of
AP-3 ul, an AP-3 subunit encoded by AP3A11, was also
significantly reduced. However, expression levels of AP-
361 and AP-3 o1, the other two subunits of the AP-3
complex, were not significantly different and only mod-
estly reduced (Figure 2B). A similar observation has previ-
ously been made in HPS-2 fibroblasts® and in murine pe
fibroblasts (pearl, pe, mouse model of HPS-2), where 81
and o1 subunits remained as a heterodimer and showed
cytosolic rather than membrane-associated localization.”
The tight correlation of f1 and ul expression levels sug-
gests that loss of AP-3 f1 and consequential disintegra-
tion of the AP-3 complex destabilizes the AP-3ul subunit.
This was supported by the observation that lentivirally
expressed mEGFP-AP-3 1 was able to rescue the expres-
sion of AP-3 ul in HPS-2 BOEC (Figure 2C).

Interestingly, among the down-regulated proteins, we
discovered that the expression of the WPB-localized
SNARE protein VAMPS is severely diminished (Figure 2A
and Omnline Supplementary Figure S3). This was specific for
VAMPS as the expression levels of other SNARE proteins
that have been implicated in WPB exocytosis were not sig-
nificantly altered (Online Supplementary Figure S3). Western
blot analysis also revealed a complete depletion of VAMP8
expression in HPS-2 BOEC compared to healthy controls
(Figure 2D). Moreover, immunofluorescent staining in
healthy control and HPS-2 BOEC for VAMP8 and vWE
showed that WPB in HPS-2 BOEC lack VAMP8 immunore-
activity (Figure 2E). In addition, in the AP3B1 knockout
BOEC lines, VAMP8 was strongly reduced when compared
to the control cbBOEC (Online Supplementary Figure S4).
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® Ex vivo HPS-2 endothelial cells have impaired stimu-
lus-induced Weibel-Palade body exocytosis

To investigate the contribution of AP-3 dependent matu-
ration on the degranulation efficiency of WPB in endothe-
lial cells, we measured the stimulus-induced vWF release in
HPS-2 BOEC. We observed that, under unstimulated con-
ditions, the release of vWF is unaffected in the HPS-2
BOEC compared to WT (Figure 3A). However, upon stim-
ulation, HPS-2 BOEC showed a clear defect in vIWF release
with both Ca2" (histamine) and cAMP-mediated
(forskolin) secretagogues (Figure 3B). As an alternative

measurement of WPB exocytosis, we also investigated
how other WPB proteins respond to histamine treatment.
We stimulated WT and HPS-2 BOEC and measured
CD62P exposure on the plasma membrane (Figure 3D). We
found that significantly less CD62P was expressed on HPS-
2 BOEC plasma membrane when compared to healthy
control BOEC upon histamine stimulation. The reduction
in the stimulus-induced surface expression of CD62P and
release of vWF in HPS-2 BOEC suggests that defects in the
AP-3 dependent maturation of WPB alter the exocytotic
potential of these organelles in endothelial cells.
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Figure 1. Disrupted trafficking of CD63 to Weibel-Palade bodies in ex vivo patient-derived HPS-2 BOEC and CRISPR/Cas9-engineered AP3B1”" BOEC. (A) Cartoon
depicting the mutations of the HPS-2 patient in the AP3B1 gene and the corresponding predicted truncated protein products relative to the full length AP-381 domain
structure. (B) Expression of AP-331 in WT and HPS-2 BOEC. (B) Healthy WT and HPS-2 BOEC lysates were separated with SDS-PAGE and were immunoblotted for AP-
3B1; a-tubulin was used as a loading control. Molecular weight standards are indicated on the left (kDa) and quantification of relative AP-S[Sl/expression in HPS-
2 BOEC normalized to AP-3B1 in healthy WT BOEC (right). (C) Cartoon representation of the CRISPR\Cas9-engineering strategy to generate AP3B1" BOEC lines. Guide
RNA (gRNA4 and gRNA5) are shown underneath a fragment of AP3B1 ex/on 1 sequence with their protospacer adjacent motif (PAM) indicated in red. The mutations
and the corresponding predicted truncated protein products of 2 AP3B1" clones (4.F6 and 5.A10, respectively) z;!re shown relative to the full length AP-31 domain
structure. (D) Loss of AP-3B1 expression in AP3B1”" BOEC. (D) Lysates of clonal CTRL BOEC and 2 clonal AP3B1" BOEC lines (4.F6 and 5.A10) were separated with
SDS-PAGE and were immunoblotted for AP-331; a-tubulin was used as a loading control (left) and quantification of relative AP-331 expression in clonal AP3B1” BOEC
lines normalized to AP -3B1 in clonal CTRL BOEC (right). (E-F) Immunostaining of BOEC for vWF (magenta) and CD63 (cyan) in WT versus HPS-2 BOEC (E left) and
CTRL versus AP3B1” 4.F6 BOEC (F), respectively. Boxed areas are magnified in the right part. Yellow arrowheads indicate the position of WPB in both channels. Scale
bars represent 10 um. (E) Proportion of CD63 immunoreactivity that is found on WPB (right, top) and proportion of WPB that contain CD63 immunoreactivity (right,
bottom). Student t-test, ***P<0.001, ****P<0.0001.
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Weibel-Palade bodies v-SNARE protein VAMPS8
promotes Weibel-Palade body exocytosis

Expression of the SNARE protein VAMPS is reduced in
the absence of AP-3 p1, in HPS-2 patient BOEC as well as
in CRISPR-Cas9 engineered AP3B1 knockout endothelial
cells. SNARE proteins are key regulators of intracellular
membrane fusion events, such as during exocytosis or dur-
ing fusion between organelles. To further investigate the
role of VAMPS8 in endothelial cells, we first studied the
intracellular localization of VAMP8 with confocal
microscopy in HUVEC/healthy control BOEC. In line
with previous reports, VAMP8 was localized on a subset

of WPB and on spherical organelles of the endosomal sys-
tem (Online Supplementary Figure S5)'* Interestingly,
VAMP8-positive WPB and VAMP8-positive endosomes
both contained CD63, suggesting their shared itinerary
may be indicative of a common AP-3 dependent traffick-
ing pathway.

To explore the role of VAMPS8 in endothelial cells we
generated clonal CRISPR-Cas9 knockout BOEC by intro-
ducing a mutation in the first and second exon (Figure 4A)
and evaluated the knockout efficiency by western blot
(Figure 4B) and immunofluorescence (Online Supplementary
Figure S6A). We investigated both AP-3-dependent intracel-

AP3B1 AP3M1
32+ 32+
3 Aph dee wee By §
donor1 donor2 donor3 donor4 HPS-2 £ 301 8 304 o
g g 2y v gl g
] =] =
28+ 28
ND ND
SN LS SN
& ¢ ¢ & ¢ &«
AP3D1 AP3S1
32+ 32+
g At Aee aee A g
: E 304 tww §: 304
g g Ay Ly
-] 5 o Ay
28+ 28] =———a=
v . v & L b3 N v >
& & & & &
HPS-2 BOEC
= mEGFP - = 4
i mEGFP-AP-3f1 - + -
WT  HPS-2
L e mm 1 -
2 0 +2 VAMP8

Z-score

26

HPS-2

VAMP38
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FDR = 0.05) (B) Graph representing LFQ (log,) values for AP3B1, AP3D1, AP3M1 and AP3S1. (C) HPS-2 BOEC lentivirally transduced with mEGFP-AP-331 and mEGFP
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(D) Immunoblot analysis of VAMP8 in lysates of HPS-2 and WT BOEC; a-tubulin was used as a loading control.(E) Immunofluorescent stainings for von Willebrand
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both channels. Scale bars represent 10 um.
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lular protein trafficking as well as the efficiency of WPB to
exocytose upon stimulation in two clonal VAMP8” BOEC
lines. To assess the involvement of VAMPS in a fusion step
between WPB and the endosomal compartment during
CD63 recruitment, we checked the localization of CD63 in
control and VAMP8-deficient cell lines.
Immunofluorescent staining of CD63 and vWF in the
VAMP8™ lines exhibit a similar pattern when compared to
the control cell lines, with CD63 being found on endo-
some-like structures as well as WPB (Online Supplementary
Figure S6B). This suggests that membrane transfer between
endosomes and WPB during CD63 trafficking does not
depend on VAMP8. We next examined the involvement of
VAMPS8 in WPB exocytosis by testing stimulus-induced
vWE release in CRISPR-edited VAMP8” BOEC. Our data
show that the intracellular levels of vWF are similar for
VAMP8-deficient and control cell lines (Figure 4C), show-
ing that the process of CRISPR-Cas9 genetic modification
and clonal selection does not affect vWF biosynthesis
and/or WPB biogenesis. However, upon Ca2"-mediated
stimulation of WPB release with histamine, VAMP8 knock-
out endothelial cells secreted significantly less vWF when
compared to the control lines (Figure 4D). These findings
demonstrate that VAMP8 promotes stimulus-induced vWE
secretion and establish VAMP8 as a novel component of
the WPB exocytotic machinery.

Discussion

The AP-3 complex regulates the formation and matura-
tion of lysosome-related organelles in many different cell
types.® In this study, we show that mutations in the AP3B1
gene that lead to HPS-2 result in loss of AP-3 f1 and rapid
degradation of the AP-3 ul subunit of the AP-3 complex.
While the 81 and o1 subunits are still expressed, the con-
sequential destabilization of the AP-3 complex leads to a
failure to traffic proteins to the WPB. Two of these, CD63
and VAMP8, normally co-reside on endosomes and WPB.
However, in the absence of AP-3-dependent sorting, their
fates differ radically. Blockade of the route from the endo-
somal compartment to the WPB causes an increase of
CD63 on the cell surface, possibly caused by a global
redistribution of CD63 in the absence of its storage com-
partment. This has previously been reported for other cell
types derived from HPS-2 patients, such as cytotoxic
T lymphocytes and fibroblasts."*'** VAMP8 expression is
severely reduced in both HPS-2 BOEC and in CRISPR-
engineered AP3B1 KO BOEC, for which we currently do
not have an explanation. Contrary to CD63, VAMP8 does
not contain any of the known sorting motifs that would
allow it to directly interact with the AP-3 complex.”"
VAMP7, a v-SNARE that is found on a number of LRO,
has been shown to interact with the AP-3 complex on
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early endosomes via a direct interaction between the AP-3
81 subunit and the N-terminal longin domain of
VAMP7 " Destabilization of the AP-3 complex, such as
in mocha mice which lack the 81 subunit of AP-3, leads to
mistargeting of VAMP7.” It has also been suggested that
AP-3 indirectly traffics STX13 to maturing melanosomes
via VAMP7 * Although VAMP8 does not contain a longin
domain, it may be possible that during WPB maturation
there is a similar mechanism by which VAMP8 latches on
to the back of another AP-3 interacting partner.

In this study, we further explored the effect of WPB
maturation on regulated secretion and identify VAMPS as
a novel component of the exocytotic fusion machinery.
Previous studies have found that WPB contain the v-
SNAREs VAMP3 and VAMPS, but so far only VAMP3 has
been implicated in Ca2*-dependent WPB exocytosis.” We
had previously established that VAMPS is a direct interac-
tor of both syntaxin-3 (STX3) and syntaxin-4 (STX4).*
STX4, which is found at the plasma membrane, has been
implicated in thrombin-induced release of WPB through
the formation of a complex with WPB-localized
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ized on WPB and that absence of STX3 from endothelial
cells results in impaired basal and hormone-evoked vWE
secretion.” The decrease in histamine-evoked vWF secre-
tion in VAMP8 knock-out endothelial cells indicates an
active involvement of VAMPS8 in stimulus-induced WPB
exocytosis. Based on its ability to interact with STX4 and
STX3, VAMP8 can potentially support exocytosis via
direct (WPB-plasma membrane) or homotypic (WPB-
WPB) fusion modes. Further research on this topic should
address the involvement of VAMPS in the different modes
of fusion.

In vivo, VANMPS" mice show delayed and decreased
thrombus formation.” Although, in their study, Graham
et al. found that defective thrombus formation correlated
with impaired dense granule release from VAMPS”
platelets, they did not test whether lack of VAMPS8 in
endothelial cells also contributed to defects in thrombus
formation. A more pronounced defect in thrombus forma-
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for HPS-6, which lack platelet dense granules.”
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Figure 4. CRISPR-Cas9-engineered VAMPS8” blood outgrowth endothelial cells (BOEC) have decreased histamine-induced von Willebrand Factor (VWF) secretion. A
and B) Generation of clonal VAMPS8 deficient BOEC lines using CRISPR/Cas9 genome-editing. (A) Cartoon representation of the CRISPR/Cas9-engineering strategy
to generate VAMPS ™" BOEC lines. Guide RNA targeting exon 1 and exon 2 (gRNA3 and gRNA4&5, respectively) are shown underneath fragments of VAMP8 exon 1
and 2 sequences Wlt/h their protospacer adjacent motif (PAM) indicated in red. (B) Loss of VAMPS8 expression in clonal VAMPS ™" BOEC. Lysates of clonal CTRL BOEC
and 2 clonal VAMP8" BOEC lines (34.B4 and 35.B1) were separated with SDS-PAGE and were immunoblotted for VAMPS; a-tubulin was used as a loading control.
Molecular weight standards are indicated on the left (kDa). (C) Intracellular levels of VWF in lysates from control and 2 clonal VAMP8 KO BOEC lines (34.B4 and
35.B1) as determined by ELISA (n=9). (D) Stimulated VWF secretion after 30 minutes treatment with 200 uM histamine (HIS) from CTRL (close black) and 2 clonal
VAMPS” KO BOEC lines (34.B4 and 35.B1) (open circle and square respectively). Secretion of VWF in supernatant from control and 2 clonal VAMPS”" KO BOEC lines
(34.B4 and 35.B1). Secretion is expressed as relative proportion of intracellular vWF in unstimulated cells (n=9). Two tailed Student t-test, ns: P>0.05; *P<0.05;

***p<0.001.
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WPB fail to recruit CD63 from the early endosomes. This leads to a global redistr

Figure 5. Proposed model of (defective) AP-3 dependent acquisition of VAMP8 during Weibel-Palade bodies (WPB) maturation. WPB in normal endothelial cells
(WT, left) emerge from the trans-Golgi network (TGN) and mature by acquisition of recycled membrane proteins, such as CD63 and VAMPS, through endosomal traf-
ficking to the WPB membrane via an AP-3 dependent pathway. Recruitment of VAMP8 promotes the secretion competence of WPB by supporting the formation of
trans-SNARE complexes with STX3 and STX4,** which will allow WPB to undergo exocytosis upon cellular activation. After membrane fusion, CD63 and VAMPS8 are
retrieved and, via the early endosome (EE), make their way to another WPB. In the absence of a function AP-3 complex (right), such as in HPS-2 or AP3B1” BOEC,

ibution of cellular CD63, increasing its presence on the cell surface during steady

state conditions. WPB also fail to acquire (part of) their fusion machinery such as VAMPS, resulting in attenuated WPB exocytosis in response to cellular activation.
Following its failure to transfer to the WPB membrane, VAMPS is possibly rerouted to the lysosome where it is degraded.

Contributing to this phenotype was: (i) the inability to
secrete protein disulfide isomerase (PDI) from so called T-
granules, a tubular secretory compartment in platelets that
contains VAMP8;* and (ii) defective thrombin-induced
secretion of PDI and vWF from endothelial cells after
silencing of HPS6.*' A recent study also found that
endothelial secretion of vWEF in response to administration
of the vasopressin analog 1-deamino-8-D-arginine vaso-
pressin (DDAVP) was delayed and/or decreased in pallid,
ruby eye and pale ear mice, murine models of HPS-9, HPS-
6 and HPS-1, respectively.® This provides an explanation
for earlier observations that long bleeding times in ruby
eye and pale ear mice were not corrected by DDAVE* but
possibly also for the variable response of HPS patients to
DDAVP>¥ Taken together, this suggests that defects in
maturation of WPB decrease their ability to undergo exo-
cytosis.

In this study, we show that BOEC from an HPS-2 patient
have a moderate (but not complete) defect in stimulated
vWEF secretion, a phenotype that we found to be closely
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Mode of delivery in hemophilia: vaginal
delivery and Cesarean section carry similar
risks for intracranial hemorrhages and other
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ABSTRACT

he optimal mode of delivery for a pregnant hemophilia carrier is

still a matter of debate. The aim of the study was to determine

the incidence of intracranial hemorrhage and other major bleeds
in neonates with moderate and severe hemophilia in relationship to
mode of delivery and known family history. A total of 926 neonates,
786 with severe and 140 with moderate hemophilia were included in
this PedNet multicenter study. Vaginal delivery was performed in
68.3% (n=633) and Cesarean section in 31.6% (n=293). Twenty
intracranial hemorrhages (2.2%) and 44 other major bleeds (4.8%)
occurred. Intracranial hemorrhages occurred in 2.4% of neonates fol-
lowing vaginal delivery compared to 1.7% after Cesarean section
(P=not significant); other major bleeds occurred in 4.2% born by vagi-
nal delivery and in 5.8% after Cesarean section (P=not significant).
Further analysis of subgroups (n=813) identified vaginal delivery with
instruments being a significant risk factor for both intracranial hemor-
rhages and major bleeds (Relative Risk: 4.78-7.39; P<0.01); no other sig-
nificant differences were found between vaginal delivery without
instruments, Cesarean section prior to and during labor. There was no
significant difference in frequency for intracranial hemorrhages and
major bleeds between a planned Cesarean section and a planned vagi-
nal delivery. Children with a family history of hemophilia (n=466)
were more likely to be born by Cesarean section (35.8% vs. 27.6%),
but no difference in the rate of intracranial hemorrhages or major
bleeds was found. In summary, vaginal delivery and Cesarean section
carry similar risks of intracranial hemorrhages and major bleeds. The
‘PedNet Registry’ is registered at clinicaltrials.gov identifier: 02979119.

Introduction

The optimal mode of delivery for a known hemophilia carrier, i.e. either vaginal
delivery (VD) or Cesarean section (CS), is still a matter of debate. A carrier may
have an increased bleeding risk herself that might need to be taken into account in
the obstetric planning but, from the fetal point of view, the key question is how
the mode of delivery may impact on the risk of major bleeds, and in particular
intracranial hemorrhages (ICH). These life threatening bleeds can also impair the
outcome in survivors due to serious neurological sequelae."” Moreover, the require-
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ment for intensive replacement therapy has been identi-
fied as a risk factor for inhibitor development in patients
with hemophilia A.°

Several studies have been published with quite a uni-
form consensus that around 3-4% of boys with hemophil-
ia born in countries with a good standard of obstetric care
have had ICH diagnosed during the neonatal period.>**It
has also been shown that instrumental delivery using for-
ceps or vacuum extraction (VE) is a major risk factor for
intra- and extracranial bleeds in neonates with hemophil-
ia.””*However, figures for bleeds associated with uncom-
plicated VD and CS and, consequently, recommendations
on mode of delivery vary between publications and guide-
lines””" It is undisputed that the risk of a neonatal bleed
in a child with hemophilia is considerably higher than that
expected in a non-hemophilia population, although few
figures are available. The largest series, among the few
studies published on mode of delivery in the normal pop-
ulation, suggests an incidence of ICH of 1 per 1,900 in
spontaneous VD, 1 per 2,750 in CS with no labor, 1 per
907 delivered by CS during labor, 1 per 860 deliveries with
VE, and 1 per 664 delivered with the use of forceps.”
Using these numbers as a reference, the risk for ICH in
hemophilia boys is 60 times higher compared to healthy
neonates born by VD.

Knowledge of carrier status in a pregnant woman, or the
knowledge of confirmed hemophilia in the fetus follow-
ing prenatal diagnosis (PND), may impact on obstetric
care, especially when planning the mode of delivery. In
recent cohorts, around 50% of all cases of hemophilia are
sporadic, i.e. newly diagnosed boys without family histo-
ry of hemophilia or without any knowledge of carrier sta-
tus in the mother at birth.” Many published studies on the
delivery of a hemophilia child have not been able to dis-
tinguish between sporadic cases and cases with a known
family history of hemophilia. Some studies include
neonates with mild hemophilia and, furthermore, it is not
always possible to distinguish between CS performed as a
result of the baby having hemophilia or for other reasons,
and this complicates comparisons between studies.

The PedNet Registry is a prospective, multicenter data-
base that includes all children born since 1* January 2000
diagnosed with hemophilia A (HA) or B (HB) of all sever-
ities and treated in the 31 participating hemophilia centers
in Europe, Canada and Israel." Baseline data regarding the
neonatal period are collected on mode of delivery, neona-
tal events, family history of hemophilia, and gestational
age. This longitudinal prospectively collected cohort study
makes it possible to address questions of interest on
obstetric and neonatal issues.

The aim of this paper was to study the frequency of
ICH and other major bleeds in neonates with hemophilia
and the association with mode of delivery to improve
counseling of pregnant carriers in the future. Furthermore,
the results will be stratified according to the presence or
absence of a prior knowledge of hemophilia in the family.

Methods

Study group

Data were retrieved from the ‘PedNet Registry’ which is owned
and administered by the ‘PedNet Haemophilia Research
Foundatior, consisting of 31 international hemophilia treatment
centers and registered at clinicaltrials.gov identifier: 02979119. The

purpose of the registry is to promote and facilitate research and
healthcare development in children with hemophilia. The PedNet
Registry includes all consecutive patients diagnosed and treated in
each center born after 1* January 2000. The aim of the PedNet reg-
istry is to establish large well-documented birth cohorts of
patients with hemophilia enabling studies on side effects and out-
come of treatment. Patient data are collected from birth onwards
prospectively and consist of all data concerning treatment, side
effects and outcome of treatment. Information is collected on
mode of delivery and during the first 75 exposure days of treat-
ment with factor concentrate; all major bleeds including ICH are
registered with detailed information. Approval for data collection
was obtained from the institutional review boards of each of the
31 centers taking part in the study, and written informed consent
was obtained from the parents or guardians of all participants in
accordance with the Declaration of Helsinki. The data quality in
the PedNet Registry is monitored regularly and independent
audits are carried out in all participating centers."*

Study population

All children included in the Registry by 1 January 2015 with
severe (factor VIII/IX activity, < 0.01 IU/mL) or moderate (factor
VIIV/IX activity, 0.01-0.05 IU/mL) HA and HB and with at least one
follow up covering the neonatal period after the initial baseline
report were enrolled. This resulted in 926 children born between
1% January 2000 and 1% January 2015 with data on mode of deliv-
ery and the neonatal period, defined as 28 days after birth.

Prematurity was defined as up to 36 weeks of gestational age.

Data collection

We uniformly collected data on the mode of delivery (including
vaginal, vaginal instrumental, CS), and major bleeds including ICH
in the neonatal period. Data were also recorded on whether an
affected newborn belonged to a family with a known history of
hemophilia or was a sporadic case.

Statistical analysis

The primary outcome was ICH and major bleeds, the latter
defined as a bleed requiring treatment with factor concentrate and
not resolving within 24 hours during the neonatal period. The
determinants of outcome were mode of delivery and family histo-
ry of hemophilia, either known or unknown. Statistical compar-
isons between different groups were made using %’ test or
Fisher s exact test at a significance level of 0.05. In the comparison
of four subgroups on mode of delivery, an overall test was per-
formed to compare the frequencies between all groups simultane-
ously. If an overall test was significant, it was followed by pair-
wise comparisons between the groups. The results of the pairwise
comparisons were corrected for multiple testing by Bonferroni
correction. Statistical power was shown by the width and magni-
tude of the 95% Confidence Interval (95%CI) according to the
CONSORT guidelines. All analyses were performed using IBM
SPSS Statistics for Windows, Version 24.0. Armonk, NY: IBM
Corp., NY, USA, or R: A language and environment for statistical
Computing, version 3.4.2. Vienna, Austria, R Foundation for
Statistical Computing.

Results

Cohort demography

A total of 926 patients were included, 140 with moder-
ate and 786 with severe hemophilia comprising those
with HA [n = 803 (86.7%)], and HB [n=123 (13.3%)].
MOD in the 926 patients was vaginal in 633 (68.4%) and
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CS in 293 (31.6%). Sixty-two (6.7%) of the included
patients were preterm. For more detailed information on
cohort demographics see Table 1.

Intracranial hemorrhages and major bleeds

Twenty ICH (2.2%) and 44 other major bleeds (4.8%)
were recorded in the 926 children. The majority of major
bleeds were soft tissue bleeds (n=14), followed by muscle
bleeds (n=7) and mucous membrane bleeds (n=3). One
patient each suffered from a shoulder bleed, subgaleal
bleed, scalp bleed, cephalohematoma, hematemesis, and a
hepatic bleed; in 14 patients the bleeds were not further
defined. No significant difference was observed in the fre-
quency of bleeds when comparing HA to HB or moderate
to severe hemophilia.

In the whole cohort, major bleeds occurred at a frequen-
cy of 4.3% (27 of 6383) after all vaginal deliveries and 5.8%
(17 of 293) after CS (P=0.32). The frequencies of ICH after
all vaginal deliveries was 2.4% (15 of 633), compared to
1.7% after CS (5 of 293), with no significance (P=0.631).

Term and preterm neonates

Data on gestational age was available in 849 of 926
neonates. When comparing major bleeds in term and
preterm deliveries, major bleeds occurred in 5.2% (41 of
787) of term and in 6.4% (3 of 62) of preterm babies with
no significant statistical difference between the groups
(P=1.0). The frequency of ICH in the term delivery group
was 2.5% (20 of 787) and no cases of ICH was reported in
the preterm delivery group (n=62). In the preterm group,
neonates were born at a median of 35 gestational weeks
(range 26-36 weeks) and only 11 of 62 (17.7%) neonates
were very or extremely preterm (born before the 33 ges-
tational week). Unfortunately, in 77 cases, gestation at
delivery was not recorded, but no major bleeds were
reported in this group (Table 2). Because there was no dif-
ference between the groups based on gestational age, all
further analysis was carried out on the whole cohort.

Table 1. Basic characteristics of study group.

Type and severity of hemophilia

Moderate hemophilia A 110 (11.9)

Severe hemophilia A 693 (74.8)

Moderate hemophilia B 30 (3.2)

Severe hemophilia B 93 (10.0)
Family history of hemophilia

No known family history 445 (48.1)

Known family history 466 (50.3)

No data on family history 15 (1.6)
Mode of delivery

Vaginal delivery 633 (68.4)

Cesarean section 293 (31.6)
Gestational age

Born term 787 (85.0)

Born preterm 62 (6.7)

No data term/preterm 77 (8.3)
Total 926

Mode of delivery

In 818 of 926 patients, more information about the
mode of delivery was available and further subgroups
could be defined: non-instrumental vaginal delivery
(n=541), vaginal with instruments, e.g. forceps or vacuum
extraction (n=68), CS prior to labor (n=125), and CS dur-
ing labor (n=79). The frequencies for ICH were 1.5% (8 of
541) for non-instrumental vaginal delivery, 10.2% (7 of 68)
for instrumental vaginal delivery, 1.6% (2 of 125) CS prior
labor, and 2.5% (2 of 79) during labor. Regarding major
bleeds, the frequencies showed 2.6% (14 of 541) for non-
instrumental vaginal delivery, 19.1% (13 of 68) for instru-
mental vaginal delivery, 4.0% (5 of 125) CS prior to labor,
and 8.9% (7 of 79) for CS during labor. The results identify
vaginal instrumental delivery as a significant risk factor in
comparison to vaginal delivery without instruments and
CS prior to labor for both major bleeds and ICH: the
Relative Risk (RR) for ICH was 6.96 (95%CI: 2.61-18.6;
P=0.0005) and the RR for major bleeds was 7.39 (95%CI:
3.63-15.05; P<0.0001) for comparison with vaginal deliv-
ery without instruments; compared to CS prior to labor
the RR was 6.43 (95%CI: 1.37-30.12; P=0.010) for ICH
and 4.78 (95%CI: 1.78-12.84; P=0.0012) for major bleeds.
Regarding major bleeds only at a significance level of
P<0.05, vaginal delivery without instruments was signifi-
cantly safer than CS during labor (P=0.011; RR 3.42,
95%CI: 1.43, 8.22) but no difference for ICH could be
seen (P=0.37). All other groups showed no significances in
comparison; there was no significant difference in the rate
of ICH or major bleeds when comparing instrumental
vaginal delivery with CS during labor. For more details see
Tables 3 and 4.

A subanalysis of moderate versus severe hemophilia was
made showing similar results regarding ICH: 2.14% (3 of
140) ICH for moderate and 2.16% (17 of 786) for severe
hemophilia without statistical significance. However,
major bleeds were significantly more often reported in
severe hemophilia 5.5% (43 of 786) than in moderate

Table 2. Major bleed and intracranial hemorrhage (ICH) in term or
preterm delivery in the first 28 days.

Al Major bleed n (%) ICH n (%)
Term 87 41(52) 20(2.5)
Preterm 62 3 (6.4) 0 (0)
Missing data term/preterm 1 0(0) 0(0)
Total 926 4 20

Table 3. Intracranial hemorrhage (ICH) and major bleeds and mode of
delivery.

All ICH Major bleeds

n n (%) n (%)
Vaginal delivery without 541 8 (1.5) 14 (2.6)
instruments
Vaginal instrumental 68 7(10.2) 13 (19.1)
Cesarean prior to labor 125 2 (1.6) 5 (4.0)
Cesarean during labor 79 2 (2.5) 7(8.9)
No detailed information on MOD 113 1(0.8) 5 (4.4)
Total 926 20 44

MOD: mode of delivery.
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hemophilia 0.7% (1 of 140) (P=0.009) where only one
major bleed in the neonatal period was reported.

The analysis of major bleeds in severe hemophilia only
showed the same significant results regarding vaginal
instrumental delivery as a risk factor compared to vaginal
delivery without instruments (P<0.0001; RR 7.28) and CS
prior to labor (P=0.0004; RR 6.05) (Table 3); therefore,
these groups were kept together in the further analysis.

Family history of hemophilia

In 466 neonates there was a known family history of
hemophilia. In 445 cases, no family history of hemophilia
was known; these patients represent sporadic cases where
no influence on mode of delivery could be made. The rate
of CS differed significantly between the groups (P=0.009):
35.8% (167 of 466) in the group with known family histo-
ry were born by CS and 27.6% (123 of 445) of the spo-
radic cases (Table 5). The reason for planned CS in the
group of known family history was hemophilia carrier sta-
tus and/or known hemophilia status of the child in 45.2%
(38 of 84 cases), in 14.3% (12 of 84 cases) due to a combi-
nation of hemophilia status and maternal/fetal issues, and
in 29.8% not related to hemophilia (n=16 cases, maternal;
n=9 cases, fetal). The reasons recorded for a planned CS in
the group with no known family history of hemophilia
(n=49) were maternal reasons in 65.3% (n=32), fetal rea-
sons in 24.5% (n=12), combined reasons in 4.1% (n=2),
and Other in 6.1% (n=3). Vaginal instrumental deliveries
occurred less often when a family history was known (18
of 466) than in the group with no known family history
(48 of 445) (P=0.00038).

However, there was no significant difference in the fre-
quency of major bleeds and ICH between the group with
known family history (KFH) and the group with no
known family history (NFH) (P=0.87 and P=0.37, respec-
tively). In the KFH group, we found an overall frequency
of 4.7% (22 of 466) for major bleeds and 1.7% (8 of 466)
for ICH. In comparison, in NFH the frequency was of
4.5% (20 of 445) for major bleeds and 2.7 % (12 of 445) for
ICH. For more detailed information see Table 5.

Prenatal diagnosis
Prenatal diagnosis was performed in 13.7% (62 of 466)
of the children with a known family history of hemophil-

Table 4. Pairwise comparisons between groups on mode of delivery.
Reference group Comparison group

ia. In this group, the rate of CS was significantly higher (32
of 62; 51.6% vs. 135 of 404, 33.4%) than in the group with
known family history and no PND (P=0.0068).

Mortality

One child with no known family history died after CS
in labor due to ICH in the neonatal period. The patient
was diagnosed with ICH at six days of age and the diag-
nosis of hemophilia A was made on the same day; this
child was included in the analysis.

No other deaths related to major bleeds or ICH were
reported.

Counseling of a pregnant carrier of hemophilia

In counseling a pregnant carrier, the decision to be taken
is between a planned CS (in most cases prior to labor)
compared to planned vaginal delivery which can result in
vaginal delivery with or without instruments or CS during
labor. Patients with planned vaginal delivery (n=703) had
a non-instrumental vaginal delivery in 77% (541 of 7083),
an instrumental delivery in 9.7 % (68 of 703), and a CS dur-
ing labor in 9.9% (70 of 703); in 24 patients it was
unknown if the vaginal delivery was with or without
instruments (3.4%). Patients with planned CS (n=134) had
a CS prior to labor in 93.2% (125 of 134) and in 9 patients
the CS was performed in labor (6.8%) (Table 6). We com-
pared planned CS (n=134) to planned vaginal delivery
(n=703) for the whole cohort, and no significant difference
could be seen for both ICH (P=0.75) and major bleeds
(P=0.82). The frequencies for ICH were 1.5% (2 of 134)
for planned CS and 2.4% (17 of 703) for planned vaginal
delivery. Frequencies for major bleeds were 3.7% (5 of
134) for planned CS and 4.8% (34 of 703) for planned vagi-
nal delivery. (See Table 6 for an overview.) We also com-
pared the subgroup of patients with known family history
of hemophilia and compared the number of major bleeds
and ICH in planned CS (n=84) and planned vaginal deliv-
ery (n=327); even here, there was no significant difference
(P=0.777 for major bleeds, P=1 for ICH).

Discussion

In this multicenter study, no statistical difference was

ICH Major bleeding
P-value; RR P-value; RR
(95%Cl) /severe hemophilia only

(95%C1)

Vaginal delivery without instruments Vaginal instrumental $%0.0005; 6.96 #<0.0001; 7.39 (3.63,15.05)/
(2.61,18.60) $<0.0001; 7.28 (3.60,14.72)
Vaginal delivery without instruments Cesarian prior to labor 1.0000; 1.08 0.3758; 1.55 (0.57,4.21)/
(0.23,5.03) 0.3408; 1.20 (0.4.,3.58)
Vaginal delivery without instruments Cesarian during labor 0.3709; 1.71 *0.0110; 3.42 (1.43,8.22)/
(0.37,7.92) *0.0209; 3.20 (1.34; 7.66)
Cesarian prior to labor Vaginal *0.0100; 6.43 $%0.0012; 4.78(1.78,12.84)/
instrumental (1.37,30.12) $%0.0004; 6.05 (2.07, 17.72)
Cesarian during labor Vaginal 0.0814; 4.07 0.0918; 2.16 (0.91,5.10)/
instrumental (0.87,18.92) 0.1263; 2.27 (0.97,5.32)
Cesarian prior to labor Cesarian during labor 0.6417; 1.58 0.2207; 2.22 (0.73,6.74)/
(0.23,11.01) 0.09396; 2.66 (0.81, 8.76)

ICH: intracranial hemorrhage; RR. relative risk; Cl: Confidence Interval. *Significant at significance level P<0.05; Ssignificant after Bonferroni correction P<0.0083.
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Table 5. Known and unknown family history of hemophilia.

Known family history Unknown family history Family
of hemophilia of hemophilia history not
known
n (%) n (%)

ICH 20 8 (1.0 12 (2.7) 0
Major bleeds 44 22 (4.1 20 (4.5) 2
Vaginal delivery 633 299 (64.2) 322 (72.4) 12
VD without instruments 541 285 274 5
VD instrumental 68 14 48 6
Not known with/without instruments 24 13 10 1
Cesarean section 293 167 (35.8)* 123 (27.6) 3
Planned CS 134 84 49 1

Reason:

Hemophilia 37 - 0
Combined hemophilia and maternal 12 - 0
or fetal status
Maternal 16 32 1
Fetal 9 12 0
Combined maternal/fetal 0 2 0
Other/unknown 9 30 0

Total number 926 466 445 15

*Significant at P<0.05 in comparison to unknown family history of hemophilia. n: number; ICH: intracranial hemorrhage;VD: vaginal delivery; CS: Cesarean section.

found in the rate of major bleeds and intracranial hemor-
rhage in neonates with moderate and severe hemophilia
between vaginal delivery and Cesarean section: major
bleeds occurred in 4.3% neonates born by VD and in
5.8% after CS (P=not significant, ns); ICH in 2.4% follow-
ing VD and 1.7% after CS (P=not significat, ns). Further
analysis of subgroups by MOD (VD with and without
instruments, CS prior to and during labor) revealed instru-
mental VD as a risk factor for major bleeds and intracra-
nial hemorrhage compared to non-instrumental VD (RR
7.39 major bleed; 6.96 ICH) and CS prior to labor.
Neonates with moderate hemophilia had a similar risk
regarding ICH compared to severe hemophilia, but a
lower risk for other major bleeds. No other significant dif-
ferences were found between the subgroups of vaginal
delivery without instruments, CS prior and CS during
labor. The CS rate was higher in neonates with a known
family history and reason was hemophilia in more than
half of the cases. However, no significant difference was
found between the group with and without a known fam-
ily history of hemophilia regarding major bleeds and ICH.
The comparison of planned CS (including CS prior to
labor in 93.2% but also including some cases during labor)
to planned VD (including VD without instruments in
77 % and also instrumental VD and CS during labor) also
showed no significant difference in the group with known
family history

To our knowledge, this study represents the largest
prospective, monitored series recording comprehensive
data on mode of delivery and neonatal bleeds in patients
with moderate and severe hemophilia. The data come
from countries with a good and quite uniform standard of
health care which should make the results relevant and
applicable for these countries, although the results may
also be applicable to countries with different health care
standards. Due to the inclusion of all consecutive cases in
the participating centers, selection bias should be low but
cannot be totally excluded. Missing data is a problem for

most registries. Earlier publications of the PedNet registry
show high quality data regarding baseline data and first 75
exposure days including bleeds, with only 4% missing
data." The subanalysis on detailed information on mode
of delivery (vaginal with instruments, CS prior to or dur-
ing labor, reason for CS) was available in 813 of 926
(87.8%) patients, which means that in 12.2% of included
patients these data are missing, which is still acceptable
for analysis. However, the frequencies for both major
bleeds and ICH are low, and small differences between
the groups analyzed cannot be detected due to the limited
number of included patients. For example, to show a dif-
ference between ICH in vaginal delivery of 2.4% to CS of
1.7%, over 12,000 patients would have to be included,
which is not feasible. We excluded mild hemophilia from
our analysis since the diagnosis in these patients is often
made at an older age and undiagnosed cases born during
the study period have not yet been included in the PedNet
Registry."

Both term and preterm neonates were included in the
calculations and one could question if data should have
been presented separately since ICH is a well-known
complication of, in particular, delivery of an extremely
premature neonate.”” Our series included 849 children
with data on gestational week of birth, of whom 62
(7.3%) were born prematurely, but only 11 children
(1.83%) were born before the 33rd gestational week, i.e.
very or extremely premature. There were three major
bleeds in the premature group (5.2%) and no cases of ICH.
In term births, 41 major bleeds in 787 neonates (6.4%)
occurred, and 20 ICH (20 of 787; 2.5%). Since there was
no significant difference in the frequency of bleeds
between the term and preterm groups we considered it
justified to merge them together in the calculations. The
premature group was still a rather small group, and a
much larger group would be needed in order to draw any
conclusions between the more extremely premature and
less premature on this issue. In another neonatal series,
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Richards et al.® with an overall head bleed rate of 3.5%
and some data on prematurity (29 premature children;
6.0% in the series), had the same issue. It is, however, pos-
sible that extreme prematurity is under-represented in the
registry due to mortality before diagnosis.

The frequency of major bleeds and ICH for all neonates
was similar to previous studies.””'® When splitting the
group into instrumental VD and non-instrumental VD,
and CS prior to and during labor, only instrumental VD
was identified as a risk factor. A recent study from the UK
on ICH in bleeding disorders had similar findings and
identified instrumental delivery as a clear risk factor with
a RR of 10.6.” This is also known from the normal popu-
lation, but in lower frequencies: Towner et al. reported
ICH frequencies of 1 of 860 for VE and 1 of 664 for forceps
and VE, which means that the risk for ICH in hemophilic
neonates born by instrumental delivery is roughly 80-fold
higher in our series.” In a recent published meta-analysis
from Davies and Kadir, CS was proposed as a safer option
for children born with hemophilia, but the comparison
was made with historical cohorts” In our prospective
cohort, there was no difference in incidence of major
bleeds and ICH in neonates born by vaginal delivery (both
instrumental and non-instrumental) compared to CS (prior
to and during labor): 5.2% versus 6.4% in major bleeds,
and 2.3% versus 1.7% for ICH. A planned CS with the
intention to perform CS prior to labor did not prevent
neonates from experiencing ICH or major bleeds in com-
parison to planned VD. This information is important
when counseling a pregnant carrier. It has also been
shown in other studies that CS does not prevent neonatal
bleeds.**’ Studies from the normal population with
583,340 births included show that vaginal delivery with-
out instruments and CS prior to labor were the safest
option but ICH still occurred (1 of 2,750 CS prior to labor,
and 1 of 1,900 delivered spontaneously).”

A known family history of hemophilia (KFH) had some
influence on the mode of delivery: 36% (167 of 466) were
delivered by CS in the KFH group compared to 28% (123
of 445) in the no known family history group (NFH)
(P=0.00038). The group of neonates in the NFH group
present the ‘true risk’ of neonatal bleeds in a child with
hemophilia, since no precautionary measures had been
taken with respect to hemophilia on the obstetric proce-
dures. However, there was no significant difference in the
rate of major bleeds and ICH between KFH and NFH.
Regarding vaginal delivery, 4.5% of the children in the
NFH group compared to 4.7% in the KFH had a major
bleed and 2.7% had ICH in the NFH-group compared to
1.7% in the KFH-group. This may be explained by our
findings, that the mode of delivery (CS vs. vaginal deliv-
ery) did not impact the rate of major bleeds and ICH.
Similar findings were shown in a recent study of Kulkarni
et al. in which 547 neonates with all severities of hemo-
philia were included.” The reason to choose a planned CS
was hemophilia in 45%; but in 55%, other maternal and
fetal reasons played a role illustrating that the planning of
a delivery is a complicated and multifactorial task.

Prenatal diagnosis was performed in 14% (62 of 466) of
known carriers, and in these cases it was definitely known
that they were carrying a child with hemophilia. In this
subgroup, 51.6% were delivered by CS, demonstrating a
statistically significant impact on the decision to choose a
CS delivery. We do not have data on how many carriers
terminated pregnancy after PND with an affected fetus, so

Table 6. Planned vaginal delivery versus planned Cesarean section -
major bleeds and intracranial hemorrhage (ICH).

n ICH Major bleeds
n (%) n (%)

Planned VD 703 17 (2.4) 34 (4.8)

VD without instruments 541 10 18

VD instrumental 68 7 13

CS during labor 70 0 3
VD not known with 24 0 0

or without instruments
Planned CS 134 2 (1.5) 531D

CS prior to labor 125 2 5

CS during labor 9 0 0
Planning not known 89 1 5
P-value; RR (CI) 0.753; 1.62 0.822; 1.30

(0.38,6.93) (0.52,3.25)

VD:vaginal delivery; CS: Cesarean section; RR: relative risk.

the numbers on PND might be underestimated. However,
recent figures from Sweden indicate that carriers today
often choose PND in order to prepare for having a hemo-
philia child and not for termination of the pregnancy; but
this may not be the case in all participating centers.”

One child died from ICH, representing 1 of 786 boys
with severe hemophilia (0.13%), and 1 of 20 of all ICH
(5%). These numbers are low compared to historical data,
but they are in line with a recent CDC report that included
all ICH with a mortality rate of around 2.5%.” These
numbers may be underestimated due to undiagnosed or
unreported cases.

It would have been of interest to analyze the risks and
outcomes for the carrier mothers who gave birth to a child
with hemophilia according to delivery mode, but our reg-
istry is limited to pediatric data.

In summary, vaginal delivery and Cesarean section carry
similar risks of ICH and major bleeds in neonates with
severe and moderate hemophilia, and pregnant carriers of
hemophilia should be informed about different options
for mode of delivery and their potential risks.
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ABSTRACT

ongenital thrombotic thrombocytopenic purpura is an autosomal

recessive inherited disease with a clinically heterogeneous course

and an incompletely understood genotype-phenotype correlation.
In 2006, the Hereditary TTP Registry started recruitment for a study which
aimed to improve the understanding of this ultra-rare disease. The objective
of this study is to present characteristics of the cohort until the end of 2017
and to explore the relationship between overt disease onset and
ADAMTS13 activity with emphasis on the recurring ADAMTS13
c.4143_4144dupA mutation. Diagnosis of congenital thrombotic thrombo-
cytopenic purpura was confirmed by severely deficient ADAMTS13 activ-
ity (=10% of normal) in the absence of a functional inhibitor and the pres-
ence of ADANTS13 mutations on both alleles. By the end of 2017, 123 con-
firmed patients had been enrolled from Europe (n=55), Asia (n=52, 90%
from Japan), the Americas (n=14), and Africa (n=2). First recognized disease
manifestation occurred from around birth up to the age of 70 years. Of the
98 different ADAMTS13 mutations detected, c.4143_4144dupA (exon 29;
p-Glu1382Argfs*6) was the most frequent mutation, present on 60 of 246
alleles. We found a larger proportion of compound heterozygous than
homozygous carriers of ADAMTS13 c.4143_4144dupA with overt disease
onset at < 3 months of age (50% vs. 37 %), despite the fact that ADAMTS13
activity was <1% in 18 of 20 homozygous, but in only 8 of 14 compound
heterozygous carriers. An evaluation of overt disease onset in all patients
with an available sensitive ADAMTS13 activity assay (n=97) shows that
residual ADAMTS13 activity is not the only determinant of age at first dis-
ease manifestation. Registered at clinicaltrials.gov identifier NCT01257269.
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Introduction

Hereditary or congenital thrombotic thrombocytopenic
purpura (cTTP; also known as Upshaw-Schulman syn-
drome; OMIM: 274150) is an autosomal recessive inherit-
ed thrombotic microangiopathy (TMA), which can mani-
fest with acute life-threatening disease episodes and fre-
quent relapses.”” The underlying pathophysiology is an
absent or severely reduced activity of ADAMTS13 (a dis-
integrin and metalloproteinase with thrombospondin type
1 repeats, member 13) caused by bi-allelic mutations in
the ADAMTS13 gene.”’ In the absence of functional
ADAMTS13, large von Willebrand factor multimeric
strings are not cleaved into normal-sized ones. As a result,
platelets adhere to these unusually large, extremely adhe-
sive multimers leading to occlusive microvascular throm-
bosis. The clinical manifestations of acute TTP include the
concomitant occurrence of often severe thrombocytope-
nia, microangiopathic hemolytic anemia, and a variable
degree of ischemic organ damage, particularly affecting
the brain, heart and kidneys. If left untreated, mortality
exceeds 90%."

Congenital TTP (cTTP) is an ultra-rare disease, affecting
about one per 1,000,000 persons.>" Its rarity makes it dif-
ficult to unravel what contributes to its complex and var-
ied clinical presentation and course of disease. Adding to
this challenge is the large variety of ADAMTS13 gene
mutations (> 200)'" that have been identified (missense,
nonsense, splice site mutations, and frameshift mutations
caused by small deletions and insertions), and new muta-
tions are being continuously revealed. ADAMTS13 gene
variants may abolish or impair ADAMTS13 synthesis,
secretion or activity."”"**” Some data suggest that the sever-
ity of disease in cTTP is related to residual ADAMTS13
activity.”" In a cohort of 29 ¢TTP patients, Lotta et al.”
found residual ADAMTS13 activity of < 3% to be associ-
ated with an early disease onset (< 18 years of age), an
annual event rate of >1, and a need for prophylactic plas-
ma therapy. Age at overt onset and diagnosis of cTTP
shows, in general, a seemingly dichotomous distribution,
with approximately half of patients presenting within
their first five years of life, and the other half experiencing
disease onset in early adulthood, often during a first preg-
nancy.""'*”" Childhood-onset c¢TTP often starts in the
neonatal period with hematologic features and severe
jaundice."” Moreover, Schneppenheim et al® and von
Krogh et al** reported on variable disease courses in cTTP
patients ~ homozygous  for  the  ADAMTS13
c.4143_4144dupA mutation, typically having an
ADAMTS13 activity <1% of normal. Consequently, the
question was asked as to whether residual ADAMTS13
activity is really the major determinant of clinical hetero-
geneity in cTTP?

The Hereditary TTP Registry (clinicaltrials.gov identifier:
NCT01257269) started in 2006 as an international open
and ambidirectional cohort study for patients with con-
firmed and suspected cTTP and their family members.”
The Registry’s overall aim is to document individual clini-
cal courses, treatment requirements, and to identify possi-
ble triggers of acute TTP episodes and disease modifiers in
relation to the disease-causing ADAMTS13 mutations.
The primary aim of this report is to provide the demo-
graphic and clinical characterization of the cTTP cohort at
enrollment from when the study started until the end of
2017. A second objective was to evaluate residual

ADAMTS13 activity and its relation to apparent disease
onset in the whole cohort, with emphasis on carriers of
ADANTS13 c.4143_4144dupA (p.Glu1382Argfs*6) muta-
tion.

Methods

Eligibility

The Hereditary TTP Registry enrolls patients from all over the
globe. Those eligible for participation are patients with confirmed
or suspected cT TP and their family members (for diagnostic crite-
ria see the Online Supplementary Appendix). In the current study,
enrollment data from patients with confirmed ¢TTP were used for
evaluation.

Patient recruitment

Initially, eligible patients were identified through the Bern TTP
Registry and the Nara Medical University Registry on thrombotic
microangiopathies (TMA), and enrolled through their treating
physicians. Later, patients or their physicians approached the
Registry directly through the website (www.mpregistry.net), based
on its related publications®”® and contributions at national and
international congresses. The Hereditary TTP Registry includes
patients from published reports, and patients who have been
newly identified. By the end of 2017, around two-thirds of the 123
confirmed c¢TTP patients had been reported in case reports and
case series between 1981 and 2018 (Online Supplementary Appendix
B), prior to their enrollment in the Registry.

The Hereditary TIP Registry was approved by the Lead
Cantonal Ethics Committee (CEC) in Bern in 2006 (CEC n.
031/06). The protocol was approved by the Institutional Review
Boards or Ethics Committees and Institutional Boards responsible,
as applicable, at each site. All Registry participants or their legal
representatives provided written informed consent before enroll-
ment.

Data collection at enroliment
Data collection at enrollment is described in the Omnline
Supplementary Appendix.

ADAMTS13 parameters

In the majority of patients (n=96), ADAMTS13 activity assays,
functional inhibitors, anti-ADAMTS13 antibodies, as well as
molecular analysis of the ADAMTS13 gene, were performed in
the Central Hematology Laboratory, Bern University Hospital,
University of Bern, Switzerland (50 patients), and in the
Department of Blood Transfusion Medicine, Nara Medical
University, Japan (46 patients). In the remaining 27 confirmed
patients, analyses were performed in other laboratories employing
various assays. For two patients, ADAMTS13 activity values were
not reported.

ADAMTS13 activity was determined in Bern by the modified
FRETS-VWE73 assay [lower limit of quantification (LLQ) 1%]”**
and in Nara by the chromogenic ADAMTS13-act-ELISA (LLQ
0.5%).”

Before combining ADAMTS13 activity data for descriptive
analysis, we carried out an assay comparison on 41 plasma sam-
ples of cTTP patients (Online Supplementary Table S1).

Functional ADAMTS13 inhibitors were assessed by a Bethesda-
like assay and reported in Bethesda units (BU)/mL, a value <0.4
BU/mL is considered negative.”* Anti-ADAMTS13 IgG antibod-
ies were assessed by an in-house ELISA,"" or a commercially avail-
able ELISA (Technoclone®) according to the manufacturer’s
instructions. A patient’s sample was defined negative for anti-



ADAMTS13 IgG antibodies if the titer value was < 25 for the for-
mer method,'" and < 15 arbitrary units/mL for the commercially
available ELISA (Technoclone®) method.

DNA extraction from leukocytes, amplification of all 29
ADAMTS13 exons with flanking intron-exon boundaries and
sequencing were performed using standard methods. Amino acids
and nucleotides are numbered according to the recommendation
of the Human Genome Variation Society.”

Overt disease onset and acute episode definitions
Definition of overt disease onset and acute episode can be
found in the Online Supplementary Appendix.

Statistical analysis
The statistical analysis is described in the Online Supplementary
Appendix.

Results

Demographics, clinical and biochemical
characteristics

During the period from the beginning of the project in
2006 (clinicaltrials.gov identifier NCT01257269) until the end
of 2017, 149 patients were assessed for enrollment in the
Hereditary TTP Registry; seven patients were excluded as
they did not have cTTP. Of the 142 enrolled patients, 19
patients from 19 families were categorized at the end of
2017 as suspected cT TP patients and did not undergo fur-
ther analysis in this study; the remaining 123 patients
from 117 families had confirmed cTTP (Table 1 and Online
Supplementary Figure S1). The female to male ratio was 1:1.
Fifty-five and 52 patients were enrolled from Europe and
Asia, respectively, 14 from the Americas, and 2 from one
site on the African continent (Online Supplementary Figure
S2). Accordingly, 65 participants were Caucasian, 52
Asian, and 3 Hispanic. Median age at enrollment was 26.1
years (range: 0.1-75.0 years), median age at clinical diagno-
sis was 16.7 years (range: 0-69.8 years), and median age at
reported overt disease onset was 4.5 years (range: 0-69.8
years). Figure 1 shows the relationship between overt dis-
ease onset, clinical diagnosis, and confirmation of the
diagnosis for each patient over time.

ADAMTS13 activity values were reported for 121 of
123 patients and <10% in 121/121 (Table 1). Despite miss-
ing ADAMTS13 activity values, two patients were diag-
nosed with cTTP based on the molecular analysis of the
ADAMTS13 gene showing two disease-causing muta-
tions.

ADAMTS13 functional inhibitors were negative in all
reported cases, but 12 of 103 patients analyzed had a pos-
itive anti-ADAMTS13 antibody result by ELISA (Table 1).
Consanguinity of the parents was acknowledged in 14 out
of 104 cTTP patients for whom this information was pro-
vided. Forty-seven patients were homozygous and 76
compound heterozygous mutation carriers. In total, 98
different ADAMTS13 mutations were identified in 123
confirmed cTTP patients.

Occurrence of diseases and disorders up until
enroliment

Information on the occurrence of concomitant diseases
and disorders up until enrollment was available for 120
cTTP patients (Table 2). Jaundice (due to hemolysis or
liver disease, 49%) and arterial thromboembolic events
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Table 1. Demographic and clinical features and ADAMTS13-related

laboratory findings in congenital thrombotic thrombocytopenic purpu-

ra patients at enrollment.
haracteristic All patients
(N=123)

Median age at enrollment (n=118)" 26.1 [0.1,15.1,37.2, 75.0]

Median age at overt disease onset (n=111) 4.52 [0.00, 0.01, 20.1, 69.8]

Median age at clinical diagnosis (n=122) 16.7 [0.00, 4.00, 28.6, 69.8]

Gender (FM) 62/61
Ethnicity (self-reported)
Caucasian 65 (53%)
Hispanic 3 (24%)
Asian 52 (42%)
Other 3 (2:4%)
ADAMTSI3 activity (<10%) 121/121
ADAMTS13 functional inhibitor (+) 0/114
Anti-ADAMTS13 antibodies (+)* 12/103
Consanguinity of parents 14/104
Homozygous genotypes 47/123
Compound heterozygous genotypes 76/123

N: total number of patients; n: number of patients with available values; F: female; M:
male. Continuous variables are presented as median (minimum, 25" percentile, 75"
percentile, maximum). Categorical variables are presented as number and percentage
of all patients, or as number of n patients. 'Five patients from five families were
enrolled postmortem by consent of their family members. SA patient’s sample was
defined positive for Anti-ADAMTS13 IgG antibodies if the titer value was >25 for the in-
house ELISA method," and >15 arbitrary units/mL for the commercially available
ELISA (Technoclone®) method.

(28%) were frequently reported. Stroke had occurred in
21%, and transient ischemic attack in 10%. Arterial
thromboembolic events had occurred in all age groups. In
the groups >40-50 years and >50 years, 50% or more of
the cTTP patients had suffered from at least one arterial
thromboembolic event (Figure 2). Other neurological dis-
orders included epileptic seizures (6 patients), headache (5
patients), and psychiatric conditions (depression, behav-
ioral and mental disorders; 20 patients).

Renal insufficiency occurred in 25% of the cohort.
Twelve patients needed hemodialysis and 3 underwent a
kidney transplantation. Autoimmune disorders (hypothy-
roidism, IgA nephritis, hyperthyroidism) were rare.
Finally, transfusion-transmitted viral diseases were report-
ed in 13 of 120 patients (11%).

Reported acute episodes and their context

A total of 291 distinct acute TTP episodes were record-
ed in 81 patients (Online Supplementary Table S2), while
there was no detailed information on acute episodes in 42
patients. Patients had experienced a median of 2 episodes
(range: 1-22) prior to enrollment, corresponding to a medi-
an of 0.10 (range: 0.02-8.91) acute episodes per year.
Median duration of an episode was seven days (range: <
1-128 days).

For 287 of the 291 episodes, information on possible
triggers of the acute episode was available; in 190 of 287
episodes one or more trigger(s) was/were presumed by
the treating physicians (Figure 3). Infection was the most
frequent trigger reported (41% of episodes). Alcohol
excess was the trigger for 30 episodes and was observed
only in male patients, while 28 episodes occurred during
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Figure 1. Clinical diagnosis and confirmation of diagnosis in relation to overt disease onset: information available for 111 confirmed congenital thrombotic throm-
bocytopenic purpura (cTTP) patients. x-axis: each patient’s individual time point of clinical diagnosis is shown. Below the x-axis, the interval (in years, yrs) between
birth, (probable) disease onset, and clinical diagnosis is shown. Above the x-axis, the interval (in yrs) between clinical diagnosis and confirmation of diagnosis is
shown. Disease onset varied from as early as the new-born period up to 70 years of age. The earliest clinical diagnosis of TTP in a Registry patient was put forward
in January 1974. The patient highlighted by a vertical arrow was born 22 years before the clinical diagnosis of cTTP was established although disease onset was doc-
umented in the neonatal period. Confirmation of the cTTP diagnosis was achieved by means of ADAMTS13 testing 21 years after the clinical diagnosis. NB:
ADAMTS13 was first described in 1996, ADAMTS13 assays became more widely available around the turn of the millennium.

pregnancy. In addition, drug/medication use was assumed
as trigger for 13 episodes, and 18 episodes seemed to be
triggered by the patient’s birth, injury, food poisoning, and
various others.

Prophylactic treatment

Seventy-one percent of the 117 c¢TTP patients with
available information received regular treatment, predom-
inantly with plasma products (99%) (Table 3). Plasma
products used included fresh frozen plasma in 68 patients,
two received fresh frozen plasma and cryo-poor plasma,
and 12 patients received solvent/detergent plasma. One
patient received a plasma-derived FVIII product (Koate®).
The median interval of the regular treatments was 14.0
days (range: 2-75 days). Thirty-four patients were treated
on demand. These data represent a snap-shot at the time
of enrollment, whereby regular treatment was intensified
or reduced depending on the patient’s individual require-
ments.

ADAMTS13 mutations

In the 123 confirmed cTTP patients, 98 different
ADAMTS13 mutations were identified in 245 alleles
(Online Supplementary Table S3). There were 57 missense,
12 nonsense, 21 frameshift due to deletions or insertions,
and 8 splice site mutations. In one patient, only one muta-
tion was detected and diagnosis of ¢TTP was confirmed
through a plasma infusion trial. The most frequent muta-
tion observed was ADAMTS13 c.4143_4144dupA (present
on 60 of 246 alleles) followed by ¢.3178C>T (13 of 246
alleles) and ¢.577C>T (11 of 246 alleles) (Ounline
Supplementary Figure S4). In addition, there were three
mutations found in six of 246 alleles (2.4%), one mutation
in 5 of 246 alleles (2.0%), 4 mutations in four of 246 alleles

(1.6%), six mutations in 3 of 246 alleles (1.2%), and 81
mutations were found only once (n=58) or twice (n=23).
The mutation ¢.3650T>C was the only mutation found on
three different continents: the Americas, Asia, and Europe,
involving 4, 1, and 1 alleles, respectively. Mutation
c.4143_4144dupA was found on one and 59 alleles, and
¢.3178C>T on 3 and 10 alleles in the Americas and
Europe, respectively. Mutation ¢.3616C>T was found
with one allele in Europe and two alleles in Asia, and
mutation ¢.4006C>T was found in both Europe and Asia
with two alleles each. All other mutations were restricted
to one single continent each. In Asia, ¢.577C>T is the
most frequent mutation, found exclusively in Japan (11
alleles) (Online Supplementary Table S3).

Nineteen of the 98 mutations have not been reported
before. Mutations were found across the ADAMTS13
gene and in all protein domains without indication for a
genetic hot-spot.

Characteristics, overt disease onset and ADAMTS13
activity in homozygous and compound heterozygous
carriers of ADAMTS13 4143_4144dupA mutation
Carriers of the ADAMTS13 c.4143_4144dupA
(p.Glu1382Argfs*6) mutation in exon 29 were enrolled
from sites in Austria, Czech Republic, Hungary, Norway;,
Poland, and the USA. The number of homozygous and
compound heterozygous carriers was about equal
(P=0.51). Age at first diagnosis and at enrollment tended to
be lower in compound heterozygous compared to
homozygous carriers (P=0.06 and P=0.08, respectively)
(Table 4). Information on recognized overt disease onset
was available for 14 compound heterozygotes and 19
homozygotes. Homozygotes had a numerically higher
age at overt onset (5.0 years; range 0-22.3 years) than com-
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Figure 2. Number of congenital thrombotic thrombocytopenic purpura (cTTP)
patients with or without a history of arterial thromboembolic events by age
category at enrollment. Data are available for 120 of 123 confirmed cTTP
patients. For five deceased patients, age at death was used. Yrs: years.

pound heterozygotes (1.1 years; 0-35.0 years), however,
the difference was not significant (P=0.6), nor were the
differences of all the other clinical characteristics (Table 4).
Reported onset in  homozygous ADAMTS13
c.4143_4144dupA carriers has a bimodal pattern with
peaks in the neonatal period and between six years and
<18 years of age, whereas in compound heterozygotes the
proportion of patients with later overt onset steadily
declines (Online Supplementary Figure S3A).

In 34 of 38 ADAMTS13 c.4143_4144dupA carriers,
ADAMTS13 activity was assessed by the modified
FRETS-VWEF73 assay at the Central Hematology
Laboratory, Bern University Hospital, Bern, Switzerland.
ADAMTS13 activity was <1% in 18 of 20 (90%) homozy-
gous and in 8 of 14 (57 %) compound heterozygous carri-
ers (Online Supplementary Figure S3B). The second
ADAMTS13 mutation in these eight patients was:
c.1520G>A (p.Argb07Glu) in 5 alleles; ¢.1313G>T
(p.Cys438Phe), ¢.2455delG (p.Ala819Leufs*24), and
¢.4091_4092insA (p.His1364GInfs*) each in one allele. In
the five compound heterozygotes with an ADAMTS13
activity of 1% to < 5%, we found the following five muta-
tions: c.1313G>T (p.Cys438Phe), c.2410T>C
(p.Cys804Arg), c.2836T>C (p.Cys946Arg), c.3178C>T
(p-Argl060Trp) and  ¢.3650T>C  (p.Jle1217Thr).
c.3178C>T (p.Argl060Trp) was also present in the com-
pound heterozygous carrier with an ADAMTS13 activity
of 6.3%. In c.4143_4144dupA carriers having an
ADAMTS13 activity <1%, information on disease onset
was available in 15 homozygotes and seven compound
heterozygotes, with a trend for later disease onset in
homozygotes (Online Supplementary Figure S3C).

Overt disease onset and ADAMTS13 activity in all
congenital thrombotic thrombocytopenic purpura
patients

Reported overt disease onset in 97 cTTP patients whose
ADAMTS13 activity was measured either in Bern,
Switzerland, or Nara, Japan, is shown in relation to the

Table 2. Reported concomitant diseases and disorders in congenital
thrombotic thrombocytopenic purpura patients up to enroliment.

ype of disease/disorder All patients
(N=120)
Arterial thromboembolic diseases” 33 (28%)
Myocardial infarction 5 (4.2%)
Transient ischemic attack 12 (10%)
Stroke 25 (21%)
Other 6 (5.0%)
Other neurological disorders’ 27 (22%)
Epileptic seizure 6 (5.0%)
Headache 5 (4.2%)
Various other 20 (17%)
Renal insufficiency’ 30 (25%)
Hemodialysis 12 (10%)
Kidney transplant 3 (2.5%)
Jaundice (hemolysis or liver disease) 59 (49%)
Hyperbilirubinemia in neonatal period’ 30 (25%)
Anemia
Iron deficiency 8 (6.7%)
Renal anemia 8 (6.7%)
Other diseases
Cancer 2 (1.7%)
Autoimmune disorders 4 (3.3%)
Transfusion-transmitted viral infection’ 13 (11%)
HBV 3 (2.5%)
HCV 10 (8.3%)
HIV 1 (0.83%)

N:total number of patients with information available; HBV: hepatitis B viral infection;
HCV: hepatitis C viral infection; HIV: human immunodeficiency virus infection.
Categorical variables are presented as numbers and percentage of all patients. 'For
different disease categories the total number of affected patients is given (as a patient
may have incurred more than one disorder per category,the sum of all conditions per
category may be larger than that of the number of affected patients)."No information
reported for seven patients on hyperbilirubinemia in the neonatal period.

measured ADAMTS13 activity (Figure 4). Twenty-eight of
70 patients with ADAMTS13 activity <1% had overt dis-
ease onset in the neonatal period, but there were also 20
patients with overt disease onset at age >15-57 years.
Most patients with measurable ADAMTS13 activity (=
1%) had a reported disease onset at >5 years of age.
Overall, we found a weak but significant correlation
between age at overt onset and ADAMTSI3 activity
(r=0.25, P<0.01).

Discussion

We report the successful implementation of an
International Registry for the ultra-rare disease cTTP. After
many years of preparation, patient recruitment and enroll-
ment, by the end of 2017, a total of 123 confirmed cTTP
patients from 117 families were included in the study by
centers from all over the world with the help of numerous
primary care physicians (see the complete list in Online
Supplementary Appendix A).

Congenital TTP is often not recognized at the first
occurrence of disease manifestation, e.g. in the newborn

Clinical and molecular traits of hereditary TTP -
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period or during childhood.*""** As demonstrated for the
111 patients with available information, a substantial
number of affected subjects showed thrombocytopenia,
hemolysis, jaundice, petechiae and/or anemia during the
neonatal period, often leading to therapeutic interventions
such as exchange blood transfusion, sometimes many
years before clinical diagnosis of TTP (Figure 1). Other
patients, however, seemed to present the first signs of TTP
only in adulthood. Before the late 1990s cTTP was purely
a clinical diagnosis. Today, clarification of its pathophysi-
ology,*****the advent of ADAMTS13 assays, and the pos-
sibility of sequencing the ADAMTS13 gene emerging over
the past two decades®*""**** allows the diagnosis of both
autoimmune and congenital TTP to be quickly and effi-
ciently confirmed (for consensus definitions of diagnosis
see Scully er al*” and Kremer Hovinga et al’). During
recent years, we have been able to confirm the clinical
diagnosis of many of our patients within days or weeks
through the use of appropriate assays (Figure 1).

The systematic collection of clinical data in individual
patients revealed substantial comorbidities in cTTP
patients (Table 2 and Figure 2). Most notable is the high
proportion of patients who had suffered from premature
arterial thromboembolic events, mainly transient ischemic
attacks, ischemic strokes and, to a lesser extent, myocar-
dial infarctions. At 40-50 years of age and over, more than
50% of cTTP patients had suffered from at least one arte-

130
120 4 119

110
100 - 97
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20
10 -

Number of episode (n)

- H.A. van Dorland et al.

rial thromboembolic event. In addition, several patients
seem to suffer from headache, mental or depressive disor-
ders, which is similar to the situation in acquired TTP.**
Of note, 25% of cTTP patients had renal insufficiency at
the time of enrollment and 12.5% had required hemodial-
ysis or underwent kidney transplantation (Table 2). Severe
and, sometimes transient, renal failure has been described
in case reports or series of cTTP patients,”* which is dis-
tinct from acquired TTP where a creatinine =2mg/dL
(=180 umol/L) is a clear exception.””*

Detailed information on 291 acute episodes in 81 ¢TTP
patients was available at the time of enrollment. The fre-
quency of acute manifestations varied considerably in
individual patients with a median of approximately 0.1
acute episode per patient-year and a range of 0.02-9 yearly
acute episodes per patient (Online Supplementary Table S2).
In two-thirds of episodes, the responsible physicians
assumed a triggering factor, mainly mild to moderately
severe infections, alcohol excess in men, pregnancy in
women, and various other potential triggers (Figure 3).
Pregnancy is a well-known trigger for acute disease
episodes in cTTP*™"**** and it is conceivable that pregnan-
cy and other conditions leading to an increased endothe-
lial von Willebrand factor secretion may bring about acute
disease in the face of absent or severely reduced
ADAMTS13 activity. It is generally thought that an acute
episode in cTTP is rapidly controlled by simple plasma

Il Episodes of male patients
[ Episodes of female patients

Figure 3. Triggers of acute thrombotic thrombocytopenic
purpura (TTP) episodes until enrollment in male and
female congenital thrombotic thrombocytopenic purpura
patients. For 287 of 291 acute TTP episodes documented
in the Hereditary TTP Registry information on triggers of
31 the acute bout was known. Seventy-nine patients had
episodes with or without presumed triggers: for 97
episodes in 46 patients no trigger was reported; for 190
episodes in 58 patients triggers were reported. Triggers
do not sum up as a patient may have had more than one
trigger of an acute episode, nor do patients as they may

0 T
No trigger Infection Alcohol Pregnancy

Type of trigger

have had episodes with or without triggers.
Other

Table 3. Reported treatment in congenital thrombotic thrombocytopenic purpura patients at enroliment.

ariables

Mode of treatment
Patients with regular prophylactic treatment
Patients with on demand treatment
Plasma and Factor products applied among regularly treated patients
Plasma products’
Plasma derived FVIII product

All patients
(N=117)*

83 (71%)
34 (29%)

82 (99%)
1 (1.2%)

Median interval of most recent treatment (days) (n=78)"

14.0 [2.0, 14.0,21.0, 75.0]

N: total number of patients; n: number of patients with available values. Continuous variables are presented as median [(minimum, 25" percentile, 75" percentile, maximum)].
Categorical variables are presented as number and percentage of all patients, or as number (n) of patients. *Information on current treatment missing for two male and four
female patients. 'Fresh frozen plasma (n=68); fresh frozen plasma and cryo-poor plasma (n=2),solvent/detergent plasma (n=12). ""Interval missing for five patients.
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infusion;*'® however, data from our Registry show that the  prophylactic treatment, usually with fresh frozen plasma
median duration of over 200 well-documented episodes or solvent/detergent plasma infusions, while only one
was seven days, probably because of delayed plasma ther-  patient was treated with a commercial Factor VIII concen-
apy or illness from the triggering event. trate (Koate®). Dosing intervals mostly varied between

Information on prophylactic treatment was available for ~ two and three weeks, as had been proposed earlier on the
117 of 123 cTTP patients (Table 3). Twenty-nine percent basis of platelet count measurements.”® Whether such a
of the patients had no regular prophylaxis and received dosing interval sufficiently controls minor TTP-related
plasma only on demand. Seventy-one percent were on symptoms is questionable given the frequently reported

70 A (]
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Figure 4. Age at disease onset in relation to ADAMTS13 activity in 97 congenital thrombotic thrombocytopenic purpura (cTTP) patients. Ninety-seven confirmed
cTTP patients had information on disease onset and an ADAMTS13 activity determination performed either at the Central Hematology Laboratory, Bern University
Hospital, Switzerland, or at the Department of Blood Transfusion Medicine, Nara Medical University, Japan. Patients are labeled according to their ADAMTS13 muta-
tions: 17 homozygous carriers and 12 compound heterozygous carriers of ADAMTS13 c.4143_4144dupA are shown with white and gray circles, respectively. Black
circles represent carriers of other mutations. Spearman’s rank correlation coefficient for age at overt disease onset versus ADAMTS13 activity: r,=0.25, P<0.01. yrs:
years.

Table 4. Characteristics of congenital thrombotic thrombocytopenic purpura patients carrying one or two ADAMTS13 ¢.4143_4144dupA alleles.

Genotype
Homozygous Compound heterozygous
(N=22) (N=16)

Median age of patient at enrollment (yrs) 31.2 [17.0,60.1] 23.2 [4.0,60.1] 0.08
Median age of patient at clinical diagnosis (yrs) 204 [1.8,51.5] 4.35 0.2, 39.6] 0.06
Female sex 8 (36%) 9 (56%) 0.32
Occurrence of major diseases/disorders

Transient ischemic attack 4 (18%) 4 (25%) 0.70

Stroke 5 (23%) 4 (25%) 1.00

(Chronic) renal insufficiency 7 (32%) 6 (38%) 0.72

Jaundice (hemolysis or liver disease) 5 (23%) 2 (13%) 0.68

Diagnosis of a transfusion transmitted viral disease 1 (4.5%) 0 (0%) 1.00
Mode of treatment

Number of patients with regular prophylactic treatment 17 (77%) 11 (69%) 0.71

Median interval of most recent treatment (days)* 21.0 [7.00, 75.0] 14.0 [14.0, 56.0] 0.19
Reported episodes

Number of patients with reported episodes prior to enrollment 15 (68%) 11 (69%) 1.00

Median number of episodes per patient 6.00 [1.00, 11.0] 1.00 [1.00, 12.0] 0.13

Number of retrospective episodes per year 0.15 [0.03, 0.35] 0.12 [0.03, 0.80] 0.62

N:total number of patients. Continuous variables are presented as median (minimum, maximum). Categorical variables are presented as number and percentage of all patients.
*Interval missing for two homozygous patients. yrs: years

haematologica | 2019; 104(10) -




symptoms like headache or mental disorders. Even
though ADAMTS13 half-life in plasma is about 2-4
days** almost all patients will have unmeasurable
ADAMTS13 levels within 7-10 days after infusion of 2-4
units of fresh frozen plasma. Evidently, a prospective fol-
low up of cTTP patients will be needed to optimize
replacement therapy. In the near future, the availability of
thADAMTS13, successfully tested in a pharmacokinetics
and safety study in 15 cTTP patients,® will greatly facili-
tate regular prophylactic treatment, and will probably
allow treatment to be carried forward at home. In addi-
tion, given the high risk of acute episodes, ischemic
strokes and other sequelae, a general prophylactic
ADAMTS13 replacement in ¢TTP may be indicated.

ADAMTS13 mutations were found in all except one
cTTP Bi-allelic patient (Online Supplementary Table S3 and
Ounline  Supplementary Figure S4); a total of 98 different
mutations spread throughout the ADAMTS13 gene were
identified, including several mutations that have not so far
been described. Eighty-one mutations occurred only once
(58 alleles) or twice, 14 different mutations were identified
on 3-6 alleles, whereas three variants were present on 11
(c.577C>T), 18 (c.3178C>T), and 60 (c.4143_4144dupA)
alleles, respectively. The latter three recurring mutations
have been repeatedly found in Japanese (c.577C>T)""¥ and
Caucasian ~ (c.3178C>T  and  c.4143_4144dupA)
patients.”*****%% Tt has been postulated that mutations
leading to a completely absent ADAMTS13 activity show
a more severe phenotype than those associated with some
residual ADAMTS13 activity.*'*"* We compared disease
characteristics of 22 homozygous and 16 compound het-
erozygous carriers of the c.4143_4144dupA mutation
(Table 4 and Online Supplementary Figure S3A-C). Median
age at diagnosis tended to be higher in homozygous carri-
ers, even though there was a wide range of age at diagno-
sis from 0.2-51.5 years in both groups. There was no dif-
ference in any other of the disease characteristics. Despite
a severely deficient ADAMTS13 activity (< 0.5-1% of nor-
mal) in homozygous c¢.4143_4144dupA carriers, almost
half of affected patients had an overt disease onset at an
age of > 6 years that seemed to be higher than in com-
pound heterozygotes with equally severe ADAMTS13
deficiency (Online Supplementary Figure S3C). Shang et al.”
suggested that the c¢.4143_4144dupA mutation might be
associated with defective apical, but preserved basolateral,
secretion by endothelial cells. Whether some ADAMTS13
activity at the endothelial cell layer in the absence of plas-
matic ADAMTS13 activity is present that may explain a
delayed TTP onset in a proportion of homozygous carriers
needs further study.

We then tested whether overt disease onset was related
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with residual plasma ADAMTS13 activity in all patients
whose ADAMTS13 activity was measured in Nara or
Bern after a comparative evaluation had shown a good
agreement of activity levels in the very low range below
5-10% (Online Supplementary Table S1). For 97 patients
with available information, it was evident that overt dis-
ease onset was not strictly related to residual ADAMTS13
activity. Whereas about 40% of ¢TTP patients with an
ADAMTSI13 activity <1% had a neonatal disease onset,
20% seemed to have a first TTP manifestation at age >20
years. On the other hand, most cTTP patients with an
ADAMTS13 activity >1-2% had a delayed apparent dis-
ease manifestation (Figure 4). Thus, residual ADAMTS13
activity is clearly not the only determinant of disease
severity, as reflected by age at overt onset.

In conclusion, the Hereditary TTP Registry has provided
substantial information, but it will be of utmost impor-
tance for the development of an optimized management
strategy to enlarge the cohort by directly enrolling more
patients from around the globe, and through embarking
on collaborations with other established registries on
cTTP. It would be highly desirable to prospectively follow
all cTTP patients at regular intervals and evaluate the best
prophylactic strategy to avoid unnecessary deaths and late
sequelae in this treatable condition.

A complete list of the collaborators of the Hereditary TTP
Registry appears in the Online Supplementary Appendix A.
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In the article pre-published online on January 24, 2019 and published in the paper version of Haematologica [volume
104(8):1676-1681; doi:10.3324/haematol2018.211433] we have to correct:

> that recurrent stroke occurred in 160/872 (instead of 160 / 880) children [page 1678, second column, line 6].

> the incidence rates of recurrent AIS with respect to the individual exposure time in years given in the abstract (page 1676,
lines 16-18) and in the results section (page 1679, paragraph “prothrombotic risk factors”, lines 38-40). As explained in the
methods section, we calculated the absolute risk of AIS recurrence as incidence rates per 100 patient-years (%). According to
the individual exposure times (years) to antithrombin, lipoprotein (a) and the presence of more than one prothrombotic risk
factor the incidence rates calculated per 100 patient-years are presented in the table below.

Exposure time Event (n) Incidence per 100 patient-years
(years) % (95% CI)
Antithrombin deficiency 2437 7 0.3 (0.1-0.6)
Elevated lipoprotein(a) 1938 23 1.2 (0.7-1.7)
More than one prothrombotic risk factor 2887 23 0.8 (0.5-1.1)

CI: Confidence interval; n: number.
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