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Chronic myelomonocytic leukemia (CMML) is a stem cell-derived neoplasm characterized by
dysplasia, uncontrolled expansion of monocytes and a substantial risk to transform to secondary
acute myeloid leukemia (SAML). So far, little is known about CMML-initiating cells. We found
that leukemic stem cells (LSC) in CMML reside in a CD34*/CD38~ fraction of the malignant
clone. Whereas CD34*/CD38 cells engrafted NSGS mice with overt CMML, no CMML was
produced by CD34*/CD38* progenitors or the bulk of CD34~ monocytes. CMML LSC invariably
expressed CD33, CD117, CD123 and CD133. In a subset of patients, CMML LSC also displayed
CD52, IL-1RAP and/or CLL-1. CMML LSC did not express CD25 or CD26. However, in SAML
following CMML, the LSC also expressed CD25 and high levels of CD114, CD123 and IL-1RAP.
No correlations between LSC phenotypes, CMML-variant, mutation-profiles, or clinical course
were identified. Pre-incubation of CMML LSC with gemtuzumab-ozogamicin or venetoclax
resulted in decreased growth and impaired engraftment in NSGS mice. Together, CMML LSC

are CD34*/CD38- cells that express a distinct profile of surface markers and target-antigens.
During progression to SAML, LSC acquire or upregulate certain cytokine receptors, including
CD25, CD114 and CD123. Characterization of CMML LSC should facilitate their enrichment and
the development of LSC-eradicating therapies.
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Introduction

Chronic myelomonocytic leukemia (CMML) is a myeloid neoplasm defined by dysplastic
bone marrow (BM) cells, persistent peripheral blood (PB) monocytosis (=1000/uL and
>10%) and a considerable risk of transformation to secondary acute myeloid leukemia
(SAML).1-5 In most cases, splenomegaly is detected at diagnosis. According to leukocyte-
and blast cell counts, CMML can be divided into dysplastic and proliferative variants.#6.7
In addition, the classification of the World Health Organization (WHO) separates CMML
patients into CMML-0 (<2% blasts in PB or <5% in BM), CMML-1 (2-4% blasts in PB or
6-9% blasts in BM) and CMML-2 (5-19% blasts in PB or 10-19% blasts in the BM).6:7

CMML cells exhibit variable combinations of somatic mutations in a number of genes,
including TET-2, SRSF2, ASXL-1, RUNXI and RAS in the absence of BCR-ABL1.58-10
In addition, the JAK2 mutation V617F or K/7 mutation D816V may be detected.11-16
The presence of multiple mutations in CMML is associated with advanced disease and
poor outcomes.1’~19 Overall, the prognosis of advanced CMML and SAML is poor and
treatment options are limited.1’~20 The only (potentially) curative treatment approach for
these patients is allogeneic hematopoietic stem cell transplantation (HSCT), but most
patients are ineligible due to age or comorbidities.21:22

There is compelling evidence that leukemias are organized in a hierarchical fashion with
leukemic stem cells (LSC) at the top, providing the basis for approaches to improve
treatment strategies by eliminating disease-propagating cells.23-31 The leukemia-initiating
ability of LSC can be demonstrated in highly immuno-deficient mice, such as non-obese
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diabetic severe combined immunodeficiency (NOD/SCID) mice lacking an IL-2 receptor-
gamma chain (NSG mice). In most forms of AML, NSG-engrafting LSC reside in

the CD34" cell compartment.24:25:32 Depending on the AML variant and mouse strain
employed, AML LSC are detected in CD34*/CD38~ and sometimes also in CD34*/CD38*
sub-fractions.32 In the blast phase of chronic myeloid leukemia (CML), CD34* LSC also
exhibit CD3833, while in chronic phase CML, LSC are primarily found in a CD34*/CD38~
cell fraction.26:27:34.35 Normal hematopoietic stem cells (HSC) also reside in a CD34*/
CD38~ compartment. However, in contrast to BM HSC, CML LSC express CD25, CD26,
and 1L-1RAP.34-36 Cell surface antigens abnormally (aberrantly) expressed on CD34*/
CD38~ AML LSC include CD25, CD47, CD96 and CLL-1.37-39

In patients with CMML, the malignant clone consists almost entirely of myelomonocytic
cells of variable maturation.1~# In those with advanced CMML, increased numbers of
CD34" (blast) cells may be detected. However, so far, only little is known about the
phenotype of NSG-engrafting CMML LSC. This is in part due to the lack of suitable
engraftment models in CMML. When injecting CMML cells into NOD/SCID mice or NSG
mice, no or only low engraftment is found. However, recent data suggest that substantial
engraftment of CMML cells can be achieved in NSGSGM3 (NSGS) mice.#041 These mice
express three human cytokines: stem cell factor (SCF), interleukin-3 (IL-3) and granulocyte/
macrophage colony-stimulating factor (GM-CSF).40:41 However, little is known about the
phenotype and target expression profiles of NSGS-engrafting CMML LSC.

The aims of the current study were to identify and characterize the phenotype of CMML-
initiating and propagating LSC and to compare LSC phenotypes in untransformed CMML
with those found in patients with SAML following CMML.

Patients and Methods

Reagents

Patients

RPMI 1640 medium and penicillin/streptomycin were purchased from Lonza (\erviers,
Belgium), amphotericin B from PAN-Biotech (Aidenbach, Germany), fetal calf serum
(FCS) from Life Technologies (Carlsbad, CA) and venetoclax, ponatinib, and selinexor
from Selleckchem (Houston, TX). Gemtuzumab-o0zogamicin (GO) was obtained from Pfizer
(New York, NY). Stock solutions of drugs were prepared by dissolving in dimethylsulfoxide
(DMSO) (Sigma Aldrich, St. Louis, MO). 3H-thymidine was purchased from Perkin Elmer
(Boston, MA). A specification of monoclonal antibodies (mAb) used in this study is shown
in Supplementary Table S1.

Twenty-six patients with initial diagnosis of CMML (9 female, 17 male; median age: 72
years, range: 45-82 years) were included. Detailed information on the patients’ diagnosis
are provided in the supplement. Patient characteristics are shown in Supplementary Table
S2. All patients gave written and informed consent. The study was approved by the ethics
committees of the participating centers and conducted in accordance with the declaration of
Helsinki. Details are provided in the supplement.
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The human monoblastic cell lines U937, MonoMac-6 and THP-1 were obtained from the
German Collection of Microorganisms and Cell Cultures (DSMZ; Leipzig, Germany). All
cell lines were grown in RPMI medium plus 10% FCS and antibiotics at 37°C. Cells were
periodically tested for mycoplasma contamination by conventional PCR using the Venor
GeM Classic Mycoplasma Detection Kit (Minerva Biolabs, Berlin, Germany). In addition,
the identity of the cell lines was checked in regular time intervals by genotyping, g°PCR and
surface phenotyping.

Flow cytometry and cell sorting

Heparinized BM or PB aspirate samples (25-100 pL) were incubated with combinations

of mAb for 15 minutes. After erythrocyte-lysis, performed with BD lysing-solution (BD
Biosciences, Franklin Lakes, New Jersey, USA), expression of surface antigens on CD34"*
CMML cell-subsets (LSC and progenitor-enriched fractions) was examined by multicolor
flow cytometry on a FACSCantoll (BD Biosciences). The gating strategy employed to
identify LSC is shown in Supplementary Figure S1. Antibody-reactivity was controlled

by isotype-matched control-antibodies. Cell sorting was performed with purified and CD3-
depleted mononuclear cells (MNC) on a FACSArria cell sorter (BD Biosciences). After
sorting, the purity of the sorted cell-fractions was >95% in each case, and cell viability
amounted to >80% in all samples.

Culture of neoplastic cells and in vitro experiments

In drug incubation experiments, primary BM-derived MNC as well as the monoblastic

cell lines (U937, MonoMac-6, THP-1) were employed. In typical experiments, cells were
incubated in control medium or increasing drug concentrations and proliferation was
measured after 48 h using 3H-thymidine uptake. In an initial screen, GO and venetoclax
were selected as most potent drugs. Details are provided in the supplement. Drug effects on
cell viability were examined by flow cytometry. In these experiments, cells were treated with
increasing drug concentrations for 48 h. Viability and apoptosis of drug-exposed cells were
determined by staining with Annexin-V and 4’,6-diamidino-2-phenylindole (DAPI). Primary
MNC were additionally stained with mAb to allow gating for LSC-enriched fractions
(CD45*/CD34*/CD38~ cells) as shown in Supplementary Figure S1. All experiments were
performed in triplicates.

Xenotransplantation experiments

In a subset of patients (CMML-1, n=4; CMML-2, n=4; sSAML, n=3), sub-populations of
primary MNC were purified by magnetic T cell-depletion and subsequent cell sorting on
a FACSAria sorter (BD Biosciences). CD3-depleted total MNC served as control. Sorted
cells were injected intravenously (i.v.) into the tail vein of NSGS mice. In a separate set
of experiments, cells were treated /in vitrowith GO (100 ng/ml) or venetoclax (100 nM)
for 1 h prior to injection. Drugs were removed by centrifugation before injection into
NSGS mice. After injection, mice were inspected daily and sacrificed when they showed
disease symptoms or after 25 weeks (6 months). BM cells were obtained from flushed
femurs, tibias, and humeri of these mice and engraftment was analyzed by flow cytometry
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and Giemsa-staining of cytospin preparations. Animal studies were approved by the ethics
committees of the Medical University of Vienna and the University of \eterinary Medicine
Vienna, and carried out in accordance with guidelines for animal care and protection and
protocols approved by Austrian law (GZ-68.205/0050-WF/V/3b/2015).

Statistical analysis

Results

Statistical calculations and tests are described in the supplement. Differences were
considered significant when p<0.05.

CD34* cells obtained from the BM or PB of CMML patients engraft NSGS mice

To identify CMML LSC, we purified CD45*/CD34* cells in 4 donors with CMML (PB,
n=3; BM, n=1) and injected these cells into NSGS mice to define their CMML-initiating and
propagating capacity. In all 4 donors, the CD34* cells produced leukemic engraftment after
2-6 months (=1% human CD45* cells in mouse BM; Figure 1A+1B, Table 1). The same
result was obtained in SAML (Figure 1C, Table 1). As expected, bulk MNC (CD3-depleted
cells in CMML and sAML) also produced myeloid engraftment (CD34*/CD33" cells) in all
donors tested (Table 1). By contrast, CD45*/CD34- CMML and sAML cells did not engraft
in NSGS mice (Figure 1B+1C, Table 1). Engrafting cell populations consisted of immature
and mature monocytes as well as eosinophils, basophils and blast cells in the CMML
samples, and predominantly of blast cells in the SAML samples (Figure 1D). Monocytic
engraftment was confirmed by demonstrating the presence of human CD14* cells in

mouse BM samples by flow cytometry (not shown). We next calculated the frequency

of NSGS-repopulating LSC in the CD34* cell fractions by limiting dilution experiments.
The calculated frequency of NSGS-engrafting CMML LSC ranged between 0.00893% and
0.0423% of all CD34" cells (Supplementary Table S3). Engrafted SAML cells were also able
to produce leukemic engraftment in secondary transplant recipients (Figure 1E) whereas no
engraftment of CMML cells was found in secondary recipient mice (Supplementary Figure
S2), which may be due to a low self-renewal rate of LSC. Together, these results indicate
that CMML-initiating LSC reside in a CD34* sub-fraction of the leukemic clone.

Only the CD38~ fractions of CD34* cells contain CMML LSC

We next asked whether NSGS-engrafting CMML LSC reside in a particular sub-fraction

of CD34" cells. To address this question, CMML fractions containing CD34*/CD38* or
CD34%/CD38" cells were purified by cell-sorting and then injected separately into NSGS
mice. In these experiments, only the CD38~ sub-fraction produced leukemic engraftment

in NSGS mice, whereas CD38* CMML cells did not engraft (Figure 2A), suggesting that
CMML LSC strictly reside in a CD34*/CD38~ compartment of the clone. By contrast, in
patients with post-CMML sAML, leukemic engraftment was produced by both, the CD34*/
CD38" and the CD34*/CD38- sub-fraction of the leukemic clone, indicating that both
fractions contained LSC, similar to the situation described in other (primary) AML variants
(Figure 2B).
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CMML LSC display a distinct cell surface phenotype

To define marker- and target expression profiles in LSC, CD34*/CD38~ CMML cells and
CD34%/CD38* progenitor cells were analyzed by flow cytometry using a larger panel of
mADb. Several surface antigens, including CD33, CD117 (KIT), CD123, and CD133 were
invariably expressed on CD34*/CD38~ cells in all CMML samples tested (Figure 3 and 4).
In a subset of patients, CMML LSC also expressed CD52 (8/11 patients; 73%), CD114 (3/7
patients; 43%), CD184 (8/13 patients; 62%), CD221 (8/11 patients; 73%), IL-1RAP (9/17
patients; 53%) and/or CD371 (7/13 patients; 54%). Figure 3, Figure 4 and Supplementary
Figure S3 show the expression levels of various surface molecules on LSC in the individual
CMML donors tested. CD25 (IL2RA) and CD26 (DPPIV), both of which are expressed on
CML LSC35, were not detectable on CMML LSC. Compared to normal HSC, CMML LSC
displayed slightly increased levels of CD184/CXCR4 and IL-1RAP, whereas expression of
CD90 was slightly lower in CMML LSC compared to HSC. Finally, we were able to show
that putative CMML LSC display several immune-checkpoint molecules, including CD47
and PD-L1 (CD274) (Supplementary Figure S3) but do not express PD1 (not shown). A
summary of cell surface markers expressed on CD34*/CD38~ LSC in CMML, sAML and
normal BM is shown in Table 2.

The LSC phenotype changes during progression of CMML into sAML

In SAML developing from CMML, CD34*/CD38" cells were found to display a similar
phenotype compared to CMML LSC. However, several surface antigens appeared to be
upregulated on LSC in SAML compared to CMML. In particular, we found that in SAML,
CD34%/CD38~ LSC exhibit CD25 whereas CD25 was not detectable or only expressed at
trace amounts on CMML LSC. Moreover, we found that during progression from CMML
to SAML, expression levels of CD114 (G-CSFR), CD123 (IL-3Ralpha) and CD133 on LSC
increased (Figure 4).

Effects of targeted drugs on growth and survival of CMML LSC

Subsequent experiments were conducted to validate therapeutically relevant targets
identified in LSC. In these experiments, we used primary CMML cells and the monoblastic
cell lines U937, MonoMac-6 and THP-1. In an initial screen, we found that several anti-
neoplastic drugs, including GO, selinexor, ponatinib, and venetoclax, inhibit the growth of
monoblastic cell lines and primary CMML cells (Supplementary Table S4). Of all drugs
tested, two were found to be the most promising agents: the CD33-targeting drug GO and
the BCL-2 inhibitor venetoclax. /n vitro incubation of CMML MNC with GO or venetoclax
resulted in markedly reduced proliferation (Figure 5A). Both GO and venetoclax were found
to induce apoptosis in CMML LSC, and when used in combination, GO and venetoclax
produced cooperative apoptosis-inducing effects on these cells (Figure 5B). Interestingly,
however, there was no clear correlation between CD33 expression on CMML LSC and the
percentage of apoptotic LSC after treatment with GO (R2=0.046, p>0.05) (Supplemental
Figure S4). GO and venetoclax were also found to induce major growth inhibitory effects

in monoblastic cell lines (Figure 5C). Furthermore, combined treatment with GO and
venetoclax was found to exert cooperative inhibitory effects on proliferation of U937 cells
(Figure 5D). Finally, we were able to show that exposure to GO for 1 hour interferes with
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engraftment of primary CMML LSC in NSGS mice, and that combined treatment with
venetoclax augments the depletion of NSGS-engrafting cells (Figure 5E). These results
suggest that CD33 and BCL-2 are potentially relevant targets in CMML LSC.

Discussion

Although CMML is considered a stem cell-derived BM neoplasm, little is known about
the phenotype, function and target expression profiles of disease-initiating LSC in this
malignancy. Recent data suggest that CMML LSC can engraft NSGS mice.4041 Building
on this observation we established the phenotype of NSGS-engrafting CMML LSC. We
found that CD34* CMML cells engraft NSGS mice with an overt leukemia whereas the
bulk of CD34 cells, including all mature monocytic CMML cells, were unable to engraft
NSGS mice. Corresponding results were obtained with cells derived from sSAML patients.
These data formally establish that CMML stem cells reside in a CD34* subpopulation. In
subsequent studies we found that NSGS-engrafting CMML cells reside in the CD34*/CD38~
sub-fraction of CMML cells whereas CD34*/CD38* cells were unable to engraft NSGS
mice.

In most variants of de novo AML, NSG-engrafting LSC can be detected in both the CD34*/
CD38~ and the CD34*/CD38* subset of clonal cells. In this study, we examined samples
from patients who progressed from CMML to SAML. In these experiments we found that
the NSGS-engrafting SAML LSC reside in both, the CD34*/CD38~ and the CD34*/CD38*
subsets of the clone similar to other (de novo) AML types. We also asked whether SAML
LSC can reside in a CD34-negative population. However, in all SAML donors and samples
tested, only the CD34* fractions of neoplastic cells, but not the CD34-negative cells or the
enriched (sorted) CD14* monocytes, engrafted NSGS mice.

In the normal BM and in chronic phase CML, stem cells reside in a CD38~ sub-fraction
whereas the more mature progenitor cells lack stem cell (LSC) function.2327 By contrast,

in acute leukemias, both the CD38~ and CD38* sub-populations usually exhibit long-term
repopulating capacity indicative of stem cell function.32 In the current study, we were able to
confirm this concept in CMML. In fact, in the CMML samples, only the CD38~ but not the
CD38™ progenitor cells engrafted NSGS mice, whereas in SAML arising from CMML, both
the CD34%/CD38~ and CD34*/CD38" fractions of the malignant clone produced AML-like
engraftment.

We used NSGS mice in our experiments because of their specific ability to engraft CMML
cells. So far, it remains unknown why CMML and post-CMML AML samples do not
engraft in conventional NSG mice.041 The most likely explanation is that the full cytokine
support (GM-CSF, IL-3 and SCF) is required for engraftment of CMML stem cells. This
hypothesis is in line with previous observations suggesting that GM-CSF is an essential
growth factor for CMML progenitors.#2 Moreover, we were able to confirm that the CD34*/
CD38~ CMML LSC display receptors for these cytokines. We also tested additional mouse
strains expressing human GM-CSF or other cytokines, but we were unable to document
leukemic engraftment of CMML LSC in these mice (Supplementary Table S5) suggesting
that NSGS mice and the cytokine combination in these mice are essential for optimal
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leukemic engraftment with CMML (stem) cells. In contrast, the other mouse models were
less permissive or less able to engraft within a certain time frame. For example, when testing
MISTR-G and MITR-G mice?*3, we observed that most of the injected mice develop a severe
lung disease (pulmonary alveolar proteinosis) before an engraftment was seen. Therefore, in
these mice (MISTRG and MITRG) injections are often performed in juvenile mice in order
to make sure that engraftment can be documented.43

Next we asked whether the engrafted cells reflect the underlying disease. Indeed, we found
the engrafting cells mirrored the phenotype of neoplastic cells observed in the donor
samples and thus the donor’s disease. Recipient mice receiving cells of CMML samples
engrafted with a mixture of immature and mature monocytes and a few blast cells as well
as eosinophils and basophils, whereas engraftment of samples derived from SAML patients
consisted predominantly of blast cells, indicating that the observed engraftment in these
mice was indeed derived from leukemic cells (LSC) but not from residual healthy HSC.
The possibility that a substantial number of engrafted cells were normal monocytic cells in
our CMML samples seems very unlikely. In fact, although normal stem cells and CMML
LSC showed overlapping phenotypes and some of the injected cells might indeed have
been normal cells, healthy stem cells usually exhaust after a few months whereas leukemic
stem cells can still engraft after several months in NSG mice. In line with this concept, the
engrafted cells detected in our experiments were immature monocytes by morphology and
phenotyping.

The detection of basophils and eosinophils in the mouse BM is in line with the notion that
GM-CSF and IL-3 are major growth factors for human basophils and eosinophils.*4:4°

As mentioned, the phenotype of CMML LSC was found to be similar to the phenotype of
normal HSC. Apart from being CD45*/CD34*/CD38- cells, CMML LSC also expressed
other stem cell markers such as CD117 (KIT), CD123 and CD133 at levels comparable

to that seen in BM HSC. Other markers, such as CD184 and IL-1RAP, showed increased
expression on CMML LSC, similar to the phenotype of LSC in patients with de novo

AML and post-CMML sAML. CD25 and CD26, established LSC markers in CML, were
completely absent from CMML LSC. However, after progression to SAML, LSC showed

a marked upregulation of CD25. The molecular basis of the increase in cytokine receptor
expression remains unknown. Since CD25 is a STAT5-target gene in LSC*647 and STATS is
a well-known driver in AML#849 an attractive hypothesis would be that oncogenic signaling
through STATS5 promotes expression of CD25 in post-CMML sAML LSC.

All these data were obtained in /n vitro studies. However, the situation /n vivo may be

more complex, and LSC evolution may be affected by additional factors relevant to the

BM microenvironment and the local immune system. In fact, recent data suggest that
dendritic cells (often forming aggregates in these conditions), other niche cells, and immune
checkpoint molecules, such as PD-L1 or indoleamine 2,3 dioxygenase (IDO) play a role in
the evolution of MDS and CMML.5951 Further studies will be necessary to assess the exact
impact of these molecules on progression to SAML and responsiveness of LSC to targeted
drugs /n vivo.
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In a final step, we evaluated the effects of various targeted drugs, including GO and
venetoclax, on CMML LSC. In line with the notion that CMML LSC (and more mature
clonal CMML cells) invariably expressed CD33, GO was found to inhibit the proliferation
of primary CMML cells and growth of various monoblastic cell lines at low concentrations,
with ICsq values ranging between 100 and 500 ng/ml. In addition, GO was found to induce
apoptosis in CMML LSC. Surprisingly, we were not able to demonstrate a clear correlation
between CD33 expression on CMML LSC and the percentage of apoptotic LSC after
treatment with GO (Supplementary Figure S4). This observation may be explained by the
fact that low levels of surface CD33 are sufficient to mediate GO effects.

Interestingly, venetoclax showed less pronounced effects in the monoblastic cell lines (ICgq
between 5 and 10 pM), but was very effective in inhibiting the proliferation of primary
CMML cells (ICgp: 10-100 nM), indicating that BCL-2-mediated survival signals become
less important once progression to SAML has occurred. However, the combination of GO
and venetoclax proved to be superior in growth inhibition over either substance alone in

all models tested. Clinically, combinations of venetoclax with demethylating agents such as
azacytidine are effective in AML, including SAML following CMML.52 Our data suggest
that venetoclax as a single agent or combined with GO should be evaluated in clinical
studies in patients with chronic phase CMML. In conclusion, we have identified NSGS-
engrafting leukemia-initiating stem cells (LSC) in CMML and show that these cells reside
in a CD45%/CD34*/CD38~ fraction of CMML cells. During transformation from CMML to
SAML, the LSC acquire a phenotype that is more closely resembling the phenotype seen

in de novo AML. In both CMML and sAML, LSC display a number of molecular targets.
Finally, we show that LSC in CMML and sAML are susceptible to GO and venetoclax,
providing a rationale for clinical studies in CMML.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD34" cells from CMML or sSAML donors engraft in NSGS mice
A Purified CD34" cells from 4 donors (numbers refer to Supplementary Table S2A) were

injected i.v. into sublethally irradiated NSGS mice as described in the text. After 8-12
weeks, mice were sacrificed and engraftment assessed by flow cytometry of BM cells
using antibodies specific for human CD33 and CD45. A single representative mouse for
each donor is shown. B,C T-cell depleted bulk MNC or purified CD34* or CD34 cells
from donors with CMML (B) or SAML (C) were injected into NSGS mice. Bars show the
mean=SD of engraftment levels (i.e. percentage of human CD45*/CD33*/CD14* cells) in
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all mice in each cohort. **, p<0.01 D Cytospin preparations of BM cells obtained from
mice were stained using Wright-Giemsa stain. The figure shows a photograph from one
representative mouse in each cohort. E BM cells from one SAML recipient mouse were
sequentially injected into secondary recipient mice. A representative dot-plot demonstrating
the engraftment in the primary recipient and secondary recipients is shown. Abbreviations:
CMML, chronic myelomonocytic leukemia; SAML, post-CMML secondary acute myeloid
leukemia; MNC, mononuclear cells.
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Figure 2. Differential engraftment of CD38" cells in CMML and SAML

A, B MNC from a donor with CMML (A) and one with SAML (B) were separated by
flow-sorting into CD38* and CD38~ fractions and subsequently injected i.v. into NSGS mice
as described in “materials and methods’. Mice were sacrificed after 8 to 12 weeks and the
engraftment rate in the BM was measured by flow cytometry analysis of BM cells. The bars
show the mean+SD of engraftment levels (i.e. percentage of human CD45*/CD33*/CD14*
cells) of all mice in each cohort. ***, p<0.001. C Dot plots from representative NSGS mice
for each of the cohorts presented in figures 2A and 2B are shown. Abbreviations: CMML,
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chronic myelomonocytic leukemia; SAML, post-CMML secondary acute myeloid leukemig;
MNC, mononuclear cells.
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CD34, CD38 and CD45, and LSC identified as CD34+/CD38~ cells (Supplementary Figure
S1). Expression of markers and targets on normal BM cells (blue dots), CMML LSC (orange

squares) and post-CMML sAML LSC (red triangles) was quantified by multi-color flow
cytometry. Results are expressed as staining index (i.e. median fluorescence intensity of

the indicated marker divided by the median fluorescence intensity of the isotype control).

Each dot represents a single donor. Horizontal lines show geometric mean+SD values in
each cohort. The dotted lines (at a staining index of 1.5) show the threshold above which
a marker was considered to be positive. **, p<0.01. Abbreviations: NBM, normal bone

marrow; CMML, chronic myelomonocytic leukemia; SAML, post-CMML secondary acute
myeloid leukemia; IL-1RAP, interleukin-1 receptor accessory protein.
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Figure 4. Upregulation of cell surface markers on LSC during progression to SAML
BM samples from patients with CMML (n=20), SAML (n=6) or healthy controls (NBM,

n=12) were stained with antibodies against CD34, CD38 and CD45 to gate CD34*/CD38~
LSC as shown in Supplementary Figure S1. Afterwards, expression of markers on gated
LSC was assessed by multicolor flow cytometry. Results are expressed as staining index (i.e.
median fluorescence intensity of the indicated marker divided by the median fluorescence
intensity of the appropriate isotype control). Each dot represents a single donor and the

lines show the geometric meanSD of the respective cohort. The dotted lines (at a staining
index of 1.5) show the threshold above which a marker is considered as positive. *, p<0.05;
*** p<0.001. Abbreviations: NBM, normal bone marrow; CMML, chronic myelomonocytic
leukemia; SAML, post-CMML secondary acute myeloid leukemia.
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Figure 5. Effect of GO and Venetoclax on CMML LSC proliferation and engraftment
A Primary MNC from the BM of 3 CMML donors were incubated /n7 vitro with the

indicated concentrations of GO (left) or venetoclax (right). After 48 hours, proliferation

was measured by measuring 3H-thymidine incorporation. Results are expressed as mean+SD
of the percentage of untreated control cells. B Primary MNC from the BM of 6 CMML
donors were incubated with GO (100 ng/ml), venetoclax (100 nM) or a combination

of the two drugs. After 48 hours, apoptosis induction was measured by flow cytometry
staining for Annexin-V and DAPI. The bars show the mean+SD of Annexin-V* cells. C
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The monoblastic cell lines U937 (left), THP-1 (middle), and Mono-Mac-1 (right) were
treated with the indicated concentrations of GO (top) or venetoclax (bottom). After 48
hours, proliferation was measured by measuring 3H-thymidine incorporation. The results
are expressed as mean£SD of the percentage of untreated control cells. D U937 cells were
treated with the indicated concentrations of GO (blue line), venetoclax (red line), or a
combination of the two drugs (black line). After 48 hours, proliferation was measured by
measuring 3H-thymidine incorporation. Results are expressed as mean+SD of the percentage
of untreated control cells. E T-cell depleted MNC from a CMML donor were incubated
with GO (100 ng/ml), venetoclax (100 nM) or a combination of both drugs for 1 hour.
Afterwards, drugs were removed by centrifugation and cells were injected i.v. into NSGS
mice. After 28 weeks, mice were sacrificed and engraftment measured by flow cytometry.
Bars show the mean=SD of the engraftment levels (percentage of human CD45%/CD33"*
cells) in all mice in each cohort.

*, p<0.05; **, p<0.01; ***, p<0.001. Abbreviations: CMML, chronic myelomonocytic
leukemia; MNC, mononuclear cells; GO, gemtuzumab-o0zogamicin.
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Summary of engraftment results in NSGS mice
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Donor | Diagnosis | Injected Fraction | Injected cell number | Calculated LSC number | Engraftment (% CD45/CD33* cells)
#10 CMML-1 | Bulk (n=5) 3.0 x 108 >2.8 949+0.8%
CD34* (n=3) 0.3 x 108 >30.6 63.8+3.5%
CD34~ (n=3) 1.0 x 108 n.a. 04+0.1%
#18 CMML-2 Bulk (n=5) 3.0x 108 >7.0 62.4+19.2%
CD34* (n=3) 0.3x 108 >20.4 258+244%
CD34~ (n=3) 1.0 x 108 n.a. 13+02%
#21 SAML Bulk (n=5) 1.2 x 108 >26.1 75.2+37.0%
CD34* (n=5) 0.4 x 108 >16.3 195+41.8%
CD34~ (n=5) 0.4 x 108 na. 04+02%
#23 SAML Bulk (n=5) 7.0x 108 >261.3 94.4+3.0%
CD34* (n=3) 1.6 x 108 >163.2 843+19%
CD34- (n=3) 1.5 x 106 na. 0.6+0.2%

CD3-depleted bulk BM cells or FACS-purified CD34 or CD34™ cell fractions obtained from patients with CMML or SAML were injected i.v. into
NSGS mice. For detailed patient characteristics, see Supplementary Table S2. After 6 weeks (donor 10), 12 weeks (donors 18 and 23) or 25 weeks
(donor 21), mice were sacrificed and engraftment evaluated by flow cytometry. The table shows a summary of these experiments including number
of mice injected, number of cells injected, calculated number of LSC injected (based on LSC frequency calculations shown in Supplementary

Table S3) and engraftment levels (expressed as mean=S.D. of human CD45%/CD33" cells in the murine BM). Abbreviations: CMML, chronic
myelomonocytic leukemia; SAML, post-CMML secondary acute myeloid leukemia; LSC, leukemic stem cell; n.a., not applicable.
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Table 2
Surface phenotype of LSC in CMML, sAML, and healthy hematopoietic stem cells

Antigen CD | Expression on the cell surface of CD34*/CD38" cells in
NBM CMML SAML

IL-2RA 25 - - ++
DPPIV 26 - - -
Siglec-3 33 ++ ++ ++
IAP 47 ++ ++ ++
Campath-1 | 52 +- +- +-
Thy-1 90 | +-~ - -
C1QR1 93 +- + +
TACTILE 96 - - -
Endoglin 105 | + + +
TPO-R 110 | +/- +- +
G-CSFR 114 | - - +-
M-CSFR 115 | - - -
GM-CSFR | 116 | +/- +- +-
KIT 117 | ++ ++ +
IL-3RA 123 | + + ++
AC133 133 | ++ ++ ++
FLT-3 135 | +/- +- +
CXCR4 184 | - +- +/-
IGFIR 221 | +- +- +-
LNGFR 2711 | - - -
PD-L1 274 | + +- +-
KDR 309 | - - -
CLL-1 371 | - - +-
IL-1RAP nc. | - +- +
EPO-R nc. | +- - +-
OSMRb nc. | - - -

BM samples from patients with CMML (n=20), SAML (n=6) or healthy control samples (n=11) were analyzed by flow cytometry for expression

of the indicated markers on the surface of CD34¥/CD38™ cells. Results are expressed as staining index (SI; median fluorescence intensity of

the marker divided by median fluorescence intensity of the corresponding isotype control) and indicate the mean Sl of all patients tested in the
respective cohort. Sl-dependent score of staining results: —, SI<1.5; +/—, SI 1.5-3; +, S| 3-10; ++, S| >10. Abbreviations: NBM, normal bone
marrow, CMML, chronic myelomonocytic leukemia; SAML, secondary AML from CMML,; IL-2RA, interleukin-2 receptor alpha chain; DPPIV,
dipeptidylpeptidase IV; IAP, integrin-associated protein; C1QR1, Complement activator C1q receptor 1; TACTILE, T-cell activation increased late
expression; TPO-R, thrombopoietin receptor; G-CSFR, granulocyte-colony stimulating factor receptor; M-CSFR, macrophage-colony stimulating
factor receptor; GM-CSFR, granulocyte-macrophage colony stimulating factor receptor; IL-3RA, interleukin-3 receptor alpha chain; FLT-3,
fms-like tyrosine kinase 3; CXCR4, chemokine C-X-C motif receptor 4; IGF1R, insulin-like growth factor 1 receptor; LNGFR, low affinity

nerve growth factor receptor; PD-L1, programmed death ligand 1; KDR, kinase insert domain receptor; CLL-1, C-type lectin like 1; IL-1RAP,
interleukin-1 receptor accessory protein; EPO-R, erythropoietin receptor; OSMRb, oncostatin M receptor beta chain.
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