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Myelodysplastic syndromes (MDS) are a group of disorders charac-
terized by variable cytopenias and ineffective hematopoiesis. He-
matopoietic stem cells (HSCs) and myeloid progenitors in MDS have
not been extensively characterized. We transplanted purified hu-
man HSCs from MDS samples into immunodeficient mice and show
that HSCs are the disease-initiating cells in MDS. We identify a re-
current loss of granulocyte-macrophage progenitors (GMPs) in the
bone marrow of low risk MDS patients that can distinguish low risk
MDS from clinical mimics, thus providing a simple diagnostic tool.
The loss of GMPs is likely due to increased apoptosis and increased
phagocytosis, the latter due to the up-regulation of cell surface
calreticulin, a prophagocytic marker. Blocking calreticulin on low
risk MDS myeloid progenitors rescues them from phagocytosis in
vitro. However, in the high-risk refractory anemia with excess
blasts (RAEB) stages of MDS, the GMP population is increased in
frequency compared with normal, and myeloid progenitors evade
phagocytosis due to up-regulation of CD47, an antiphagocytic marker.
Blocking CD47 leads to the selective phagocytosis of this population.
We propose that MDS HSCs compete with normal HSCs in the pa-
tients by increasing their frequency at the expense of normal hema-
topoiesis, that the loss of MDS myeloid progenitors by programmed
cell death and programmed cell removal are, in part, responsible for
the cytopenias, and that up-regulation of the “don’t eat me"” signal
CD47 on MDS myeloid progenitors is an important transition step
leading from low risk MDS to high risk MDS and, possibly, to acute
myeloid leukemia.
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he World Health Organization (WHO) defines myelodys-

plastic syndromes (MDS) as a heterogeneous group of related
clonal diseases characterized by variable cytopenias due to in-
effective hematopoiesis and increased risk of progression to acute
myeloid leukemia (AML) (1-4). To date, functional and diagnostic
evaluations of immature hematopoietic cells in MDS have pre-
dominantly relied on unpurified or partially purified bone marrow
cells (most frequently CD34™ cells; reviewed in ref. 5), which have
limited power to identify cell lineage specific alterations. We have
taken advantage of the purification of highly enriched HSCs and
committed myeloid progenitors (6-9) via fluorescence activated
cell sorting (FACS) to characterize hematopoietic subsets in pri-
mary MDS patient bone marrow samples with the goal of in-
creasing the understanding of MDS pathogenesis.

Recent fluorescence in situ hybridization (FISH) and gene ex-
pression data from purified HSCs from 5q- MDS patients have
suggested an HSC origin for MDS (10-13). HSCs from MDS
patients (MDS HSCs) are relatively resistant to lenalidomide and
decitabine treatment, because even patients with cytogenetic re-
mission, as determined by FISH on peripheral blood cells, can
maintain a significant MDS HSC burden (12, 13). Nevertheless,
HSCs from MDS patients have not been shown to initiate the
disease itself. Additionally, it is not clear whether isolated MDS
HSC:s exhibit increased apoptosis and aberrant proliferation sim-
ilar to that observed in total bone marrow cells (14-17).

We and others have shown that the binding of cell surface
calreticulin (CRT) on a target cell to the low-density lipoprotein
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receptor-related protein (LRP1) receptor on macrophages is an
important mechanism for the phagocytosis of target cells, in-
cluding apoptotic cells and cancer cells (18-20). We have also
shown that the concomitant up-regulation of antiphagocytic CD47
on the surface of cancer cells is critical for their evasion of immu-
nosurveillance (18). In addition, blocking CD47 ligation of its re-
ceptor SIRPa allows for the prophagocytic cell surface CRT to
signal phagocytosis and clearance of tumor cells (18). Although cell
surface CD47 expression is increased in numerous tumor types,
including AML (21-24), these molecules have not been well char-
acterized in MDS.

In this study, we demonstrate that low risk MDS HSCs (from
bone marrow samples from patients with refractory anemia, re-
fractory anemia with ringed sideroblasts, refractory cytopenia
with multilineage dysplasia, and myelodysplastic syndrome not
otherwise specified but with fewer than 5% blasts) can transplant
the clonal disease into immunodeficient mice. We also show that
fewer granulocyte-macrophage progenitors (GMPs) are present
in low risk MDS bone marrow compared with normal and non-
MDS bone marrow samples, a quantitative finding that can be
used to aid diagnosis of low risk MDS in the clinical setting. This
reduction in GMPs is likely secondary to increased programmed
cell death and programmed cell removal by macrophages, the
latter of which is due to up-regulation of CRT. In high risk MDS
[refractory anemia with excess blasts (RAEB), including both
WHO RAEB-1 and RAEB-2 subtypes], we show that the fre-
quency of myeloid progenitors in the bone marrow is higher than
in low risk MDS, likely due to their evasion of phagocytosis by
up-regulation of CD47.

Results

MBDS is thought to be a disease of HSCs, leading to variable
cytopenias due to ineffective production of mature granulocyte,
erythroid, and/or megakaryocyte (platelet) populations (1).
However, there is little information regarding the status of the
most primitive HSC and progenitor compartments in MDS. We
used flow cytometry based on immunophenotypic markers to
evaluate the distribution and frequency of HSC (Lin"CD34*
CD38 CD90*CD45RA™) (6, 25-29) and committed myeloid
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progenitor populations (8) in low risk MDS bone marrow. The use
of age-matched controls is crucial in studies such as this, because
most patients with MDS are elderly, and normal bone marrow
changes with age, with increased frequency of immunophenotypic
HSCs in normal elderly bone marrow compared with young (30).
We find that the frequencies of HSCs were not significantly higher
in low risk MDS bone marrow than in similarly aged (elderly),
nonanemic normal controls (Fig. 14), suggesting that MDS HSCs
expand at the expense of normal HSCs.

Previously, it has been shown that the HSC compartment in
MDS is enriched for cytogenetically abnormal cells, including in
two MDS samples with monosomy 7 (10, 11, 13). We evaluated
three MDS samples harboring a clonal monosomy 7 cytogenetic
abnormality. Consistent with previous reports, we detect this cyto-
genetic abnormality by FISH in more than 95% of the cells within
the immunophenotypically defined HSC population (Fig. 1B). We
purified these HSCs by FACS and xenotransplanted 1,500-3,000
of them into sublethally irradiated immunodeficient NOD.Cg-
Prkdc™“T12rg™ ™/SzJ (NSG) pups (31). Human CD45" cells were
found in all recipient mice bone marrow (Fig. 1C), reflecting suc-
cessful engraftment of these MDS HSCs. FACS-purified human
CD45™ cells from engrafted mice harbored the monosomy 7 cyto-
genetic abnormality, as detected by FISH (Fig. 1D), definitively
showing that HSCs from these MDS samples can transplant and
initiate this clonal disease. Interestingly, the frequency of cells de-
rived from the abnormal MDS clone was similar to that observed in
the original patient bone marrow sample, indicating that the MDS
clone did not exhibit reduced reconstitution ability in the context
of transplant.

Because the frequency of HSCs in low risk MDS is not signifi-
cantly different compared with normal age-matched controls and
simple loss of HSCs cannot directly explain the several cytopenias
that are found in this disease, we hypothesized that the loss of
downstream myeloid progenitors plays a role in the ineffective
hematopoiesis characteristic of MDS. We evaluated by flow cy-
tometry the distribution and frequency of immunophenotypic
common myeloid progenitors (CMPs; Lin"CD34*CD38"CD123"
CD45RA™), granulocyte-macrophage progenitors (GMPs;
Lin"CD34*CD38"CD123*CD45RA"), and megakaryocyte-ery-
throid progenitors (MEPs; Lin CD34*CD38*CD123"CD45RA")
(8) in low risk MDS and normal bone marrow controls (Fig. 24 and
Fig. S1). We have shown that the relative distribution of these
myeloid progenitor populations does not change with age (30).
A recent study has shown a relative increase in CMP frequency
in MDS (13). We find that low risk MDS bone marrow exhibits
alterations in myeloid progenitor distribution, with significant

reduction of GMP frequency in low risk MDS compared with
normal controls (P < 10~*) and non-MDS bone marrow disorders
exhibiting at least one cytopenia (“Other GMP”; P < 107'%) (Fig.
2A4). When the frequency of GMPs as a percentage of total myeloid
progenitors [GMP/Total CD34+CD38+] was calculated, it was
decreased by an average of 2.6-fold (Fig. 24) and was accompanied
by concomitant increases in relative CMP frequency compared with
normal controls (Fig. S1B). Interestingly, the loss of GMPs in low
risk MDS bone marrow was not regularly accompanied by absolute
neutropenia in the peripheral blood. Notably, the most common
cytopenia in MDS is anemia, but we found that low risk MDS
MEPs are not significantly reduced in frequency relative to the total
myeloid progenitor population (Fig. S1IC). We do not yet have
markers that define pure megakaryocytic or pure erythroid com-
mitted progenitors in humans, and although we suspect these
populations will be altered in the bone marrow of MDS patients
with respective thrombocytopenias and anemias, we cannot test
that hypothesis directly at this time.

Accurate absolute quantification of HSC and progenitor num-
bers from human bone marrow samples is challenging because of
the inherent variability in bone marrow aspiration technique,
which always collects a varying proportion of cells from the pe-
ripheral blood. Therefore, to better approximate absolute numbers
of myeloid progenitor subsets in the bone marrow, we compared
frequencies of CMPs, GMPs, and MEPs within the lineage-nega-
tive population, which are more likely to reflect hematopoietic cells
from the bone marrow than total cells collected from bone marrow
aspiration. We find that low risk MDS GMPs are decreased in
frequency, on average by 3.0-fold, within the lineage-negative
population compared with normal (P < 0.0006) (Fig. 2B), whereas
low risk MDS CMPs and MEPs are not increased in frequency
within the lineage-negative population (Fig. S1 D and E), sug-
gesting that one of the defects in MDS hematopoiesis is not due
to an absolute expansion of the CMP or MEP populations, but
a significant absolute reduction in the GMP population.

Because we observed a consistent, statistically significant de-
crease in the frequency of GMPs among total myeloid progenitors,
we tested whether GMP frequency could be used as a clinically
useful tool to diagnose low risk MDS. Using the immunopheno-
typic markers described above for GMPs, CMPs, and MEPs (ref. 8
and Fig. S14), we find that a maximum threshold of 24.0% GMPs
among total myeloid progenitors yielded a sensitivity of 92% and
a specificity of 89% for correctly identifying low risk MDS patients.
Using this threshold of 24.0% GMPs for low risk MDS diagnosis,
we evaluated the myeloid progenitor profile of 40 consecutive
bone marrow samples submitted for evaluation of MDS and

Fig. 1. Immunophenotypic HSCs from low risk MDS bone
marrow are not increased in frequency and monosomy 7 MDS
HSCs reconstitute clonal disease in immunodeficient mice. (A)
Frequency of immunophenotypic HSCs within the CD34" pop-
ulation in normal age-matched (n = 18) and low risk MDS (n =
45) bone marrow samples. N.S., no significance. (B) Percentage
of HSCs with nuclei exhibiting deletion of chromosome 7 and

normal karyotype in monosomy 7 MDS patients (n = 3; SU001-
SU003). One hundred fifty nuclei were analyzed for each
sample. (C) Human CD45* chimerism per 500 transplanted HSCs
from normal bone marrow controls (n = 4) and monosomy 7
bone marrow samples (n = 3) into sublethally irradiated NSG
newborn mice (one recipient per normal HSC sample; two
recipients per monosomy 7 sample; 1,500-3,000 HSCs trans-
planted per recipient). N.S., no significance. (D) Percentage of
successfully engrafted human CD45" cells at 12-16 wk after
transplant, with nuclei exhibiting deletion of chromosome 7
and normal karyotype. HSCs were sorted from three monosomy
7 bone marrow samples (SU001-SU003) and xenotransplanted

into two recipients each (NSG1, NSG2). Fifty human CD45*
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nuclei were analyzed from each xenotransplant recipient.
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Fig. 2. Decreased GMP frequency in low risk MDS. (A) Frequency of GMPs
out of total myeloid progenitors (CMPs + GMPs + MEPs) in normal (n = 34),
low risk MDS (n = 46; MDS), and non-MDS with at least one cytopenia bone
marrow samples (n = 32; Other). *P < 107'3, **p < 107"°. (B) Frequency of
GMPs out of total lineage negative bone marrow mononuclear cells in
normal and low risk MDS bone marrow samples. ***P < 0.0006. Error bars
represent one SD. “MDS" label represents low risk MDS samples.

correctly categorized 100.0% of 28 non-MDS samples (false pos-
itive rate of 0.0) and 83.3% of 12 low risk MDS samples in
a blinded fashion (false negative rate of 0.067).

To further determine whether the decreased frequency of
GMPs is an inherent feature of low risk MDS, we transplanted
FACS-purified HSCs from low risk MDS into sublethally irradi-
ated NSG pups and analyzed the distribution of myeloid pro-
genitors in the bone marrow of engrafted mice. As controls, we
transplanted FACS-purified HSCs from normal human bone
marrow samples. Human CD45" chimerism was detected in mice
transplanted with low risk MDS HSCs and normal HSCs (Fig.
3A). In mice transplanted with low risk MDS HSCs, engrafted
cells were predominantly derived from the myeloid lineage, as
evidenced by CD13* and/or CD33" staining, and minimally in the
B-lymphoid lineage, as evidenced by CD19" staining, whereas
mice transplanted with normal HSCs exhibited comparatively
more robust engraftment in the B-lymphoid lineage (Fig. 3B).
Human CD34™ cells were also detected in the bone marrow of
engrafted mice, and GMPs as a frequency of human CD34* cells
were decreased in mice transplanted with low risk MDS HSCs
compared with mice transplanted with normal HSCs (Fig. 3C).
These data indicate that the low risk MDS HSCs can transfer
a human graft that recapitulates features present in low risk MDS
patient bone marrow samples. Furthermore, it suggests that the
relative loss of GMP is due to a cell-intrinsic defect in low risk
MDS HSCs.

Numerous prior studies characterizing CD34* cells, of which
only a small fraction are putative HSCs, in the bone marrow of
MDS patients revealed two hallmarks of MDS—increased apo-
ptosis and a concomitant increase in the proliferative fraction;
however, these data provide no specific information regarding
whether HSCs or specific progenitor populations are pathologi-
cally affected in MDS. We evaluated apoptosis by measuring

Fig. 3. Low risk MDS HSCs transplanted into immu- A

nodeficient mice yield decreased GMPs. (A) Engraft- 10%
ment of 1,500-3,000 HSCS from normal (n = 4) and low
risk MDS (n = 4) bone marrow samples transplanted
into NSG newborn mice at 16 wk after transplant (one
recipient per normal HSC sample; two recipients per
low risk MDS sample), as represented by percentage of
human CD45" chimerism per 500 human HSCs trans-
planted. N.S., no significance. (B) Lymphoid (CD19%)
and myeloid (CD13*/CD33*) engraftment as a percent-
age of hCD45" cells in NSG newborn mice at 12-16 wk
after transplant. *P < 0.03; N.S. no significance. (C) 0% e
Frequency of GMPs out of total human CD34*CD38* Normal

8%
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annexin V staining, and we find that normal and low risk MDS
HSCs showed similar frequencies of annexin V-positive cells
(Fig. 44), but Lin"CD34*CD38" cells, comprised of myeloid and
lymphoid progenitors, showed a statistically significant 2.3-fold
increase in the frequency of annexin V-positive cells (P < 0.03)
(Fig. 4B). CMPs, GMPs, and MEPs from low risk MDS all
exhibited statistically significant increases in the frequency of
annexin V-positive cells (P < 0.02) (Fig. 4 C-E). These data
indicate that although MDS is a disease originating in the HSC,
the increased apoptosis observed in MDS does not manifest in
HSCs but rather in downstream myeloid progenitors.

In addition to increased apoptosis, another mechanism that
may contribute to the reduced frequency of GMPs observed in
low risk MDS patients is increased phagocytosis. We find that
cell surface expression of the prophagocytic marker CRT is
similar between normal and low risk MDS HSCs (Fig. 54). In
contrast, we find that cell surface CRT expression is on average
2.3-fold higher on low risk MDS bone marrow CD34"CD38"
oligolineage progenitor cells compared with normal (P < 0.05)
(Fig. 5B and Fig. S24). Furthermore, low risk MDS GMPs ex-
hibit significantly higher cell surface CRT expression compared
with normal GMPs (P < 0.02) (Fig. 5C). These findings suggest
that increased CRT expression on progenitor cells, and GMPs in
particular, is a definitive feature of low risk MDS.

Interestingly, although low risk MDS CMPs also demonstrate
an increased, albeit not statistically significant, cell surface CRT
expression (Fig. S2B), their progeny, low risk MDS MEPs, do not
show this increase in cell surface CRT expression (Fig. S2C). It is
not clear whether the low risk MDS MEPs are CRT-low because
CRT is not translocated to the surface of these cells, or if the
CRT-high MEPs have already been removed by phagocytosis.

Because specific progenitor populations within low risk MDS
bone marrow cells exhibit increased cell surface CRT expression,
we explored the hypothesis that these cells would be more sus-
ceptible to CRT-mediated phagocytosis by macrophages. Upon
incubation with normal human macrophages in vitro, CD34*
CD38" cells from low risk MDS were on average 1.8-fold more
robustly phagocytosed than CD34*CD38* cells from normal
bone marrow (P < 0.02) (Fig. 5D and Fig. S34). Interestingly,
CD34~ cells from low risk MDS were not as readily phagocy-
tosed by human macrophages in vitro compared with both
CD34*CD38" cells from low risk MDS and CD34*CD38" and
CD34" cells from normal bone marrow (Fig. S4).

To further explore the role of CRT-mediated phagocytosis in
low risk MDS, we determined whether inhibition of cell surface
CRT prevents phagocytosis of low risk MDS CD34"CD38" pro-
genitor cells by human macrophages. Although phagocytosis of
CD34*CD38" cells from low risk MDS bone marrow samples
was robust at baseline, incubation of low risk MDS and normal
CD34*CD38" cells with a CRT-blocking peptide, which acts by
inhibiting the CRT-LRP interaction that signals phagocytosis,
resulted in significant abrogation of phagocytosis by an average
of 2.6-fold (P < 0.003) (Fig. SE, Fig. S3B). These findings sup-
port the idea that increased cell surface CRT expression on low
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(n = 14) MEPs. ****P < 0.02. Error bars represent one SD. “MDS" label rep-
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risk MDS CD347CD38" progenitor cells results in their in-
creased CRT-mediated programmed cell removal.

Given that CD47 is an antiphagocytic marker that counter-
balances the prophagocytic signal from cell surface CRT, we in-
vestigated the expression of CD47 on CD34"CD38" progenitors
from low risk MDS as well as high risk MDS (RAEB). Of note,
the immunophenotypic GMP population is not reduced in
RAEB, and this population is predominantly composed of blasts
(Fig. S54). We find that CD47 expression is not significantly in-
creased on low risk MDS CD34"CD38" progenitors compared
with normal CD34*CD38* progenitors (Fig. S5B). CD47 ex-
pression on low risk MDS CMPs, GMPs, and MEP:s is similar to
their normal counterparts as well (Fig. S5C). However, when
bone marrow samples from patients with high risk MDS (RAEB,
including RAEB-1 and RAEB-2) were evaluated, CD347CD38"
progenitors were found to express an average 3.6-fold increase in
CD47 compared with this same immunophenotypic population in
low risk MDS and normal bone marrow samples (P < 0.03) (Fig.
64 and Fig. S5D). Moreover, the blasts within the CD34*CD38*
population from RAEB exhibit significantly increased expression
of CD47 (P < 0.03) (Fig. 6B). Of note, CD34"CD38" cells from
RAEB also express increased cell surface CRT compared with
normal CD34*CD38* cells (P < 0.04) (Fig. 6C), and it is the blast
population that has significantly higher expression of cell surface
CRT (P < 0.04) (Fig. 6D).

These observations lead us to hypothesize that CD34*CD38*
cells from RAEB are able to evade phagocytosis by human mac-
rophages because of up-regulation of CD47. Indeed, incubation
with human macrophages showed that CD34*CD38* cells from
RAEB are not phagocytosed with the same efficiency as CD34"
CD38" cells from low risk MDS (P < 0.03) (Fig. 6E). Importantly,
addition of a blocking anti-CD47 antibody (B6H12) resulted in
significantly increased phagocytosis of CD347CD38™ cells from
RAEB (P < 0.006) (Fig. 6E and Fig. S6). In contrast, addition of
CRT-blocking peptide did not alter the ability of macrophages
to phagocytose CD34+*CD38" cells from RAEB (Fig. 6E). These
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findings suggest that transformation of low risk MDS to high risk
MDS (RAEB) likely involves the up-regulation of antiphagocytic
CDA47 signal to counterbalance the expression of prophagocytic cell
surface CRT. It is conceivable that CD47 up-regulation is the ul-
timate event in the progression of low risk MDS to high risk MDS
and, possibly, AML, and that the increased expression of CD47 on
MDS blasts heralds emergence of the fully malignant clone.

Discussion

We have examined the composition of HSC and myeloid pro-
genitor populations from bone marrow samples of MDS patients
and age-matched normal and non-MDS cytopenic controls. The
HSC population in low risk MDS patient bone marrow is not
increased in frequency, on average, compared with age-matched
normal control HSC populations. However, the frequency of
HSCs in low risk MDS bone marrow shows greater variance than
HSCs from normal age-matched bone marrow, which may reflect
how well the low risk MDS HSC population from a given patient
is expanding into existing or possibly new HSC niches due to
differences in the genetic subtypes of low risk MDS. The sample
size was not sufficient to identify significant clinical correlations
with low risk MDS HSC frequency. Additionally, MDS bone
marrow samples harboring a clonal cytogenetic marker, such as
monosomy 7, contain immunophenotypic HSCs that are com-
posed almost entirely of the MDS clone, but a small fraction of
the HSC population are not part of the MDS clone and, there-
fore, may represent normal or even pre-MDS clones. Together,
these data suggest that MDS HSCs are expanding at the expense
of normal HSC, much as we have shown for immunophenotypic
HSCs in the chronic phase of CML (32).

We show that purified immunophenotypic low risk MDS HSCs
can initiate clonal MDS in xenotransplanted immunodeficient
mice. We have demonstrated that normal elderly (age 65 y and
older) HSCs in the same xenotransplantation model are inherently
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Fig. 5. Cell-surface CRT is increased on and is necessary for the phagocytosis
CD347CD38" myeloid progenitors in low risk MDS. (A) Cell-surface CRT ex-
pression, as expressed by mean fluorescence intensity (MFI) relative to
fluorescence-minus-one (FMO) control, on normal (n = 11) and low risk MDS
(n = 14) HSGs. N.S., no significance. (B) Cell-surface CRT expression, as
expressed by MFI relative to FMO control, on normal (n = 11) and low risk
MDS (n = 14) CD34*CD38" myeloid progenitor cells. *P < 0.05. (C) Cell-sur-
face CRT expression, as expressed by MFI relative to FMO control, on normal
(n = 11) and low risk MDS (n = 14) GMPs. **P < 0.02. (D) Phagocytosis of
normal and low risk MDS CD34*CD38" myeloid progenitors (phagocytic in-
dex = no. of engulfed green cells / no. of macrophages x 100). ***P < 0.02.
(E) Phagocytosis of normal and low risk MDS CD34*CD38" myeloid pro-
genitors treated with CRT-blocking peptide. ****P < 0.003. Error bars rep-
resent one SD. “MDS” label represents low risk MDS samples.
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biased toward myeloid differentiation and exhibit limited lym-
phoid differentiation potential compared with normal young (age
20-35y) HSCs (30). Because MDS prevalence increases with age,
it is possible that the bias of normal elderly HSCs away from
lymphoid differentiation predisposes them to develop into MDS
HSCs, which we have shown to exhibit even poorer generation of
lymphoid progeny, a phenotype that has been described in human
MBDS patients (33). Low risk MDS HSC xenografts also generate
reduced frequencies of GMPs, consistent with the hypothesis
that MDS HSCs are not only the disease initiating cell in MDS
but also suggests that lineage bias and the phenotype of ineffective
hematopoiesis are largely cell intrinsic. We cannot completely ex-
clude the possibility that the mouse recipient microenvironment
may contribute to these phenotypes.

Our evaluation of low risk MDS HSCs and progenitors reveals
that a significant decrease in the frequency of GMPs is a com-
mon characteristic of low risk MDS, both in our initial analysis
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and in our prospective, blind evaluation of 40 patient samples
submitted for evaluation of MDS to a clinical flow cytometry
service. Notably, in immunodeficient mice transplanted with low
risk MDS HSCs, we observe a similar reduction in GMPs in the
human myeloid progenitor profile reflected in the bone marrow
of engrafted mice. Because the low risk MDS samples tested
were randomly selected, these findings are likely true in multiple
genetic subtypes of low risk MDS and that different subtypes of
low risk MDS share certain common pathophysiologic charac-
teristics; however, additional prospective studies using geneti-
cally characterized MDS samples will be required to verify
this hypothesis.

We show that low risk MDS myeloid progenitors, and not low
risk MDS HSCs, exhibit increased apoptosis, as illustrated by
increased annexin V staining. In addition, CD34*CD38" hema-
topoietic progenitor cells, including GMPs, from low risk MDS
patients express increased cell-surface CRT, a prophagocytic re-
ceptor, and inhibition of cell-surface CRT reduces their phago-
cytosis by macrophages. Although CRT has been implicated as
a prophagocytic signal in numerous tumor types (18), its expres-
sion had not been previously well characterized in MDS. Because
CRT is not up-regulated at the most primitive level of the HSC
but only downstream beginning at the more committed myeloid
progenitor stages, the loss of progeny from maturing progenitors
such as GMPs is likely the major source of cell loss in low risk
MDS. By blocking the CRT-LRP interaction using a CRT-
blocking peptide, we show that phagocytosis of low risk MDS
progenitor cells can be abrogated. The increased phagocytosis
and apoptosis of GMPs may explain the reduced frequency of
GMPs in low risk MDS bone marrow and, possibly, also the
neutropenia observed in the peripheral blood of 15-20% of MDS
patients. The other cytopenias in MDS, anemias and thrombo-
cytopenias, are not explained by a significant loss of MEPs.
However, compared with normal MEPs, low risk MDS MEPs
exhibit increased apoptosis, as evidenced by an increased fre-
quency of annexin V-positive cells, which may account in part for
the anemias and thrombocytopenias commonly observed in MDS
patients. We predict that downstream pure erythroid and/or
megakaryocytic progenitors exhibit increased programmed cell
death and/or programmed cell removal in MDS. Because low risk
MDS HSCs do not up-regulate CRT, they are not likely to be
eliminated by phagocytosis and, therefore, persist and expand in
the bone marrow, perpetuating disease.

The importance of macrophage-mediated phagocytosis in
MDS pathogenesis is further supported by our finding that that
CD34"CD38* progenitor cells from high risk MDS (RAEB)
bone marrow samples express increased CD47, a critical anti-
phagocytic marker that counteracts the prophagocytic cell sur-
face CRT signal (18-24). We show that low risk MDS progenitor
cells express increased levels of cell surface CRT but not CD47,
compared with normal controls, and are therefore susceptible to
phagocytosis and clearance by macrophages. In contrast, high
risk MDS progenitor cells express higher levels of CD47, and can
avoid phagocytosis, likely promoting their ability to propagate,
and gradually take over the bone marrow. In hematopoiesis, only
HSCs self-renew; therefore, we proposed (34-37), and in sev-
eral cases have shown, that the accumulation of genetic and
epigenetic changes characteristic of leukemia progression occur
in clones of self-renewing HSCs, and not in the downstream
progeny that cannot normally self-renew (32, 38-41). It is likely
that at least some events in preleukemic progression trigger both
programmed cell death and programmed cell removal (37).
Here, we show that low risk MDS likely follow this progression
toward high risk MDS and reveal a stage wherein the pre-
leukemic HSC clones outcompete normal HSC clones, but, at
their oligolineage progenitor stage, lose blood-forming capacity
as a result of programmed cell death and programmed cell re-
moval (37, 42), resulting in peripheral cytopenias. We propose
that as the MDS clones lose programmed cell death, the cyto-
penias still result from programmed cell removal. Finally, in the
progression of low risk MDS into high risk MDS and possibly
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AML, there is the loss of programmed cell removal by expression
of the don’t eat me signal, CD47.

Materials and Methods
Please refer to SI Materials and Methods for further details.

Human Samples. Human bone marrow samples represented the full
spectrum of WHO subtypes of low risk MDS without excess blasts (n = 46;
includes refractory anemia, refractory anemia with ringed sideroblasts,
refractory cytopenia with multilineage dysplasia, and myelodysplastic
syndrome not otherwise specified but with fewer than 5% blasts) and
high risk MDS (n = 7; refractory anemia with excess blasts, includes both
WHO RAEB-1 and RAEB-2 subtypes). Controls included a group of non-
MDS-related cytopenias (n = 32) and young and elderly normal controls
(n = 34).

Flow Cytometry and Cell Sorting. A panel of antibodies was used for analysis
and sorting of HSC and progenitor populations and analysis of human chi-
merism/engraftment. Cells were analyzed and sorted by using a FACSAriall
cytometer (BD Biosciences). FlowJo Software (Treestar) was used to analyze
flow cytometry data.

Mouse Transplantation. NSG prenatal day (P)0-P3 newborn pups were
preconditioned with 100 rads of gamma irradiation 4-24 h before trans-
plantation (9, 31, 43). Cells resuspended in PBS containing 2% (vol/vol) FCS
were transplanted i.v. via the anterior facial vein by using a 30 or 31
gauge needle.
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FISH. Cells were sorted by FACS directly onto a slide for cytogenetic analysis by
interphase FISH using Vysis LSI EGFR SpectrumOrange/CEP 7 SpectrumGreen
Probe (Abbott Molecular), according to the manufacturer’s instructions.

In Vitro Phagocytosis Assay. FACS-sorted CFSE-labeled normal bone marrow
and MDS bone marrow CD347CD38"* and CD34™ cells were labeled with CFSE,
incubated with PBS, CRT-blocking peptide (MBL International), or anti-CD47
antibody (clone B6H12, eBiosciences), and then coincubated with human
peripheral blood-derived macrophages. Wells were examined under a Leica
microscope by using an enhanced green fluorescent protein (GFP) filter set.
Phagocytic index was calculated as number of ingested cells/number of
macrophages x 100. At least 300 macrophages were counted per well.

Statistical Analysis. Statistical analysis using Student’s t test and calculations
of specificity and sensitivity were done by using Microsoft Excel and/or
GraphPad Prism software.
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