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Abstract

Myelodysplastic syndromes (MDS) are clonal disorders of hematopoietic stem and progenitor
cells and represent the most common cause of acquired marrow failure. Hallmarked by ineffective
hematopoiesis, dysplastic marrow, and risk of transformation to acute leukemia, MDS remains a
poorly treated disease. Although identification of hematopoietic aberrations in human MDS has
contributed significantly to our understanding of MDS pathogenesis, evidence now identify the
bone marrow microenvironment (BMME) as another key contributor to disease initiation and
progression. With improved understanding of the BMME, we are beginning to refine the role of
the hematopoietic niche in MDS. Despite genetic diversity in MDS, interaction between MDS and
the BMME appears to be a common disease feature, and therefore represents an appealing
therapeutic target. Further understanding of the interdependent relationship between MDS and its
niche is needed to delineate the mechanisms underlying hematopoietic failure and how the
microenvironment can be clinically targeted. This review will provide an overview of data from
human MDS and murine models supporting a role for BMME dysfunction at several steps of
disease pathogenesis. While no models or human studies so far have combined all these findings,
we will review current data identifying BMME involvement in each step of MDS pathogenesis,
organized to reflect the chronology of BMME contribution as the normal hematopoietic system
becomes myelodysplastic and MDS progresses to marrow failure and transformation. Although
microenvironmental heterogeneity and dysfunction certainly add complexity to this syndrome,
data are already demonstrating that targeting microenvironmental signals may represent novel
therapeutic strategies for MDS treatment.
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Introduction

The myelodysplastic syndromes (MDS) are malignant disorders of hematopoietic stem and
progenitor cells (HSPCs) hallmarked by bone marrow failure due to defective hematopoiesis
and production of dysplastic cells. As the most commonly diagnosed myeloid neoplasm in
the U.S. [1, 2], with a 3-year survival rate of 35-45% [3, 4], MDS leads to significant
morbidity and mortality due to complications of multi-lineage cytopenias and a high risk of
transformation to acute myelogenous leukemia (AML). Because MDS is most prevalent in
the aged population such that 86% of patients are =60 years of age at diagnosis [5], most
patients are ineligible for bone marrow transplantation due to older age-related co-
morbidities. Consequently, the current standard of care relies largely on symptomatic
management of cytopenias along with few agents with limited response rates and durability
[1]. Notably, there have been no new FDA-approved drugs for MDS in the past decade [2].
Therefore, there is a critical need for new MDS therapies.

Although recent identification of numerous chromosomal, genetic, and epigenetic
aberrations in patients with MDS has contributed significantly to our understanding of MDS
pathogenesis [1, 6-8], there remains a paucity of MDS therapies due in part to a lack of
knowledge on how to restore hematopoietic function. While MDS has been well-described
to arise due to heterogeneous hematopoietic cell-intrinsic defects that drive clonal
expansion, ineffective hematopoiesis, dysplasia, and leukemic progression, accumulating
evidence now identify the bone marrow microenvironment (BMME) as a key mediator of
MDS pathophysiology and, therefore, a potential therapeutic target.

The bone marrow is a complex tissue containing self-renewing HSPCs which generate
progeny that progressively differentiate into mature blood and immune cells. Regulation of
hematopoiesis and maintenance of the hematopoietic stem cell pool is mediated at least in
part by constituents of the BMME including mesenchymal stromal cells [9-12],
osteolineage cells [13, 14], and endothelial cells [15, 16] among many other diverse cell
types [9-17]. These BMME cells produce key maintenance factors and receptors which
support HSPC quiescence, proliferation, and migration [17-20]. Studies of genetic murine
models have significantly advanced our ability to identify BMME cells along with the key
maintenance genes they express to support HSPC activities under normal homeostatic
conditions. For example, selective deletion of stem cell factor (SCF) or the chemokine C-X-
C motif ligand 12 (CXCL12) in endothelial cells and leptin receptor (Lepr)+ mesenchymal
stromal cells leads to HSPC depletion [17, 21, 22]. Furthermore, osteoblastic cell ablation
[23, 24] or Cxc/12 deletion [21] in this population results in loss of lineage-restricted
hematopoietic progenitors followed by loss of hematopoietic stem cells. Aside from
maintaining HSC numbers, BMME cells are also essential for retaining HSPCs in the bone
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marrow as Cxc/12 deletion in mesenchymal-osteolineage cells leads to HSPC mobilization
out of the marrow [21, 22].

Although numerous other cell types and maintenance factors participate in HSPC regulation
(reviewed here[25]), these studies cumulatively demonstrate that specific BMME cells
including mesenchymal stromal cells, osteoblastic lineage cells, and endothelial cells
critically impact hematopoietic function under normal physiologic conditions. Therefore,
dysfunction of such populations may also contribute to the pathophysiology of hematologic
pathologies including MDS. Particularly, emerging evidence point to BMME abnormalities
as central participants in the step-wise progression of MDS pathogenesis whereby, 1)
BMME abnormalities contribute to the development and expansion of MDS clones, 2) MDS
cells further modify the BMME via aberrant production of secreted factors such as
cytokines, and 3) a dysfunctional BMME further promotes clonal expansion and disease
progression (Figure 1). Further understanding of the multi-directional relationships between
MDS and the diverse cells within the hematopoietic niche is needed to delineate the
mechanisms underlying hematopoietic failure and how the microenvironment can be
targeted for clinical benefit. In this review, we will discuss recent evidence identifying the
BMME as a contributor to MDS pathogenesis in terms of disease initiation and progression.
Our discussion first focuses on data from in vitro studies of human MDS and in vivo studies
of murine MDS models supporting a role for dysfunction of mesenchymal stromal cells and
osteolineage cells in MDS. We will also discuss data that point to vascular and endothelial
abnormalities in MDS as another contributor to disease pathophysiology. For an overview of
the hematopoietic niche in a broader range of myeloid malignancies, please refer to these
excellent reviews [26, 27].

In vitro evidence for stromal abnormalities in MDS

Given the regulatory role of the HSPC niche, alterations in the microenvironment may
contribute to hematopoietic failure in MDS. Early evidence of BMME abnormalities in
MDS comes from in vitro studies of patient-derived bone marrow mesenchymal stromal
cells. Mesenchymal stromal cell function can be assessed in vitro based on morphology,
differentiation capacity, proliferative capacity, and ability to support co-cultured HSPCs. In
terms of morphology, investigators have observed MDS-derived mesenchymal stromal cells
to be disorganized in appearance compared to the fibroblastic-like morphology of normal
donor-derived mesenchymal stromal cells [28—-30]. However, several other groups reported
no changes in the morphology of MDS-derived mesenchymal stromal compared to normal
controls [31-36].

Assessments of osteogenic, adipogenic, and chondrogenic differentiation capacity are also
conflicting. An early study of the bone biopsies from MDS patients revealed an adynamic
bone phenotype with decreased bone matrix formation and mineralization, suggesting that
hematopoietic abnormalities in MDS impair bone remodeling [37]. Subsequent reports
identified no differences in the ability of MDS-derived mesenchymal stromal cells to
generate osteolineage cells in vitro [31-33, 38-40]. However, Geyh et al. reasoned that
marked variability in MDS along with the small sample size of prior studies are limiting
factors in data interpretation [28]. To overcome this, they evaluated samples from 106
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patient samples spanning a wide range of MDS subtypes and identified reduced osteogenic
differentiation potential in mesenchymal stromal cells across all MDS subtypes evaluated,
demonstrated by decreased alizarin red and von Kossa positive mineralization and decreased
alkaline phosphatase activity upon stimulation by osteogenic media [28]. This was further
corroborated by decreased MRNA expression of osteogenesis-associated genes such as
Runx2, osterix, alkaline phosphatase, and osteocalcin [28, 41]. Additionally, reduced serum
osteocalcin in MDS patients provides further support for decreased osteoblastic activity due
to defective osteoblastic generation or function [28]. Another group also reported diminished
osteogenic differentiation along with decreased oil red O staining upon culture in adipogenic
media, suggesting that adipogenic differentiation capacity may also be impaired in MDS
[29]. While others also observed decreased adipogenic potential in MDS-derived
mesenchymal stromal cells [38, 41], several reports, including the study by Geyh et al.
evaluating a large MDS cohort, identified no changes [28, 32, 33, 39, 40]. Finally, only a few
published studies have examined chondrogenic differentiation and have revealed no
differences in MDS-derived compared to normal subject-derived mesenchymal stromal cells
[28, 39, 40].

Overall, osteogenic differentiation, compared to adipogenic and chondrogenic
differentiation, has been the most widely assessed in MDS-derived mesenchymal stromal
cells, yielding variable results ranging from no change to impaired differentiation capacity.
These data indicate that although alterations of osteogenic differentiation are present in
MDS, the level of impairment is heterogeneous and may be difficult to detect in small
cohorts, especially since patient heterogeneity is an acknowledged feature of MDS.

Despite conflicting data on morphology and differentiation capacity, the majority of reports
describe altered growth and survival patterns in MDS-mesenchymal stromal cells. This is
most prominently characterized by a decreased proliferative rate, increased population
doubling time, and impaired ability to reach confluence in culture compared to healthy
subject-derived counterparts [29, 35, 38, 40-44]. Impaired growth may be due to a greater
propensity for cellular senescence evidenced by increased p-galactosidase+ cells [28, 29, 44]
and reduced number of maximum passages [28, 38]. However, one study reported decreased
proliferative capacity in MDS-derived mesenchymal stromal cells in the absence of
premature senescence [41]. The investigators attributed defective proliferation to increased
non-canonical WNT signaling, implicated in inhibition of mesenchymal stem/progenitor cell
proliferation, based on supportive transcriptional data [41]. This was accompanied by
decreased gene expression of canonical WNT signaling pathway components and
downstream transcriptional targets, suggesting that aberrancies in WNT signaling may
explain the diminished proliferative capacity [30, 41]. Furthermore, increased cell death may
also contribute to growth impairment as MDS-derived stromal cultures have decreased live
cells [40] and increased TUNEL-positive apoptotic cells [34]. Consistent with a diminished
proliferative capacity, multiple groups report that MDS-derived mesenchymal stromal cells
have reduced clonogenic potential evidenced by the production of fewer fibroblastic colony-
forming units (CFU-F) in vitro [28-30, 40, 42]. While two studies found no differences in
the growth properties of MDS-derived mesenchymal stromal cells, they did identify other
functional alterations such as an impaired capacity to support HSPCs in vitro [32, 45].
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Evidence of functional deficits in proliferation and differentiation led to the question of
whether MDS-mesenchymal stromal cells are also defective in HSPC support. To assess
hematopoietic support in vitro, healthy donor-derived or umbilical cord blood CD34+
HSPCs are plated over a pre-established feeder layer of mesenchymal stromal cells which
provide essential molecular and cellular signals to sustain HSPCs. Following a period of co-
culture, HSPCs are assayed for their ability to generate hematopoietic colony-forming units
(CFU). The length of co-culture dictates the type of HSPC function that can be assessed. For
example, colonies formed after a shorter culture period (days versus weeks) are derived from
lineage-restricted progenitor cells. In contrast, colonies formed after several weeks of
culture, when mature progenitors have been exhausted, are derived from primitive HSPCs,
termed long-term culture-initiating cells (LTC-1C) [46]. Cobblestone area forming cells
(CAFC) can also be observed at this time point [47]. Many groups have used this in vitro
paradigm to investigate the ability of MDS-mesenchymal stromal cells to maintain growth of
normal HSPCs. Several studies have detected fewer LTC-ICs and CAFCs after long-term co-
culture of normal HPSCs with MDS-derived stroma [28, 29, 32, 38, 48], indicating a
diminished ability to sustain normal primitive HSPCs. Healthy CD34+ HSPCs co-cultured
with MDS-stroma also exhibited a decreased capacity to form a variety of myeloid and
erythroid CFUs [29, 41, 49]. These data indicate that MDS-derived mesenchymal stromal
cells have deficient capacity to support hematopoietic cells ranging from primitive HSPCs to
more mature lineage-restricted progenitors. Thus, defective microenvironmental support
may contribute to hematopoietic failure and multi-lineage peripheral blood cytopenias in
MDS. Of note, pre-treatment of MDS-derived stroma with lenalidomide decreased CAFCs
but increased formation of erythroid and myeloid colonies [29], suggesting that
microenvironment modulation may be an avenue to improve hematopoietic support in MDS.

Although data cumulatively demonstrate that MDS-derived mesenchymal stromal cells are
functionally impaired in proliferation, differentiation, and HSPC support, discrepancies exist
in the literature. Several factors contribute to this, including inconsistencies in the
methodology of mesenchymal stromal cell isolation and potential for biologic artifacts
arising during long-term ex vivo expansion. While studying primary patient samples
provides the important advantage of directly studying human disease, it is associated with
limitations that make data interpretation difficult. First, there is variability in mesenchymal
stromal cell identification and isolation due to the lack of a specific definition for such a
population despite attempts at standardization. In 2006 the International Society for Cellular
Therapy (ISCT) recommended three minimal criteria for defining human multipotent
mesenchymal stromal cells: 1) plastic adherence, 2) expression of universally accepted
mesenchymal cell surface antigens (CD105, CD73, and CD90) and lack of expression of
hematopoietic-specific surface antigens (CD45, CD34, CD14 or CD11b, CD79a or CD19,
and HLA-DR), and 3) capacity for osteogenic, adipogenic, and chondrogenic differentiation
in vitro [50]. This definition enriches for mesenchymal stem/progenitor cells, but the
population identified is still heterogeneous. While most studies define mesenchymal stromal
cells as the population of marrow-derived, plastic-adherent cells, there is inconsistency
regarding depletion of hematopoietic cells prior to culture and the assessment of cell surface
antigens before or after culture to assess cell purity. Secondly, mesenchymal stromal cells in
the marrow are scarce and require ex vivo expansion prior to analysis, a process which
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disrupts physiologic interactions with MDS hematopoietic cells and other cell populations in
the BMME. Mesenchymal stromal cells are one component of the complex BMME and
evaluating their function in isolation does not address changes that may be occurring in other
populations such as their osteolineage-derivatives and neighboring endothelial cells. Finally,
another key consideration is that MDS is known to be a genetically and clinically
heterogeneous disease. Consequently, such heterogeneity may extend into the degree of
niche involvement wherein discrepant findings of different investigators may reflect the
variability in the level of microenvironmental dysfunction in MDS. Such variability make it
more difficult to rigorously detect differences in the microenvironment when evaluating a
small cohort of patient samples and this may be further complicated by inconsistent
mesenchymal stromal cell identification.

A question that remains is whether the observed stromal changes are primary or secondary
defects in MDS. Although cytogenetic changes have been identified in patient-derived
mesenchymal stromal cells [33, 35, 39, 51-54] (discussed in the next section, “Bone marrow
microenvironment defects and MDS initiation”), their etiology and functional relevance are
still unclear. BMME dysfunction may increase the susceptibility of hematopoietic cells to
acquire and accumulate intrinsic defects that drive MDS. Alternatively, current evidence also
suggests that microenvironmental defects arise in response to hematopoietic derangements
in MDS. These two theories are not necessarily mutually exclusive and may contribute to a
feed-forward cycle of disease progression. An implication of the latter theory is that BMME
dysfunction may depend on continuous exposure to pathologic stimuli from malignant MDS
cells. This correlates with MDS patients who are able to regain normal hematopoietic
function following bone marrow transplantation, indicating that BMME dysfunction is
reversible upon normalization of the hematopoietic compartment. The potential
interdependency of MDS and BMME pathologies raises the possibility that findings from in
vitro studies in which MDS-derived mesenchymal stromal cells were cultured in isolation
may not sufficiently reflect functional alterations present in vivo. Despite the limitations of
in vitro studies, they have provided critical insight into the extent and consequences of
microenvironmental derangements in MDS, identifying the microenvironment as a potential
mediator of ineffective hematopoiesis and thus a therapeutic target.

Bone marrow microenvironment defects and MDS initiation

In addition to supporting the life-long production of blood and immune cells, the BMME
may also be important in preventing neoplastic disease in the hematopoietic system.
Landmark studies in murine models have revealed that defects in non-hematopoietic BMME
populations are sufficient to drive myeloid neoplasms, providing some of the most
compelling evidence for a BMME role in the pathophysiology of hematologic malignancies.
Raaijmakers et al. demonstrated that Cre recombinase-mediated deletion of Dicerl in
osterix-expressing osteoprogenitors cells (Osx-GFP-Cre* Dicer/fl) resulted in osteoblastic
dysfunction and development of MDS [55]. Mice exhibited multi-lineage cytopenias and
granulocytic and megakaryocytic dysplasia with a subset progressing to secondary leukemia,
features strongly correlating with human MDS [55]. Transplantation studies revealed that
hematopoietic cells from Osx-GFP-Cre* Dicerf/fl mice failed to propagate disease in wild-
type recipient mice while Osx-GFP-Cre* Dicer/fl mice transplanted with wild-type marrow
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developed MDS, further supporting niche-initiated disease as a central feature of MDS in
this model [55]. Although Raaijmakers et al. are the only investigators to report MDS
induced by extrinsic defects in the BMME, several other groups have shown that
microenvironmental alterations can initiate both acute myelogenous leukemia (AML) [56]
and myeloproliferative disorders [57-60].

While these murine studies show that primary microenvironment defects can induce MDS
and other myeloid malignancies, whether this occurs in human disease is not established. In
human MDS, the widely-accepted etiology of MDS pathogenesis is attributed to cell-
intrinsic genetic and epigenetic lesions of the hematopoietic compartment. However, the loss
of Dicerl in osteoprogenitors was associated with downregulation of the Shwachman-
Bodian-Diamond syndrome (Sbds) gene, whose deficiency in humans leads to a clinical
syndrome of skeletal defects and a high propensity to develop MDS and secondary leukemia
[55].

The SBDS protein is involved in ribosome biogenesis and its loss results in a ribosomapathy
[61-63] thought to explain the hematopoietic dysfunction long observed in patients with
SDS. While knocking down or deleting Sbd’s in mouse hematopoietic progenitors impairs
myeloid differentiation, decreased Sbds expression did not generate other pathologic
features of MDS [64, 65]. Consequently, it has been suggested that BMME dysfunction may
also contribute to the SDS hematopoietic phenotype as normal human CD34+ cells
demonstrated reduced myeloid potential following co-culture with marrow stroma from SDS
patients compared to normal stroma [66]. In contrast, CD34+ cells from SDS patients co-
cultured with normal stroma exhibited increased myeloid potential compared to co-culture
with SDS-derived stroma [66]. Therefore, in addition to cell-autonomous effects, Sbds
deficiency in the BMME may also play a role in the pathogenesis of MDS and secondary
leukemia in SDS. Indeed, decreased Dicerl and Shds expression has been identified in
mesenchymal stromal cells from MDS patients [28, 67]. Therefore, it is reasonable to
consider that certain MDS-inducing gene mutations identified in the mouse BMME may
have clinical correlation in a subset of MDS patients. Taken together, there is increasing
evidence that dysfunction of the microenvironment may initiate or cooperate with
hematopoietic defects to permit MDS development. Specifically, it may be reasonable to
postulate that the healthy BMME restrains the hematopoietic compartment to prevent the
selection and expansion of malignant clones.

In human MDS, the presence of genetic aberrations in BMME cells such as mesenchymal
stromal cells remains controversial. While some groups identified chromosomal
abnormalities in MDS-derived stromal cells [33, 35, 39, 51-54], others have not [32, 36].
Cytogenetic aberrations identified in mesenchymal stromal cells from MDS patients are
different from those of the hematopoietic counterparts, indicating that they are not derived
from the malignant MDS clone [31, 35, 40, 51, 52, 54]. However, one cannot exclude the
possibility of cytogenetic abnormalities arising in vitro as patient-derived mesenchymal
stromal cells were passaged multiple times prior to karyotypic analysis and most studies did
not compare the cytogenetic profiles before and after in vitro expansion. Indeed, longitudinal
cytogenetic analyses of MDS-derived mesenchymal stromal cells post-propagation identified
chromosomal aberrations at later passages that were not detected at earlier passages [54].
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Chromosomal alterations have also been observed in normal donor-derived stromal cultures
[40, 54, 68], indicating that genetic abnormalities can arise in long-term cultures of
mesenchymal stromal cells. Moreover, given that mesenchymal stromal cells may be
functionally impaired in aging and MDS, they may be more susceptible to accumulating
genetic defects in culture [28]. Currently, the presence, timeline, and pathologic significance
of mesenchymal cytogenetic aberrations remain unclear and their elucidation requires
further evaluation of highly purified patient samples. Of note, one study of combined MDS
and AML patients found that abnormal mesenchymal stromal cell karyotypes were
associated with decreased survival and that unfavorable hematopoietic cytogenetics
correlated with stromal aberrations, indicating that stromal genetic abnormalities may be of
prognostic value [51].

Microenvironmental support is required for propagation of human MDS in

xenotransplantation models

In vivo investigation of MDS is crucial to better understand the bi-directional interactions
between malignant MDS cells and their bone marrow microenvironment. Importantly, in
vivo models offer the advantage of more closely recapitulating the physiologic
microenvironment of human MDS and allow for longitudinal evaluation of hematopoietic
and BMME function. However, development of human MDS xenotransplantation models in
mice has proven to be challenging. Unlike certain subsets of human acute myelogenous
leukemia (AML) cells which engraft in immunodeficient mice [69, 70], human MDS cells
either fail to engraft or engraft at low, transient and inconsistent levels [71-76]. Benito et al.
found that engrafted human cells in NOD/SCID mice transplanted with patient-derived
MDS samples were derived from residual normal cells rather than the malignant MDS clone
[75]. Using NOD/SCID-B2m—/- mice as recipients, Thanopoulou et al. observed
engraftment for 9 of 11 human MDS samples in which 4 cases generated cells expressing
the same clonal cytogenetic markers as the original patient sample [77]. However, for 6 of
the 9 engrafting MDS samples (including 2/4 samples regenerating clonal MDS cells),
human cells were detected only transiently at 3 weeks post-transplant and progressively
declined in number by 19 weeks [77].

The inability of human MDS cells to engraft and reconstitute immunodeficient mice
suggests that they may require extrinsic support from the microenvironment to potentiate
disease. Indeed, MDS cell engraftment was enhanced by co-transplantation with
mesenchymal stromal cells [73, 76, 78-80]. By co-injecting patient-derived MDS cells with
a mixture of HS5 and HS27a cells (two human stromal cell lines), Kerbauy et al. observed
variable but improved human cell engraftment in NOD/SCID-p2m—/- mice compared to
Thanopoulou et al., which they attributed to direct intramedullary injections (versus
intravenous injections) and the co-administration of stromal cells [78]. In a follow-up report,
the same group found that stromal support from HS27a and not HS5 cells were responsible
for enhancing engraftment of CD34+ human MDS cells in NSG mice [79]. Furthermore,
CD146 (or MCAM, melanoma cell adhesion molecule) plays an important role in
facilitating clonal MDS cell propagation as it is highly expressed by HS27a cells compared
to HS5 cells [79]. Co-transplantation of human MDS cells with HS5 cells overexpressing
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CD146 increased engraftment to levels observed when the same sample was co-transplanted
with HS27a cells [79]. Notably, CD146 expression marks a population of human
perivascular mesenchymal stromal cells enriched for CFU-F activity and able generate
hematopoiesis-supporting bony ossicles when transplanted heterotropically in mice [81, 82].
Therefore, these data show that osteolineage-generating mesenchymal stromal cells play a
critical role in facilitating or promoting MDS propagation.

Muguruma et al. observed engraftment of CD34+ human MDS cells with co-injection of
human-derived mesenchymal stromal cells into the tibia of NOD/SCID-IL2Ry—/- mice
[80]. Engrafted human CD34+ cells were noted to be clustered along the endosteal surface
and surrounding irregular fibronectin networks in the central marrow, indicating infiltration
and disruption of the murine hematopoietic microenvironment [80]. There were fewer
mouse hematopoietic cells in the injected tibia compared to the non-injected contralateral
tibia, a phenomenon not noted when healthy human cells were injected, suggesting that
MDS cells suppress murine hematopoiesis [80]. The concurrent presence of
microenvironmental and hematopoietic derangements suggests that engrafted MDS cells
disrupt the endogenous stromal architecture to impair normal hematopoietic support and
contribute to murine hematopoietic inhibition.

Available data provide strong evidence that MDS cells require support from
microenvironment components to propagate disease in xenograft models. While co-
transplantation with normal mesenchymal stromal cells (either cell line-derived or primary
donor-derived) improved engraftment of MDS clones, Medyouf et al. found that MDS
patient-derived mesenchymal stromal cells confer superior support for MDS cells [76].
Engraftment of CD34+ MDS cells was significantly augmented when identical patient
samples were co-transplanted with MDS-derived mesenchymal stromal cells compared to
those derived from age-matched normal donors [76]. They further demonstrated that MDS-
derived mesenchymal stromal cells are molecularly distinct from their healthy counterparts,
exhibiting aberrant expression of genes associated with extracellular matrix remodeling,
cytokine signaling, and secreted factors—features which can be directly induced in normal
mesenchymal stromal cells by MDS cells [76]. The presence of an abnormal molecular
profile in MDS-derived mesenchymal stromal cells was further corroborated in a recent
transcriptional analysis of prospectively purified patient-derived cells, revealing upregulation
of inflammation-associated genes implicated in hematopoietic inhibition [83]. Thus, MDS
cell may initiate alterations in their microenvironment by “reprogramming” healthy
mesenchymal stromal cells to take on pathologic features that preferentially support MDS
cells, possibly at the expense of normal hematopoiesis.

Mesenchymal-osteolineage dysfunction in murine models of MDS

Elucidation of cytogenetic and genetic aberrations in patients with MDS has enabled the
development of murine models of MDS via knock-in or knock-out of implicated genes.
Genetic mouse models recapitulate hallmark features of human MDS—including multi-
lineage peripheral blood cytopenias, dysmyelopoiesis, and variable propensities for
transformation to acute leukemia [84]—and therefore represent useful in vivo models to
investigate the reciprocal interactions between MDS cells and their BMME. Moreover,
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recent studies of the hematopoietic niche in mice have identified specific populations of
mesenchymal stromal cells, osteoblastic lineage cells, and endothelial cells that are critical
for HSPC support [9-16]. Therefore, studying genetically engineered mice as preclinical
models of MDS provides the important advantage of assessing specific populations of
immunophenotypically-defined cells in the MDS BMME. In particular, the Levesque and
Passegue groups have characterized microenvironmental populations within the lineage—/
CD45-/CD31- non-hematopoietic and non-endothelial compartment, identifying
osteoblastic lineage cells (OBCs, CD51+/Scal-) and precursor multipotent stromal cells
(MSCs, CD51+/Scal+) which exhibit gene expression profiles and functional properties
consistent with osteolineage and mesenchymal progenitor cells, respectively [85, 86].

NUP98-HOXD13 (NHD13) transgenic mice are an established murine model of MDS
which recapitulate human disease due to Vav-driven, hematopoietic cell-specific expression
of the NHD13fusion gene, originally identified in a patient with MDS (Table 1) [87, 88].
NHD13 mice exhibit pathologic features of human MDS evidenced by multi-lineage blood
cytopenias, dyspoiesis of erythroid, megakaryocytic and granulocytic cells and progression
to acute leukemia [84, 88]. In studies of the NHD13 model, MSCs and OBCs were increased
in the BMME of 18-23 week old NHD13 mice [89]. However, NHD13 mice exhibited no
changes in skeletal structure nor osteoblastic bone formation and osteoclastic bone
resorption, indicating that the expanded populations do not generate functional bone-
forming cells [89]. Recently, Weidner et al. reported decreased trabecular bone volume in
younger NHD13 mice at 2 month of age when cytopenias are not yet prominent in this
model [90]. This suggests that mesenchymal-osteolineage dysfunction in NHD13 mice alters
skeletal structure in a time-dependent manner, resulting in early disruption of bone
microarchitecture that precedes overt multi-lineage cytopenias by approximately 4 months
of age [88]. Such osteoblastic disruption is consistent with work by Frisch et al.
demonstrating bone and osteoblastic cell loss in a murine model of myeloid leukemia in
which osteoblastic inhibition is already present even at early stages of disease when
leukemic burden is low [91]. Frisch et al. found that osteoblastic inhibition in murine
myeloid leukemia was associated with leukemic cell production of CCL3 (or MIP-1a), a
chemokine previously reported as a mediator of osteoblastic dysfunction in multiple
myeloma and chronic myelogenous leukemia (CML) [85, 92, 93]. Of note, CCL3 was also
increased in NHD13 mice and in a cohort of patients with MDS [89, 94], suggesting that
factors produced by MDS cells may drive mesenchymal-osteolineage abnormalities.

A link between bone alterations and MDS also exists in humans as osteoblast numbers and
serum osteocalcin are lower in patients with MDS compared to age-match healthy
individuals [95] and MDS is more prevalent in elderly individuals with osteoporosis
compared to those without osteoporosis [90]. Moreover, skeletal defects due to inactivating
SBDS mutations in Shwachman-Diamond syndrome (SDS) are associated MDS and AML
development early in life, while osteoprogenitor-specific knockout of Sbds in mice induced
myelodysplasia [55]. Therefore, abnormalities in the mesenchymal-osteolineage BMME
may contribute to structural bone defects to promote progression of the MDS phenotype.

In NHD13 mice, NHD13 transgene expression is driven by Vavregulatory elements to be
specific to hematopoietic cells and excluded from stromal populations [88, 89], further

Exp Hematol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Calvi

Page 11

supporting the presence of MDS-dependent BMME changes in this model. This is in line
with work by Medyouf et al. demonstrating MDS-induced “re-programming” of healthy
stromal cells to take on pathologic features of MDS-derived stromal cells [76]. Moreover,
Schepers et al. showed that neoplastic cells in a murine model CML induced MSCs to
overproduce OBCs with a pro-inflammatory and pro-fibrotic phenotype, effects mediated in
part by CCL3 [85]. OBCs in CML mice were also functionally defective in their ability to
support normal hematopoietic stem cells but not neoplastic cells [85]. Cumulatively, these
studies indicate that neoplastic cells in myeloid malignancies including MDS and CML
induce functional alterations in the mesenchymal-osteolineage cells, impairing normal
hematopoiesis while supporting disease progression.

Other murine models with well-characterized bone marrow microenvironment dysfunction
include Osx-GFP-Cre* Dicer/fl and Osx-GFP-Cre* Shds™/fl mice (Table 1) [55, 96]. As
described earlier (please refer to the section, “Bone marrow microenvironment defects and
MDS initiation”), selective Dicer deletion in Osx+ osteoprogenitors demonstrated for the
first time that primary BMME defects can be sufficient to drive MDS. MDS pathogenesis
was mediated by decreased Sbdsexpression in Dicer1-deficient osteoprogenitors as Osx-
GFP-Cre* Shds™/fl mice recapitulated skeletal defects and MDS features of Osx-GFP-Cre*
Dicer™f mice [55]. Subsequent studies found that production of the pro-inflammatory
molecules S100A8 and S100A9 by Sbds-deficient Osx+ cells drives genotoxic stress in
HSPCs, characterized by mitochondrial dysfunction, oxidative stress, and DNA damage
[96]. Therefore, a dysfunctional mesenchymal-osteolineage niche can be a source of pro-
inflammatory signals which promote MDS pathogenesis (please refer to the section
“Immune Dysregulation in MDS”). In human MDS, S100A8/9 overexpression by
mesenchymal-lineage cells in a subset of patients correlates with shorter time to leukemic
progression [96].

Therefore, murine MDS models represent powerful tools with which to identify BMME
defects that play a role in human MDS pathogenesis and progression. Of particular interest
will be to determine whether microenvironment abnormalities lead to development of MDS
clones and the mechanism of such processes. Currently, driver mutations in non-
hematopoietic BMME cells have not yet been established in human MDS; rather, MDS is
widely-accepted to arise from cell-autonomous genetic abnormalities. Given this, the
majority of existing murine models have been genetically engineered to express
hematopoietic defects identified in human disease due to cytogenetic aberrations (VHD13
translocation [88]; CD74-Nid67[97] and Nmp1 [98] loss in del5q) and mutations or
aberrant expression of epigenetic regulators (Asx/Z [99] and Dnmt3a [100]) and
transcription factors (Runx1 [101], Npm1 [98], and EviZ[102]). Examining the BMME in
such models may provide crucial insight into how MDS initiates BMME dysfunction to
promote disease progression. Of critical importance will be to identify: 1) the MDS-derived
signals mediating BMME dysfunction, 2) the subsequent BMME signals impairing
hematopoietic function and promoting disease progression, and 3) how such interactions
may be clinically modulated to improve hematopoietic function in patients with MDS.
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Vascular and endothelial alterations in MDS and other hematologic
malignancies

VEGF-mediated angiogenesis is well-established as a critical mediator of solid tumor
progression by promoting tumor growth, dissemination, and metastasis. More recently, a
role for angiogenesis in the pathophysiology of hematologic malignancies was brought into
light based on increased vascularity observed in bone marrow and lymph node biopsies from
patients with MDS [103-107], AML [105, 107-109], myeloproliferative disorders [110,
111], and a number of lymphoid neoplasms [103, 112-116]. In line with increased
vascularity, circulatory levels of VEGF and other pro-angiogenic factors including bFGF and
HGF are elevated both in patients with MDS and other myeloid and lymphoid malignancies
as well as in murine models of MDS [89, 103]. While the mechanism by which angiogenesis
contributes to progression of MDS and other hematologic malignancies are not completely
understood, increased vascularity across a broad range of hematologic malignancies
suggests that one function of neoangiogenesis may be to deliver oxygen and nutrients
required for expansion of malignant cells, similar to solid tumors. Consistent with this,
vascular alterations and levels of angiogenic factors have been found to correlate with
disease progression and prognosis [105, 117]. However, one group found that plasma level
of VEGF has more prognostic significance in AML compared to MDS [118]. While
increased microvessel density (MVD) has been described for both MDS and AML, studies
report both decreased and increased MVD in MDS relative to AML [104, 107]. One study of
de novo AML patients and paired specimens from MDS patients before and after
transformation to AML observed lower MVD upon progression to AML compared to de
novo AML [105]. Evaluation of different MDS subtypes revealed lower MVD in refractory
anemia (RA), RA with ring sideroblasts (RARS), and RA with excess blasts (RAEB)
compared to RAEB in transformation (RAEB-t) and chronic myelomonocytic leukemia
(CMML) [104]. Furthermore, another group reported that RA and RARS exhibited larger
caliber vessels compared to RAEB [107]. Therefore, distinct vascular features may be
present in different MDS subtypes and upon transformation to acute leukemia, suggesting
that alterations in angiogenesis may be involved in disease progression.

In solid tumors, neoplastic cells are a major source of VEGF wherein upregulation occurs
downstream of proto-oncogene activation, resulting in tumor-induced neoangiogenesis. In
hematologic malignancies, however, increased VEGF may originate from a number of
cellular sources given the complexity of the bone marrow and its microenvironment.
Evaluation of primary patient samples identified increased VEGF mRNA and protein in bulk
marrow, while immunohistochemical analyses revealed that VEGF is expressed by myeloid
precursors in MDS and myeloblasts in AML, identifying malignant cells as one source of
VEGF [117, 119-122]. One study observed strong VEGF expression in megakaryocytes of
MDS patients [104]. Transcriptional analyses have identified upregulation of VEGF mRNA
expression in human MDS-derived mesenchymal stromal cells [76, 83]. Overall, aberrant
VEGF production may originate from both hematopoietic and microenvironmental cells in
MDS. The co-expression of VEGFR1 and VEGFR2 with VEGF in MDS myeloid precursors
and AML myeloblasts indicates that VEGF participates both in paracrine signaling to
mediate changes in the vascular microenvironment and in autocrine signaling pathways that
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can directly stimulate malignant cells [119, 120, 122]. Indeed, in vitro assays demonstrated
that VEGF stimulation increased colony-forming unit-leukemia (CFU-L) generation by
primary patient-derived CMML and RAEB-t samples, while treatment with a VEGF
neutralizing antibody inhibited CFU-L formation [120].

As discussed above, a major function of VEGF paracrine signaling is to recruit and promote
proliferation of endothelial cells for new blood vessel formation [123, 124]. Thus, VEGF
upregulation in MDS and numerous other hematologic malignancies is associated with
increased vascularity, which may augment delivery of oxygen and nutrients for proliferating
malignant clones. Another consequence of increased vascularity is increased endothelial
cells observed in the marrow of a murine MDS model and in the circulation of patients with
MDS [89, 106, 125]. VEGF stimulation of human umbilical vein endothelial cells has been
reported to induce secretion of granulocyte-macrophage colony-stimulating factor (GM-
CSF) [122, 126]. This suggests that paracrine activities of VEGF may include both
expansion of endothelial cells and further stimulating them to generate growth factors for
malignant cells. As other cell populations in the bone marrow microenvironment such as
osteolineage cells also express VEGF receptors [127], it is possible that VEGF-mediated
activity of other cell types may also contribute malignant clone proliferation. Therefore, the
pro-survival and growth effects of VEGF may occur via both autocrine and paracrine
signaling pathways to promote the proliferation and self-renewal of malignant clones,
contributing to the progression of MDS and other hematologic malignancies.

Along with its trophic effects, VEGF is also known to induce vascular permeability which is
normally important in inflammatory responses following infection or tissue damage. Thus,
elevated VEGF in the MDS bone marrow microenvironment may lead to greater vascular
leakage in addition to increased vascularity. This may have functional consequences on
HSPC maintenance as subsets of marrow blood vessels possess distinct permeability
properties that differentially regulate hematopoiesis [128]. Greater permeability, attributed to
marrow sinusoids compared to arteriolar vessels, promotes HSPC activation, leading to
increased cell cycling, migration, and differentiation, but at the expense of HSPC survival
and function [128]. This effect is thought to be mediated by exposure to blood plasma
leading to increased reactive oxygen species (ROS) in HSPCs as both in vitro exposure of
HSPCs to blood plasma and in vivo modeling of impaired vascular integrity resulted in
increased apoptosis and myeloid skewing of hematopoietic output following transplantation
[128]. Since increased vascular permeability can impair HSPC maintenance and induce
MDS features of increased apoptosis and myeloid skewing in the non-malignant setting, it is
possible that VEGF-mediated vessel leakage may contribute to such features in MDS as
well.

Endothelial cell abnormalities may also contribute to alterations in the vascular
microenvironment. In a study of CD45-/CD146+/CD34+ circulating endothelial cells
isolated from MDS patients with del5q and trisomy 8, 39-84% of the endothelial cells
demonstrated the same chromosomal abnormalities as hematopoietic cells on FISH analysis
[106]. The finding that endothelial cells harbor the same genetic aberrations as the neoplastic
clone is not specific to MDS and has been noted in other hematologic malignancies [129-
131]. In B-cell lymphomas, immunohistochemical and FISH analyses revealed that 15-85%
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of vascular endothelial cells demonstrated the same cytogenetic lesions as lymphoma cells
[129]. In CML, patient-derived endothelial cells were found to express BCR-ABL gene
fusion, suggesting that the neoplastic clone and a portion of the endothelial population may
arise from a common hemangioblastic progenitor cell [130]. A subsequent study
demonstrated that CML patient-derived, BCR-ABL expressing progenitor cells generated
both malignant hematopoietic cells and phenotypic endothelial cells, both harboring BCR-
ABL [131]. Overall, these data suggest that endothelial cell and vascular expansion may be
in part mediated by the neoplastic clone. Since endothelial cells with and without neoplasia-
specific genetic aberrations co-exist in vascular structures [129], it is possible that abnormal
endothelial cells may recruit or coordinate neoangiogenesis by normal endothelial cells.
Furthermore, as endothelial cells are critical for normal HSPC support [17], abnormalities in
this population may contribute to features of MDS.

In the non-malignant setting, induction of arteriole formation via Notch signaling activation
led to increased perivascular stromal cells and mesenchymal stromal cells [132]. This
suggests that increased vascularity may be associated with or coordinate expansion of
perivascular niches which house populations of mesenchymal stromal cells that are
important for HSPC support. Therefore, in the setting of MDS, it is possible that increased
vasculature along with endothelial cell abnormalities may contribute to or provide a
permissible niche for the expansion of dysfunctional mesenchymal stromal cells. On the
other hand, as MDS-derived mesenchymal stromal cells demonstrate elevated VEGF protein
secretion compared to age-matched healthy counterparts [76], microenvironmental cells may
be another important mediator of endothelial and vascular increases in MDS. While
expansion of non-functional mesenchymal-osteolineage cells are associated with increased
endothelial cells and vascular structures in a mouse model of MDS [89], the molecular and
cellular interactions coordinating such alterations in MDS requires further investigation.

Immune dysregulation in MDS

Immune dysregulation has been proposed as a key component of MDS pathophysiology
[133]. The presence of aberrant inflammatory signaling in MDS is supported by numerous
studies describing altered levels of inflammatory cytokines and signaling factors in MDS
bone marrow [96, 134-138]. Moreover, upregulation of cell surface receptors for pro-
inflammatory molecules also contribute to perturbed immune responses. For example, the
IL-1 receptor accessory protein (ILLRAP) is overexpressed in HSPCs from patients with
AML and high-risk MDS and correlates with poor survival [139]. Overexpression of toll-
like receptors (TLR), key regulators of the innate immune response, and increased TLR-
mediated signaling in HSPCs of MDS patients have been implicated in development of
hematopoietic dysfunction [140, 141]. Therefore, a pro-inflammatory milieu in the MDS
microenvironment in conjunction with increased susceptibility of HSPCs to respond to
inflammatory stimuli likely both coordinate aberrant immune signaling that impair normal
hematopoiesis and promote expansion of malignant cells.

Recently, danger-associated molecular pattern (DAMP) proteins such as S100A8 and
S100A9 are emerging as central regulators of inflammation-mediated hematopoietic
dysfunction in MDS. S100A9 drives expansion of CD33+ myeloid-derived suppressor cells,
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reported to contribute to ineffective hematopoiesis via secretion of suppressive cytokines
such as TGF-B [142]. S100A9 overexpression in transgenic mice led to increased CD33+
myeloid-derived suppressor cells and induced an MDS-like phenotype characterized by
multi-lineage cytopenias and dysplasia [142]. In addition, elevated S100A9 in MDS was
identified as a critical regulator of inflammasome-mediated pyroptosis [134]. In contrast to
apoptosis, pyroptosis is a pro-inflammatory and caspase-1-dependent form of programmed
cell death that can be initiated under various pathologic conditions by DAMP-activation of
TLRs [143]. An early step in pyroptosis involves formation of cytosolic inflammasome
complexes containing NLRs (nucleotide-binding domain and leucine-rich repeat pattern
recognition receptor), leading to downstream activation of caspase-1 to trigger pyroptosis
[143]. Strikingly, human MDS HSPCs exhibit inflammasome activation and pyroptosis
despite differences in genetic aberrations [134]. SI00A9 is sufficient to induce pyroptosis in
normal hematopoietic cells, whereas S100A9 neutralization decreases pyroptosis and
rescues hematopoietic function of MDS hematopoietic cells, indicating that S100A9-
mediated pyroptosis may be a central feature of MDS contributing to hematopoietic failure
[134]. In addition to driving pyroptosis, caspase-1 activation was found to increase
production of IL-1B [134], previously reported to be produced by MDS HSPCs in
correlation with the level of marrow cell death observed in MDS patient specimens [144].

While overexpression by MDS cells has been described as one source of S1I00A9 in MDS
[134], microenvironmental cell-derived S100A9 was recently identified as a driver of HSPC
genotoxic stress in MDS [96]. Gene expression of SI00A9 and its heterodimer partner
S100A8 was upregulated in CD271+ mesenchymal stromal cells from patients with low-risk
MDS and Shwachman-Diamond syndrome (SDS), a disorder characterized by skeletal
abnormalities and increased propensity to develop MDS and AML [96]. In a mouse model
of SDS, generated via Osterix-Cre-mediated Sbds deletion in osteoprogenitor cells, Sbas-
deficient Osterix+ cells also overexpressed S100A9 and S100A8, leading to increased
marrow plasma levels of both proteins [96]. SLI00A8/9 heterodimer activation of their
canonical receptor, TLR4, on mouse HSPCs induced reactive oxygen species generation and
subsequent DNA damage [96]. Such DNA damage may contribute to the genomic instability
in MDS thought to underlie the accumulation of additional genetic defects and clonal
evolution to acute leukemia [145]. This reveals an additional mechanism of MDS
pathophysiology as S100A8/9 treatment of normal human CD34+ cord blood cells induced
DNA damage and apoptosis and impaired hematopoietic function [96]. Notably, SI00A8/9
overexpression in mesenchymal stromal cells correlates with shorter time to leukemic
transformation in patients with MDS [96].

Taken together, the DAMP proteins S100A9 and S100A8 are specific pro-inflammatory
molecules within the MDS bone marrow microenvironment that can drive key pathologic
features of MDS including impaired hematopoiesis, accumulation of genetic damage, and
progression to leukemia. Although MDS cells are a source of such pro-inflammatory
signals, emerging data now point to abnormal MDS microenvironmental cells another key
contributor to immune perturbations in MDS [83].
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Cytokines in the MDS microenvironment

Another component of the MDS microenvironment is dysregulation of homeostatic
signaling pathways. The balance between stimulatory and inhibitory cytokines in the BMME
plays a critical role in regulating hematopoiesis whereby alterations of the signaling milieu
may contribute to MDS-initiated BMME abnormalities and BMME-mediated disease
progression. Abnormal expression of numerous cytokines have been reported in MDS and
the effects of aberrant CCL3, S100A8/9, IL-1p, and TGF-p have been discussed in other
sections and are summarized in Table 2.

Briefly, the chemokine CCL3 has been reported as a mediator of osteoblastic dysfunction in
myeloid malignancies and multiple myeloma [85, 91-93]. In the NHD13 murine model of
MDS, mesenchymal-osteolineage dysfunction is associated with increased serum levels of
CCL3, suggesting that it may also disrupt the BMME in MDS [89]. CCL3 has also been
reported to be overexpression by patients with MDS [94], indicating that it may be a
beneficial clinical target in a subset of human MDS.

Upregulation of the pro-inflammatory DAMP protein S100A9 has recently been reported to
mediate numerous features of MDS including induction of capase-1-dependent pyroptotic
cell death and production of IL-1p [134]. Furthermore, activation of TLR4 by S100A9 and
its heterodimer partner, S100A8, induces genotoxic stress in HSPCs [96], identifying a
mechanism for the progressive genomic instability in MDS underlying clonal evolution to
acute leukemia. In addition, SI00A9 may contribute to hematopoietic failure by stimulating
CD33+ myeloid to produce suppressive cytokines such as TGF-p [142].

Studies of TGF- signaling in MDS illustrate how clinical targeting of aberrant signal
transduction pathways may be a beneficial therapeutic strategy in MDS. Over-activation of
the TGF-B signaling pathway has been identified as mediator of ineffective hematopoiesis in
MDS [146]. While TGF-p production may be upregulated downstream of other dysregulated
signaling pathways in MDS, such as S100A9-activation of CD33+ myeloid cells [142],
Zhou et al. found that decreased expression of the TGF-p receptor | (TBRI) kinase inhibitor
SMAD?7 leads to myelosuppression in MDS patient-derived HSPCs [146]. Notably,
administration of Galunisertib, a TBRI inhibitor, improved the hematopoietic function in
preclinical studies of human MDS marrow and a murine model of TGF-B-mediated marrow
failure, demonstrating that clinical targeting of aberrant signaling pathways may be a
beneficial therapeutic strategy in MDS [146]. Indeed, a phase 2 clinical trial demonstrated
hematologic improvement in 26% of MDS patients treated with Galunisertib [147].

Myeloid skewing

Aside from the hallmark pathologic features of blood cytopenias and myeloid dysplasia,
another aspect of hematopoietic dysfunction in MDS is myeloid skewing of hematopoietic
output described in murine MDS models and in human MDS xenograft models [76, 89].
Myeloid skewing is characterized by an increased proportion of myeloid cells relative to
lymphoid cells. In NHD13 mice, the proportion of CD11b+ myeloid cells is increased within
peripheral blood CD45+ leukocytes compared to WT littermates [89]. When WT marrow
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(CD45.1) was transplanted into NHD13 or WT recipient mice (CD45.2), hematopoietic
output by CD45.1+ WT cells exhibited increased myeloid production in NHD13 recipients
compared to WT recipients, suggesting that the abnormal MDS BMME can induce normal
hematopoietic cells to develop an MDS phenotype of myeloid skewing [89]. Osteolineage
dysfunction may be one component of the MDS BMME contributing to myeloid skewing.
Osteoblasts have been well-characterized to play an essential role in B lymphopoiesis. In
vitro, osteoblasts support all stages of B cell development, and in vivo, genetic osteoblastic
defects or ablation in mouse models reduce B cell precursors in the marrow and mature B
cells in the peripheral blood [24, 148]. Studies of human MDS have described B cell lineage
defects, evidenced by lower expression of B cell lineage-related genes in CD34+ HSPCs and
reduced B cell progenitors in unfractionated marrow from low-risk MDS patients [149].
Therefore, it may be reasonable to postulate that osteolineage abnormalities lead to B cell
lineage defects, resulting in a loss of lymphoid populations to contribute to myeloid bias in
MDS.

Regulation of progression to acute leukemia

Osteoblasts have been described to play a critical role in regulating leukemic progression in
murine models myeloid malignancies [95, 150, 151]. When NHD13 marrow was
transplanted into NHD13 mice or WT littermates, WT recipients had lower rate of death
and/or leukemic progression, suggesting that normalization of the mesenchymal-
osteolineage compartment can improve disease outcome [89]. Osteoblast ablation via
ganciclovir treatment of double transgenic Col2.3kb-Atk SCL-tTA/BCR-ABL mice
accelerated CML development and decreased survival compared to control mice with intact
osteoblasts [150]. Furthermore, myeloid leukemia cells exhibited increased proliferation
when transplanted into mice with Col2.3kb-Cre-mediated osteoblast depletion, leading to
higher leukemic burden and shorter survival—effects which were reversed via
pharmacological restoration of osteoblast numbers [95]. Taken together, these reports
suggest that osteoblastic cells restrain disease progression in MDS and other myeloid
malignancies. Therefore, the osteolineage hematopoietic niche represents a viable target of
clinical intervention to improve disease outcome. Indeed, osteoblast-specific activation of
parathyroid hormone (PTH) receptor-mediated signaling augments survival in mouse models
of CML and reduces engraftment of human CML cells in mouse xenotransplantation
models, possibly via TGF-B1-mediated suppression of CML proliferation [151]. Consistent
with this, TGF-B1 expression has been reported to be downregulated in CML-modified
OBCs [85]. However, activation of PTH receptor signaling in osteoblastic cells accelerated
MLL-AF9-mediated AML in mouse transplantation models [151]. Therefore, strong
evidence supports an osteoblastic role in regulating disease progression in myeloid
malignancies; however, further investigation is needed to elucidate their specific cellular and
molecular interactions with different types of myeloid neoplasms to promote or restrain
disease.

Concluding Remarks

Overall, MDS remains a poorly treated disease and the genetic heterogeneity of
hematopoietic abnormalities represents a significant hurdle to specific targeting of cell-
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autonomous mutations. In spite of genetic diversity in MDS, interaction between MDS and
the BMME appears to be a common disease feature and therefore represents an appealing
therapeutic target, especially given the well-established role of the microenvironment in
maintaining normal hematopoiesis. Therefore, clinical intervention via the
microenvironment may be a novel therapeutic strategy complementary to specific targeting
of malignant cells.

With improved understanding of the bone marrow microenvironment, we are beginning to
refine the role of the hematopoietic niche in MDS. Current data support the emerging
concept of interdependency between MDS and diverse cell populations in the BMME
including but not limited to mesenchymal stromal cells, osteoblastic lineage cells, and
endothelial cells. However, many technical and conceptual challenges must be resolved to
better understand the BMME contribution to MDS initiation and progression. Specifically,
we need to refine definitions and techniques to isolate purified stromal cell populations in
both the human and murine BMME. This will help elucidate the localization and functional
interactions of such populations with neoplastic cells and normal HSPC subsets in MDS and
other hematologic malignancies. Specific questions to address include how may the BMME
restrain neoplastic transformation under normal conditions? How then does BMME
dysfunction arise in MDS and what is the temporal relationship relative to intrinsic
hematopoietic abnormalities in MDS? Finally, what are the critical cellular or molecular
signals mediating interactions between different microenvironmental cell populations and
their interactions with malignant MDS cells? Addressing these questions will be critical to
developing therapeutic strategies for BMME modulation to improve hematopoietic function
and survival in individuals with MDS.
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Highlights
. Microenvironmental defects can initiate myeloid neoplasms including MDS
. MDS induce functional alterations in microenvironmental cells
. Niche abnormalities impair normal hematopoiesis and facilitate MDS
progression
. Aberrant inflammatory signaling contribute to pathologic features of MDS
. Vascular and endothelial abnormalities may contribute to MDS progression
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Figure 1. Role of the bone marrow microenvironment in MDS pathogenesis
A proposed model of bone marrow microenvironment (BMME) involvement in MDS

initiation and progression: 1) BMME defects may initiate or cooperate with intrinsic
hematopoietic defects to lead to the development of MDS clonal cells. As MDS cells
expand, they accumulate additional genetic defects that may lead to eventual progression to
acute leukemia. 2) During this process, MDS cells secrete cytokines which modify the
mesenchymal-osteolineage and vascular endothelial BMME. 3) The modified BMME along
with autocrine signaling of secreted cytokines both promote further disease progression.
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Table 2

Aberrant signaling molecules in the MDS microenvironment

Signaling Molecule

Involvement in MDS

CCL3 Mesenchymal-osteolineage dysfunction [85, 89, 91-93]

TGF-B Hematopoietic suppression [146]
Secreted by myeloid cells downstream of S100A9-CD33 signaling [142]

S100A9 and S100A8 | Production by mesenchymal stromal cells in human MDS correlates with leukemic progression [96]
Induces expansion of CD33+ myeloid-derived suppressor cells and induces secretion of suppressive cytokines TGF-b
and IL-10 [142]
Induces caspase-1-mediated pyroptotic cell death and IL-1p production [134]
Induces HSPC genotoxic stress [96]

IL-1B Increased cell death in MDS marrow [144]
Increased production downstream of S100A9-mediated caspase-1 activation [134]

VEGF Increases marrow vascularity [103-107] to potentially increase O, and nutrient delivery to malignant cells

Direct stimulation of malignant cell proliferation [120]

Overexpressed by myeloid precursors in MDS [120], megakaryocytes [104], and mesenchymal stromal cells [76, 83]
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