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The bone marrow is a complex tissue in which heterogeneous populations of stromal cells

interact with hematopoietic cells to dynamically respond to organismal needs in defense,

hemostasis, and oxygen delivery. Physiologic challenges modify stromal/hematopoietic

cell interactions to generate changes in blood cell production. When either stroma or

hematopoietic cells are impaired, the systemdistorts. Thedistortions associatedwithmyeloid

malignancy are reviewed here and may provide opportunities for therapeutic intervention.

Introduction

The bone marrow (BM) microenvironment plays a crucial role in supporting normal hematopoiesis
lifelong and is composed of multiple different cell types including endothelial, perivascular, mesenchymal
stromal, osteolineage, neuronal, and hematopoietic cells.1-4 Primary alterations in the BM microenvi-
ronment would be predicted to alter homeostatic balance and foster hematologic disease. Less
intuitive, but now experimentally supported, is the evidence that malignant cells can alter their local
microenvironment and create an “unhealthy” niche advantaging abnormal cells at the expense of normal
hematopoiesis. The underlying mechanisms, by which these pathologic exchanges occur are being
defined and emerging from them are therapeutic strategies for diseases of hematopoiesis.

Niche changes can initiate myeloid dysplasia and neoplasia

Clinical observations such as donor-derived leukemia in transplant recipients, altered marrow stromal
morphology in myelodysplasia, some myeloproliferative disorders, and HIV disease have raised the issue
that the BM microenvironment can contribute to hematologic disease. The first experimental evidence
came with retinoic acid receptor g-deficient (RARg2/2) mice inducing a myeloproliferative state when
transplanted with wild-type (WT) hematopoietic cells.5 Elevated levels of tumor necrosis factor-a
in RARg2/2 mice partially contributed to the observed phenotype. Similarly, conditional deletion of
mind bomb 1, an E3 ubiquitin ligase regulating endocytosis of Notch ligands, resulted in lethal
myeloproliferative neoplasm (MPN)-like disease in mice receiving WT BM.6 These studies indicate the
potential for dysregulated stroma to drive myeloid cell production to pathologic levels. In some cases,
concurrent genetic abnormalities were required in both the stroma and hematopoietic cells, such as for
the retinoblastoma gene.7 Despite the evident abnormal expansion of myeloid cells, it is unclear whether
this is due to malignant transformation or simply overexpansion of normal blood cells in response to
excessive levels of proliferative cytokines. Furthermore, the cellular identity of the environmental
source(s) responsible for the observed phenotypes was unknown.

Subsequent studies revealed that specific BM populations can initiate hematopoietic disease, including
malignancies. Conditional deletion of the RNA-processing endonuclease enzyme Dicer 1 in primitive
osterix (Osx)-expressing osteolineage cells resulted in an myelodysplastic syndrome (MDS)–like
disease, which in some cases developed into acute myeloid leukemia (AML) (Figure 1).8 MDS/AML was
induced by specific cells in the BM microenvironment, since deletion of Dicer1 in mature osteocalcin-
expressing osteolineage cells did not result in a hematopoietic phenotype. The abnormal niche cells
were both necessary and sufficient to induce the MDS-like state because transplantation of
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hematopoietic cells from Dicer1-deficient mice in WT environment
completely reverted observed cytopenia and cellular dysplasia.
Conversely, Dicer1-deficient mice transplanted with WT BM cells
developed leukopenia, anemia, and thrombocytopenia. Interest-
ingly, the AML that developed in some animals was transplantable,
but only if the host environment was Dicer1 deficient. The AML
cells had acquired multiple genetic mutations that did not include
Dicer1, so these cells did not just represent cells with ectopic
deletion of the targeted gene. Rather, the Dicer1 depleted niche
fostered outgrowth of mutated hematopoietic cells and some
degree of cooperativity between the abnormal microenvironment
and the abnormal hematopoietic cells persisted to maintain the
leukemia. These data support the interesting possibility that the
multihit hypothesis of cancer first proposed by Knudson9 does not
depend on the mutations all occurring in the same cell. The initiating
mutational event may be within the niche, leading to niche driven
oncogenesis.

Other studies have supported this concept in different models.
Osteoblasts expressing a constitutively active form of b-catenin
shift the differentiation program of hematopoietic stem and
progenitor cells (HSPCs) toward the myeloid lineage leading to
AML.10 Activated osteoblasts upregulated Notch ligand jagged 1
triggering upregulation of Notch pathway in HSPCs, whereas
Notch inhibition prevented leukemogenesis.10 It is important to

note that elevated b-catenin levels have been observed in one-
third of human AML patients. Interestingly, the effects of a specific
alteration in the BM microenvironment can significantly vary depend-
ing on the biology of the underlying disease. For example, constitutive
activation of parathyroid hormone receptor in osteoblasts accelerates
MLL-AF9-driven AML, but delays progression of BCR-ABL1 chronic
myeloid leukemia (CML)-like MPN.11

Osteolineage cells are not the only BM cell type implicated in
leukemogenesis. Loss of canonical Notch signaling in endothelial
cells leads to myeloproliferative-like disease, through constitutive
activation of mir-155 and NF-kB signaling (Figure 1).12 Increased
NF-kB signaling in BM endothelial and mesenchymal cells result in
increased levels of proinflammatory cytokines (mainly granulocyte
colony-stimulating factor and tumor necrosis factor-a), leading to
expansion of immature myeloid cells and lethal myeloproliferative-
like disease.12 In another study, activating mutations of the protein
tyrosine phosphatase nonreceptor type 11 (Ptpn11) in mesenchy-
mal stromal cells and osteoprogenitors, but not mature osteoblasts
or endothelial cells, has also been shown to induce an MPN-like
state (Figure 1). Mechanistically, elevated levels of the CCL3
chemokine triggered monocyte production of proinflammatory
cytokines that activated hematopoietic stem cells (HSCs),
with the hematopoietic phenotype being reversible with CCL3
antagonists.13
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Figure 1. Schematic overview of cellular and molecular alterations in the bone marrow microenvironment leading to hematopoietic malignancies. Mice with

conditional deletion of the RNA-processing endonuclease Dicer1 in osterix but not osteocalcin-expressing osteolineage cells developed MDS-like disease and AML. Similarly,

deletion of the Sbds gene from osterix-expressing (Osx1) cells augmented p53 levels followed by elevated secretion of S100A8 and A9 proinflammatory cytokines. S100A8/9

bind to toll-like receptor 4 and altered physiological properties of HSCs. Mice with constitutively active b-catenin protein in osteoblasts manifested expansion of myeloid cells

and development of AML. Activated osteoblasts upregulated Jagged1 expression on their cell surface which augments Notch signaling and shifts differentiation potential of

HSCs. Osteolineage and mesenchymal stroma cells with activating mutations of tyrosine phosphatase non-receptor type 11 (Ptpn11) resulted in elevated levels of the chemo-

kine CCL3, subsequent monocyte recruitment and secretion of proinflammatory cytokines that activated HSCs and caused MPN-like disease. MPN was also developed upon

deletion of the signal-induced proliferation-associated gene 1 (Sipa1) from mesenchymal stroma and endothelial cells. Endothelial cells with abrogated canonical Notch signal-

ing resulted in development of MPN-like disease. Activation of canonical Notch signaling results in proteolytic cleavage of the Notch intracellular domain and its translocation to

the nucleus to activate transcription of Notch target genes via binding to the transcription factor recombination signal binding protein for immunoglobulin k J region (RBPJ). In

the absence of Notch signals, RBPJ acts as transcriptional repressor. Deletion of RBPJ upregulated mir-155, which by targeting an inhibitor of NF-kb signaling (kB-Ras1)

resulted in NF-kB activation followed by elevated levels of inflammatory cytokines, including granulocyte colony-stimulating factor and tumor necrosis factor-a. This again

elevated numbers of immature myeloid cells. MSCs, mesenchymal stroma cells; OLCs, osteolineage cells; SDS, Shwachman-Diamond syndrome. This figure was created

using SMART Servier Medical Art Web site.
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Deletion of signal-induced proliferation-associated gene 1 (Sipa1)
expressed in mouse and human BM mesenchymal and endothelial
cells also results in MPN.14 Similar effects have been observed
when healthy donor cells are transplanted in Sipa12/2 recipients,
suggesting again that alterations in the BM microenviron-
ment are sufficient to drive disordered growth. Studying preleuke-
mic malignancies, such as the Shwachman-Diamond syndrome,
provided additional support for the role of BM in inducing
hematological disorders by generating a genotoxic environment.
Shwachman-Diamond syndrome is caused by mutations in the
Sbds gene and is characterized by high probability to develop
into MDS and AML. Sbds deletion from Osx1 BM mesenchy-
mal cells led to increased p53 levels and secretion of the
proinflammatory factors S100A8 and S100A9. Subsequently,
S100A8/9 caused DNA damage and mitochondrial dysfunction
in mouse and human HSPCs through binding to their canonical
receptor (toll-like receptor 4).15 Notably, Sbds deletion from
hematopoietic cells did not cause genotoxic/oxidative damage in
HSPCs nor development of MDS/AML. In humans, S100A8/91

patients exhibit a significantly shorter progression-free survival.
This suggests that activation of the p53-S100A8/9 axis in BM
mesenchymal cells has a predictive value in MDS progression.
Recent studies provided evidence that non-genetic changes can
also foster myeloid cell expansion. For example, premature or
physiological aging remodels the BM microenvironment,16-19

resulting in lymphoid deficiency and myeloid skewing of HSC
lineage output.20 Collectively, these data illustrate that genetic
and nongenetic alterations in BM components may be involved
in the initiation and progression of myeloid malignancies.3,21

Although the models used to demonstrate niche contributions to
myeloid malignancies are mostly artificial, the principle that they
illustrate is compelling: the niche–hematopoietic interface dictates
the health of the hematopoietic system. Changes in the niche
driving malignancy are likely to be extremely rare. Acquired niche
alterations facilitating mutant myeloid cell outgrowth are the more
likely scenario in human disease.

Malignant myeloid cell-mediated remodeling

of the BM niche

The homeostatic regulation of blood production is mediated
through reciprocal interactions between hematopoietic cells and
the BM microenvironment. Healthy blood cells have been reported
to feed back to niche cells.22 Malignant cells appear to have similar
potential, with several studies illustrating their ability to remodel
different BM components to favor disease progression at the
expense of normal hematopoiesis.

Alterations in osteolineage cells or osteo-primed MSCs have been
reported in several hematologic conditions. Using an inducible
mouse to model chronic phase of human CML, Schepers and
colleagues reported significant accumulation of endosteal osteo-
blasts and myelofibrotic tissue, without affecting MSC numbers.23

Through CCL3/THPO secretion and cell–cell mediated interac-
tions, BCR-ABL1 CML cells modulated MSC differentiation toward
functionally modified OLCs. Profiling of abnormal OLCs revealed
elevated levels of transforming growth factor-b and interleukin-1
(IL-1)/tumor necrosis factor-a inflammatory signaling, and down-
regulation of key hematopoietic factors (Scf, Cxcl12, Angpt1,
Tfgb1). Those events seem to be CML-phase dependent because

blast-crisis CML driven by simultaneous expression of BCR-ABL
and Nup98/HoxA9 fusion proteins was associated with reduced
bone-lining osteoblasts and bone mass.24 Interestingly, osteoclasts
were not the main drivers of this phenotype because inhibition of
osteoclast-mediated bone resorption only partially rescued bone
loss. Remodeling of the BM microenvironment was also evident in
MDS, with human MDS cells switching the molecular profile of
healthy MSCs toward signatures associated with MDS patient-
derived MSCs.25 This included induction of cytokines such as
leukemia inhibitory factor25 previously reported to be significantly
elevated in MDS patient samples.26

In the context of AML, infiltration of MLL-AF9 AML cells led to
significant decrease of endosteal mature osteoblasts and mineral-
ized trabecular bone.27 Through b2-adrenergic receptor signaling,
AML damaged tyrosine hydroxylase sympathetic nerve fibers
leading to marked increase of osteo-primed Nestin-GFP1 MSCs.
Conversely, the number of NG21 periarteriolar cells decreased
leading to impaired HSC function.27,28 Recent advances in single-
cell RNA sequencing shed light on the cellular and molecular
alterations following AML infiltration at tissue-wide scale. Baryawno
and colleagues identified 17 distinct BM populations at steady
state, including 3 endothelial (sinusoids, arteries, and arterioles),
2 osteolineage (OLC1 and OLC2), 5 fibroblastic, 1 mesenchy-
mal (LepR-MSC), and 5 chondrocytic clusters.29 AML caused
significant alterations in the cellular composition of the BM
microenvironment. A marked decrease of osteolineage committed
LepR-MSCs showed that AML cells compromised osteogenic
differentiation of MSCs. This is consistent with the reported de-
crease of bone formation and osteoblast numbers in AML patients.30

The adipogenic differentiation of LepR-MSCs may also be impaired
associated with downregulation of several adipocytic-related genes
(including Adipoq) and PPARg signaling components.29 This is in
line with previous studies linking AML with defective adipogenesis
and impaired myeloid/erythroid cell production. Using xenograft
models, 2 independent studies revealed that human AML samples
disrupt de novo adipogenesis and shift MSC differentiation toward
OLCs.31,32 BM adipocytes may serve as an important energy and
lipid source for AML cells by inducing triglyceride lipolysis. Blocking
fatty-acid transfer between adipocytes and AML cells was shown to
reduce AML cell survival and delayed disease lethality.33 Notably,
adipocytes have been implicated in chemoresistance by metabo-
lizing and sequestering chemotherapeutic agents, thus protecting
malignant cells.34,35

In addition to the impaired osteogenic and adipocytic differentiation
of MSCs and OLCs, AML reduces expression of key hematopoietic
cytokines (CXCL12, SCF) from endothelial cells.29 BM endothelial
cells are critical components of the HSC niche and have been
shown to undergo morphological and structural alterations during
hematologic disease, including AML27 and CML.36 BM biopsies
from AML patients revealed increased angiogenesis and micro-
vessel formation.37,38 Interestingly, AML cells seem to actively
induce angiogenesis through secretion of vascular endothelial
growth factor.39 The ability of AML cells to alter BM vasculature is
further supported by extensive vascular remodeling in patient-
derived xenografts40 and upregulation of nitric oxide synthase 3
(Nos3) and nitric oxide (NO). Elevated NO levels lead to increased
vascular leakiness associated with therapy resistance.35,41 Live
imaging of animals with AML has also revealed striking vascular

11 AUGUST 2020 x VOLUME 4, NUMBER 15 THE BONE MARROW NICHE IN MYELOID MALIGNANCIES 3797



effects.42 AML cells clustered near the endosteum and were
associated with gradual loss of endosteal endothelial and
osteoblastic cells, whereas central vessels were unaffected. The
disordered endosteal regions had compromised ability to support
normal hematopoiesis. The small molecule, deferoxamine, was
capable of rescuing the loss of normal HSC and improved animal
survival. These findings strongly argue for the endosteal vascula-
ture as a key participant in the pathology of myeloid leukemia (the
changes were not seen with acute lymphoid leukemia): so much
so that it may be a therapeutic target.

The presence of malignant myeloid cells also affects the immune
microenvironment of the bone marrow. In particular, myeloid-derived
suppressor cells (MDSCs) appear to be induced.43 These are
a population of CD331CD11b1HLA DRlow/neg cells with the
potential to induce T-cell tolerance,44 recruit T regulatory cells
(Tregs) and impair natural killer (NK) function through metabolic and
cytokine perturbations of the microenvironment.45,46 MDSCs
expand when exposed to AML cells in vitro through extracellular
vesicle transfer of MUC1.47 They thereby foster an environment
in which immune clearance can be impaired and, indeed, are found
in greater abundance in AML patients with high levels of residual
disease after chemotherapy.48 They thus represent a potential
microenvironment target.

The malignant BM microenvironment as

a therapeutic target

The reciprocal interaction between malignant cells and their local
BM microenvironment may contribute to myeloid disease initiation
and progression. Current treatments mostly focus on selective
elimination of malignant cells via cytotoxic chemotherapy. However,
targeting the complex interactions with the marrow microenviron-
ment represents a complementary therapeutic opportunity.

Targeting key BM populations and signals

Leukemia cell infiltration affects a number of BM niche populations
and in so doing is thought to advantage abnormal over normal
hematopoietic cells. It follows that targeting the niche should
alter the leukemia and that has been tested in several studies.
Krevvata and colleagues used a compound that boosts osteo-
blast numbers, by inhibiting tryptophan hydroxylase 1 required
for synthesis of the osteoblast-suppressing hormone, duodenal
serotonin (LP533401).30 Osteoblast preservation delayed en-
graftment of AML and lymphoblastic leukemia and prolonged
overall survival.30 In vivo administration of the PPARg agonist
GW1929 was also tested, with the hypothesis that it might
preserve adipocytes. GW1929 increased both the number and
size of BM adipocytes, whereas leukemic cells were decreased
and disease progression was delayed.31

The previously mentioned studies of Duarte and colleagues from
the Lo Celso laboratory documented alterations in both endos-
teal endothelial and osteoblastic cells with AML progression.42

They elegantly demonstrated the gradual degradation of stromal
elements as the disease progressed and that such changes were
accompanied by reduction of normal HSPC in the BM. Remarkably,
these abnormalities were rescued simply by using the iron chelator,
deferoxamine. This agent inhibits ferroptosis, but can also protect
endothelial cells by enhancing HIF-1a stability through inhibiting
prolyl-hydroxylase critical for its degradation. In vivo deferoxamine

treatment preserved HSC numbers in the BM of AML-infiltrated
mice and improved the ability of the niche to support HSC.42

This was evident even in the presence of AML, suggesting that it
can alter the competitive balance in favor of normal cells. This niche
targeted therapy may be particularly interesting in settings of
minimal residual disease, where competitive relationships may
impact the kinetics of relapse.

The same study used a genetic model to enhance endothelial
function and test its effect on chemotherapy for AML. In the
setting of inducible, endothelial-specific enhanced Notch sig-
naling, AML was more effectively killed and animal survival was
improved. Interestingly, that was achieved with a chemotherapy
drug commonly used in patients.42 Others have shown that mice
lacking expression of the NO synthase (Nos3) had delayed AML
engraftment and slower relapse kinetics following AraC chemo-
therapy.40 Further, co-administration of NOS inhibitors and
cytarabine was superior to chemotherapy alone in delaying
leukemia progression and preserving numbers and function of
HSCs, via reduced vascular permeability.40 Similarly, Cxcl12
deletion from mesenchymal cells targeted by Prx1-Cre decreased
quiescence of CML cells and increased their sensitivity to tyrosine
kinase inhibitor (TKI) treatments (nilotinib).36 In fact, TKI treatment
alone has been reported to enhance quiescence and therapy
resistance of CML cells, by upregulating mir-126 levels supplied
by neighboring endothelial cells.49 Supplementing TKI treatment
with mir-126 oligonucleotide inhibitor significantly improved mouse
survival and reduced CML leukemia-initiating cells (LICs).49

The function and lineage output of normal HSCs can also be
controlled by niche-derived noradrenergic signaling, with b2-
adrenergic receptor (AR) signals promoting and b3-AR inhibiting
myeloid cell production, respectively.20 Chronic administration of
b3-AR agonists restored lineage-output balance in physiologically
or prematurely aged mice.18,20 In addition, b3-AR agonist treatment
has been shown to protect components of the BM niche and
control mutant HSC expansion in murine MPN models.50 The
opposing effects of b2/b3-AR niche signaling can be further
exploited in the context of different hematologic malignancies;
however, further studies will be required. These results suggest
potential strategies for translation to patients.

Targeting adherence interactions between malignant

cells and the BM microenvironment

Selective targeting of cross-talk factors involved in the interaction
between malignant cells and their surrounding microenvironment
offers another alternative. Infiltrating and chemoresistant AML and
CML cells show high expression of several cell-surface receptors
that facilitate physical interactions with heterologous niche
cells.35,51,52 These include CXCR4, CD44, and very late antigen 4
(VLA4), known mediators of lodgment and engraftment in the BM
niche.53,54 The CXCL12/CXCR4 axis is disrupted by Plerixafor
(AMD3100) and BL-8040, and can lead to dislodgement of
leukemic cells and render them more vulnerable to cytotoxic or
pro-apoptotic chemotherapy in mice.55-57 A phase 1/2 clinical trial
testing plerixafor and combination chemotherapy (mitoxantrone,
etoposide, and cytarabine) reported encouraging remission rates.58

Adhesion of AML cells to BM vasculature has been associated
with quiescence59 and chemotherapy evasion, thus a number of
antagonists targeting this interaction have been developed.60
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Early clinical assessment of a phase 1/2 clinical study combining
E-selectin inhibitor (GMI-1271) with induction chemotherapy also
reported encouraging response rates in relapsed or refractory
AML patients.61 AML adhesion to endothelial and Cxcl12-
expresssing cells is also mediated through the interaction of the
integrin very late antigen-4 (VLA4) with vascular cell adhesion
molecule 1 (VCAM1). VLA4 activation has been associated with
patient survival in AML60,62 and VLA4/VCAM1 interaction
activates phosphatidylinositol 3-kinase/Akt and NF-kB signaling
affecting chemoresistance.63,64 VLA4 also mediates AML cell
adhesion to fibronectin (FN)-expressing cells and extracellular
matrix fibers. Given that the VLA4/FN axis promotes survival of
AML cells following chemotherapy via phosphatidylinositol 3-
kinase/Akt signaling, developing efficient methods to block this
interaction might have beneficial effects.

Targeting immune responses

The potential of immune cells to treat hematologic malignancies
was experimentally demonstrated in 1956. In a seminal study,
Barnes and Loutit reported the elimination of leukemia cells in
murine recipients receiving allogeneic BM transplantation after
irradiation.65 That provided the basis for the concept of a graft-
versus-leukemia effect, which has been exploited in clinical practice
since the mid-1970s.66 It was validated when T-cell-depleted BM
grafts resulted in inefficient leukemia clearance and higher relapse
rates67,68 and made myeloid leukemias among the first cancers
treated by immunotherapy. In homeostasis, immune cells are
important components of the HSC niche. Tregs provide an immune
privileged environment that may protect HSCs from autoimmunity
and excessive inflammation.69,70 They may also contribute to the
limited effect of immune modulators in treating myeloid malig-
nancies. Despite the known immune responsiveness of AML, it
has been difficult to gain traction against the disease with
immune therapies. There are a number of factors contributing to
that,71 including the suppressive Tregs and MDSCs, a population
that impairs T-effector cells through metabolic and cytokine
modifications.45,46 Leukemia cell heterogeneity is 1 of those
factors. Lack of NKG2DL expression in LICs enabled them to
evade NK-mediated immune clearance, whereas NKG2DL1 bulk
AML cells were targeted.72 Interestingly, selective pharmacolog-
ical NKG2DL induction in LICs could be achieved and resulted
in suppressed leukemogenesis.72

Immunologic response is dampened through checkpoint proteins
like programmed cell death protein-1 (PD-1) and cytotoxic
T-lymphocyte antigen-4. Malignant myeloid cells express and
upmodulate them in the context of leukemia progression and
response to treatment.35,73,74 This enables myeloid leukemic cells
to elude cytotoxic T cell–mediated cell death.75-78 Administration of
checkpoint inhibitors have reduced AML burden and delayed
disease progression in murine models.79 Unfortunately, a number of
clinical trials using single76,77 or multiple immune checkpoint
inhibitors alone78,80 or in combination with chemotherapy and
hypomethylating agents74,81 have had disappointing results to date.
Checkpoint inhibitors in patients who had relapsed after hemato-
poietic transplantation were tested, with evidence of some long-
term remissions, but also increased graft-versus-host disease
immune-related adverse events.82

As an alternative to checkpoint inhibitors, vaccines have also been
explored in AML. These include patient-derived AML cells fused

with autologous dendritic cells (DCs). Among patients achieving
relapse after chemotherapy, serial vaccination with the fused
DCs resulted in a sustained increase in numbers and reactivity
of AML-specific cytotoxic CD81 T cells.83 Twelve of the 17
patients remain in remission at a median of 57 months, though
a comparative trial will be needed to define the true benefit of the
approach. Other vaccine strategies are early in development,
including a biomaterial-based approach with a hydrogel containing
factors that recruit and induce DC proliferation.84 This sub-
cutaneously injected material could be loaded with an antigen
or simply been present during chemotherapy-induced AML cell
death (and presumed antigen loading of DCs) to achieve
a robust cytotoxic T-cell response, which was AML sterilizing.
The acquired immunity could be transferred to recipient mice by
BM transplantation.84

Bispecific antibodies that bind targets on AML cells and T cells are
another encouraging approach. Bispecific T-cell engagers have
fragments that recognize the CD3 receptor expressed in most
T cells and an epitope expressed by malignant cells. NK cells can
also be recruited through fragments against CD16 (bispecific killer
cell engagers). This method works well in B-acute lymphoblastic
leukemia (blinatumomab, a CD3/CD19 bispecific T-cell engager)
and is US Food and Drug Administration approved in that setting.85

Targeting AML cells with bispecific antibodies against CD123
(IL-3r), CD33, and WT1 are ongoing.86 These antigens are not
limited to malignant cells and some substantial toxicities have
been seen. However, the use of targeting antibodies with either
bispecificity or as antibody–drug conjugates is still early in
development in AML and are ultimately anticipated to yield useful
new drugs. A related approach is the use of antibodies blocking
the “don’t eat me” CD47 and signal regulatory protein a, either
alone or fused to a targeting antibody such as anti-CD123.87-89

These have been shown to enhance antibody-dependent cell-
mediated cytotoxicity and, for the anti-CD47 antibody, achieved
impressive clinical remission rates. Some bispecific antibodies,
such as those targeting CD33 and CD3 have the potential to
also reduce MDSC and may enhance their effect by virtue of
it.90 Multiple other efforts to impair MDSCs are underway in solid
tumors, but have not been sufficiently encouraging to test in
myeloid malignancies.91

An alternative method involves engineered immune cells with
improved tumor recognition and cytotoxic activity. Induced plurip-
otent stem-cell derived NKs cells (iNKs) have been genetically
modified to express a high-affinity, noncleavable CD16 receptor for
enhanced cytotoxic activity against tumor cells. Malignant cell
recognition is achieved either through monoclonal antibody
tumor labeling recognized by hnCD16 (FT516)92 or expression
of chimeric antigen receptor by iNKs (FT596).93 To circumvent
limitations associated with NKs’ short lifespan and inability to
expand post infusion in vivo, iNKs also expressed a fusion of IL-
15 and IL-15 receptor a (IL-15R) obviating the need for
continuous IL15 treatment.93 After promising results in lympho-
blastic leukemia and lymphoma, this approach is currently in
phase 1 clinical trial.

The field of modulating the immune milieu of the BM microenviron-
ment is clearly burgeoning with multiple distinctive approaches
rapidly moving through clinical testing. If the results in other immune
responsive cancers is any guide, the future for this approach
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positively affecting the lives of patients with myeloid malignancies
is high.

Future directions

Despite extensive efforts over past decades, treatment of
(refractory) myeloid malignancies remains a massive challenge.
Most of those applied approaches remain focused on targeting
the malignant cell itself and combinatorial chemotherapy has
been the mainstay of treatment. However, it is likely that we will
soon see the added dimension of microenvironment-directed
agents in the combined agent approach. The immune re-
sponsiveness of myeloid malignancies has long been known
and guided allotransplantation. Newer, more precise ways of
enhancing immune targeting are rapidly moving to the clinic.
These will almost certainly give us new biologic or cell therapies
that take advantage of the immune microenvironment, in which
the malignant cells reside. Whether therapies leveraging what
we are learning about stromal-malignant cell interactions in
the bone marrow will follow is at this point still unknown.
However, advances in single-cell transcriptomic,29,94,95 proteo-
mic profiling,96,97 BM imaging,42,98-100 and spatial transcrip-
tomics101 are providing an unprecedented understanding of
tissue biology, and the BM is a leading focus of that effort. If
the systems biology of tissues does lead us to new therapeutics,
it is likely to be pioneered through myeloid malignancies.
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