
Myelodysplastic syndromes (MDS) encompass a group 
of clonal haematological disorders characterized by 
ineffective haematopoiesis that lead to various cyto
penias and the presence of blood cells with an abnormal 
(dysplastic) morphology1. Cytogenetic abnormalities 
can be detected using metaphase karyotyping in about 
50% of patients with MDS, whereas recurrent somatic 
mutations, across more than 40 different genes, are 
detectable in >90% of patients1,2. Overall, about a 
quarter of patients with MDS eventually develop acute 
myeloid leukaemia (AML) — 10% of those with the 
lowestrisk forms of MDS and >50% for those with  
the highestrisk forms, with risk defined by number 
and degree of cytopenias, karyotype, and proportion of 
bonemarrow blasts at diagnosis3.

A clonal haematopoiesis phenotype associated with 
somatic mutations — but not with the criteria defin
ing haematological malignancy — has, in turn, been 
recognized as an antecedent of MDS or overt haema
tological cancer and is termed ‘clonal haematopoiesis 
of indeterminate potential’ (CHIP)4. When CHIP is 
defined by a variant allele frequency of the associated 
somatic mutation of ≥2%, patients with CHIP develop 
a haematological malignancy, most commonly MDS 
or AML (annual incidence: approximately 0.5–1% of 
patients)5. Early stage, lowrisk MDS is characterized 
by excessive intramedullary apoptosis of haemato
poietic cells and accompanying biochemical changes, 

resulting in bonemarrow failure6. Over time, addi
tional somatic genetic events are commonly detected 
as MDS progresses to a higherrisk stage, in which 
immature blast cells begin to accumulate in the bone 
marrow and the rate of intramedullary apoptosis 
decreases7. Further clonal expansion of haemato
poietic cells and acquisition of additional defects that 
impair differentiation results in AML, which is cur
rently defined — somewhat arbitrarily — by a myelo
blast frequency of ≥20% in the bone marrow or blood, 
or by one of a small number of karyotypes that define 
AML regardless of blast proportion, such as t(8;21), 
inv(16), or t(15;17)8.

Whereas less than onethird of AML cases are 
preceded by a diagnosed MDS stage9–11, overt sympto
matic multiple myeloma (MM) almost always results 
from progression of MGUS (which is not always clin
ically diagnosed), often via an intermediate stage of 
smouldering MM (SMM)12,13. This sequential progres
sion supports the idea that clonal evolution of cancer 
cells occurs between the original stages of neoplasia and 
the time of symptomatic disease14–16; however, many  
of the chromosomal alterations and singlenucleotide 
variants present in MM tumour specimens are also 
detectable at lower frequencies in MGUS and SMM 
samples17. Thus, progression to MM is probably attribut
able to the expansion of subclones that arise in the early 
stages of MGUS or SMM17.
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Abstract | Several haematological malignancies, including multiple myeloma (MM) and acute 
myeloid leukaemia (AML), have well-defined precursor states that precede the development of 
overt cancer. MM is almost always preceded by monoclonal gammopathy of undetermined 
significance (MGUS), and at least a quarter of all patients with myelodysplastic syndromes (MDS) 
have disease that evolves into AML. In turn, MDS are frequently anteceded by clonal 
haematopoiesis of indeterminate potential (CHIP). The acquisition of additional genetic and 
epigenetic alterations over time clearly influences the increasingly unstable and aggressive 
behaviour of neoplastic haematopoietic clones; however, perturbations in the bone-marrow 
microenvironment are increasingly recognized to have key roles in initiating and supporting 
oncogenesis. In this Review, we focus on the concept that the haematopoietic neoplasia–
microenvironment relationship is an intimate rapport between two partners, provide an overview 
of the evidence supporting a role for the bone-marrow niche in promoting neoplasia, and discuss 
the potential for niche-specific therapeutic targets.
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For many years, the bonemarrow microenvironment 
was considered — if it was considered at all — to be little 
more than an inert scaffold, providing structure for the 
much more interesting haematopoietic stem and pro
genitor cell (HSPC) activity contained within. In the past 
decade, however, the bonemarrow microenvironment 
has been recognized to be a vibrant and complex living 
tissue that, in addition to important homeostatic roles in 
haematopoiesis, can aid and abet neoplastic disease pro
cesses18–21. Moreover, evidence indicates that neo plastic 
clones can transform the local bone marrow micro
environment to favour their own growth at the expense of 
nonmalignant haematopoietic cells18–21. Hence, an intri
cate and dynamic relationship between haematopoietic 
stem cell ‘seeds’ and the niche ‘soil’ helps to determine 
whether the end product of haematopoiesis will be a 
healthy, physiologically useful crop of mature blood cells 
or instead an overgrowth of developmentally stunted, 
immature, dysfunctional dysplastic blasts — akin to  
haematological ‘weeds’ (REF. 22).

The risk of progression from MGUS or SMM to MM, 
and CHIP to MDS to AML, is heterogeneous despite the 
fact that the precursor states of both MM and AML are 
associated with mutations conferring a clonal advantage. 
Therefore, the probability of transformation might be 
dependent on the surrounding micro environmental 
cells that are either permissive of or inhibit further clonal 
expansion23–33. In the context of MGUS, one of the most 
recent studies that provides proof of principle that the 
tumour microenvironment regulates disease progression 
involved the development of a genetically humanized 
mouse model that permitted the progressive growth 
of bonemarrow mononuclear cells from patients with 
MGUS and asymptomatic myeloma in vivo, contrary to 
findings in control mice34. This observation suggested 
that the clinical stability of these lesions might be reflect, 
in part, the effects of growth controls extrinsic to tumour 
cells34. Similarly, investigators have made many pro
vocative observations, primarily using animal models, 
concerning the abnormal behaviour of the cellular com
ponents of the bonemarrow niche and disordered sig
nalling pathways in MDS and AML35,36. Herein, we use 

the examples of MM and AML, two clonal diseases with 
welldefined precursor stages, to discuss the known and 
diverse roles of the bonemarrow micro environment in 
supporting the progression of haematological malignan
cies. This comparative approach could aid in the dis
covery of potential nichebased targets for therapeutic 
intervention.

Normal composition of the marrow niche
The bonemarrow niche is composed of many cellular 
and noncellular components (that is, the extracellular 
matrix and soluble factors) that collectively participate in 
haematopoiesis37–39. The cellular compartment includes 
endothelial cells, osteolineage cells, osteoclasts, osteo
cytes, adipocytes, sympathetic neurons, non myelinating 
Schwann cells, mesenchymal stem cells (MSCs; also 
known as mesenchymal stem and progenitor cells 
(MSPCs)), CXC motif chemokine 12 (CXCL12)
abundant reticular cells, macrophages, and mega
karyocytes39. Osteolineage cells passage through distinct 
developmental stages, including primitive MSPCs, 
osteoprogenitors, boneforming osteoblasts, periosteal 
cells (bonelining cells that are situated adjacent to  
osteoids comprising new, unmineralized bone tissue), 
and terminally differentiated osteocytes located within 
the lacunae of fully formed, calcified bone. Collectively, 
these diverse cell types orchestrate the localization, pro
liferation, and differentiation of nonmalignant HSPCs 
(FIG. 1).

Investigators have engaged in a lively debate about the 
possible distinct roles of different bonemarrow niches, 
such as the osteoblastic–endosteal versus vascular niches, 
in various aspects of homeostatic haemato poiesis37–39. 
Indeed, the selfrenewal and differentiation of HSPCs 
are regulated by the distinct micro environmental factors 
and conditions within the osteoblastic–endosteal and the 
vascular niche, respectively. The vascular niche refers to 
regions within the bone marrow that contain the largest 
numbers of blood vessels (predominantly consisting of 
endothelial cells and pericytes), which creates a unique 
microenvironment that directly influences the behav
iour of HSPCs37–39. Specifically, the vascular niche is the 
site of HSPC mobilization, proliferation, and differen
tiation. Thus, this niche is the origin of particular blood 
cell lineages generated by the expansion of a specific set 
of CD48–/CD150+ HSPCs37–39. By contrast, the osteoblas
tic–endosteal niche, localized at the inner surface of the 
bone cavity, is the preferential site of HSPC homing for 
longterm retention in a quiescent state, with cells also 
undergoing selfrenewal37–39. Together, these two niches 
act to maintain haemato poietic homeo stasis. A descrip
tion of the roles of each type of micro environmental 
component within these niches in the regulation of 
haematopoiesis is beyond the scope of this Review, 
and several publications have described the current  
understanding of this process in more detail37–39.

Influence of the tumour microenvironment
The results of several studies have shown that stro
mal cells, including fibroblasts, are critical for the 
establishment of a premetastatic niche that supports 

Key points

• Multiple myeloma is almost always preceded by monoclonal gammopathy of 
undetermined significance, and at least one-quarter of all patients with 
myelodysplastic syndromes (MDS) have disease that evolves into acute myeloid 
leukaemia; in turn, MDS are frequently anteceded by clonal haematopoiesis of 
indeterminate potential

• The bone-marrow microenvironment has been recognized to be a vibrant and 
complex living tissue that can aid and abet neoplastic disease processes

• Neoplastic clones can transform the local bone-marrow microenvironment to favour 
their own growth at the expense of nonmalignant haematopoietic cells

• An intricate and dynamic relationship between stem cell ‘seeds’ and the niche ‘soil’ 
helps to determine whether healthy haematopoiesis or an overgrowth of 
haematological malignancies occurs within the bone marrow

• Targeting microenvironment-specific alterations might not only prevent disease 
progression from precursor states but also enhance the effectiveness of available 
therapies for the overt malignancies once progression has occurred
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the growth and dissemination of clonal neoplastic 
cells40 (FIG. 2; TABLE 1). These microenvironmental 
cells are also essential for initiation of tumorigenesis 
and the selection of the dominant clones that lead to 
meta stasis41,42. Indeed, changes in the tissue micro
environment can precede the initiation of genetic 
events associated with neoplasia by creating a ‘pro
malignant’ state characterized by disruption of factors 
regulating quiescence or increases in proliferative 
signalling43,44. This hypothesis has been validated in 
several mouse models, including those with inter
ruption of TGFβ signalling in tissue fibroblasts43 or  
deletion of the tumoursuppressor gene Rb1 in stro
mal cells of the haematopoietic system44, leading to 
epithelial malignancy and the expansion of myeloid 
progenitor cells, respectively. Additional examples 
of microenvironmental contributions to neoplasia 
include a role for mast cells in the development of 
Nf1mutant neurofibromas and mesenchymalcell 
dependent alterations of epithelial tumour growth 
kinetics45. In one striking in vivo model of haemato
logical malignancy, deletion of Dicer1 (encoding an 
endoribonuclease with a central role in shortRNA 
mediated posttranscriptional silencing of gene 
expression) in mouse osteoprogenitor cells reduced the 
integrity of haematopoiesis, leading to myelo dysplasia, 
which subsequently evolved into AML despite the fact 
that Dicer1 remained intact in the neoplastic haemato
poietic cell clones46. In another compelling mouse 
model, constitutive activation of βcatenin specifi
cally in osteoblasts resulted in forkhead box protein 
O1 (FOXO1)dependent expression of the Notch 
ligand jagged 1, in turn leading to increased Notch 1 
signalling in HSPCs, altered myeloid and lymphoid 
pro genitor differentiation, and the development of 

MDS and AML with clonal somatic mutations, includ
ing loss of chromosome 5 (the mouse orthologue of 
human chromosome 7 that is frequently lost in clonal 
cells from patients with MDS or AML)47,48.

The roles of bone-marrow stromal cells
Mesenchymal stem and progenitor cells. In the context 
of MM, multipotent MSCs or MSPCs present in the 
bonemarrow niche have been recognized for many 
years as critical regulators of the adhesion, migration, 
survival, and proliferation of myeloma cells through 
direct cell–cell interactions or via secretion of growth or 
antiapoptotic factors, such as IL6, IGF1, and CXCL12 
(REFS 49–52) (FIG. 2; TABLE 1). Moreover, some results 
indicate that MMMSPCs are inherently abnormal and 
remain dysfunctional after being removed from the 
influence of myeloma cells53. For example, many patients 
with MM have bone lesions or pathological fractures 
that never heal because of osteoblast malfunction and 
disrupted osteogenesis, even after successful eradication 
of the neoplastic cells, suggesting that MMMSPCs have 
permanent defects16.

In addition, MSPCs from patients with MM have 
been shown to secrete exosomes that can be taken up 
by MM cells23. In a mouse model, these MMderived 
stromalcell exosomes increased tumour growth and 
progression, compared with that seen in the absence of 
any purified exosomes, through the transfer of micro
RNAs (mi RNAs) and specific proteins present in the 
exosomes23. By contrast, exosomes derived from non
malignant stromal cells from individuals without MM 
inhibited tumour growth by being nonpermissive for 
clonal proliferation23. Accordingly, exosomes released by 
MMMSPCs had lower levels of the tumoursuppressor 
mi RNAs miR15a and miR161 than those derived from 
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Nature Reviews | Clinical OncologyFigure 1 | Stem cell niches in normal bone marrow. The self-renewal and quiescence of the haematopoietic stem and 
progenitor cells (HSPCs) is maintained by the bone-marrow microenvironment, which is composed of multiple different 
niches. The vascular niche fosters the maintenance of HSPCs through self-renewal and their expansion to form the various 
haematopoietic cell lineages, the reticular niche regulates the production of stem cell factors, and the endosteal niche 
regulates the size of the HSPC pool by promoting the quiescence and long-term storage of HSPCs in the bone. 
Dysfunction within these microenvironmental niches can contribute to abnormal haematopoiesis and neoplasia.  
CXCL12, CXC-chemokine ligand 12.
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Immune cells, immune suppression, and immune evasion 
• Treg cells, a subset of CD4+ T cells characterized by the expression of FOXP3, are 

expanded in MM and suppress effector T cell function via secretion of cytokines, 
such as IL-10 and TGFβ  

• NK/NKT cells have impaired function in the tumour microenvironment, possibly 
owing to expression of the inhibitory immune-checkpoint protein PD-1 on their 
surface and the PD-L1 by other cell types, including tumour cells

• TAMs are predominantly M2-differentiated and, therefore, have impaired tumoricid-
al activity, suppress cell killing by cytotoxic T cells, and have proangiogeneic and 
proinvasive functions as the main source of IL-1β, IL-10, and TNFα  

• MDSCs, characterized into two populations, G-MDSC and Mo-MDSC, are expanded 
in MM and suppress T cell proliferation through expression of immunosuppressive 
factors, such as arginase, reactive oxygen species and nitric oxide; they also induce 
the development of Treg cells

• DCs can be classified into two main subsets, mDCs and pDCs; pDCs confer growth, 
survival, chemotaxis, and drug resistance to MM cells

• Neutrophils can be mitogenic, proangiogenic, and proinvasive but have not been 
well studied in MM or MDS

• Breg cells are immunosuppressive in mouse models, but have not been well studied in 
MGUS or MDS

Enhanced angiogenesis and hypoxia
• Hypoxia in the tumour microenvironment drives 

neovascularization and modulates cancer cell dissemination 
• Levels of proangiogenic cytokines, such as VEGF, bFGF, HGF, 

and syndecan 1, correlate with progression of MM to 
advanced-stage disease 

• Other soluble factors that promote angiogenesis and tumour 
progression include increased levels of HIF1, IL-8, and 
angiopoietin 2 

• Endothelial progenitor cells and pericytes also modulate 
angiogenesis and support vasculogenesis and are increased in 
number in the tumour microenvironment 

• Other cell types, including platelets, are also  proangiogenic 
and prometastatic

ECM
• Collagen production and remodelling as 

well as ECM components, such as integrins 
and fibronectin, have been shown to have 
an important role in drug resistance in MM

• MM plasma cells directly interact with the 
ECM via binding of syndecan 1 and VLA4 
to ECM proteins

Enhanced osteoclast activity and 
inhibition of osteoblasts
• Elevated levels of DKK1 expression by MM 

cells lead to suppression of osteoblast 
activity

• MM cells also produce osteoclast 
activation factors, including RANKL, CCL3 
(MIP-1α), IL-3, and IL-6. 

• Together, these effects result in disruption 
of the osteo–haematopoietic niche 
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• MSPCs are also proangiogenic and give rise to 
pericytes, adipocytes, and smooth muscle cells, 
which can contribute to tumour progression 

• Major factors secreted by MSPCs include IL-6, 
CXCL12, IGF-1, VEGF, bFGF, angiopoietin 1, TGFβ, 
PDGF, HGF, and IL-1  

T
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 cell
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Figure 2 | The components of the microenvironment in monoclonal 
gammopathy of undetermined significance and myelodysplastic 
syndrome. The bone-marrow microenvironment acts as an ecosystem for 
disease progression from monoclonal gammopathy of undetermined 
significance (MGUS) or clonal haematopoiesis of indeterminate potential 
(CHIP) to smouldering multiple myeloma (SMM) and overt multiple 
myeloma (MM) or myelodysplastic syndrome (MDS) and acute myeloid 
leukaemia (AML), respectively. The different components of the 
bone-marrow microenvironment are shown in this schema. Over the course 
of disease progression, mesenchymal stem and progenitor cells (MSPCs) 
and fibroblasts acquire pro-tumorigenic functions. Tumour-associated 
macrophages (TAMs) also support tumour growth, as well as the invasion  
of nonmalignant tissue and angiogenesis, leading to increased levels of 

neovascularization and enhanced tumour progression and dissemination. 
In parallel, as the tumour grows, immunosuppressive cells such as 
CD4+CD25+ regulatory T (Treg) cells infiltrate the bone-marrow 
microenvironment and disrupt immune-surveillance mechanisms, leading 
to a decreased abundance of T cells and B cells, thus enabling tumour  
cells to evade recognition and elimination by the immune system. Breg, 
regulatory B cell; CCL3, CC-chemokine ligand 3 (MIP1α); CXCL12, 
CXC-chemokine ligand 12; DC, dendritic cell; DKK1, Dickkopf-related 
protein 1; ECM, extracellular matrix; FOXP3, forkhead box protein P3; 
G-MDSC, granulocytic MDSC; MDSC, myeloid-derived suppressor cell; 
Mo-MDSC, monocytic MDSC; NK, natural killer; NKT, NK T cell; PD-1, 
programmed cell death protein 1; PD-L1, programmed cell death 1  
ligand 1; RANKL, receptor activator of nuclear factor-κB ligand.
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a ‘normal donor’ (ND)MSPCs, and exosomes isolated 
from MSPCs transfected with premiR15a inhibited the 
growth of MM cells in vitro23. This permissive micro
environment, together with the presence of protein acti
vators of MM cells, such as IL6, CCchemokine ligand 
2 (CCL2), and fibronectin, on MMMSPCderived 
exosomes might explain the increased tumour growth 
and dissemination observed in the animal models23.  

Of note, Manier et al.54 reported that the levels of cir
culating exosomal mi RNAs, specifically let7b and 
miR18a, are negatively associated with prognosis in 
patients with MM.

Similarly, several observations relating to MSPCs in 
primary samples from patients with MDS, such as altered 
expression of adhesion proteins and/or intrinsic growth 
deficiency, indicate that these cells have important 

Table 1 | The roles of the microenvironment components in myelodysplastic syndrome and multiple myeloma

Cell type MM MDS and/or leukaemia Refs

Endothelial 
cells

• Increased vasculogenesis and neoangiogenesis
• Increased numbers of endothelial progenitor cells
• Chronic hypoxia induces angiogenesis
• VEGF and HGF expression increases angiogenesis
• IL-17, syndecan 1, and osteopontin expression 

promotes neoangiogenesis

VEGF and VEGFR are aberrantly expressed in MDS; VEGF 
and/or VEGFR expression has been associated with reduced 
survival, increased angiogenesis, and the presence of a 
specific aberrant morphological bone-marrow phenotype 
called ALIP

183–185

Osteoclasts • Enhanced proliferation, differentiation, and activity of 
osteoclasts

• Increased RANKL and decreased osteoprotegerin 
favour osteoclast activity

• IL-6, IL-3, IL-17, and CCL3 enhance osteoclast activity

• Osteoclasts have a critical role in the initial steps of the 
osteo–haematopoietic niche formation

• The osteoclast progenitors, monocytes, are responsible for 
the protection of the HSPC pool from exhaustion, both in 
steady-state conditions and during stress

19

Osteoblasts • Decreased differentiation and activity of osteoblasts 
have been observed in MM

• Wnt proteins activate and DKK1 inhibits osteoblast 
differentiation and activity in MM

• HGF and TGFβ are secreted by MM cells and regulate 
osteoblast activity

• Altered expression of the matrix glycoproteins 
thrombospondin 2 and SPARC (osteonectin) as well as the 
integrin periostin (osteoblast-specific factor 2) in MDS and 
leukaemia

• Constitutive activation of β-catenin enhances the 
development of MDS

• Mutation of the endoribonuclease Dicer in mouse models 
enhances the development of MDS

• APC haploinsufficient mice (Apcdel/+) develop MDS, which 
can be prevented with loss of one copy of Ctnnb1 (encoding 
β-catenin) or treatment with the anthelmintic pyridium

46,186

MSPCs, 
fibroblasts, 
stromal 
cells, and/or 
adipocytes

• MSPCs enhance the adhesion, proliferation, and drug 
resistance of MM cells

• Multiple pathways are implicated in these effects of 
MSPCs, including chemokine signalling, for example, 
via the CXCL12–CXCR4 axis; adhesion molecules, 
such as VCAM1 and ICAM1; cytokines, including IGF1, 
IL-6, and VEGF; extracellular matrix proteins, such as 
fibronectin; exosomes; and microRNAs

• MSPCs enhance the adhesion, proliferation, and drug 
resistance of MDS and leukaemia cells

• Altered expression of various genes in MSPCs leads to the 
release of pro-inflammatory cytokines, including TNFα, IL-6, 
and TGFβ

• CXCL12-abundant reticular cells localized to the 
perivascular area of bone marrow seem to support the 
survival and growth of MDS and leukaemia HSPCs and 
contribute to therapy resistance

187

Macrophages • Differentiate into osteoclasts
• Increased levels of IL-6 and IL-1β produced by 

macrophages lead to proliferation of MM cells

• Loss of macrophages results in the egression of HSPCs to the 
bloodstream.

• Macrophages also indirectly support the expansion of 
HSPCs through modulation of the CXCL12–CXCR4 axis

• Macrophages stimulate the proliferation of osteoblasts and 
bone mineralization and enhance the bone-anabolic effect 
of parathyroid hormone

19

MDSCs • The abundance of MDSCs is increased in the bone 
marrow, contributing to immunosuppression

• Dendritic cells and plasmacytoid dendritic cells have 
critical roles in MM progression

Primary bone-marrow expansion of MDSCs, driven 
by activation of the S100A9/CD33 pathway, perturbs 
haematopoiesis and contributes to the development of MDS

101, 
188–190

T cells and 
B cells

• Increase in the numbers of Treg cells, anergic exhausted 
NK-T cells and cytotoxic T cells, and TH17 cells

• Changes contribute to immunological escape of 
neoplastic cells

• Accompanying increase in T-cell clonality might contribute 
to cytopenias

• Downregulation of B-cell receptor signalling has been 
observed in some cases

191,192

Extracellular 
matrix

• Remodelling of bone-marrow extracellular matrix is 
observed during disease progression

• Mediated by chemokines and cytokines, such as IL-6, 
IGF1, CXCL12, and VEGF, and fibronectin as well as 
exosomes and microRNAs released by tumour cells

Remodelling of extracellular matrix occurs during disease 
progression, including fibroblast activation and development 
of bone fibrosis in some patients

64

ALIP, abnormal or atypical localization of immature precursors; APC, adenomatous polyposis coli; CCL3, CC-chemokine ligand 3; CXCL12, CXC-chemokine ligand 12; 
CXCR4, CXC-chemokine receptor 4; DKK1, DKK1, Dickkopf-related protein 1; HSPC, haematopoietic stem and progenitor cell; ICAM1, intercellular adhesion molecule 1; 
MDS, myelodysplastic syndrome; MDSC, myeloid-derived suppressor cell; MM, multiple myeloma; MSPC, mesenchymal stem and progenitor cell; NK-T natural killer T cell; 
RANKL, receptor activator of nuclear factor-κB; TNFα, tumour necrosis factor α; Treg, regulatory T cells; VCAM1, vascular cell adhesion molecule 1; VEGFR, VEGF receptor.
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roles in sustaining the MDS phenotype55–58 (TABLE 1). 
Interestingly, MSPCs isolated from patients with MDS 
can harbour clonal chromosomal alterations, with 
reported frequencies ranging from 16–55%59,60; these 
alterations include trisomy 12 or t(14;15) trans locations, 
which are distinct from those commonly observed in 
leukaemic HSPCs61. In mouse models of paediatric MDS 
and leukaemia, transferring non malignant HSPCs to 
a matrix of MDSMSPCs resulted in haematopoietic 
dysplasia, but the converse — NDMSPCs and malig
nant HSPCs — did not result in an obvious disease 
phenotype62. More generally, in xenograft models, 
engraftment of human clonal MDS cells with stemcell 
characteristics in immunodeficient mice is augmented 
by coinjection of MSPCs from patients with MDS, and 
expression of the cellsurface glycoprotein MUC18 (also 
known as melanoma cell adhesion molecule (MCAM) 
or CD146) on stromal cells is especially important for 
robust cell engraftment63,64. Overproduction of the 
micro environmental factors Ncadherin, IGFbinding 
protein 2 (IGFBP2), VEGFA, and leukaemia inhibitory 
factor (LIF) have all been associated with the enhance
ment of MDS cell expansion by MDSMSPCs. In addi
tion, healthy MSPCs adopt MDSderived MSPClike 
molecular features when they are exposed to malignant 
MDS cells, indicating instructive remodelling of the  
micro environment by neoplastic cells63,64.

Geneexpression profiling studies have revealed 
a variety of additional abnormalities in MSPCs from 
patients with MM or MDS compared with those  
from individuals without these diseases (TABLE 1). With 
regard to MM, the results of two studies65,66 have demon
strated that numerous genes are differentially expressed 
by human MMMSPCs and NDMSPCs, including 
IL6, DKK1, and HOXB. In one of these studies, whole 
genome array comparative genomic hybridization 
analyses identified no chromosomal abnormalities in 
MMMSPCs or MM osteoblasts65. By contrast, using 
the same type of assay, the other group detected 
genomic imbalances in MMMSPCs that were absent in 
NDMSPCs66, similar to the findings of studies exam
ining chromosomal differences in MDSMSPCs and 
NDMPSCs59,60,67. Geneexpression profiling of MDS
derived MSPCs and NDMSPCs has revealed that the 
former cells have reduced expression of a distinct set 
of genes encoding the endonucleases Dicer and ribo
nuclease 3 (also known as Drosha), various microR
NAs (including miR155, miR181a, and miR222), 
and the ribosome maturation protein SBDS (which 
is involved in the congenital marrowfailure disorder 
Shwachman–Bodian–Diamond syndrome (SDS))19,68,69. 
Subsequently, using a mouse model of SDS and mesen
chymal cells from patients with various preleukaemia 
syndromes, Zambetti et al.69 identified a mesenchymal
niche induced inflammatory signalling axis that results 
in genotoxic stress in HSPCs as a targetable determinant 
of disease outcome in human MDS.

Osteoblasts and osteoclasts. The final differentiation 
stages of MSPCs include boneforming osteoblasts 
and osteocytes, which develop under the influence of 

hormonal stimuli, including parathyroid hormones, 
glucocorticoid hormones, and oestrogens, as well 
as paracrine stimuli, such as TGFβ and related bone 
morphogenetic proteins (BMPs). The canonical Wnt 
signalling pathway also has a key role in mediating 
osteoblastogenesis and drives expression of the tran
scription factor Runtrelated transcription factor 2 
(RUNX2), which is the master regulator of osteoblast 
differentiation70,71.

Patients with MM have a pathological imbalance 
with depletion of osteoblasts in favour of proliferation 
and activation of boneresorbing osteoclasts, which, 
in a vicious circle, creates an environment that further 
enhances neoplastic progression (FIG. 2). Indeed, the 
presence of bone lytic lesions is one of the hallmarks of 
MM owing to the imbalance in bone turnover result
ing from activation of osteoclasts with concurrent sup
pression of osteoblast function72 (TABLE 1). Functionally, 
MM cells cause downregulation of Wnt, BMP2, and 
RUNX2 expression, induction of apoptosis, suppres
sion of proliferation, and inhibition of osteogenic dif
ferentiation in osteoprogenitors72,73. This suppression 
occurs through increased production of Wnt path
way inhibitors, including Dickkopfrelated protein 1 
(DKK1), secretion of antiosteoblastic factors such as 
TGFβ and HGF, and constitutive activation of Notch 
signalling74,75. Conversely, MM cells can stimulate 
osteoclast activity by disrupting the balance between 
expression of the proosteoclastogenic protein recep
tor activator of nuclear factorκB ligand (RANKL; also 
known as tumour necrosis factor ligand superfamily 
member 11 (TNFSF11)) and the antiosteoclastogenic 
RANKLdecoy receptor osteoprotegerin (also known 
as tumour necrosis factor receptor superfamily mem
ber 11B (TNFRSF11B)),  leading to higher levels of 
RANKL in the bone marrow and, thus, increased osteo
clastogenesis72. Other factors such as CXCRchemokine 
receptor 3 (CXCR3), IL6, IL7, and IL3 have also 
been shown to enhance osteoclast proliferation and  
activation in the context of MM76.

In comparison with plasmacell disorders, less is 
known about dysregulation of bonemarrow osteo blastic 
activity in the setting of myeloid neoplasia (TABLE 1). 
Osteoblasts in MDS and AML seem, however, to have 
an altered behaviour and increased expression of the  
matrix glycoprotein thrombospondin 2, the calcium 
binding glycoprotein SPARC (also known as osteonectin), 
and the integrin periostin (also known as osteoblast 
specific factor 2)77,78. Moreover, in mouse models, con
stitutive expression of βcatenin in osteoblasts induced 
myeloid leukaemia and chromosomal instability, which 
could be prevented by inhibiting Notch signalling47,48. In 
addition, mice with conditional Cremediated knockout 
of Dicer1 in osteoprogenitor cells, but not mature osteo
blasts, have a dysplasia phenotype associated with a risk 
of progression to leukaemia, providing strong evidence 
that disruption of the bonemarrow niche could alter the 
behaviour of HSPCs in a fashion similar to that reported 
in MM46. Notably, however, DICER1 mutations have 
not been described in humans, and the relevance of this 
model to human MDS remains unclear.
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Other stromal cells, cytokines, and chemokines. Similar 
to the altered geneexpression profiles observed in osteo
blasts from patients with MDS, stromal fibroblasts and 
macrophages in the bone marrow of patients with MDS 
also have altered expression of various genes, includ
ing several encoding proinflammatory cytokines, 
such as tumour necrosis factorα (TNFα), IL6, IFNγ, 
and TGFβ79–81. Increased levels of these cytokines can 
also be detected in bonemarrow extracts and serum 
from patients with MDS compared with samples from 
individuals without this disease79,81,82; these cytokines 
might contribute to MDSrelated anaemia via paracrine 
mechanisms overlapping with anaemia associated with 
chronic inflammation83.

Similar to their contribution to MDS, stromal cells in 
MM also secrete several soluble cytokines and chemo
kines that have been implicated in disease progression, 
including VEGF, IL6, IL1β, and TNFα. Notably, 
IL6 secreted by stromal cells promotes plasmacell 
prolifer ation, and IGF1 and CXCL12 have also been 
implicated in tumour progression and dissemination 
of MM cells through activation of the PI3K–AKT 
pathway and MAPK and nuclear factorκB (NFκB) 
pathways, respectively84–87. Integrin expression in the 
micro environment mediates the interactions between 
clonal myeloid cells and stromal components and might 
also have a role in chemoresistance. For example, in one 
preclinical model, interaction between vascular cell ad 
hesion protein 1 and very late antigen 4 activated NFκB 
in tumour cells and promoted chemoresistance88.

The immune microenvironment
Evasion and suppression of the host immune system is 
an important step in the progression of tumours89,90. In 
the nonmalignant bonemarrow microenvironment, 
natural killer (NK) cells and cytotoxic T lymphocytes are 
capable of driving potent anticancer responses. However, 
the presence of established tumour cells that have 
evolved to evade the immune system instead fosters an 
immunosuppressive microenvironment in which these 
anti cancer responses are blunted (FIG. 2; TABLE 1). Bone
marrow stromal cells in the tumour micro environment 
are also subverted to exert suppressive and regulatory 
effects on both T lymphocytes and B lymphocytes91. 
These stromal cells primarily promote the activation of 
regulatory T (Treg) cells and inhibit Bcell proliferation 
in a T celldependent manner91,92. Notwithstanding, 
stromal cells have been shown to regulate both innate 
and adaptive immune responses in a primarily cytokine 
dependent manner through the secretion of TGFβ, 
IFNγ, prostaglandin E2, IL10, and TNFα93,94.

Indeed, disease evolution from MGUS to SMM to 
MM is associated with an immunosuppressive milieu 
that fosters the immune escape of neoplastic cells and 
tumour growth89,90. This state is characterized by loss of 
effective antigen presentation, immune effector cell dys
function, deletion of myelomaspecific T cells, and the 
increasing presence of immunosuppressive cell types, 
such as Treg cells and myeloidderived suppressor cells 
(MDSCs)33. The composition of the immune micro
environment in MM has not been fully elucidated33,75; 

however, some studies have revealed that T helper 17 
(TH17) cells are abundant in the bone marrow and 
suppress immune surveillance in MM95,96. Moreover, 
increasing numbers of functional Treg cells in the periph
eral blood of patients with MM directly correlate with a 
worse prognosis97. MMassociated CD8+ T cells express 
high levels of programmed cell death protein 1 (PD1), 
an inhibitory Tcell coreceptor that functions as an 
immune checkpoint), and contribute to immune toler
ance98. Similarly, NK cells, dendritic cells, osteoclasts, 
and tumourassociated macrophages (TAMs) have been 
implicated in the pathogenesis of MM, although not  
specifically in the progression of MGUS to MM99–102.

Perhaps one of the most convincing pieces of evi
dence that the immune microenvironment has a 
critical role in driving the progression from MGUS 
to MM came from the aforementioned study in 
which patientderived bonemarrow mononuclear 
cells were transplanted into a genetically humanized 
mouse model, indicating that MGUS cells can prolif
erate rapidly (similar to MM cells) in the absence of 
a microenvironment that enables effective immuno
surveillance34. We have obtained similar results in mice 
lacking Treg cells (owing to conditional knockout of 
the Foxp3 gene that encodes a Treg cellspecific master 
transcription factor), which have prolonged survival 
after injection of mouse VK*MY MM cells compared 
with that of mice without Tregcell depletion or in wild
type littermates103. These findings further confirm the 
critical roles of the immune system in promoting clonal 
expansion and progression in MM.

With regard to MDS, several investigations have been 
focused on the potential importance of the inflamma
some and novel mechanisms of intramedullary HSPC 
death, such as disordered autophagy, pyroptosis, and 
necroptosis, in mediating bonemarrow failure104–106. 
However, the extent to which these phenomena are 
drivers of MDS biology versus a reactive consequence 
of clonal HSPC expansion remains unclear.

With the advent of singlecell sequencing technolo
gies, tumourinfiltrating T cells have been shown to play 
an integral part in clonal expansion in solid tumours, 
such as melanoma107. Similar studies in the context of 
MGUS and MDS will help to better define the character
istics of the immune microenvironment during disease 
progression.

Hypoxia and angiogenesis
The bonemarrow niche includes areas of hypoxia, 
which can influence the behaviour of both micro
environmental components and neoplastic stem cells 
via the hypoxiainducible factor 1 (HIF1)–von Hippel–
Lindau disease tumour suppressor (VHL) signalling 
pathway. Hypoxia promotes HSPC quiescence and is 
accompanied by changes in oxidative metabolism that 
can result in oncogenic changes in epigenetic patterns, 
especially in the citric acid cycle, such as alterations 
affecting the isocitrate dehydrogenase enzymes (which 
are mutated in 5–10% of MDS cases and 15–25% of 
AMLs)108,109. In addition, the vascular architecture, 
including the ‘leakiness’ of blood vessels, is abnormal in 
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both primary AML samples and patientderived AML 
xenografts, and inhibition of nitric oxide production 
reduces vascular permeability and improves treatment 
responses in the latter model110,111.

Neoangiogenesis is a wellestablished hallmark of the 
bonemarrow microenvironment of MM, and the num
ber of new blood vessels increases during disease pro
gression from MGUS to MM24. In addition, endothelial 
progenitor cells, which are key mediators of angiogenesis, 
have been shown to be critical for disease evolution from 
MGUS to MM24 (TABLE 1). The fact that the bonemarrow 
microenvironment is hypoxic relative to other tissues, 
resulting in expression of HIF1 and VEGF, contributes 
to increased neoangio genesis in patients with MM112 
(FIG. 2). Hypoxia also drives epithelial tomesenchymal 
transition of MM cells, thereby promoting tumour dis
semination113. This mecha nism is principally depend
ent on decreased expression of Ecadherin, limiting 
the adhesion of the malignant plasma cells to the bone 
marrow stroma and consequently increasing egress of 
MM cells into the circulation113. In addition, hypoxia 
leads to overexpression of CXCmotif chemokine 
receptor 4 (CXCR4) on plasma cells, promoting the dis
semination and homing of circulating MM cells to novel 
bonemarrow sites113.

The extracellular matrix
The extracellular matrix (ECM) is a major component 
of the tumour microenvironment, contributing to the 
regu lation of cell survival, proliferation, differentiation, 
and migration (metastasis) (TABLE 1). In 2017, a proteomic 
study revealed that the composition of the ECM differs 
between nonmalignant, MGUS, and MM bonemarrow 
samples and that remodelling of the ECM to create a 
permissive environment is associated with tumour pro
gression (FIG. 2); two ECM components, annexin A2 and 
galectin 1, were expressed at greater levels in patients with 
MM versus MGUS, and high expression levels of these 
proteins correlated with a worse prognosis114. The results 
of prior studies have also highlighted the role of syndecan 
1 (also known as CD138), a type I trans membrane hepa
ran sulfate proteoglycan that is expressed by MM cells 
and can be shed in the microenvironment, in promot
ing tumour growth, invasion, and dissemination115. Less 
is known about the role of the ECM in MDS or AML, 
although results of a network analysis have demonstrated 
underexpression of matrix metalloproteinase 9 (MMP9) 
in primary AML samples116.

Therapeutic opportunities
Towards prevention and interception
The stepwise evolution of these haematological malignan
cies presents an opportunity to prevent disease progres
sion and complications and to improve patient outcomes 
by intervening at an early stage. Indeed, treatment of 
plasmacell disorders — which was once restricted to 
patients with symptomatic, active MM — is now being 
considered for those with SMM. This paradigm shift 
towards early intervention to prevent or delay progres
sion to MM was established in a study by Mateos et al.117, 
in which treatment with the putative antiangiogenic 

agent lenalidomide, combined with dexamethasone, 
prolonged progressionfree survival and overall survival 
durations in patients with SMM. Similarly, in the 1990s, 
the observation that patients with lowrisk MDS had 
increased intramedullary vascular density and markers of 
neoangiogenesis prompted clinical trials of thalidomide 
and other putative anti angiogenic agents in this disease, 
with modest haematological improvements observed in 
20–30% of the patients treated118,119. This trend towards 
earlier treatment will probably also be extended to 
myeloid neoplasias once drugs with promising activity 
become available.

Immunomodulatory agents and angiogenesis
These therapeutic benefits of putative antiangiogenic 
and immunomodulatory drugs were initially attrib
uted to alterations in the bonemarrow niche, and 
specifically the levels of VEGF, various immunecell 
mediators, and other microenvironmental molecules 
(FIG. 3); however, these effects are now recognized to 
be epiphenomena given the observation in the con
text of MM and MDS that lenalidomide interacts with 
cereblon and its associated ubiquitin ligase complex, 
thereby mediating selective depletion of clonal cells via 
increased ubiquity lation and proteasomal degradation 
of haploinsufficient casein kinase 1α (encoded by a 
gene located on chromosome 5q (REFS 120,121), which 
is commonly deleted in this disease)122–125. Nevertheless, 
the rationale supporting the use of agents that target the 
bone marrow micro environment (TABLE 2) in an attempt 
to delay or prevent progression of precursor conditions 
to overt disease remains strong. For example, in the 
early stages of MM progression, tumour growth can 
be abrogated by enhancing the growth of osteoblasts: 
activation of osteo blasts by bonehoming polymeric 
nanoparticles loaded with bortezomib, before injection 
of MM cells, was associated with markedly decreased 
tumour burdens and prolonged survival in mouse mod
els compared with the use of empty nanoparticles or 
the free drug126. Another example of the potential for 
angiogenesis directed therapy is provided by a mouse 
model involving the targeting of endothelial pro genitor 
cells, which promote progression from MGUS to MM24, 
through the use of an antiangiogenic antiVEGF recep
tor 2 antibody: early treatment delayed tumour pro
gression in a mouse model of MM, whereas use of the 
same agent at later stages of disease was ineffective 
in improving disease outcomes. However, the use of 
antiangiogenic agents other than thalidomide and other 
immunomodulatory agents has not been shown to be 
successful in patients with MM127.

Agents that regulate immune cells
In the past 5 years, immunotherapy with immune 
checkpoint inhibitors and bioengineered chimeric 
antigen receptor (CAR) T cells has revolutionized 
anticancer therapy. By targeting the immune micro
environment, the next wave of therapeutic advances 
will likely involve targeting the complex ecosystem 
of malignant cells together with immune and other 
cell types located in the tumour microenvironment. 

R E V I E W S

8 | ADVANCE ONLINE PUBLICATION www.nature.com/nrclinonc

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



The altered bonemarrow niche is ideally suited to 
both sustaining proliferating MM cells and protect
ing and facilitating immune evasion of their dormant, 
drugresistant counterparts. Therefore, the possibil
ity of deepening responses to treatment, maintaining 
remissions, or even eradicating therapyresistant stem 
cells by pharma cologically manipulating the inter
actions of tumours with their aberrant niche should be 
a major driving force in current myeloma and leukae
mia research and beyond. In patients with MM, many 
studies have been conducted using the antiSLAMF7 
antibody elo tuzumab or the antiCD38 antibody dara
tumumab alone or in combination with bortezomib or 
lenalidomide, and both approaches have shown supe
rior activity compared with the standard of care128–130. 
The antiSLAMF7 antibody elotuzumab activates NK 
cells and macrophages, and the antiCD38 antibody 
daratumumab activates the immune system through 

reduction in Treg cell numbers and increases in the 
numbers of helper and cytotoxic T cells25 (FIG. 3). In 
specimens collected from patients treated in clinical 
trials, daratumumab also induced marked increases 
in CD8+:CD4+ and CD8+:Tregcell ratios and increased 
memory Tcell numbers while decreasing naive T cell 
populations25. Indeed, trials involving these antibodies 
provide the first proof of concept that activation of the 
immune system has therapeutic benefits in patients 
with MM. In addition, studies involving large numbers 
of patients with mela noma, lung cancer, or Hodgkin 
lymphoma, among other cancers, have indicated 
the striking clinical efficacy of immune checkpoint 
blockade targeting PD1 (REFS  131–133). A strong 
rationale exists to support the hypothesis that PD1 
immunecheckpoint blockade should also be effective 
in patients with MM: programmed cell death 1 ligand 
1 is highly expressed by MM cells, and blockade of 

Nature Reviews | Clinical Oncology

Stimulation of anticancer immune responses
• Anti-PD1 and anti-PDL1 antibodies, including pembrolizumab 

and nivolumab
• Anti-CTLA-4 antibodies, such as ipilimumab
• Cellular therapy, such as CAR T cells and MILs
• Vaccines 
• Anti-CD38 antibodies, such as daratumumab and isatuximab
• Anti-SLAMF7 antibodies, such as elotuzumab

Targeting angiogenesis and hypoxia
• Immunomodulatory drugs (IMIDs), such as thalidomide and 

lenalidomide, were originally thought to abrogate MM growth 
via inhibition of angiogenesis  

• Other antiangiogenic agents with activity against other 
cancers include bevacizumab (anti-VEGF antibody) and 
sunitinib (tyrosine kinase inhibitor with activity against VEGFRs)

• Hypoxia-activated prodrugs, such as evofosfamide (TH-302)

Modification of cytokine signalling
• TGFβ antagonists (traps), such as 
sotatercept and luspatercept
• TNFα  antagonists, such as infliximab 
(anti-TNFα antibody) and etanercept 
(TNFα decoy receptor)
• IL-6 inhibitors, such as the anti-IL-6 
antibody siltuximab 

Targeting osteoclasts and 
osteoblasts 
• Bisphosphonates
• Anti-DKK1 antibodies (BHQ880) 
• Anti-RANKL antibodies 

(denosumab) 

T cell

Dendritic
cell

B cellOsteoclast

Fibroblast

Osteoblast

T
reg

 cell

Neutrophil

TAM

Endothelial cell

MSPC

Mesenchymal stromal cells 
• CXCR4 inhibitors, such as 

plerixafor (small-molecule 
inhibitor) and ulocuplumab 
(anti-CXCR4 antibody)

• CXCL12 inhibitors, such as 
olaptesed pegol (pegylated 
L-oligoribonucleotide that binds 
to and neutralizes CXCL12)

Figure 3 | Therapeutic agents that target the aberrant tumour microenvironment in multiple myeloma and 
myelodysplastic syndromes or acute myeloid leukaemia. The figure depicts some of the agents that are currently 
being used in therapy or are being tested in clinical trials for the treatment of patients with multiple myeloma (MM) or 
myelodysplastic syndrome (MDS) and/or acute myeloid leukaemia (AML), that target components of the bone-marrow 
microenvironment. CAR, chimeric antigen receptor; CTLA-4, cytotoxic T lymphocyte protein 4; CXCL12, CXC-chemokine 
ligand 12; CXCR4, CXC-chemokine receptor 4; DKK1, Dickkopf-related protein 1; IMIDs, immunomodulatory drugs;  
MILs, marrow-infiltrating lymphocytes; TAM, tumour-associated macrophages; PD-1, programmed cell death protein 1; 
PD-L1, programmed cell death 1 ligand 1; RANKL, receptor activator of nuclear factor-κB ligand; VEGFR, VEGF receptor.
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PD1 in vitro and in mouse models of MM improves 
the immune responses against MM cells134–136 (FIG. 3). 
Indeed, a phase II trial of pembrolizumab, a mono
clonal antibody that blocks PD1 activity, used in com
bination with immunomodulators and dexamethasone 
revealed a high response rate (76%) in patients with 
MM137–140. However, controversial data exist regarding 
the efficacy and toxicity of these agents in combina
tion with lenalidomide, specifically the combination 
of pembrolizumab and lenalidomide, in patients with 
MM, and have led the FDA to place these studies on 
hold141. This scenario underscores the need to better 
understand the immune environment of MM and test 
other immunotherapies in patients with this disease. 
In addition, studies of CAR–Tcell therapy targeting B 
cell maturation antigen (BCMA; also known as TNF 
receptor superfamily member 17 (TNFRSF17)) have 
revealed very high response rates in heavily pretreated 
patients with MM142,143. However, further studies in 
greater numbers of patients and with longer followup 
durations are required to truly understand the role of 
CAR–Tcell therapy in the treatment of MM.

Agents that target the stroma
Tumourassociated stromal cells secrete the chemokine 
CXCL12, leading to adhesion and drug resistance of 
neoplastic clones23,27,30,144–146. In MM models, therapeutic 
targeting of CXCL12 or its ligand CXCR4 at very early 
time points in malignant development can prevent or 
delay disease progression in mouse models27,30. Clinical 
trials using CXCR4 inhibitors in combination with borte
zomib or lenalidomide have been conducted in patients 
with MM (TABLE 2). Additionally, therapeutic targeting of 
the CXCL12–CXCR4 axis through the use of olaptesed 
pegol (a CXCL12neutralizing pegylated mirrorimage 
Loligoribonucleotide) or ulocuplumab (an antiCXCR4 
monoclonal antibody) is currently under clinical investi
gation in patients with MM (FIG. 3). Olaptesed pegol binds 
to and neutralizes CXCL12, a chemokine that signals 
through CXCR4 and CXCR7. The efficacy of combining 
CXCL12 inhibition with bortezomib and dexa methasone 
was investigated in 28 patients with relapsed and/or 
refractory MM who were either bortezomibnaive or 
considered not refractory to bortezomib. In this patient 
population, the rate of clinical benefit rate was 75%, 

Table 2 | Strategies for targeting the microenvironment of multiple myeloma or acute myeloid leukaemia that have reached clinical trials

Target Agent Representative clinical trials in MM or AML

Regulation of angiogenesis, 
including immunomodulatory 
agents

Thalidomide and lenalidomide were 
originally used as antiangiogenic 
agents in MM

• Phase II clinical trial of thalidomide in relapsed and/or refractory MM193

• Phase III clinical trials of lenalidomide and dexamethasone compared 
with dexamethasone in MM194,195

• Phase III clinical trial of lenalidomide and dexamethasone in high-risk 
smouldering MM117

• Clinical trial of lenalidomide in del(5q) MDS120,121

Immune system regulation, 
including immune-checkpoint 
inhibitors and cellular therapy

• PD-1 and PD-L1 inhibitors, including 
pembrolizumab and nivolumab

• CTLA-4 inhibitor, such as ipilimumab
• Cellular therapy, such as CAR –T cells, 

MILs, and vaccines

• Daratumumab alone or in combination with lenalidomide or 
bortezomib in MM128–130

• Elotuzumab in combination with lenalidomide in MM130,196

• Nivolumab in haematological malignancies131,197

• Pembrolizumab in combination with immunomodulatory drugs in 
MM137,198

• Ipilimumab in haematological malignancies199

• Cellular therapy, including CAR–T cell therapy, MILs, and 
vaccines142,143,200–202

Regulation of stroma–tumour 
interaction, including CXCR4 
and CXCL12

• Plerixafor
• Ulocuplumab
• Olaptesed pegol

• Phase II clinical trial of plerixafor in combination with chemotherapy 
in AML148

• Phase II trial of plerixafor and bortezomib in relapsed MM203

• Phase II trial of ulocuplumab in AML (NCT01120457)
• Phase II trial of ulocuplumab in MM (NCT01359657)
• Phase I trial of olaptesed pegol in MM147

• Phase II study of GMI-1271, an antagonist of E-selectin 
(NCT02306291)

Regulation of osteoclasts and 
osteoblasts

Bisphosphonates, DKK1 inhibitors 
(BHQ880), and RANKL inhibitors 
(denosumab)

• Multiple clinical trials of pamidronate and zoledronic acid in MM, 
including a phase III trial of zoledronic acid in MM149–153

• Bisphosphonate trials in smouldering MM150,157

• Anti-DKK1 antibody (BHQ880) clinical trials in MM154,155

• Anti-RANKL antibody (denosumab) clinical trial in MM156

Cytokines • TGFβ antagonists, such as sotatercept 
and luspatercept

• Tumour necrosis factor-α inhibitors 
such as infliximab and etanercept

• IL-6 antagonists such as siltuximab

• Sotatercept for MDS-associated anaemia169

• Luspatercept for anaemia in patients with MDS167

• Infliximab and etanercept for anaemia in low-risk MDS158–161

• Siltuximab showed no activity in MDS but had significant activity in 
Castleman disease162–165

Hypoxia Evofosfamide (TH-302), an 
investigational hypoxia-activated 
prodrug

• Phase II clinical trial of evofosfamide alone or in combination with 
bortezomib in MM178

AML, acute myeloid leukaemia; CAR, chimeric antigen receptor; CTLA-4, cytotoxic T lymphocyte protein 4; CXCL12, CXC-chemokine ligand 12; CXCR4, 
CXC-chemokine receptor 4; DKK1, Dickkopf-related protein 1; MDS, myelodysplastic syndrome; MIL, marrow-infiltrating lymphocytes; MM, multiple myeloma; 
PD-1, programmed cell death protein 1; PD-L1, programmed cell death 1 ligand 1; RANKL, receptor activator of nuclear factor-κB.
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indicating the promising activity of this combination 
therapy in a relapsed and/or refractory disease setting147.

CXCL12 is also of particular therapeutic inter
est in the context of myeloid neoplasias because 
CXCL12abundant reticular cells localize to the 
perivascular area of bone marrow, where they support 
the survival and growth of MDS and AML HSPCs 
and contribute to therapy resistance144–146. Thus, dis
rupting the CXCL12–CXCR4 axis might be a thera
peutic opportunity. In patients with MDS, CXCL12 
expression is increased in those with lowgrade disease 
compared with individuals without this disease but 
diminishes at later stages of the disease; the inverse is 
true for CXCR4 (REF. 145). In AML, the CXCR4 anta
gonist plerixafor is being explored as a sensitizing 
agent to conventional cytotoxic agents in order to dis
rupt the interaction between leukaemic stem cells and 
the supportive bonemarrow niche that contributes to 
chemoresistance144–146. In a phase I and II trial involving 
52 patients with relapsed and/or refractory AML148, this 
strategy was associated with an encouraging response 
rate (overall complete remission with or without com
plete blood count recovery rate of 46%); however, 
delayed haematopoietic recovery after myelosuppression 
has been problematic in some patients.

Targeting osteoclasts and osteoblasts
Many studies involving bisphosphonates (pamidronate or 
zoledronic acid)149–153, DKK1 inhibitors (BHQ880)154,155, 
and RANKL inhibitors (denosumab)156 have been con
ducted in patients with MM, owing to the fact that these 
agents have the potential to disrupt the interactions of 
osteoclasts and osteoblasts with MM cells (FIG. 3). Indeed, 
results of a phase III trial showed that the addition of 
zoledronic acid to standard therapy improves survival 
outcomes in patients with newly diagnosed MM149. The 
available evidence does not suggest that bisphosphonates 
can prevent disease progression in patients with SMM, 
but the use of these agents can decrease the incidence of 
bonerelated adverse events150,157.

Agents that target cytokines
Other immunomodulatory mediators have been 
explored as therapeutic targets in patients with MDS. 
For example, results of preliminary clinical trials with 
the antiTNFα antibodies infliximab and etanercept have 
demonstrated modest improvements in erythropoiesis 
in some patients with anaemia and lowrisk MDS158–161 
(FIG. 3). By contrast, no clinical activity was detected in 
a trial involving the antiIL6 chimeric antibody siltux
imab158–161. Siltuximab has also been tested in patients 
with MM and has substantial activity in patients with 
Castleman disease162–165.

Among the immunosuppressive cytokines that con
tribute to the supportive tumour niche in MDS, TGFβ 
currently is arguably the most promising target for 
therapeutic intervention21. Two recombinant activin 
receptor–immunoglobulin G (IgG) Fc fragment fusion 
proteins, sotatercept and luspatercept, have been devel
oped as antagonistic ‘traps’ for cytokines of the TGFβ 
super family; these agents bind to and sequester ligands 

of activin receptor type 2A and activin receptor type 2B, 
respectively, including TGFβ and growth and differentia
tion factor 11 (GDF11), thereby relieving suppression of 
erythro poiesis166,167. Indeed, these agents are also being 
explored clinically in noncancer indications, including 
nonneoplastic forms of anaemia (such as thalassemia 
major) and osteoporosis (owing to their effect on BMPs, 
which are also TGFβ superfamily cytokines)168. Sotatercept 
has demonstrated clinical activity in the treatment of 
MDSassociated anaemia169, but for commercial reasons, 
is not being developed further in MDS. Luspatercept 
treatment has been shown to reduce the requirement for 
red blood cell transfusions in >40% of patients with MDS, 
including a subset who were heavily dependent on red 
blood cell transfusion167. Unexpectedly, the most strik
ing activity of luspatercept was observed in patients with 
either ring sideroblasts or mutations in SF3B1, a genetic 
aberration that is strongly correlated with the presence 
of ring sideroblasts and causes a specific erythropoietic 
defect167. This observation prompted the development of 
an ongoing registration trial (NCT02631070), in which 
the benefit of luspatercept versus placebo is being evalu
ated in 210 patients who have anaemia associated with 
lowrisk MDS and either ring sideroblasts or SF3B1 muta
tions. In summary, mechanisms of stromal protection of 
clonal cells, such as upregulation of adhesion molecules, 
potentiation of cytopenias by TGFβ and other cytokines, 
and alterations in vascular dynamics and angiogenesis, 
might serve as therapeutic targets in both patients with 
MGUS and/or MM and in those with MDS and/or AML.

Drug resistance
In addition to mediating haematological neoplasia, the 
stromal compartment of the bone marrow might also be 
a critical regulator of drug resistance. In a profiling study 
investigating 23 stromal cell types and their roles in 
influencing the innate resistance of 45 cancer cell lines to 
a total of 35 anticancer drugs170, stromamediated resist
ance was found to be common, particularly with tar
geted agents. For example, proteomic analyses revealed 
that resistance of cancer cells to BRAF inhibition is asso
ciated with secretion of HGF by stromal cells, resulting 
in activation of the HGF receptor MET and reactivation 
of the MAPK and PI3K–AKT signalling pathways171. 
The findings of this study indicate that the systematic 
dissection of the interactions between tumours and their 
microenvironment can uncover important mechanisms 
underlying drug resistance.

The role of the stroma in inducing drug resistance in 
patients with MM has been well documented. In vitro, 
adhesion of MM cells to MPSCs, endothelial cells, 
and proteins including fibronectin enhances MM cell 
growth and provides protection against druginduced 
apoptosis23,26,27,29,31,170,172–175. These sequelae are depend
ent on cell–cell contact as well as NFκBdependent 
transcription and secretion of IL6 — a cytokine with 
important activities that promotes the growth, sur
vival, and drug resistance of MM cells. Other cytokines, 
such as IGF1, and chemokines, such as CXCL12, have 
also been implicated in the drug resistance of MM 
cells through activation of the PI3K–AKT, MAPK, 
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and NFκB pathways23,26,27,29,31,170,172–175. Furthermore, 
exosomes secreted by MSPCs have been shown to 
mediate resistance to bortezomib in preclinical models 
of MM173. By use of a bioluminescence imaging assay, 
investigators screened multiple drugs for their activity 
against MM cells in the presence or absence of MSPCs 
and identified a stromainduced signature in tumour 
cells that correlates with drug resistance and an adverse 
patient prognosis170.

Hypoxia can also induce drug resistance in MM cells 
and might also result in resistance to radiotherapy176. 
Targeting of potentially therapyresistant cancer cells 
through the use of the hypoxiaactivated prodrug evo
fosfamide (TH302), which is an alkylating agent only 
under hypoxic conditions, has been tested in clinical tri
als involving patients with MM177. The final results have 
not been published, but preliminary data demonstrate a 
31% clinical benefit rate in heavily pretreated patients with 
MM178. Neoangiogenic mechanisms can also have a role in 
the development of resistance to antiangiogenic drugs and 
could serve as targets when designing new antivascular 
agents for the treatment of haematological malignancies24.

Less is known about the contribution of the 
bonemarrow niche to drug resistance in MDS. In 
AML, however, the integrinbinding glycoprotein 
CD98 promotes survival of leukaemia stem cells 
through interactions with their microenvironment, and 
is potentially amenable to intervention; the growth of 

patientderived AML xenografts can be inhibited using 
an antiCD98 antibody179. Similarly, the regulator of 
apoptosis nucleolar protein 3 confers drug resistance 
to AML cells via NFκBdependent induction of IL1β 
expression, which in turn stimulates secretion of CCL2, 
CCL4, and CXCL12 by cocultured MSPCs — suggest
ing reciprocal tumour–stroma crosstalk that results in 
cytoprotection and is potentially targetable180. In addi
tion, micro environmental factors might also mediate 
resistance to FLT3 inhibitors, including midostaurin, a 
multi kinase inhibitor that, in 2017, became the first new  
FDAapproved drug for AML in nearly 20 years181,182.

Conclusions
Numerous observations indicate that an altered 
bonemarrow microenvironment provides a nurturing 
niche that sustains haematological neoplasia and might 
even contribute to the emergence and evolution of neo
plastic clones. Targeting microenvironmentspecific alter
ations might not only prevent disease progression from 
precursor states such as CHIP or MDS, and MGUS or 
SMM to AML and MM, respectively, but also enhance the 
effectiveness of available therapies for the overt malignan
cies once progression has occurred. Further studies are 
required to better characterize and understand the aber
rant bonemarrow microenvironment in patients with 
these diseases in order to identify rational therapeutic 
targets and develop optimal strategies for interventions.
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