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Exploring the intricate cross-talk
between clonal expansion and
the bone marrow niche
Steven Ngo †, Despoina Papazoglou †, Hector Huerga Encabo †

and Dominique Bonnet*

Haematopoietic Stem Cell Laboratory, The Francis Crick Institute, London, United Kingdom
Haematopoietic stem cells (HSCs) reside within an intricate network of cells in

the bonemarrow (BM) niche. HSC crosstalk with niche compartments influences

lineage determination and blood cell production, while independent niche

interactions are essential for the maintenance of HSC quiescence. How

different niche components influence the genetic diversity of HSCs represents

an expanding field of investigation. As such, we will summarise the current

knowledge of the contribution to the Darwinian evolution of mutant HSCs of

both haematopoietic and non-haematopoietic cells residing in the BM. In this

review, we will disentangle how somatic evolution associates with the niche at

two stages: from (1) the stage of preleukaemic HSC expansion and clonal

haematopoiesis (CH) to (2) leukaemia-initiating cells (LICs) and the

development of myeloid malignancies with acute myeloid leukaemia (AML)

being the most prevalent. We will finally describe current challenges such as

limitations in models used in the field or the difficulty in studying specific genetic

clones in isolation.
KEYWORDS
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1 Introduction to clonal haematopoiesis and clonal
AML and redefining the bone narrow niche

The bone marrow (BM) niche has been extensively studied over the last decade;

however, the exact role and composition of cell types defining this highly orchestrated,

complex microenvironment is constantly evolving. In its early conception, the BM niche

initially referred to mesenchymal stromal cells (MSCs); however, in recent years, it has

become apparent that the niche comprises a constellation of cell types, all of which play an

integral and unique role in supporting the stem cell compartment. In this review, we will

consider how the two different cellular components of the BM niche, haematopoietic

(immune cells) and non-haematopoietic (stromal cells) cells, influences the clonal

evolution of haematopoietic stem cells (HSCs). Whilst there are also extramedullary
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derived molecular factors that migrate to the bone marrow and

regulate HSCs, here, we will only focus on cellular and molecular

factors produced locally. We also recognise that non-

haematopoietic niche cells can bear genetic mutations shared or

not shared with haematopoietic cells. Indeed, early studies in

murine models have reported that altered (mutated) niche cells

actively shape HSC responses and can be directly involved in the

expansion of clonal HSCs and initiation of haematological

malignancies (1). More recent evidence further supports this

notion of the niche as an oncogenic driver or facilitator of

malignancy. For example, PTPN11-activating mutations in the

mouse MSCs and osterix (Osx)-expressing osteoprogenitors lead

to donor cell-derived myeloproliferating neoplasms (MPN) in BM

transplantation assays through the upregulation of pro-

inflammatory cytokines (2). Additionally, mutations on ASXL1

have shown to regulate the self-renewal and differentiation of

bone marrow MSCs (3) and HSCs (4), while MSCs derived from

chronic myelomonocytic leukaemia patients have also reduced the

expression of ASXL1 (5). Across the same lines, endothelial cells

bearing the JAK2V617-F mutation have been shown to promote

clonal expansion in murine models of myeloproliferating

neoplasms (6). Whereas the clinical evidence for niche lesions as

initiating events in haematological malignancies requires future

work and validation, it is now clear that malignant cells

transform the niche to promote their own survival. Here, we will

focus only on this aspect, where somatic mutations acquired by

HSC compartment remodel their niche and drive unique
Frontiers in Hematology 02
interactions with the niche that are required for the expansion

and development of clonal haematopoiesis and leukaemia.
1.1 Niche players in the Darwinian
evolution of HSC clones

HSC crosstalk with specific niche compartments can influence

lineage determination and blood cell production, while independent

niche interactions are also essential for the maintenance of HSC

quiescence (7). BM-residing common myeloid (CMP) and

lymphoid progenitors (CLP) give rise to mature immune cells,

which together form the immune microenvironment. B cells, T

cells, NK cells, monocytes, granulocytes, erythroblasts, and

megakaryocytes all actively contribute to the normal function of

the BM and immune system, both in health and during

environmental stresses (Figure 1). The non-haematopoietic

microenvironment comprises a highly complex, yet intricately

organised network of cells characterised by significant

heterogeneity within the vascular (10) and mesenchymal stromal

cell compartments (11, 12). To date, studies that address the

molecular heterogeneity and functional plasticity of the BM

microenvironment have been limited largely due to the low

frequencies of these populations in the BM and the technical

challenges associated with their isolation. Recently, three

complementary studies have elegantly characterised the murine

BM stromal microenvironment during homeostasis at a single-cell
FIGURE 1

The niche hematopoietic and stroma cell components and environmental factors during clonal haematopoiesis. Mutant haematopoietic stem and
progenitor cells (HSPCs) give rise to mature hematopoietic cells harbouring preleukaemic mutations with distinct immune response (8). Overall, the
innate immune system from mutant HSPCs is characterised by changes in cell recruitment and production of inflammatory cytokines. In parallel,
environmental cues, like LPS or infections, could further promote the expansion of the mutant clones [nicely reviewed in (9)]. The boxes in red show
dysregulation of immune properties (e.g., mutant neutrophil NETosis). The green boxes indicate molecular factors that promote the expansion of
mutant clones. The blue boxes indicate the possible existence of unknown regulators that could reduce CH.
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resolution (13–15). The key stroma subsets (in homeostasis) are

summarised in Table 1. Baryawno et al. identified 17 stroma cell

subsets that include mesenchymal, pericyte, fibroblast, endothelial,

MSC-descendent osteolineage cells (OLCs), adipocytes, and

chondrocytes (14). In another study, lineage-specific Cre-

transgenic mice crossed with a knock-in reporter strain were used

to broadly identify the major non-haematopoietic niche

components within the BM. Using this strategy, the authors were

able to isolate the vascular niche, (VE-cadherin+ cre;LoxP-

tdTomato), Leptin-R (LEP-R)+ MSCs (Lepr-cre;LoxP-tdTomato),

and the endosteal niche (Colagen2.3-cre;LoxP− tdTomato). Bulk

and single-cell RNA sequencing (scRNASeq) was utilised to further

stratify additional sub-clusters within each of these niche

components (15). Baccin et al. combined single-cell and spatially

resolved transcriptomics to demonstrate that Cxcl12-abundant

reticular (CAR) cell subsets (Adipo-CAR and Osteo-CAR)

differentially localise to sinusoidal and arteriolar surfaces, acting

locally as “professional cytokine-secreting cells” (13). Beyond

Adipo- and Osteo-CAR cells, they further defined Schwann cells,

Ng2+ MSCs, osteoblasts, chondrocytes, fibroblast/chondrocyte

progenitors, sinusoidal and arterial ECs, smooth muscle cells, and

fibroblasts (myofibroblasts, stromal, arteriolar, and endosteal) (13).

An integrated analysis of these published datasets revealed

commonalities and differences in the subclusters identified (16).

Similar subsets were also identified during aging and

inflammation (17).

To date, most studies relating to the impact of the bone-marrow

niche on clonal expansion in either the CH or AML context have been

primarily performed on mouse models. However, in recent years, there

have been seminal papers that have described the BM

microenvironment in the human context (18–20). ScRNAseq was

also used to characterise the non-haematopoietic components of the

human bone marrow. The authors describe potential key factors that

govern the transition from stem and progenitor cells to fate-committed
Frontiers in Hematology 03
cells, and in situ localisation analysis showed distinct spatial

organisation of different niche compartments within the BM (21). A

recent study in AML has shown that during the course of the disease,

there is clear organisation and significant remodelling of the human

bone marrow samples of NPM1-mutated AML patients. Frozen BM

aspirates from AML patients showed clear increase in inflammatory

signatures in BM-MSC clusters when compared to healthy BM

controls. Furthermore, there is selective loss of MSCs critical for

long-term HSC maintenance, thus providing evidence showing

AML-mediated transformation of the BM microenvironment at the

expense of healthy HSCs (22). These studies helped to characterise and

define the human stroma cell populations in the BM niche in different

contexts, although additional work, including functional studies, is

warranted to fully understand the effect of such populations on the

BM-residing haematopoietic cell subsets.

Unlike in humans, more high-throughput analysis of murine

BM described the active changes of stroma cell populations during

leukaemia development (18) highlighting the plasticity and

importance of niche-residing stroma components for disease

biology. Additional functional work evaluated how stromal cells

respond to different environmental stresses like infections affecting

both haematopoietic and immune cells in the BM. Endothelial and

CXCL12-abundant reticular (CAR)/LepR+ cells alter the expression

of cytokines and chemokines in cellular niches following activation

of various pattern-recognition receptors (PRRs). In a model of

lymphocytic choriomeningitis virus (LCMV) infection, CD8+-

derived interferon g (IFN-g) activates MSC-derived interleukin 6

(IL-6) production, leading to the expansion of the immature and

mature myeloid compartments (23). A similar CAR cell-derived,

IL-6-induced myelopoiesis is also observed in chronic inflammation

mediated through lipopolysaccharides (LPSs) (24). During

infection, upregulation of granulocyte colony-stimulating factor

(G-CSF) suppresses CXCL12 production by CAR cells, which, in

turn, induced the mobilisation of haematopoietic stem and

progenitor cells (HSPCs) to the circulation (25). Additionally,

CAR/LepR+ cells increase the number of circulating monocytes

by upregulating CCL2, a potent chemoattractant responsible for

facilitating cell migration (26). During LPS-induced inflammation,

signalling through toll-like receptor 4 in endothelial cells increases

G-CSF production subsequently leading to emergency

granulopoiesis (27). The interaction of DEL-1 in endothelial cells

and CAR cells with b3 integrin expressed on HSCs promotes

myeloid priming and supports emergency myelopoiesis in

response to LPS-related inflammation (28).
1.2 Prevalent mutations in CH and AML

The gradual accumulation of somatic mutations in HSPCs

leading to the outgrowth of mutant clones is known as clonal

haematopoiesis (CH). Individuals with CH have a higher risk of

developing haematological malignancies such as AML; therefore,

mutations implicated in CH are also sometimes defined as

preleukaemic (29–31). DNMT3A and TET2 are the most

commonly occurring mutations in CH and are epigenetic

regulators involved in DNA methylation and demethylation,
TABLE 1 The murine stroma cell types defined by single-cell
RNA sequencing.

Stroma
subset

Gene signatures
Single-cell RNA seq

Proteins
IHC

Mesenchymal
Stromal Cells

lepr1, cxcl12¹, nestin¹,
ng21, pdgfra³

Lepr1,2, CXCL121, NESTIN¹,
NG21, CD200², CD632

Osteolineage
cells

Bgalp¹, Alpl1, Col1a11,
Spp11, Pth1r1, Runx21,

Ostn², Angptl22, Edil32, Sp73

Col1a12,3, MMP142,
CD9², Car32

Chondrocytes Acan1,3, Col2a11, Sox93 ?

Fibroblasts Fn11, S100a41,
Decorin¹, Sema3c1

PDPN³, PDGFR³

Endothelial
cells

Pecam11,3, cdh51,3, cd341,
kdr1, emcn1,3, ly6a1,2,3

CD311, EMCN¹, VWF1, SCA-
1², CD102², PODXL², CD54²,

VEGFR2, LAMA12

Pericytes Nes1, Cspg41,Acta21,
Myh111, Mcam1, lepr2

?

1) Baryawno et al., Cell (14);
2) Tikhonova et al., Nature (15);
3) Baccin et al., Nature cell biology (13).
? = Not known.
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respectively (32, 33). Preleukaemic mutations in HSCs have been

described to confer a repopulating advantage upon stress-induced

haematopoiesis in mouse models. Furthermore, recent studies have

aided our understanding of how preleukaemic HSPCs expand in

inflammatory environments (9, 34, 35). Here, we will describe how

haematopoietic (immune cells) and non-haematopoietic cell

populations residing in the BM are affected by CH and whether

they further contribute to the evolution of mutated clones.

Regarding CH, we will focus on DNMT3A, TET2, and JAK2

mutations given their strong association with progression to

myeloid neoplasms (36). Keeping in the direction of clonal

expansion and the increasing evidence that AMLs are often

genetically polyclonal, we will also describe the niche involvement

in AMLs driven by commonly occurring mutations. Finally, we will

critically discuss the current challenges and pitfalls in the field,

including the limitations in models used to investigate the niche, the

characterisation of cell-specific roles of the niche, and the difficulty

in studying specific genetic clones in isolation.
2 Clonal haematopoiesis and
the niche

In regard to the BM immune compartment, dissecting the immune

progeny contribution to clonal evolution can pose a significant

challenge given the difficulty of separating cell-autonomous functions

from mutation-specific effects. For example, innate immune cells

present in the haematopoietic niche contribute to clonal selection by

secreting pro- or anti-inflammatory cytokines based on environmental

cues such as infections or underlying inflammatory disorders.

Conversely, the production of pro-inflammatory cytokines has also

been reported to be upregulated when monocytes and neutrophils

inherit preleukaemic mutations fromHSCs (Figure 1). Therefore, it has

been an ongoing issue to distinguish “cause” from “consequence” (i.e., a

chicken-and-egg situation) in driving CH evolution. Overall, the

current paradigm suggests that stress signals drive preleukaemic

mutation expansion directly by favouring mutant HSCs or indirectly

via the response produced by cellular components of the niche (which,

in the case of haematopoietic/immune progeny, will be influenced by

the preleukaemic cell of origin). To summarise, given that

preleukaemic mutations naturally occur independently of stress as

well as early in age, we believe that environmental cues or underlying

pathologies play an active role in shaping CH evolution from a

preexisting pool of healthy and pre-malignant clones. Although CH

has also been shown to increase risk in developing non-haematopoietic

disorders (37–39), this review will strictly focus on the impact of CH in

haematological disorders.
2.1 TET2

Over the last decade, there has been a growing body of evidence

detailing the cellular and molecular mechanisms driving the

evolution of TET2-mutant HSCs. Initial characterisation of TET2

detailed its important role in supressing the upregulation of pro-
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inflammatory cytokines IL-6 and IL-1-b upon immune activation of

macrophages (40, 41). Other reports further characterised TET2

loss of function (LoF) mutations, whereby monocytes and

macrophages confer a hyperinflammatory phenotype upon

acquisition of the mutation (41–45). In tumour-associated

macrophages (TAMs), TET2 is reported to dampen immune

activation and maintain the TAM-immunosuppressive properties

(46). Whilst the impact of TET2 loss on the monocytic

compartment has been extensively characterised, new evidence

suggests significant implications of TET2 LoF mutations in other

immune cell types. Our group recently described defective NETosis,

granule content and hyperinflammatory phenotypes in TET2-

mutant neutrophils (8). In dendritic cells (DCs), TET2 has been

reported to cooperate with vitamin D receptor and STAT3 to

establish tolerogenesis (47). In plasmacytoid DCs, TET2 regulates

Irf7 expression and IFN response and has been known to confer

resistance to UV-induced death (48, 49). TET2-mutated HSPCs

also lead to myeloid bias in various mouse models (50–52). Of note,

recent works using genetically engineered TET2 mutations in

human cord blood HSCs identify clonal advantage along with

myeloid and granulocyte bias in the context of reconstituting

human haematopoiesis upon transplantation in immunodeficient

mice (8, 53). Finally, with regard to molecular mechanisms directly

involved in the evolution of TET2-mutant HSCs, the Rauh Lab

Team first reported clonal advantage of mutant HSPCs via tumour

necrosis factor-alpha (TNF-a) signalling (34). This subsequently

initiated a series of discoveries including LPS or microbial

translocation promoting TET2-driven CH expansion (54). Caiado

et al. investigated the contribution of aging-associated extrinsic

factors as drivers of clonal haematopoiesis of intermediate potential

(CHIP). In a TET2 CHIP mouse model, they observed an

association between increased TET2+/− clonal expansion and

higher BM levels of the inflammatory cytokine IL-1 upon aging.

This expansion of TET2+/− HSCs, HSPCs, and mature blood cells

was dependent on the IL-1 receptor. Interestingly, the genetic

deletion of IL-1R1 in TET2+/− HPSCs or the pharmacological

inhibition of IL-1 signalling impaired TET2+/− clonal expansion

establishing the IL-1 pathway as a relevant and therapeutically

targetable driver of TET2+/− CHIP progression during aging (40).

Little is known about the interactions between the non-

haematopoietic niche components and CH, and studies

investigating how the expansion of mutated or preleukaemic

HSCs affects the stroma subsets are lacking. Interestingly, Li et al.

have recently reported using in situ imaging and found that more

TET2-deficient AML cells migrate into the osteopontin (OPN)-

positive BM-derived stromal cells compared to the TET2 wild-type

group. They further reported that TET2-deficient AML cells show

increased migration, growth, and self-renewal ability when co-

cultured with stromal cells in vitro (55).
2.2 DNMT3A

In comparison to TET2, less is known regarding the cellular and

molecular factors driving DNMT3A-related CH. Unlike the nature
frontiersin.org
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of TET2 mutations that are predicted to inhibit or abolish the

enzyme’s catalytic activity, DNMT3A clone variants involved in

AML or other haematological malignancies affect the R882 hotspot

residue in the methyltransferase domain. Reports characterising

specific R882 variants and their impact on haematopoiesis are

lacking compared with those reporting LoF mutations in

DNMT3A. Nonetheless, in CH, DNMT3A mutations are

distributed across the three functional domains of the gene and

predicted to cause LoF. Hence, models characterising DNMT3A

LoF clones are helpful to gain understanding of CH, whereas R882

variants are more appropriate for studies focusing on evolution to

malignancy. Regarding studies on the impact of innate immune

cells upon DNMT3A mutations, the Glass’s group reported that

DNMT3A LoF in human macrophages induces type I interferon

response due to impaired mitochondrial DNA integrity and

activation of cGAS signalling (56). In mouse models, it has been

shown that bone marrow DNMT3A deletion blocks effective

efferocytosis and mast cell inflammatory responses (57, 58).

Regarding the impact of molecular players on the direct evolution

of DNMT3A mutant HSCs, it has been shown that chronic IFN-g
signalling via Mycobacterium avium infection confers advantage to

LoF DNMT3A HSCs (35). In the context of R882 variants, TNF-a
signalling promotes the selective advantage of mutant HSCs (59).

Additionally, it has been recently reported that a significant increase

in self-renewal is detected in both human and mouse DNMT3AMut-

HSCs when exposed to fatty bone marrow (FBM), which is often

seen in aged individuals. Furthermore, the authors, via single-cell

RNA sequencing, show a 6- to 10-fold increase in DNMT3AMut-

HSCs after exposure to FBM in vivo. Secretome analysis of the BM

fluid and in vitro BM adipocyte cultures showed increased IL-6

levels under FBM conditions. Consequently, treatment with

neutralising IL-6 antibody reduced the selective advantage of

DNMT3AMut-HSCs exposed to FBM. DNMT3AMut-HSCs derived

from older mice interacting with FBM have a higher self-renewal

capacity compared to DNMT3AMut-HSCs from younger mice

suggesting that the BM niche can actively shape CH (60). Lastly,

using murine models, Kim et al. have shown that haematopoietic-

specific mutations in DNMT3A decrease bone mass via

osteoclastogenesis. This bone loss was driven by inflammatory

cytokines including IL-20 derived from DNMT3A mutant

macrophages (61).
2.3 JAK2

Mutations in the epigenetic regulators TET2 and DNMT3A

account for almost 70% of the CH cases (62, 63). The remaining

drivers of CH consist of a heterogenous group of mutations associated

with chromatin remodelling (ASXL1), splicing (SF3B1, SRSF2), DNA

damage (PP1MD), or cell signalling (JAK2). Among these, mutations in

JAK2 locus V617F have been reported to have the highest frequency in

pre-AML and CH cases (64). Regarding the impact of JAK2V617F

mutations in innate immune cells, macrophages displayed increased

expression of pro-inflammatory cytokines (65), and neutrophils

increased neutrophil extracellular trap formation providing a
Frontiers in Hematology 05
molecular explanation for the increased thrombosis in patients with

MPN (66). In DCs, inhibition of JAK2 reverts vitamin D-induced

tolerogenesis (47). Regarding the impact of JAK2V617F mutations on

the non-haematopoietic compartment, conditional JAK2V617F knock-in

murine models show that the transplantation of JAK2V617F long-term

HSCs results in the development of MPN and myelofibrotic

transformation showcasing the role of JAK2Mut HSCs in remodelling

the BM niche (67). In the endosteal niche, monocytes derived from

JAK2V617F-MPN cells have enhanced osteoclast-formation ability

compared to that of WT monocytes. This enriched osteoclast

environment further supports the proliferation and survival of the

mutated MPN cells (68). Loss of TGF-b signalling in Osx-Cre-targeted

MSCs can prevent the development of myelofibrosis in a

JAK2V617F in vivo model (69). Transcriptomic comparisons

between BM-MSCs derived from healthy individuals or MPN

patients harbouring the JAK2V617F mutation identified distinct

gene signatures in MPN-MSCs including the overexpression of

SPP1 and NF-kB. This was coupled with a downregulation of

ANGPT1 and THPO; however, the exact mechanisms underlying

the JAK2Mut HSC : MSC interactions are still unknown (70). A

reduction in Nestin+ BM-MSCs and CXCL12 expression with an

expansion of JAK2+ HSCs has been detected as a consequence of

a local neuropathy that occurs in MPN-BM (71). Co-culture

models have also identified that cytokines secreted by BM-stroma

cells protect JAK2V617F-MPN cells from the JAK2 inhibitor

therapy (72). In addition to the involvement of MSC and MSC-

derived stroma cell contribution to MPN progression, clonal–

MPN cells have the capacity to disrupt the vascular niche (73). In

patients with MPN, BM vascularisation has been shown to

correlate with JAK2 allele burden (74). Interestingly, using murine

models, it was found that despite all HSCs carrying the JAK2V617F

mutation, disease progression varied and is highly dependent on the

localisation in specificBMniche compartments.The authors identified

distinctBMremodelling (endosteal andcentralBMvessels) in essential

thrombocythemia (ET) versus polycythemia vera (PV) settings. For

example, the bone (OPN+) area was 25-fold higher in mice engrafted

withETcompared to that ofPVhHSPCs, even thoughhHSPCs carried

the same oncogenic driver (75). Such studies therefore highlight the

importance of detailed investigations of clonal/mutant HSC

interactions with the niche, thereby determining both the intrinsic

and extrinsic factors that favour CH.
3 Clonal AML and the niche

Whereas studies relating to the importance of the niche during

clonal expansion and CH are scarce, the integral role of BM-residing

cells has been extensively studied in the context of AML. The

involvement of the various niche components during leukaemia

development has been broadly reviewed (76, 77). Our group has

previously reported alterations in the vascular components of the

niche that contribute to AML progression and drug response using

patient-derived xenograft (PDX) models (78). Importantly, however,

many of the studies pertaining to the AML–niche crosstalk have

focused primarily on genetically monoclonal mouse models. Hence,
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given the genetic homogeneity of such models, it is difficult to

determine the niche contributions to the selection of a given

leukaemia-initiating clone. With recent advancements in next-

generation sequencing, it has become increasingly evident that AMLs

often comprise multiple genetically distinct subclones. This therefore

raises the question of whether genetically distinct subclones may differ

in their dependency on the BM microenvironment, and more

importantly, whether these unique interactions may contribute to the

fitness of a clone during AML progression or in response to therapy.

Whilst studies dissecting the subclone-specific interactions with BM

cellular components from multi-clonal AMLs are currently lacking,

current mouse models utilising commonly occurring oncogenic lesions

in AML provide insight as to how genetically distinct AMLs may

interact with the BM niche (Figure 2).
3.1 MLL-F

MLL-rearranged fusion oncogenes (including MLL-AF9, MLL-

ENL) are commonly used for in vivo studies of AML in part due to the

aggressive nature of the disease. Single-cell sequencing characterising

the BM harvested from MLL-AF9 knock-in mice demonstrates

widespread remodelling of the BM in AML (14). MLL-AF9 cells

induce a shift in the osteolineages (OLC), from haematopoiesis

supporting OLCs to OLCs that promote calcification, ossification,

and degradation of the bone (14, 85). Endosteal remodelling has also

been observed in other studies using MLL-AF9-driven AMLs, where

the presence of AML cells causes a pro-inflammatory and anti-
Frontiers in Hematology 06
angiogenic switch in endosteal OLCs resulting in loss of the MSCs,

endothelial cells, and osteoblasts. The endosteal remodelling by the

AML clone is also at the expense of non-leukaemic HSPCs resulting in

loss of normal haematopoiesis (79). Interestingly, this remodelling is

not observed in the central regions of the bone suggesting a localised

impact of the niche where AML cells reside (79). MLL-F-driven AMLs

can also drive significant metabolomic changes to the endosteal niche

(80). Osteoblasts promote leukaemia cell proliferation through

serotonin receptor signalling triggered by MLL-AF9 blast secretion of

kynurenine. Kynurenine functions as an oncometabolite that interacts

with the serotonin receptor HTR1B expressed on osteoblasts and

induces a pro-inflammatory signature in osteoblasts (22, 80). This

positive feedback loop between AML cells and the osteoblasts is

required for AML progression in both MLL-AF9-driven mouse

models as well as human AML cell lines containing the MLL-AF9

mutation (80). Whilst osteoblast support of AML cells may not be

unique to MLL-AF9-driven AMLs (86, 87), some osteoblast/AML cell

crosstalk may be MLL-AF9 specific. Activation of the parathyroid

hormone (PTH) receptor on the osteoblast niche enhances MLL-AF9-

driven AML progression but not BCR-ABL1-driven MPNmodels (88)

demonstrating genotype-specific interactions with the niche. Nestin+

MSCs are uniquely important in their ability to support the high

bioenergetic capacity of AML clones (81). AML cells from MLL-AF9-

driven models rely on mitochondrial oxidative phosphorylation

(OXPHOS) to meet their high metabolic demand; however, high

OXPHOS also causes abnormally high reactive oxygen species (ROS)

levels in AML cells. Nestin+ MSCs not only provide substantial

metabolic support for AML cells through mitochondrial transfer but
FIGURE 2

Interaction of acute myeloid leukaemia (AML) clones and the niche microenvironment. Similar to clonal haematopoiesis (CH), mutated clones during
AML development highly interact with niche cells like mesenchymal stromal cells (MSCs), osteoblasts, endothelial cells, and macrophages. Here, we
summarise the key interactions of AML cells harbouring the following mutations: MLL-f (79–81), FLT3-ITD (82), NPM1 (22), and IDH1/IDH2 (83, 84)
with key bone marrow (BM) cell types.
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also reduce ROS levels in co-cultured MLL-AF9 AML cells (81).

Nestin+ MSCs increase glutathione (GSH) availability for

neighbouring AML cells. Uptake of GSH and subsequent oxidation

result in cell detoxification and a significant decrease in ROS in AML

cells. Although this Nestin+ MSC-AML cell crosstalk is crucial for

leukaemia progression, the same mechanisms of support are also

crucial for chemoresistance (81) emphasising the context-specific

importance of MSCs for MLL-AF9-driven AMLs.
3.2 FLT3-ITD

Although FLT3-ITD mutations alone are rarely potent drivers

of AML, co-mutated mouse models have been used to demonstrate

the impact of FLT3-ITDmut AML blasts on the BM niche. FLT3-

ITDmut TET2 knock-out mice show significant changes to the

cellular composition of the mouse BM including increased

abundance of endothelial cells and CAR cells (89). The CXCL12–

CXCR4 axis provides a protective niche and regulates adaptation to

the hypoxic environment, cellular migration, and survival of mutant

clones during leukaemogenesis (90), as well as provides resistance to

chemotherapy (89, 91). Disruption of this interaction between

FLT3-ITDmut LICs (which phenotypically resemble CD34+CD38-

HSPCs) and BM-MSC results in a delay in AML progression and

also sensitises FLT3-ITDmut LICs to both chemotherapy and

tyrosine kinase inhibitors (TKIs) through the downregulation of

p38 MAPK signalling (89). Elevated levels of b-catenin induced by

MSCs contribute to drug resistance and maintenance of FLT3-

ITDmut LICs (82, 92) through the activation of Wnt signalling,

which plays a critical role for AML cell survival. The dependency of

FLT3-ITDmut LICs on BM-MSC-derived b-catenin is also

corroborated in an independent study where FLT3-ITDmut-driven

AML showed higher upregulation of b-catenin in BM-MSCs

compared to BM-MSCs derived from mice transplanted with

AML1-ETO or MLL-ENL-driven AMLs (93). However,

upregulation of b-catenin itself is not unique to FLT3-ITDmut

AMLs as elevated b-catenin is also seen in MSCs co-cultured with

FLT3-ITD wild-type AMLs (82). Whether or not non-FLT3-ITDmut

AMLs rely on b-catenin for their survival has yet to be elucidated.

Interestingly, the BM-MSCs may also convey resistance to

FLT3-ITDmut subclones directly via metabolism of the drugs

themselves. Cytochrome p450 enzymes (CYPs) is a drug-

metabolising enzyme expressed in BM-MSCs and has been

previously shown to provide resistance for FLT3-ITDmut cells

through the local metabolism of FLT3-ITD inhibitors such as

sorafenib and gilteritinib (94).
3.3 NPM1

Mutation to nucleophosmin 1 (NPM1) is the most common

mutation found in adult AML and frequently co-occurs with FLT3-

ITD mutations to drive disease (95). Although studies relating

specifically to NPM1 mutations and the BM microenvironment

are scarce, Chen et al. were able to perform scRNAseq analysis on

frozen BM aspirates of AML patients with the NPM1 mutation
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(NPM1m). Here, they showed that TNFa mediated inflammatory

remodelling of LepR+ BM-MSCs and extracellular matrix (ECM)

remodelling in NPM1m AML patients (22). Interestingly, AML-

mediated remodelling of the BM-MSCs resulted in loss of MSC

populations heavily associated with HSPC maintenance of short-

term (ST), but not long-term (LT), “healthy” HSCs. Furthermore,

whilst inflammatory remodelling of the BM-MSCs was associated

with a loss of ST-HSCs, such remodelling was also associated with a

favourable outcome, likely due to the dependency of residual relapse

initiating on niche support for survival from chemotherapy. Of

note, further analysis revealed that inflammatory remodelling of the

BM-MSCs may not be specific to NPM1m AMLs; however, niche

remodelling impacting patient outcome may be mutation-specific

given that AML patients with NPM1m have a favourable outcome

in comparison to other AML-driving mutations.
3.4 IDH1/IDH2

IDH1 and IDH2 play a protective role against oxidative stress

by regulating intracellular NADP+/NADPH ratio (96). Both IDH1

and IDH2 epigenetic modulators are commonly mutated in AML

with up to 20% of adult AMLs being driven by either mutation (95).

IDH1/2 mutant cells produce the oncometabolite R-2-

hydroxyglutarate (R-2HG), which is primarily responsible for

epigenetic reprogramming of the malignant clone resulting in a

differentiation block (97). Although IDH1/2 mutations keep AML

blasts in a highly proliferative state, the production of R-2HG also

remodels the local BM niche into a pro-AML state. Uptake of R-

2HG by BM-MSCs induces NFKB phosphorylation. Stabilisation of

NFKB results in enhanced expression of important cytokines, such

as IL-6 and IL-8, which are not only important for AML clone

proliferation (98) but also in promoting chemoresistance (83). BM-

MSC metabolism of R-2HG also induces CXCR4 upregulation

enhancing AML cell–MSC crosstalk, AML progression, and

chemoprotection (98).
3.5 The influence of the immune niche
on AML

Thus far, most studies relating to AML cell–niche crosstalk have

fo cu s ed p r imar i l y on the non-haematopo i e t i c BM

microenvironment. This is not to say, however, that the immune

niche does not have an impact on AML transformation and

expansion. For example, studies on leukaemia-associated

macrophages (LAMs) have highlighted their importance in

leukaemia development and resistance to chemotherapy (84).

Using PDX models, it was found that co-injection of primary

human PMLRARa-mutated AML cells with M2-polarised

macrophages induced a high acute promyelocytic leukaemia

(APL) engraftment in xenograft mice suggesting a vital role of the

immune niche in APL (99). Interestingly, M2 macrophages,

inducing metabolic changes to AML cells and direct

mitochondrial transfer from macrophages to AML cells,

facilitating their increased metabolic activity, was reported.
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Adding to the complexity, partial maturation of AML cells into

monocyte/macrophage lineage is observed clinically, as well as in in

vivo models of AML (20). Therefore, it is enticing to speculate

whether AML-derived macrophages also play a supportive role for

the LICs, thereby creating their own immune niche for leukaemia

propagation. Indeed, macrophages harbouring AML mutations

have been shown to have reduced phagocytic abilities (99);

however, its potential function as a supportive LAM has yet to

be explored.
4 Current limitations and future
questions when investigating the BM
niche influence on clonal evolution

4.1 Cell of origin

Whilst the oncogenic mutation may influence the LICs’

interaction with the BM niche, the LIC “cell type” may also

contribute to this process. This is particularly the case in AML,

where scRNAseq has showed significant cellular heterogeneity in

AML cells between different patient samples (20). However, given

that some leukaemogenic mutations often occur in specific cell

subtypes, it is difficult to discern whether specific niche interactions

are due to the oncogenic mutation or the cell of origin of the LIC.

For example, MLL-F-driven AMLs are typically classified as

myelomonocytic leukaemias (100), whereas FLT3-ITD mutations

are particularly prevalent in M1/M2 leukaemias with a more

immature immunophenotype (101). Hence, whether the AML cell

interaction with the niche is specific to the mutation or the cell type

can, at times, be unclear. Interestingly, Li et al. in their MLL-AF9

murine model, showed the co-existence of immature (LMPP-like)

and more mature (GMP-like) subpopulations, both having the

capacity to initiate/propagate the disease when transplanted into

secondary mice (102). Consequently, both AML subpopulations

required different cytokine signals to propagate disease (SCF and

FLT3L for LMPP-like and IL-3 and IL-6 for GMP-like cells)

demonstrating that, in addition to oncogenic mutations,

dependency on the BM niche may differ depending on the “cell

of origin” of the AML cells themselves.
4.2 The right models

Advancements in next-generation sequencing and the ever-

improving sensitivity of such platforms have revealed the

prevalence of genetically distinguishable clones in both the

normal and malignant settings. Exome sequencing can monitor

previously undetectable subclones in patient samples with

precision. Furthermore, it is increasingly evident that the process

of clonal selection and expansion is dynamic, influenced by both

cell and non-cell autonomous mechanisms (78, 81, 103). To date,

most functional studies relating the BM microenvironment and

clonal expansion rely on the use of transgenic mouse models driven
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by commonly occurring CH or AML-driving mutations. Such

studies have provided invaluable insight into the niche–CH/AML

crosstalk; however, a clear concern is the relevance of these

interactions in the human context. Often, validation of these in

vivo findings in human cohorts is missing. PDX models address

one-half of the issue allowing the investigation of the niche crosstalk

with human-derived clones, however, still relying on the murine

BM microenvironment (intra-species interactions). More recently,

surgically implanted scaffolds pre-seeded with human MSCs have

been used to mimic a humanised niche (104, 105). Multiple groups

have described the development of such niche models, which can

support normal and malignant haematopoiesis (106–108). Whilst

these models may lack the spatial organisation of the niche

components that is inherent in a given tissue, such humanised

models not only allow the interrogation of clonal expansion in

notoriously difficult diseases to model (such as MDS) (105) but also

provide a useful tool to investigate niche–clonal interactions across

the haematological disease spectrum in a more clinically

relevant setting.
4.3 Studying the subclones in isolation and
in competition

Studying the dynamics of clonal populations can be challenging

in many ways. Much of the research relating to niche-mediated

clonal expansion uses murine models that are genetically

homogenous. Consequently, they inherently neglect the

competition between distinguishable subclones (i.e., mutated vs.

non-mutated clones), which would better reflect the true biological

context of clonal expansion. With a few exceptions (93), these

questions may be beyond the scope of the studies mentioned in this

review; however, without direct comparisons between clones or

models driven by different mutations, it is difficult to discern

whether a given interaction with the niche may be mutation

specific or common amongst many mutations related to a given

disease. Indeed, of the limited head-to-head studies that do

characterise oncogenic lesion-specific interaction with the BM,

they do provide compelling evidence to suggest that the

mutational profile can influence the transformation of the BM

niche (93). In a similar direction and mostly related to CH,

another drawback is the limited access to primary human samples

that bear only the mutation of interest to validate the findings from

mouse in vivo studies.
4.4 Technical limitations

Certainly, the technical improvement and accessibility to

scRNASeq analyses are able to guide our understanding of MSC

biology, and their exploration can inspire creativity in our scientific

inquiry. However, they cannot replace functional experiments

required to answer complex biological questions. scRNAseq has

been able to showcase the significant heterogeneity amongst

subpopulations within the BM niche (16). Our understanding of
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the niche heterogeneity by scRNAseq, however, is not reflected in

our ability to characterise and identify such subclusters

immunophenotypically. Additionally, on a functional level,

reliable antibody panels to identify such subpopulations through

immunohistochemistry is lacking making it difficult to interrogate

the BM spatial organisation in a subpopulation level within the

bone. Encouragingly, the panel of markers to identify subclusters

within different niche components is growing (109, 110). A major

limitation to the aforementioned studies, however, is the loss of

spatial organisation and BM cellular architecture inherent to these

experiments. This could prove to be highly important given that

there is growing evidence to suggest significant changes to spatial

organisation of HSPCs as the bone marrow ages (13, 111–113). In

recent years, innovative multiplex imaging techniques, such as

CODEX (114, 115) or MACSima (110), have emerged, allowing

for in-depth characterisation of cell types in situ. Such techniques

may be proven vital in investigating the interplay between the niche

and subclones, as detailed characterisation of the cellular

neighbourhoods surrounding the clone of interest can faithfully

describe the multi-cellular contribution of the BM in the expansion

of a given clone.

Similarly, spatial RNAseq technologies, such as SpatialScope

(116), STAPL-3D (117), and CelEry (118), have emerged in recent

years, providing a possible means to investigate the transcriptional

profile of relevant BM-residing cells whilst retaining the cellular

architecture of the bone (110, 119, 120). However, consistent and

successful use of such technologies on bone samples has yet to be

achieved in part due to the technical difficulties with imaging of the

bone (i.e., bone decalcification is essential for bone sectioning;

however , i t s ignificantly compromises the qual i ty of

immunostaining). Even though such techniques open avenues to

define and investigate the involvement of niche cells on clonal

expansion, a great challenge remains: our ability to isolate these cells

and their subclusters to study them functionally is limited.

Therefore, it is very challenging to define their distinct roles and

confirm that they are all functionally distinct populations (even

though they do have distinct gene signatures). In a similar direction,

given the heterogeneity and high plasticity of many immune

progenitor and stroma cell components, longitudinal studies are

warranted to confirm that these subsets/subclusters are the same/

similar through time and through the expansion of the clone

of interest.
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