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Abstract

Cellular heterogeneity and an immunosuppressive tumour microenvironment are independent 

yet synergistic drivers of tumour progression and underlie therapeutic resistance. Recent 

studies have highlighted the complex interaction between these cell-intrinsic and cell-extrinsic 

mechanisms. The reciprocal communication between cancer stem cells (CSCs) and infiltrating 

immune cell populations in the tumour microenvironment is a paradigm for these interactions. 

In this Perspective, we discuss the signalling programmes that simultaneously induce CSCs 

and reprogramme the immune response to facilitate tumour immune evasion, metastasis and 

recurrence. We further highlight biological factors that can impact the nature of CSC–immune cell 

communication. Finally, we discuss targeting opportunities for simultaneous regulation of the CSC 

niche and immunosurveillance.

Cellular heterogeneity has been a long-appreciated hallmark of advanced cancers and serves 

as a framework to understand aggressive and therapeutically resistant cancers. One aspect 

of this framework is the cancer stem cell (CSC) hypothesis, which refers to treatment-

refractory, tumour-initiating cell populations1. While defining a CSC has been challenging 

for a variety of reasons, including CSC population heterogeneity and patient-to-patient 

variability, CSC populations have been functionally validated across multiple cancers and 

have revealed a series of cell-intrinsic and cell-extrinsic molecular mechanisms that underlie 

tumour growth and therapeutic resistance (BOX 1). CSC signalling has been the focus of 

therapeutic development efforts that are in the initial stages of clinical evaluation2,3. Another 

aspect of CSC studies has focused on cell-extrinsic interactions with the surrounding tumour 

microenvironment that rely on a series of bidirectional cellular mechanisms, such as direct 

cell contact and ligand–receptor interactions, to drive tumour growth through interaction 

with resident and infiltrating non-neoplastic tumour cells. These interactions are also being 

considered in therapeutic development2.

Harnessing the immune system to recognize and effectively eliminate tumour cells 

has transitioned from a theoretical possibility to a viable therapeutic option for many 
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advanced cancers4. Although many of these strategies are based on the systemic 

targeting of protumorigenic immune cells or the activation of an antitumoural immune 

response, the molecular mechanisms altering the immune cell function within the tumour 

microenvironment are not fully elucidated. Furthermore, instructive interactions in the 

tumour microenvironment may underlie acquired resistance to these therapeutic strategies, 

as the tumour microenvironment is generally considered to be immunosuppressive5. An 

additional confounding variable is how immune cell lineages interact with CSCs, as both 

immune evasion and CSCs are recognized as integral parts of tumour growth and metastatic 

spread. Moreover, it was recently demonstrated that a high-stemness signature correlates 

with a poor immunogenic response across 21 solid malignancies, highlighting a potential 

interaction between these two protumorigenic pathways6. On the basis of these associations, 

the aim of this Perspective is to evaluate our current understanding of CSC–immune cell 

interactions in cancer to determine how these interactions drive tumour growth and to 

identify novel dual CSC targeting and immunotherapy strategies for future therapeutic 

development efforts. Given the rapid development in each of these seemingly independent 

areas, CSC biology and immunotherapy, exploring the interface between these fields may 

provide a new viewpoint and additional insight into each individual field as well as 

identify key overlapping areas that can be leveraged for additional mechanistic insight and 

therapeutic development efforts.

To assess CSC–immune cell interactions, we focus on signalling programmes that are 

common for self-renewal and immune reprogramming and that facilitate immune evasion, 

tumour growth and metastasis, and therapeutic resistance. In addition, we examine these 

programmes in the context of individual immune cell lineages that are resident in or 

infiltrate the tumour microenvironment. We also provide examples of cellular and molecular 

mechanisms that reciprocally amplify CSC maintenance and immunosuppression. Finally, 

we integrate these themes to highlight targeting opportunities to concomitantly attenuate 

CSC maintenance and reduce immunosuppression in the tumour microenvironment.

Myeloid cells

Tumour-infiltrating myeloid cells are a heterogeneous lineage consisting of monocytes, 

myeloid-derived suppressor cells (MDSCs), granulocytes, macrophages and dendritic cells 

(DCs) originating from the common myeloid progenitors in the bone marrow, as well 

as tissue-resident macrophages derived from yolk sac or fetal liver monocytes7. Despite 

differences in their ontogeny and activation status, these diverse cell types interact with 

CSCs, albeit the relative contribution of each myeloid population to cancer progression 

is tumour type dependent. There is growing appreciation of the protumorigenic role of 

this reciprocal communication axis. These interactions, summarized in FIG. 1, constitute 

potential therapeutic targets for the reprogramming of the tumour microenvironment across 

multiple cancers.

Monocytes and macrophages.

CSC–immune cell interactions are best defined in the context of tumour-associated 

macrophages (TAMs), which can arise from tissue-resident macrophages or can differentiate 
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from immature monocytes. Tissue-resident macrophages populate organs during embryonic 

development, diversify to respond to a specific set of environmental cues by establishing 

distinct expression programmes and maintain organ homeostasis by performing specialized 

functions depending on their anatomical location8,9. Several studies have identified tissue-

resident macrophages as an integral component of adult stem cell niches (BOX 2), raising 

the possibility that this homeostatic mechanism may be leveraged by CSCs for their 

maintenance10,11.

While in vitro studies have classified macrophages into dichotomous proinflammatory M1 

and immunosuppressive M2 phenotypes8, TAMs can exist in a spectrum of activation states, 

which is further complicated by spatial and temporal variation12–14. To a certain degree, 

this variation is determined by the evolving needs of the tumour microenvironment as 

well as by the source of the protumorigenic macrophage population. TAMs consist of 

both prenatally derived macrophages, which are retained in some organs during adulthood 

through local proliferation, and blood-derived macrophages, which contribute to or replace 

the pool of tissue-resident macrophages15–17. Among the multitude of factors produced 

by tumour and stromal cells that govern monocyte and macrophage infiltration and 

survival, C-C motif chemokine 2 (CCL2) and macrophage colony-stimulating factor 1 

(CSF1) are the main regulators of this behaviour. Therefore, influx of monocytes in 

early stage mouse mammary tumours, an essential step for subsequent metastatic spread, 

is facilitated by the CCL2–C-C chemokine receptor type 2 (CCR2) signalling axis18. 

CSCs can be imperative to monocyte recruitment across tumour types, as supernatants 

from patient-derived or mouse cholangiocarcinoma, hepatocellular carcinoma (HCC) or 

glioblastoma cells grown in CSC-enriching conditions (sphere culture) had elevated 

levels of protumorigenic macrophage factors, including CCL2, CCL5, CSF1, growth 

differentiation factor 15 (GDF15), interleukin-13 (IL-13), transforming growth factor-β 
(TGFβ), periostin or WNT-induced signalling protein 1 (WISP1; also known as CCN4) 

than their non-CSC counterparts10,19–24 (BOX 3; FIG. 1a). Subsequent treatment of 

macrophages with conditioned media from these sphere cultures informed expression of 

markers associated with immunosuppressive function in vitro, suggesting that CSCs may 

impact the polarization state of TAMs10,19–24.

Reciprocally, TAMs can foster CSC phenotypes through soluble mediators, such as IL-6, 

TGFβ, WNT ligands and pleiotrophin, or via juxtacrine signalling as determined by 

co-culture experiments25–30 (BOX 3; FIG. 1a). Macrophage signalling to CSCs through 

receptor-type tyrosine-protein phosphatase-ζ (PTPRZ1) and ephrin type A receptor 4 

(EPHA4), among other receptors that have not yet been elucidated, increased self-renewal 

(as read out by sphere formation and tumour-initiation capacity of CSCs) via activation 

of nuclear factor-κB (NF-κB), AKT and signal transducer and activator of transcription 3 

(STAT3)25,27–29 (BOX 3; FIG. 1a). Importantly, the ability of CSCs to recruit TAMs through 

the expression of immunomodulatory factors is intertwined with stemness epigenetic 

programming and CSC transcriptional activity. For example, in human metastatic prostate 

cell lines, Polycomb repressive complex 1 (PRC1)-dependent chromatin remodelling was 

necessary for downstream CCL2 expression by CSCs31. In HCC mouse models, CCL2 

and CSF1 expression was driven by the activation of the Hippo pathway effector Yes-
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associated protein (YAP), which is also essential for hepatocyte dedifferentiation and CSC 

proliferation21.

These observations highlight the complexity of CSC–macrophage crosstalk and underscore 

its implications for simultaneous targeting of immunosuppression and stemness phenotypes. 

However, inhibition of the CCL2–CCR2 axis alone was ineffective in reducing CSC 

frequency in the aforementioned HCC model21, and CSF1 receptor (CSF1R) inhibitors 

have had variable clinical success32. These limitations are potentially due to the non-specific 

elimination of antitumorigenic myeloid cells and the presence of compensatory mechanisms 

that warrant testing of combinational approaches. WISP1 and periostin are among those 

targets, as their knockdown reduced tumour-infiltrating myeloid cell frequency and delayed 

tumour growth in preclinical glioblastoma models19,20, but they lack specific inhibitors for 

clinical use. Pertinently, CSCs not only polarize macrophages to a protumorigenic state but 

also use protective mechanisms to avoid phagocytosis by macrophages. The CD47 ‘don’t 

eat me’ signal is upregulated in leukaemia33, HCC34, pancreatic ductal adenocarcinoma 

(PDAC)35 and lung cancer36 cells expressing phenotypic markers of CSCs. Preclinical 

studies revealed that blockade of the CD47–signal regulatory protein-α (SIRPα) axis can 

trigger tumour phagocytosis across disease models33–37, and a recent phase I clinical trial 

determined that a humanized anti-CD47 antibody is well tolerated in patients with advanced 

cancers38, suggesting that inhibition of CD47 has translational potential. These observations 

highlight the complex interplay with functional consequences of enhanced TAM recruitment 

and polarization as well as increased CSC activity and survival. While the unique set 

of mediators contributing to this pathological axis might differ depending on the tumour 

type (TABLE 1), interference with this CSC–TAM communication along with activation of 

tumour lysis properties of antitumoural macrophages provides the conceptual framework for 

added therapeutic value.

Dendritic cells.

DCs play an essential role in priming the T cell-mediated antitumour immune response 

by cross-presenting tumour antigens. However, tumours can restrict the antitumorigenic 

properties of DCs by limiting their trafficking, preventing their maturation and inducing 

differentiation of tolerogenic subtypes7. These DCs are not devoid of function and can 

actively support cancer growth as well as metastatic spread39. This is in part mediated 

by reprogramming of regulatory CD4+ T cell populations by monocyte-derived DCs, 

suggesting that tumours can inform downstream interactions of DCs with other immune 

cell populations39,40.

Although there is very limited knowledge of the specific role of CSCs in this process, 

several recent observations support a reciprocal relationship between CSCs and tumorigenic 

DCs. For example, cells from human renal cancers expressing CD105 (also known as 

endoglin), a surrogate marker for CSCs, blocked maturation of monocyte-derived DCs 

in vitro at a higher rate than CD105− tumour cells, on the basis of the expression of 

co-stimulatory molecules41. This phenotypic change was attributed to extracellular vesicle-

associated expression of the inhibitory receptor major histocompatibility complex class I 

(MHC-I) antigen G (MHC-G)41 (FIG. 1b). While the precise mechanism of action was not 
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investigated in that study, MHC-G serves as a ligand to immunoglobulin-like transcript (ILT) 

inhibitory receptors and can arrest DC differentiation by signalling through the IL-6–STAT3 

axis42 (BOX 3).

Tumorigenic DCs can also provide prosurvival signals for the maintenance of CSCs in 

solid and haematological malignancies as a result of an altered secretory phenotype. 

DCs isolated from patients with colon cancer or conditioned with culture medium from 

a human colon cancer cell line are characterized by lower IL-12 and higher C-X-C 

motif chemokine 1 (CXCL1) production43. CXCL1 increases expression of the stem cell 

signalling network proteins NANOG, OCT4, SOX2 and MYC and drives cell migration43 

(FIG. 1b). As CXCL1 also contributes to premetastatic niche formation of colon cancer by 

recruiting CXCR2+ MDSCs, mediators secreted by dysfunctional or tolerogenic DCs might 

drive tumour progression through multiple downstream effector functions44. However, it is 

plausible that the receptor–ligand interaction is tumour specific, as the CXCL12–CXCR4 

axis was germane to support provided by follicular DCs to B cell lymphoma stem cells, 

which were characterized by exclusion of Hoechst 33342 dye, also known as the side 

population, and increased sphere-forming capacity45 (FIG. 1b).

These early findings highlight the necessity of educating DCs against CSCs for the success 

of DC vaccine strategies that are currently in clinical development. To this end, DCs pulsed 

with the lysates of mouse cancer cell lines grown in CSC-enriching sphere conditions or 

selected for ALDH expression elicited a better immune response than those pulsed with 

bulk tumour cells in glioblastoma, melanoma and head and neck squamous cell carcinoma 

(HNSCC) mouse models46,47. Nonetheless, the presence of CSCs in mouse tumour cell lines 

is a contested subject, and high immunogenicity of these cell lines48 can further complicate 

accurate representation of human tumours. Thus, identification of additional mechanisms 

of DC dysregulation in tumours and neoantigens selectively expressed in CSCs as opposed 

to normal stem cells are essential to improve the success and manage the toxicity of this 

treatment approach in patients.

Myeloid-derived suppressor cells and tumour-associated neutrophils.

MDSCs are immature bone marrow-derived cells that expand in patients with malignancies 

and infiltrate tumours. In addition to serving as markers of malignancy, MDSCs suppress 

the antitumour immune response and limit the efficacy of anticancer therapies49. Monocytic 

MDSCs (M-MDSCs) and polymorphonuclear MDSCs (PMN-MDSCs) are two subsets of 

MDSCs that are involved in different steps of tumorigenic growth and metastatic spread50. 

Tumour-associated neutrophils (TANs) are a potential third cell type closely linked to 

PMN-MDSCs. Although PMN-MDSCs are widely accepted as a population separate from 

inflammatory neutrophils on the basis of their functional annotation and transcriptome 

profile51, the distinction between TANs and PMN-MDSCs is not well defined. The variation 

between MDSC subtypes and TANs is linked to their complex and distinct roles in the 

tumour microenvironment but can also depend on the cancer type.

Initial observations suggested that MDSCs co-cultured with patient-derived primary ovarian 

cancer tissue promote sphere formation and ALDH expression by stimulating miR-101 

and blocking carboxy-terminal-binding protein 2 (CTBP2) in tumour cells52. Subsequent 
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studies identified M-MDSCs as the major driver of CSC phenotype in pancreatic and 

breast cancers53. M-MDSCs, which were detected at high levels in human pancreatic 

cancer tissue, were capable of increasing the frequency of the fraction of ALDH+ stem 

cells in mouse tumour cell lines in culture and increasing the in vivo tumour growth rate 

following implantation of these cells subcutaneously53. Similarly, M-MDSCs constituted 

the majority of tumour-infiltrating MDSCs in human breast tumour tissue and in mouse 

breast cancer models50,54. Mechanistic analysis indicated that nitric oxide synthase 2 gene 

(Nos2) expression and nitric oxide production by M-MDSCs promoted CSC phenotypes 

via activation of Notch signalling and sustained STAT3 phosphorylation in cancer cells50,54 

(BOX 3; FIG. 1c). In mouse breast cancer cell lines, this effect was observed as increased 

levels of vimentin and phosphorylated STAT3, which was reversed by pharmaceutical 

inhibition of NOS2, when they were co-cultured with M-MDSCs50. Similarly, culturing 

of human breast cancer cell lines with MDSCs resulted in an increase in the ALDH+ 

fraction, and self-renewal, as read out by sphere formation, was blocked by the combination 

of an NOS2 inhibitor and an anti-IL-6 antibody54. Importantly, this is not a unidirectional 

relationship, as CSCs recruit MDSCs to constrain T cell activity and create a favourable 

environment for tumour growth. This can be achieved through a CSC-dependent increase in 

the levels of STAT3 and arginase, markers of suppressive function, in M-MDSCs through 

mediators that are not well defined53,55. However, macrophage migration inhibitory factor 

(MIF) is one such factor secreted by CSCs to promote M-MDSC accumulation and survival 

in the glioblastoma microenvironment55,56.

In mouse cervical, prostate and melanoma tumour models, where PMN-MDSCs play a 

more dominant role, MDSC accumulation is driven by granulocyte colony-stimulating 

factor (G-CSF), CXCL5 and TGFβ, respectively57–59 (BOX 3; FIG. 1d). Subcutaneous 

G-CSF-overexpressing human cervical tumours in nude mice were characterized by more 

MDSCs and ALDH+ tumour cells than were tumours initiated with the parental lines59. In a 

genetically engineered mouse model of prostate cancer, CXCL5-dependent mobilization of 

CXCR2+ PMN-MDSCs was linked to YAP hyperactivation57. An increased TGFβ signature 

in CD133+ mouse melanoma cells (CD133 is also known as PROM1) was associated with 

increased infiltration of PMN-MDSCs and TAMs in tumours initiated with the CD133+ 

fraction compared with CD133− counterparts58. These observations point to conserved 

signalling mechanisms, such as the Hippo–YAP pathway and miR-92 (REFS21,57,58), that 

drive immunosuppressive myeloid cells into the tumour microenvironment.

Reciprocally, PMN-MDSCs contribute to the stemness of cancer cells via multiple 

mechanisms. Co-culture of human multiple myeloma cells with PMN-MDSCs increased 

self-renewal as assessed by tumour sphere formation and increased relative expression 

of NANOG, OCT4 and SOX2, which was reversed by the PIWI-interacting RNA 823 

antagomir or a DNA methyltransferase 3β (DNMT3B) inhibitor60. Similarly, PMN-MDSCs 

increase STAT3 phosphorylation, CD133 and CD44 expression and sphere formation of 

mouse and human colorectal cancer cell lines in vitro via transfer of exosomal S100A9 

(REF.61). Furthermore, prostaglandin E2 (PGE2) expression by MDSCs was linked to 

expansion of the ALDH+ fraction in human cervical cancer cell lines in vitro, as this effect 

was reversed by a PGE2 inhibitor59.
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TAN–CSC interactions have been reported in the context of lung cancer and HCC. In 

multiple mouse models of lung cancer, tumour-derived TGFβ is ascribed as a regulator of 

protumorigenic TAN polarization62. CSC-derived CXCL5 was also linked to chemotaxis of 

TANs in mouse models of HCC63 (FIG. 1d). In vitro studies indicated that TANs can also 

secrete TGFβ along with bone morphogenetic protein 2 (BMP2) to reprogramme cancer cell 

lines to acquire functional and phenotypical traits of stem cells, including colony formation 

capacity, through upregulation of NF-κB63, affirming the bidirectional role of TGFβ in 

the TAN–CSC communication axis (BOX 3). Collectively, these observations reveal that 

MDSCs and TANs support CSCs and are putative targets for cancer immunotherapy.

Lymphocytes.

T cells and B cells are essential components of immunosurveillance and have a 

vital role in long-term antigen-specific immune responses. Natural killer (NK) cells 

and innate lymphoid cells (ILCs) also arise from common lymphoid progenitors but 

lack antigen-specific receptors. There is limited understanding of how CSCs interact 

with lymphoid cell populations except that CSCs use multiple mechanisms to escape 

immunosurveillance. Tumour sphere-forming glioblastoma64, colon cancer65, lung cancer66, 

ABCB5+ melanoma67 and CD34+ leukaemia68 stem cells are characterized by reduced 

expression of MHC-I and/or NK cell receptor D (NKG2D) ligand. While lower levels 

of NKG2D ligand in CD34+ leukaemia stem cells and MHC-I in CD133+ glioblastoma 

stem cells provided protection against NK cell lysis in vitro68,69, in phenotypically 

defined lung cancer and colon cancer stem cells, decreased MHC-I expression correlated 

with susceptibility to in vitro cytotoxic killing66,70. These differences potentially point 

to variations in NK cell interactions on the basis of tumour type, with the presence 

of additional factors informing the nature of communication or selective enrichment of 

NK cell-resistant CSC populations in some cancers. To further add to this complexity, 

CSCs can inform NK cell activity. CD133+ patient-derived glioblastoma stem cells secrete 

TGFβ to restrict NKG2D expression on peripheral blood mononuclear cells71 (BOX 3). 

Given the accumulating evidence for B cell and ILC dysregulation in cancer and its 

ramifications for antitumour immunity72,73, it is likely that there is underappreciated 

crosstalk between CSCs and these immune cell populations. The possibility of a direct line 

of communication between CSCs and ILCs is further suggested by group 3 ILC-dependent 

STAT3 phosphorylation in intestinal stem cells during tissue regeneration74. While these 

mechanisms wait to be elucidated, the complex interplay between CSCs and T cell subsets is 

better described (summarized in FIG. 2).

Regulatory T cells and T helper 17 cells.

Regulatory T cells (Treg cells) have a central role in tumour immunobiology as the main 

suppressive T cell subset, and were previously recognized as constituents of adult stem 

cell niches (BOX 2). In general, CSCs secrete the chemokines CCL1, CCL2 and CCL5 

to actively recruit Treg cells24,31,75–77 (FIG. 2). In a mouse glioblastoma model, CCL2-

mediated Treg cell trafficking was dependent on expression of CCR4, as tumour infiltration 

was limited in Ccr4-knockout mice77. CD133+ human ovarian cancer cell lines, which had 

higher levels of CCL5 expression, induced migration of and IL-10 production in Treg cells 

in a CCR5-dependent manner75. By contrast, Treg cell migration to SOX2+ mouse breast 
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cancer cell lines was induced by CCL1 in transwell assays76, indicating an abundance of 

chemokines that can recruit Treg cells to the tumour microenvironment. CCL1, CCL2 and 

CCL5 are also crucial for the trafficking of myeloid cells that are capable of promoting the 

infiltration of Treg cells31,78–80, suggesting that CSCs drive Treg cell accumulation through 

a combination of direct and indirect mechanisms. Additionally, self-renewing CSCs from 

a variety of cancer cell lines exhibit elevated expression of indoleamine 2,3-dioxygenase 1 

(IDO1) and TGFβ, two important inducers of Treg cell recruitment and generation58,81–84 

(BOX 3; FIG. 2). Through production of these mediators, CSCs can also stimulate Treg 

cells to enhance CSC marker expression and self-renewal as assessed by increased sphere 

formation in mouse breast cancer cell lines76.

Treg cells share precursors with T helper 17 (TH17) cells, and these two cell types can 

transdifferentiate in response to environmental cues85,86. This balance between the two 

CD4+ T cell subsets is essential for the regulation of self-tolerance versus inflammation. 

Because of such plasticity, it is not surprising that IDO1 and TGFβ can also impact the 

pathogenic TH17 cell response in the tumour microenvironment. Whereas IDO1 blocks 

the conversion of Treg cells to TH17 cells, TGFβ can trigger such a phenotypic switch 

in collaboration with the IL-6–STAT3 pathway85. These observations further support the 

composite role of TGFβ in modulation of the antitumour immune response (BOX 3). 

Although the role of TH17 cells in cancer remains a contested issue87, IL-17 secreted by 

TH17 cells was shown to augment the self-renewal capacity of CSCs in multiple tumour 

models, and IL-22, another cytokine produced by these cells, induced the phosphorylation 

of STAT3 in tumour cells88–92 (FIG. 2). All things considered, the versatile nature of 

Treg cells and TH17 cells should be extensively interrogated to decipher their means of 

intercommunication with CSCs and other immune cell populations for effective therapeutic 

targeting.

Cytotoxic T cells.

Communication of CSCs with CD8+ T cells can be categorized into two areas: evasion of 

CSCs from T cell-mediated death and inhibition of antitumorigenic properties of T cells. 

From the perspective of CSCs, effective execution of the first area can occur via limiting the 

ability of CSCs to present neoantigens to T cells via downregulation of MHC-I expression in 

the CSCs66,67. Furthermore, single-cell RNA sequencing analysis of mouse epidermal skin 

squamous cell carcinomas defined an increased stemness signature in tumour cells resistant 

to adoptive T cell therapy93. Mechanistic studies revealed that these cells expressing markers 

for CSCs escaped cytotoxic T cell killing by upregulating CD80 in a TGFβ-dependent 

manner93. While these studies indicate the presence of multiple avoidance mechanisms, our 

knowledge of therapeutic utility is currently limited.

In contrast, the regulation of T cell activity by CSCs is a more elaborate and better 

defined process that involves multiple pathways through both direct and indirect contact. 

One mechanism by which CSCs impair cytotoxic T cell activity is through selective 

enrichment of inhibitory checkpoint ligands compared with non-CSC tumour cells. While 

the full array of co-inhibitory receptors expressed by CSCs has not been investigated, 

several studies revealed that CSCs, which were defined on the basis of expression of 
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phenotypic markers, have higher levels of inhibitory checkpoint receptors. For example, 

expression of programmed cell death 1 ligand 1 (PDL1) was elevated in CD44+ breast 

cancer stem cells94,95, CD133+ colon cancer stem cells94,96, and CD44+ HNSCC stem 

cells97 and expression of V-set domain-containing T cell activation inhibitor 1 (VTCN1) was 

elevated in CD133+ glioblastoma stem cells98 compared with non-cancer stem cells (FIG. 

2). In addition, sphere-forming patient-derived glioblastoma cells or human glioblastoma 

cell lines64,99,100 and patient-derived colon cancer cells65 and ABCB5+ patient-derived 

melanoma cells67 have been shown to suppress the proliferation of T cells and limit the 

expression of co-stimulatory molecules in vitro. Upregulation of phosphorylated STAT3 in 

T cells co-cultured with CD133+ primary human glioblastoma cells grown in CSC-enriching 

conditions can account for some of the activity99, but this is not necessarily achieved as a 

result of direct communication between CSCs and T cells.

It is noteworthy that most of these studies are conducted ex vivo and using artificial culture 

conditions, which limit their translational potential. Moreover, a portion of the observed 

effect can be attributed to the presence of myeloid cells that serve as intermediaries. 

As such, impaired T cell activation is in part mediated by the uptake of extracellular 

vesicles derived from self-renewing CSCs by myeloid cells in peripheral blood mononuclear 

cells and subsequent IL-6, IL-10 and IL-1β production100. CSC supernatants are also 

enriched in IL-4, IL-6 and IL-10, all of which can activate STAT3 signalling in tumour-

associated myeloid cells, with outcomes such as induced expression of the checkpoint 

molecules VTCN1 and PDL1, and production of the immunosuppressive factors IL-10 and 

TGFβ65,94,98,99,101 (BOX 3; FIG. 2).

Still, the CSC secretome can directly interfere with T cell effector function in the absence of 

myeloid cells. One of the best documented examples is tenascin C (TNC). Engagement 

of extracellular vesicle-associated or free TNC with the integrin receptor α5β1 on T 

cells downregulates AKT and ERK phosphorylation to impair proliferation in co-culture 

conditions102,103 (FIG. 2). Nevertheless, inhibition of TNC was not sufficient to fully 

reverse CSC-mediated T cell suppression, warranting further investigation of CSC-derived 

soluble mediators that can directly impact cytotoxic T cell activity. Importantly, emerging 

evidence suggests that dysfunctional T cells incapable of lysing CSCs can promote 

functional and phenotypic stemness traits in a breast cancer cell line through an undefined 

mechanism104. Gaining mechanistic insight into these interactions will be essential for the 

design of chimeric antigen receptor T cell strategies directed against CSC antigens105.

Environmental regulators

Although there is accumulating evidence that CSCs and immune cells interact in various 

types of malignancies, factors impacting the nature of this communication are less well 

described. A complex interplay within the tumour microenvironment can be influenced by 

host variation induced by factors including (but not limited to) sex, age and metabolic 

state. Understanding the contribution of these biological determinants should provide 

unique insights into altered pathways and additional regulators that sustain the pathological 

conversation between CSCs and the immune system. These additional factors, while 
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potentially confounding, are likely to inform future therapeutic efforts in the emerging era of 

personalized medicine.

Sex as a biological variable.

Epidemiologically, male sex is associated with an increased rate of non-reproductive 

cancers, worse prognosis and higher mortality106. While the impact of biological sex 

on cancer treatment is under intensive investigation mainly through the use of adjuvant 

hormone blockers, mechanistic studies focusing on the relative contribution of genetic 

factors versus hormonal cues are still in their infancy. Early reports indicate that both 

differences in cellular programming and sex-specific immune interactions can contribute 

to cancer progression107. As an example, enhanced susceptibility of mouse astrocytes to 

malignant transformation following inactivation of the tumour suppressors RB1 and p53 

has been implicated in the male predominance of glioblastoma108. Importantly, these cells 

had an increased colony-forming ability, suggesting that they acquire a more stem-like 

phenotype as compared with female astrocytes lacking RB1 and p53. In parallel, male 

glioblastoma tumours are infiltrated at higher rates by immunosuppressive myeloid cells, in 

particular by M-MDSCs109. Although it has been shown that CSCs recruit M-MDSCs to 

the tumour microenvironment through MIF55,56, any potential correlation between increased 

SOX2+CD133+ CSC and M-MDSC abundance in male tumours and sexual dimorphism in 

the expression of immunomodulatory factors by CSCs remains to be investigated. These 

types of investigations are of particular importance, as sex hormones are capable of altering 

both immune cell function and CSC behaviour110–114.

Ageing.

Ageing is another risk factor linked to higher cancer prevalence115. Increased accumulation 

of genetic mutations, reduced immune activity, altered cellular metabolism and decline in 

sex hormone levels are among the multitude of factors connecting ageing with multiple 

pathophysiological conditions, including adult cancers. However, there is limited knowledge 

of how ageing of the tumour microenvironment impacts protumorigenic pathways.

Ontogeny of CSCs is an important consideration for the understanding of their behaviour 

in the context of ageing. Lineage infidelity characterized by combinational expression of 

key identity genes distinguishes CSCs from restricted stem cell lineages116, suggesting 

that deregulation of multipotent cells can give rise to CSCs. By proxy, this observation 

also indicates that CSCs arising from a pre-existing stem cell pool can inherit age-induced 

cellular characteristics that provide a survival advantage. With ageing, stem cells acquire 

a more quiescent state that is associated with downregulation of antigen presentation and 

enhanced ability to escape from T cell killing117,118, indicating that similar functional 

changes in CSCs could form the basis of cancer immune evasion and therapeutic resistance.

An opposing point of view is that CSCs emerge from dedifferentiating tumour cells119. 

Notably, co-existence of these two mechanisms could be the source of CSC heterogeneity 

observed within tumours. Ageing of the immune system is another factor that could 

contribute to CSC heterogeneity and abundance since co-culturing cancer cell lines with 

macrophages, MDSCs or TANs in vitro can trigger tumour cell dedifferentiation as 
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demonstrated by the upregulation of stem cell markers and the acquisition of self-renewal 

capacity26,29,30,52–54,59,63,120. Importantly, advanced age is accompanied by a heightened 

inflammation signature. Changes in the frequency of immune cell populations originate from 

myeloid-biased lineage commitment of aged haematopoietic stem cells121, and epigenetic 

modification of human immune cells also determines age-dependent immunological 

phenotypes, such as upregulation of IL-1β122. As a central regulator of the proinflammatory 

response, IL-1β can affect numerous physiological pathways, including CSC maintenance, 

especially in inflammation-driven gastrointestinal malignancies. Colon and pancreatic 

cancers can potentiate macrophages to secrete IL-1β, which upregulates expression of 

stemness markers in tumour cells and augments sphere-forming ability via activation of 

NF-κB120,123,124. However, the dynamic role of IL-1β in age-related cancer differences 

awaits to be elucidated, and understanding the influences of ageing on CSC–immune cell 

communication axes could inform therapeutic strategies.

Obesity and diet.

Obesity is a risk factor for cancer occurrence125, although the extent of altered metabolic 

pathways and their ramifications are not fully defined. Obesity and a high-fat diet (HFD) 

are associated with a chronic low-grade inflammatory state126 that could not only shape 

the antitumour immune response, such as MDSC accumulation49, but that also has the 

potential to reshape CSC niches. Studies established that healthy stem cells can change 

their chromatin accessibility in response to acute inflammatory stimuli to acquire a 

distinct memory phenotype, which can increase susceptibility to stress-induced lineage 

infidelity116,127. These observations raise the possibility that stem cells acquire a pro-

oncogenic phenotype as a result of a sustained inflammatory response or as part of tissue 

adaptation mechanisms128. Accordingly, HFD consumption enhanced stem cell function and 

oncogenic transformation in experimental mouse models of colon cancer as a consequence 

of altered niche signalling pathways directed by fatty acids129,130.

Alternatively, altered stem cell behaviour could be a secondary effect to diet-induced 

changes in microbiome composition131. In support of this notion, HFD consumption 

shifted the commitment of haematopoietic stem cells towards common myeloid progenitors, 

leading to decreased numbers of common lymphoid progenitors in healthy mice through 

modulation of the microbiota132. A microbial component, β-glucan, and the associated 

IL-1β inflammatory response were central to this process132,133. In addition, microbial 

metabolites are also capable of regulating stem cell behaviour134 and the antitumour 

immune response135. While microbiome dysbiosis is especially well documented in 

gastrointestinal malignancies, it has far-reaching consequences for antitumour immunity, 

tumour growth dynamics and immunotherapy response across malignancies136–139. 

However, how microbial instructions define the pathological communication between CSCs 

and immune cells remains an outstanding question.

Therapeutic resistance

Many immunotherapies and CSC pathway inhibitors are currently in clinical development 

or are being evaluated for solid and non-solid tumours. While these therapeutic strategies 
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(TABLE 1) are likely to improve treatment outcomes, CSCs, which are more resistant 

to anticancer therapies generally2,140 than the tumour bulk, can alter their intrinsic 

programming to rewire their mode of interaction with immune cells, and this could hinder 

therapeutic targeting. For example, chemoresistant CSCs from human breast and colon 

cancer cell lines were shown to upregulate interferon regulatory factor 5 (IRF5) expression 

to boost CSF1 production141. These drug-resistant self-renewing cells can enhance the 

polarization of phenotypically immunosuppressive macrophages from CD14+ peripheral 

monocytes in a co-transplantation setting, which results in accelerated tumour growth 

in immunocompromised mice141. As a separate study demonstrated that CSCs undergo 

chromatin remodelling to acquire tolerance to receptor tyrosine kinase inhibitors and that 

inhibition of histone deacetylases interferes with CSC sphere formation by overcoming 

drug resistance, epigenetic modifications emerge as a likely mechanism altering their 

communication with immune cells142.

TAMs can also drive drug resistance of CSCs in a paracrine fashion. CSCs from colon and 

lung cancer cell lines prime macrophages to induce secretion of lactadherin and IL-6, which 

in return activates STAT3 signalling25. In the context of colon cancer, this is accompanied 

by acquired resistance to cisplatin chemotherapy in vivo. Similar observations were made 

in mouse PDAC and human ovarian cancer models, where gemcitabine or carboplatin 

chemotherapy results in an increased tumour-associated myeloid cell frequency in mouse 

PDAC tumours in vivo and human ovarian heterospheroid cultures in vitro143,144. Inhibition 

of CSF1R to target myeloid cells was accompanied by reduced ALDH+ PDAC stem cell 

frequency in vivo and, in combination with gemcitabine, limited tumour growth in part 

by downregulating STAT3 activation143. Similarly, knockdown of WNT5B in macrophages 

reduced ALDH activity in ovarian cancer stem cells grown as sphere cultures144. This effect 

is likely not restricted to the innate immune lineage, and Treg cells can also potentiate 

chemoresistance of CSCs76. Collectively, these studies suggest that successful treatment 

strategies will likely need to concomitantly overcome both CSC-dependent and immune-

driven resistance mechanisms and that shared signalling pathways can comprise therapeutic 

vulnerabilities.

Given the cardinal role for STAT3 signalling in CSC maintenance and immunosuppressive 

cell behaviour (BOX 3), it emerges as a promising candidate for therapeutic targeting. 

Consequently, there are many ongoing clinical trials testing STAT3 small-molecule 

inhibitors, oligonucleotides and indirect pathway antagonists as a single agent or in 

combination with other immunotherapies in cancer145. Similarly, a multimodal role for 

TGFβ (BOX 3) makes it an attractive therapeutic candidate. Therefore, neutralizing 

antibodies and small molecules are under clinical investigation, but the central role of 

TGFβ in tissue remodelling remains a chief safety concern146. Hence, the outcomes of 

these clinical trials and accompanying biomarker and mechanistic studies will be essential 

to identify resistance mechanisms and combinational approaches, including simultaneous 

targeting of TGFβ and STAT3.
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Conclusions and perspectives

In this Perspective, we have provided examples of communication of CSCs with individual 

immune cell lineages, as well as the mechanisms of crosstalk across a variety of cancers. 

Moving forward, we anticipate that this knowledge will help guide the next generation 

of therapeutic strategies for simultaneous targeting of CSCs and pathological immune 

response. However, rapid realization of this will require investment in the interrogation 

of CSC programmes in immunocompetent mouse models, a topic that is generally 

overlooked, as the initial CSC observations and models used human tumour tissue in 

immunocompromised mice. New models leveraging bona fide cell surface markers and/or 

reporter systems rigorously validated for functional CSC activity are likely to stimulate a 

new series of in vivo studies investigating the interaction of these cells with the immune 

system. In parallel, preclinical and clinical immunotherapy studies would benefit from 

additional assessment of CSCs using a series of functional assays including tumour-sphere 

formation and an in vivo limiting-dilution assay140. With the rapid advancement in single-

cell and spatial analysis techniques, these lines of investigations have tremendous potential 

to define complex interactions involving multiple immune cell lineages and CSCs. Finally, 

consideration of biological sex, ageing, and metabolic or microbiome interactions is poised 

to reveal additional therapeutic opportunities, as these factors individually impact tumour 

growth and immune response.
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BOX 1 |

Hallmarks of cancer stem cells

First defined in haematological malignancies, cancer stem cells (CSCs) have since 

been identified across many solid tumours. While there are no universal markers of 

CSCs, surface CD133, CD34, CD44, epithelial cell adhesion molecule (EPCAM) and 

CD24 expression, aldehyde dehydrogenase (AlDH) activity and exclusion of Hoechst 

33342 dye have been widely used to isolate these cells in different tumour types1. 

However, marker expression infers only the CSC state, which needs to be rigorously 

defined by functional properties of self-renewal and tumour initiation. self-renewal can 

be determined in many ways, including lineage tracing, but is generally observed using in 

vitro and in vivo limiting-dilution analysis via sphere formation (in vitro) and tumour 

initiation (in vivo) assays. generation of heterogeneous tumours upon implantation 

in immunocompromised mice and serial xenograft transplantation are frequently used 

to assess tumour-initiation capacity140. CSCs are maintained through a combination 

of cell-intrinsic signalling pathways and environmental factors147. Collectively, these 

interactions maintain a CSC state that is defined by self-renewal and tumour initiation 

and may have enhanced therapeutic resistance and an epithelial–mesenchymal transition 

programme1,2,140.
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BOX 2 |

Interactions between adult stem cells and the immune system

Several studies have indicated that macrophages and regulatory T cells (Treg cells) 

are essential components of the stem cell niches across organ systems148. targeting of 

macrophages through CSF1R blockade was associated with reduced numbers of lgR5+ 

stem cells in the intestinal crypt149, while depletion of CD169+ macrophages was shown 

to interfere with retention of haematopoietic stem cells by acting on mesenchymal 

stem cells within the bone marrow niche150. similarly, mammary gland stem cells 

failed to repopulate fat pads of mice with the Csf1-null osteopetrotic (op) mutation 

(Csf1op/op), which have reduced levels of macrophages151. this is a functional stem 

cell–macrophage interaction with broader implications for organ development, as stem 

cells isolated from mammary pads of Csf1op/op mice also had decreased clonogenic 

activity151, and inhibition of CsF1 was previously shown to interfere with mammary 

gland development152. While this particular crosstalk was mediated through WNT 

ligand production by NOTCH1+, NOTCH3+ and NOTCH4+ macrophages as a result 

of interaction with Delta-like 1 (DLL1) expressed on the surface of stem cells153, there 

is still limited knowledge of the niche factors maintaining the stem cell–macrophage 

dialogue during homeostasis and injury. Recruitment of macrophages by CCL2 during 

hair follicle regeneration raises the possibility that this is a dynamic process impacted by 

environmental stimuli154. Treg cells have also been identified in bone marrow, intestinal 

and hair follicle stem cell niches155–158. self-renewal of intestinal stem cells and an 

immune-privileged status of transplanted haematopoietic stem cells are maintained 

through IL-10 production by Treg cells, and depletion of Treg cells decreased the 

frequency of stem cells155,157,158. In addition, regeneration of hair follicles required 

accumulation of Treg cells and Jagged 1 expression, pointing to a potent role for Treg 

cells in regulating stem cell activity156. these observations also suggest the possibility 

that CSCs manipulate a host mechanism to form a favourable environment and rely on 

pre-existing interactions such as Notch or WNT signalling3, especially given the evidence 

that adult stem cells constitute precursors of CSCs in some cancers116.
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BOX 3 |

TGFβ and STAT3 as master regulators

Transforming growth factor-β (TGFβ) is a pleiotropic cytokine that lies at the intersection 

of the pathological immune response and cancer stem cell (CSC) modulation159 (see 

the figure, part a). As it is produced by and acts on many of the cells involved in 

CSC–immune cell crosstalk, TGFβ can amplify the impact of the pathogenic signal to 

drive tumour growth in an autocrine or paracrine manner. TGFβ is an important regulator 

of the dedifferentiation process that reinforces stem signatures and immune evasion by 

signalling through SMADs26,30,58,63,71,82,93. the immune effects of CSC-derived TGFβ 
span the inhibition of natural killer (NK) and cytotoxic T cell activation71, promotion 

of TANs63, polarization of immunosuppressive macrophages22, and differentiation and 

recruitment of regulatory T cells (Treg cells)58,99. the close association of TGFβ 
with other communication axes in the tumour microenvironment, most notably IL-6–

Janus kinase 2 (JAK2), can also potentiate downstream signal transducer and activator 

of transcription 3 (STAT3) activation, further amplifying protumorigenic immune 

phenotypes and CSC behaviour25,29,54,61,145,146,159. Activation of STAT3 can inform 

co-inhibitory receptor expression by both macrophages98 and CSCs97, and its inhibition 

in CSCs further interferes with their ability to promote macrophages and Treg cells 

and suppress T cell proliferation22,99 (see the figure, part b). Conversely, blockade of 

STAT3 in immune cells hampers their ability to propagate CSCs53. thereby, STAT3 

is a key intracellular pathway that is a therapeutic target for simultaneous reversal of 

immunosuppression and reprogramming of CSCs90,128,143–145. In this context, TGFβ and 

STAT3 emerge as master regulators that shape the tumour architecture, warranting testing 

of combinational approaches targeting these pathways.

DC, dendritic cell; M-MDSC, monocytic myeloid-derived suppressor cell; NKG2D, 

natural killer cell receptor D; PDL1, programmed cell death 1 ligand 1; TAN, tumour-

associated neutrophil; VTCN1, V-set domain-containing T cell activation inhibitor 1.
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FIG. 1 |. A unique set of mediators informs the communication between cancer stem cells and 
innate immune cell populations.
Reciprocal communication between cancer stem cells (CSCs) and myeloid cells through 

soluble mediators or juxtacrine signalling promotes immunosuppression and stemness. a | 

CSCs drive monocytes and macrophages via molecules including C-C motif chemokine 2 

(CCL2), CCL5, colony-stimulating factor 1 (CSF1), transforming growth factor-β (TGFβ), 

growth/differentiation factor 15 (GDF15), WNT-induced signalling protein 1 (WISP1) 

and periostin that bind to surface receptors, including CSF1 receptor (CSF1R) and C-C 

chemokine receptor type 2 (CCR2). Macrophages, in return, express factors including 

interleukin-6 (IL-6), IL-13, pleiotrophin and TGFβ that signal through receptors such 

as receptor-type tyrosine-protein phosphatase-ζ (PTPRZ1) and ephrin type A receptor 4 

(EPHA4) to support CSCs. These interactions activate the downstream signal transducer and 

activator of transcription 3 (STAT3), AKT and nuclear factor-κB (NF-κB) pathways. CSCs 

also evade macrophage phagocytosis through CD47 expression. b | CSCs interfere with 

dendritic cell (DC) maturation through major histocompatibility complex class I antigen G 

(MHC-G)–immunoglobulin-like transcript (ILT) inhibitory receptor interaction. Tolerogenic 

DCs release C-X-C motif chemokine 12 (CXCL12), which serves as a ligand to C-X-C 

chemokine receptor type 4 (CXCR4) and CXCL1 to promote CSCs. These interactions lead 

to the activation of the stem cell transcription factors NANOG, OCT4, SOX2 and MYC. c 
| Nitric oxide (NO) produced by monocytic myeloid-derived suppressor cells (M-MDSCs) 

activates Notch on CSCs, and IL-6 signalling increases STAT3 phosphorylation. CSCs 

recruit M-MDSCs via macrophage migration inhibitory factor (MIF) through CD74. CSCs 

also promote arginase 1 and STAT3 signalling in M-MDSCs. d | The CXCL5–CXCR2 axis 

and granulocyte colony-stimulating factor (G-CSF) recruit tumour-associated neutrophils 

(TANs) and polymorphonuclear MDSCs (PMN-MDSCs). In return, prostaglandin E2 

(PGE2) and S100A9 support stemness. TGFβ has a bidirectional role in this communication 

axis. Dashed arrows indicate indirect associations. G-CSFR, granulocyte colony-stimulating 

factor receptor; IL-6R, interleukin-6 receptor.
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FIG. 2 |. CSCs interfere with T cell activity directly or through immunosuppressive myeloid cells.
Cancer stem cells (CSCs) suppress or evade antitumorigenic T cells in part by releasing 

extracellular vesicle (EV)-associated or free tenascin C (TNC) and reducing AKT and 

ERK signalling. CSCs also induce tumour-promoting regulatory T cells (Treg cells) and 

T helper 17 (TH17) cells. CSCs downregulate major histocompatibility complex class I 

(MHC-I) and overexpress checkpoint regulators, including programmed cell death 1 ligand 1 

(PDL1). CSCs further drive recruitment and polarization of TH17 cells and Treg cells by the 

combination of C-C motif chemokine 1 (CCL1), CCL2, CCL5, transforming growth factor-

β (TGFβ) and indoleamine 2,3-dioxygenase 1 (IDO1). An additional layer of regulation 

of T cell activity is mediated indirectly by immunosuppressive myeloid cells, including 

macrophages and monocytic myeloid-derived suppressor cells (M-MDSCs). This effect 

partially depends on CCL1, CCL2, CCL5, interleukin-4 (IL-4), IL-6 and IL-10 secreted 

by CSCs. Myeloid cells produce additional suppressive molecules, such as the checkpoint 

inhibitor ligand PDL1, to block T cell activation in a contact-dependent manner or by 

promoting Treg cells. Collectively, these interactions reshape the tumour microenvironment 

and create a habitat where Treg cells and TH17 cells support CSCs, the latter via IL-17 

production. STAT3, signal transducer and activator of transcription 3.
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