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1  | INTRODUC TION

During tumor development, neoplastic cells often become hetero-
geneous genetically and phenotypically.1 Concurrently, functionally 
distinct nontumor cells, including fibroblasts, endothelial cells, and 
immune cells, increase the spatial complexity of the tumor microen-
vironment.2,3 Extensive intratumor heterogeneity can be a cause of 

therapy resistance and a limiting factor in patient survival.4 Thus, an 
improved understanding of the mechanisms that cause intratumor 
heterogeneity would yield better cancer diagnosis and treatment 
strategies.

Cancer stem cells (CSCs), also known as tumor-initiating cells 
(TICs), are a major driver of intratumor heterogeneity.5 CSCs are a 
long-lived subset of tumor cells with properties resembling normal 
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Abstract
Most cancers harbor a small population of highly tumorigenic cells known as can-
cer stem cells (CSCs). Because of their stem cell-like properties and resistance to 
conventional therapies, CSCs are considered to be a rational target for curable can-
cer treatment. However, despite recent advances in CSC research, CSC-targeted 
therapies are not as successful as was initially hoped. The proliferative, invasive, and 
drug-resistant properties of CSCs are regulated by the tumor microenvironment as-
sociated with them, the so-called CSC niche. Thus, targeting tumor-promoting cel-
lular crosstalk between CSCs and their niches is an attractive avenue for developing 
durable therapies. Using mouse models of squamous cell carcinoma (SCC), we have 
demonstrated that tumor cells responding to transforming growth factor β (TGF-β) 
function as drug-resistant CSCs. The gene expression signature of TGF-β–responding 
tumor cells has accelerated the identification of novel pathways that drive invasive 
tumor progression. Moreover, by focusing on the cytokine milieu and macrophages in 
the proximity of TGF-β–responding tumor cells, we recently uncovered the molecular 
basis of a CSC–niche interaction that emerges during early tumor development. This 
review article summarizes the specialized tumor microenvironment associated with 
CSCs and discusses mechanisms by which malignant properties of CSCs are main-
tained and promoted.
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stem cells.5 CSCs have been defined by their ability to propagate 
tumors in transplantation assays and to recapitulate phenotypic fea-
tures of primary tumors in secondary tumors.6,7 More recently, CSCs 
have been evaluated by their ability to maintain long-term clonal 
growth using lineage tracing assays in mouse models of various can-
cers.8-10 Based on cell surface markers and biochemical properties 
unique to CSC populations, CSCs have been purified from many 
cancer types in human and mouse, and their transcriptomic, pheno-
typic, and functional characteristics have been extensively profiled. 
CSCs typically activate gene expression programs relevant to stem 
cells and embryonic development.11,12 Moreover, CSCs are known 
to have enhanced capacities for stress resistance, including DNA 
damage,13 antioxidant,14 and hypoxic responses,15 and upregulated 
molecular programs involved in drug resistance, immune evasion, 
and metastasis. Thus, understanding the regulatory mechanisms and 
vulnerability of CSCs is a vital step to target CSCs therapeutically.

Normal stem cells are maintained in specialized microenviron-
ments or the stem cell niche.16 Similarly, CSCs are believed to re-
side in anatomically distinct regions within the tumor, the so-called 
CSC niche.17 External cues emanating from the niche regulate the 
stem-like state of CSCs and malignant properties of their prog-
eny.3,18 Transforming growth factor β (TGF-β) is a multifunctional 
cytokine that plays a critical role in the stem cell niche and tumor 
development.19-22 TGF-β binds to its receptor kinase complex on 
the cell surface that phosphorylates downstream signal transducers 
SMAD2 and SMAD3. Phosphorylated-SMAD2/3 form protein com-
plexes with SMAD4 and other transcriptional cofactors to regulate 
TGF-β–responsive target genes. TGF-β also induces a series of non-
SMAD signaling pathways.23 It is well described in the literature that 
TGF-β acts as a tumor suppressor or promoter in different stages of 
cancer development. For example, a conditional knockout (cKO) of 
the TGF-β receptor in mouse epithelial tissues provided direct evi-
dence of TGF-β function in “tumor suppression.”24-27 However, this 
approach (i.e., the lack of TGF-β receptor throughout tumorigene-
sis) does not allow examination of the tumor cell-intrinsic effects of 
TGF-β in “tumor progression.” Because TGF-β exerts a tumor-sup-
portive role by regulating nontumor cells in the stroma, such as 
the activation of cancer-associated fibroblasts28 and immunosup-
pression,29 the functional significance of TGF-β signaling activated 
in tumor cells has not been probed thoroughly in vivo. Given that 
TGF-β is instrumental in orchestrating various stem cell niches,20 

TGF-β signals activated in niche tumor microenvironments that par-
ticipate in maintaining and promoting the malignant properties of 
CSCs could offer a novel therapeutic target.

2  | A SYSTEM TO STUDY TGF-β 
S IGNALING IN TUMOR DE VELOPMENT AND 
DRUG RESISTANCE

Investigating a tumor cell-intrinsic effect of TGF-β signaling in can-
cer development and drug resistance requires specialized mod-
els. We previously generated a de novo squamous cell carcinoma 
(SCC) mouse model through the in utero injection of lentiviruses 
(Figure 1A).30 In this model, a fluorescent reporter for the TGF-β/
SMAD signal allowed us to detect tumor cells responding to TGF-β 
in HRAS-driven primary SCCs in vivo. Interestingly, we observed 
that most TGF-β–responding cells localized at the tumor-stroma in-
terfaces. Consistent with the cytostatic effects of TGF-β, they were 
a slow-cycling tumor cell population. When we purified fluorescent 
reporter-positive, TGF-β–responding cells and transplanted them 
into immunodeficient mice, TGF-β–responding tumor cells formed 
secondary tumors more efficiently than did nonresponding cells.30

This system also allowed us to examine how TGF-β–responding 
tumor cells behaved in developing SCC and those under chemother-
apy. Using a tamoxifen-activatable Cre (CreER) explicitly expressed 
upon TGF-β signaling, we revealed that TGF-β–responding tumor 
cells gave rise to invasive, poorly differentiated, tumor cell proge-
nies in vivo. These progenies tended to be more scattered in the 
tumor epithelial tissue and exhibited phenotypes resembling epithe-
lial–mesenchymal transition (EMT). Moreover, under chemotherapy 
treatment, most TGF-β–responding tumor cells evaded apopto-
sis and their progeny drove the recurrence of SCC, indicating that 
TGF-β–responding tumor cells functioned as drug-resistant CSCs 
(Figure 1B).30

In addition to the slow-cycling state and EMT, which are known 
contributors for drug resistance, TGF-β–responding tumor cells 
activate other mechanisms to promote drug-resistant properties. 
Transcriptomic analyses of TGF-β–responding tumor cells revealed 
that they had enhanced glutathione metabolism. Glutathione is an 
antioxidant that helps to reduce oxidative stress and detoxify for-
eign substances, including anti-cancer drugs.31 Indeed, an inhibitor 

F I G U R E  1   A, Lentiviral construct for in utero injection. Lentiviral particles were injected into amniotic fluid surrounding the TetO-Hras, 
Rosa-YFP transgenic mouse embryo to transduce the surface ectoderm. Postnatally, doxycycline administration induces oncogenic HRAS 
expression only in transduced cells (orange), which initiate the formation of squamous cell carcinoma (SCC). In the developing tumors, 
a fluorescent reporter driven by a SMAD-dependent promoter enabled us to detect transforming growth factor β (TGF-β)–responding 
tumor epithelial cells (pink). B, Lineage tracing of TGF-β–responding tumor cells during chemotherapy and tumor recurrence. A tamoxifen-
activatable Cre (CreER) under the SMAD-dependent promoter allowed investigation of the fate of TGF-β–responding tumor cells.
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of glutathione transferases suppressed TGF-β–mediated protection 
against cisplatin cytotoxicity. Transcription factor NRF2, the master 
regulator of antioxidant responses,32 mediates the expression of glu-
tathione metabolism genes in TGF-β–responding tumor cells. When 
we upregulated or downregulated NRF2, tumor cells became resis-
tant and sensitive to chemotherapy, respectively.30

3  | TGF-β–RESPONDING TUMOR CELL S 
AC TIVATE THE ADAP1–ARF6 -MEDIATED 
ENDOCY TIC PATHWAY

Gene expression signatures of CSCs can be predictive of poor pa-
tient outcomes.33,34 Therefore, we sought to identify clinically rel-
evant genes from signature genes of the TGF-β-responding CSC 
population. Through this investigation, we recently identified ADAP1 
(ArfGAP with dual PH domains 1, also known as centaurin-α1), and 
our study suggested that ADAP1 could be a potential biomarker and 
therapeutic target for SCCs with the risk of metastatic progression.

Using in silico analysis, we found that the expression level of 
ADAP1 strongly correlated with poor survival of early-stage head 
and neck SCC (HNSCC) patients.35 ADAP1 is a GTPase-activating 
protein (GAP) for the small GTPase ARF6 (Figure 2A), which is a 
critical regulator of endocytic vesicle transport between the cell 
surface and endosomal compartments (Figure 2B,C). ARF6 has 
been implicated in tumor development and metastasis.36,37 ADAP1 
was originally identified as a neuron-specific phosphatidylinosi-
tol-(3,4,5)-trisphosphate (PIP3)-binding protein,38,39 but its role in 
cancer is largely unknown. Therefore, we explored the potential link 
between high ADAP1 expression and poor patient outcome. Using in 
vitro cell culture models of primary mouse keratinocytes and human 
SCC cell lines, we found that ADAP1 enhanced cell invasion through 
the Matrigel extracellular matrix (ECM) in a GAP activity-dependent 
manner. Moreover, using our SCC mouse model, we showed that the 
overexpression of ADAP1 promoted SCC invasive progression with 
extensive disruption of the basement membrane (Figure 2D). In con-
trast, tumors overexpressing a GAP activity-deficient ADAP1 better 
maintained the integrity of the basement membrane. Furthermore, 

Adap1 deletion in tumor epithelial cells prevented invasive tumor 
growth.35

The progression from in situ tumor to invasive tumor requires dis-
solution of cell–cell contacts, increased cell motility, and disruption 
of the basement membrane. Endocytic vesicle-mediated membrane 
and protein transport underlies all of these processes, and aberrant 
expression of membrane trafficking regulators has been implicated 
in tumor progression.40 However, it is mostly unknown whether 
CSCs activate a distinct endocytic transport to promote tumor pro-
gression. Potentially, ADAP1 might mediate this process. Through its 
C-terminal dual PH domains, ADAP1 binds to PIP3-containing mem-
branes (Figure 2A), which are restricted to the basolateral surface of 
epithelial cells and the leading front of migrating cells.41 Given that 
PI3K and PTEN, positive and negative regulators of PIP3 levels, are 
frequently mutated in a broad spectrum of cancers42 and that PI3K 
activation promotes cell survival and invasion of CSCs of HNSCC,43 
PI3K-induced aggressive phenotypes might be mediated by ADAP1. 
Moreover, an altered endocytic transport is known to reduce the up-
take of cisplatin, suggesting the possible contribution to drug resis-
tance.44 There, the ADAP1–ARF6-mediated endocytic mechanism 
might provide a novel insight into the vulnerability of CSCs.

4  | C SC S AND THEIR NICHE 
MICROENVIRONMENTS

It is well established that the tumor microenvironment contributes to 
tumor progression. CSC niches are proposed as specific microenviron-
ments to support the self-renewal and survival of CSCs. Blood vessels, 
immune cells, fibroblasts, and other cell types with particular charac-
teristics participate in the CSC niche. Cellular composition, signaling 
factors, and ECM proteins make the CSC niche molecularly distinct. 
Multiple studies have supported the idea that reciprocal interaction be-
tween CSCs and their putative niches is a crucial component of tumor 
growth and progression.17,45 Cancer cells transform normal fibroblasts 
to cancer-associated fibroblasts (CAFs) via IL-6. In turn, CAFs produce 
matrix metalloproteinases MMP-2 and MMP-9, which promote EMT, 
stemness, and metastasis of cancer cells.46 CSCs have elevated HIF-1 

F I G U R E  2   A, Domain structure of ADAP1. The N-terminal Arf GAP domain functions as an ARF6-directed GTPase-activating protein 
(GAP). The C-terminal dual PH domains bind to phosphatidylinositol 3,4,5-trisphosphate (PIP3), a second messenger generated by PI3K 
activity. B, GTP-GDP exchange cycle of ARF6 small GTPase. ADAP1 increases the GTPase activity of ARF6 to hydrolyze GTP to GDP, and 
guanine-nucleotide exchange factors (GEFs) catalyze the exchange of GDP to GTP. C, The role of ARF6 in intracellular trafficking of cell 
surface proteins and cell membranes. ARF6-associated endocytosis is a clathrin-independent, plasma membrane-endosomal recycling 
pathway. At the plasma membrane, ARF6-GTP facilitates the internalization of various cargos using energy from GTP hydrolysis, and ARF6 
also controls cargo recycling to coordinate cell adhesion and invasion. D, The role of ADAP1, which is highly expressed in transforming 
growth factor β (TGF-β)–responding tumor cells, in invasive squamous cell carcinoma (SCC) progression.
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activity, which promotes vascular endothelial growth factor (VEGF) 
expression and angiogenesis.47 Then, endothelial cells promote stem 
cell-like phenotypes in cancer cells through Notch signaling and nitric 
oxide signaling pathways.48 Moreover, VEGF enhances the expression 
of PD-1 and other inhibitory checkpoint molecules involved in CD8+ T 
cell exhaustion, establishing a perivascular, immunosuppressive niche 
microenvironment. The perivascular niches also serve as an entry site 
of circulating immune cells into the tumor. The spatial distribution of 
immune cells within tumors can be predictive of patient survival and 
metastasis.49,50 In particular, tumor-associated macrophages support 
CSC populations and promote EMT through cytokine signaling in 
multiple cancer types. However, it is still largely unknown how CSCs 
regulate the localization and function of immune cells in their spatial 
proximity. Using our mouse model, we recently unveiled the cellular 
and molecular basis for establishing a CSC niche that promoted the 
malignant progression and drug resistance of SCC.51

4.1 | Interleukin-33 (IL-33): a cytokine highly 
expressed in TGF-β–responding tumor cells

Given that TGF-β promotes functional properties of CSCs, understand-
ing the cellular crosstalk that underlies the activation of TGF-β signal-
ing might provide a strategy for destabilizing CSCs. Our SCC mouse 
model offered a paradigm to investigate cellular crosstalk between 
the TGF-β–responding CSCs and their neighboring stromal cells. We 
were particularly intrigued by the fact that the frequency of TGF-β–
responding tumor cells was strongly associated with locally enriched 
TGF-β ligand in the adjacent stroma. Because abundant TGF-β expres-
sion in the stroma is known to be associated with poor prognosis in 
human cancers,52,53 “TGF-β rich” stromal areas might serve as a niche 
microenvironment for CSCs. However, the mechanism by which the 
CSC niche emerges during early tumor development remains unclear.

Because normal stem cells coordinate their niches by sending 
short-distant signals,54 we hypothesized that CSCs might release 
unique signaling molecules to induce TGF-β–rich microenvironments in 
the adjacent stroma for their maintenance and expansion. We searched 

candidate molecules from a list of signature genes of TGF-β–respond-
ing tumor cells and identified IL-33 as the most upregulated cytokine51 
(Figure 3A). IL-33 is a cytokine that belongs to the IL-1 family and has 
a vital role in tissue homeostasis and response to injury through its 
contribution to innate and adaptive immunity.55 Interestingly, IL-33 can 
play both pro- and anti-tumorigenic roles in tumor growth and progres-
sion. In some cancer types IL-33 can promote tumorigenesis by directly 
affecting tumor cells,56,57 but in many cases IL-33 regulates immune 
cells in the tumor microenvironment.58,59

4.2 | NRF2-mediated antioxidant response 
facilitates the extracellular release of IL-33

Under normal tissue homeostasis, IL-33 is localized in the nucleus of 
epithelial and endothelial cells. The N-terminal region of IL-33 con-
tains DNA-binding domains, whereas its C-terminal region harbors 
an IL-1–like cytokine domain60 (Figure 3A). The nuclear sequestra-
tion of IL-33 is crucial because transgenic mice expressing IL-33 
whose nuclear targeting was abolished succumbed to lethal inflam-
mation in multiple organs.61 In contrast with the release of other IL-1 
family members, such as IL-1β and IL-18, which require the activation 
of caspase-1/inflammasome,62 inflammasome activation is dispensa-
ble for the extracellular release of IL-33. Rather, caspase-dependent 
cleavage in the cytokine domain of IL-33 leads to its inactivation. 
Full-length IL-33 can be released from cells upon tissue injury mainly 
through necrosis (Figure 3B), and its cytokine activity is increased by 
proteolytic cleavage between the nuclear and cytokine domains in 
the extracellular space.

It remains unclear how IL-33 can be released from living tumor 
cells, particularly CSCs. Interestingly, while IL-33 was localized in 
the nucleus of normal skin epidermis, we detected IL-33 in the cy-
toplasm of invasive SCC tumor cells. Moreover, a cytoplasmic IL-33 
signal was more frequently observed in TGF-β–responding tumor 
cells compared with nonresponding cells, suggesting that IL-33 may 
be preferentially released from this CSC population. It has been re-
ported that nonlethal stress, such as mechanical stress, can induce 

F I G U R E  3   A, Domain structure of interleukin (IL)-33. The N-terminal domain has DNA/chromatin-binding domains, and the C-terminal 
domain functions as a cytokine molecule, which binds to its receptor known as ST2. The central domain contains cleavage sites for 
extracellular proteases, such as elastase and cathepsins, and truncated forms of IL-33 are more bioactive. In contrast, caspase-dependent 
cleavage in the C-terminal cytokine domain prevents the IL-33–dependent immune response. B, Regulation of the extracellular release of 
IL-33. After necrotic cell death, full-length IL-33 is released from the nuclei of IL-33–producing cells. Release of IL-33 has also been reported 
after mechanical stress in the absence of cell death. Extracellular IL-33 binds to the ST2 receptor expressed on IL-33–responding cells, which 
leads to the activation of downstream signaling cascades, including ERK/JNK/p38 MAP kinases and NF-κB pathways. C, Activity of NRF2-
mediated antioxidant responses in TGF-β–responding tumor cells was correlated with nuclear-to-cytoplasmic translocation and extracellular 
release of IL-33.
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the secretion of nuclear IL-33 (Figure 3B).63 Therefore, we addressed 
whether CSC-intrinsic stress response properties, in particular the 
NRF2-mediated antioxidant response, might be involved in the ex-
tracellular release of IL-33.

The activity of NRF2 is tightly regulated by the KEAP1-mediated 
ubiquitin-proteasomal degradation pathway.64 We previously found 
that TGF-β–responding tumor cells often exhibited stabilized NRF2 
in the nucleus.30 Interestingly, in both human and mouse SCC, cy-
toplasmic IL-33 localization was detected in tumor cells having 
stabilized NRF2 in the nucleus.51 Moreover, using biochemical and 
genetic manipulation of the NRF2-mediated antioxidant pathway, 
we found a correlation between NRF2 and cytoplasmic localization 
and the reduction of intracellular IL-33 levels in vitro. Although the 
molecular mechanism is still largely unknown, our data suggested 
that the NRF2-mediated antioxidant response activated in CSCs fa-
cilitated the extracellular release of IL-33 (Figure 3C).

4.3 | IL-33 promotes paracrine TGF-β signaling, 
tumor progression, and drug resistance

By comparing Il33 mRNA levels in tumor epithelial cells, fibroblasts, 
immune cells, and endothelial cells, we showed that tumor epithe-
lial cells, particularly TGF-β–responding tumor cells, are the pri-
mary source of IL-33. So, what is the role of CSC-derived IL-33 in 
the development of SCC? Using Il33 shRNA in our lentiviral vector, 
we depleted IL-33 in tumor cells, including the TGF-β–responding 
CSC population. Il33 knockdown (KD) tumors showed a significantly 
smaller size and less malignant phenotypes, including smooth tumor–
stroma boundaries and less invasive cells. Il33 KD tumor cells prolif-
erated more frequently but maintained well differentiated states.51

As described above, slow-cycling, poorly differentiated, and in-
vasive phenotypes are characteristics observed in TGF-β–respond-
ing tumor cells and their progenies.30 Therefore, we hypothesized 
that the stunted progression of Il33 KD tumors might be due to the 
reduction of TGF-β–responding tumor cells. Indeed, by flow cytom-
etry analysis, we found that Il33 KD tumors had significantly less 
TGF-β–responding tumor cells.51 Moreover, because TGF-β exerts 
drug-resistant effects in tumor cells,30 we tested if Il33 KD tumors 
were more sensitive to chemotherapy treatment. Like the clinical 
problem in SCC patients, control tumors typically showed recur-
rence after cisplatin treatment. By contrast, most Il33 KD tumors 
shrunk dramatically and failed to regrow. These data supported the 
notion that CSC-derived IL-33 plays a crucial role in generating the 
TGF-β–responding CSC population potentially through the forma-
tion of TGF-β–rich stroma.

4.4 | A subset of alternatively activated 
macrophages accumulated around CSCs

To address the potential crosstalk between CSCs and surrounding 
immune cells, using immunofluorescence microscopy we searched a 

variety of immune cells existing within a 50-µm radius of the tumor 
edges. Consistent with the fact that TGF-β promotes differentiation 
of regulatory T (Treg) cells,65 FoxP3+ Treg cells existed more fre-
quently around TGF-β–responding tumor cells, suggesting the pres-
ence of a functional TGF-β gradient in the stroma. Among the types 
of immune cells that we examined, high-affinity immunoglobulin E 
(IgE) receptor FcεRIα-expressing cells were most significantly accu-
mulated in proximity to TGF-β–responding tumor cells.66 To identify 
the cell type expressing FcεRIα in SCC, we performed a comprehen-
sive flow cytometry analysis using a panel of immune cell markers. 
The majority of FcεRIα+ cells was macrophages with low MHC-II sur-
face expression.51

Macrophages play an essential role in innate and adaptive im-
mune responses by detecting and ingesting damaged or diseased 
cells through phagocytosis. In the tumor microenvironment, macro-
phages are regulated by a variety of stimuli and cytokines, and their 
properties are dynamically changed between classically activated 
phenotypes (often associated with high MHC-II expression) and al-
ternatively activated phenotypes. The latter is known to promote 
angiogenesis, immunosuppression, tumor cell invasion, and metas-
tasis.67,68 The close spatial relationship between TGF-β–responding 
tumor cells and FcεRIα+ macrophages might reflect their functional 
interactions and be involved in the formation of TGF-β–rich stroma. 
To characterize this previously unappreciated macrophage popu-
lation, we performed RNA-seq analysis of FcεRIα+ macrophages 
isolated from SCC. FcεRIα+ macrophages upregulated alternatively 
activated macrophage markers, including Arg1, Cd206, Cd163, and 
Il10, among others. In contrast, they downregulated classically ac-
tivated macrophage markers such as Tnf, Cd40, and MHC-II. In mul-
tiple mouse models of SCC and human SCC patient samples, we 
confirmed that the FcεRIα+ population was CD206+ alternatively ac-
tivated macrophages preferentially accumulated in peritumor areas 
(within a 50 µm radius from tumor edges). Importantly, these FcεRIα+ 
macrophages upregulated Tgfb1 expression and were overlapped 
with TGF-β–rich stromal areas, suggesting that this macrophage 
population was a putative component of the CSC niche.51

4.5 | CSC-derived IL-33 promotes the formation of 
TGF-β-rich niche microenvironment

We sought to address the potential link between CSC-derived IL-33 
and FcεRIα+ macrophages. We found that FcεRIα+ macrophages 
highly expressed the IL-33 receptor ST2,69 raising an intriguing pos-
sibility that CSCs directly induced FcεRIα+ macrophages by releasing 
IL-33 in peritumor areas (Figure 4). We first tested this possibility 
using bone marrow-derived cells in vitro. IL-33 induced not only 
alternatively activated macrophage differentiation but also FcεRIα 
expression. Mechanistically, the nuclear factor κB (NF-κB) signal-
ing pathway activated downstream of ST2 was critical for FcεRIα 
expression. To evaluate the function of FcεRIα+ macrophages, we 
cocultured keratinocytes and macrophages in vitro. Compared 
with CSF1-induced FcεRIαneg macrophages, IL-33–induced FcεRIα+ 
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macrophages activated paracrine TGF-β signaling more effectively 
and promoted invasive phenotypes of keratinocytes. Moreover, 
Tgfb1 depletion in FcεRIα+ macrophages inhibited paracrine TGF-β 
signaling and cell invasion.51 Thus, IL-33 released by CSCs may in-
duce FcεRIα+ macrophage differentiation from immature myeloid 
cells recruited into the tumor and, by doing so, IL-33–responding 
FcεRIα+ macrophages promoted invasive progression driven by 
CSCs.

Because IL-33 serum levels are associated with several in-
flammatory diseases,55,70 IL-33 might have systemic effects in 
tumor-bearing mice. However, FcεRIα+ macrophages were almost 
exclusively detected in the tumor microenvironment, but not in 
other hematopoietic organs such as the spleen and bone marrow. 
To block IL-33–ST2 signals in the tumor microenvironment, we 
overexpressed soluble ST2 (sST2), a decoy receptor for IL-33,69 in 
tumor epithelial cells in vivo. Similar to Il33 KD tumors, sST2-ex-
pressing tumors were significantly smaller and more differentiated 
compared with control tumors. Moreover, the number of FcεRIα+ 
macrophages was markedly lower in sST2-expressing tumors, con-
sistent with the reduction of IL-33 in the tumor microenvironment. 
In contrast, the forced release of IL-33 from tumor cells induced 
by NRF2 activation increased numbers of FcεRIα+ macrophages in 
the stroma.51

To further evaluate the impact of IL-33–ST2 signals on the 
differentiation of FcεRIα+ macrophages in the tumor microen-
vironment, we transplanted control and ST2 KD hematopoietic 
progenitor cells in the circulation of tumor-bearing mice. ST2 de-
pletion did not affect the recruitment of circulating progenitors 
into tumor tissues. However, the differentiation into FcεRIα+ mac-
rophages was inhibited by ST2 KD. Finally, we depleted FcεRIα+ 
macrophages from tumors by injecting anti-FcεRIα antibody and 
found that TGF-β signaling in tumor cells was reduced. Moreover, 

tumor growth was perturbed by FcεRIα+ macrophage depletion, 
indicating that FcεRIα+ macrophages induced by IL-33 are a crucial 
component of the niche that supports TGF-β–responding CSCs 
(Figure 4).51

5  | CONCLUSIONS

The possible role of the niche as a tumor-supportive microenvi-
ronment was suggested over 2 decades ago71, however, today, 
our incomplete understanding of CSC–niche interactions remains 
a significant barrier to improving therapeutic efficacy. Without 
filling this gap in knowledge, drug resistance is likely to remain a 
life-threatening problem in cancer patients. To accommodate in-
creasing numbers of CSCs during tumor development, neoplastic 
cells might transform the normal niche or create their niche de 
novo that would contribute to disease initiation, progression, and 
drug resistance. While the concept of exploring CSC–immune cell 
crosstalk is not novel, the specific tissue context and molecular 
underpinnings that underlie the emergence of CSC niches remain 
unclear. Previous studies have shown that IL-33 induces mac-
rophage recruitment and alters their phenotype to resemble al-
ternatively activated macrophages.56,72 Our recent study unveiled 
a novel CSC–niche signaling loop that emerged during the early 
stages of SCC development (Figure 4).51 IL-33 released by CSCs 
through their antioxidant activity directly created a spatially re-
stricted, TGF-β–rich niche microenvironment that was required 
for invasive progression and drug resistance of SCC. Because 
IL-33–responding macrophages facilitated malignant properties of 
CSCs, identifying the pathways necessary for the maintenance of 
this macrophage subset and the development of reagent that dis-
rupts CSC-niche interactions, may offer durable cancer treatment.

F I G U R E  4   A model of cancer stem cell (CSC)-niche interactions during invasive progression of squamous cell carcinoma (SCC). CSC 
cell populations release IL-33 as a short-distant signal, which promotes the differentiation of ST2+ hematopoietic progenitor cells recruited 
to the tumor tissue into FcεRIα+ alternatively activated macrophages. Those IL-33–responding tumor cells produce “TGF-β rich” niche 
microenvironments to activate paracrine transforming growth factor β (TGF-β) signals, further promoting CSC-relevant functions (eg, 
NRF2-mediated antioxidant response) and IL-33 production. In contrast, the suppression of IL-33 expression in CSCs or FcεRIα+ macrophage 
depletion resulted in a reduction in TGF-β signals and chemo-resistance of SCC
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