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1 | INTRODUCTION

Abstract

The tumor microenvironment (TME) has been identified as one of the driving factors
of tumor progression and invasion. Within this microenvironment, cancer-associated
fibroblasts (CAF) have multiple tumor-promoting functions and play key roles in drug
resistance, through multiple mechanisms, including extracellular matrix (ECM) remod-
eling, production of growth factors, cytokines, and chemokines, and modulation of
metabolism and angiogenesis. More recently, a growing body of evidence has shown
that CAF also modulate immune cell activity and suppress anti-tumor immune re-
sponse. In this review, we describe the current knowledge on CAF heterogeneity in
terms of identity and functions. Moreover, we analyze how distinct CAF subpopula-
tions differentially interact with immune cells, with a particular focus on T lympho-
cytes. We address how specific CAF subsets contribute to cancer progression through
induction of an immunosuppressive microenvironment. Finally, we highlight potential

therapeutic strategies for targeting CAF subpopulations in cancer.

KEYWORDS
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formed by blood and lymphatic endothelial cells; (3) an extracellular

Over the last few decades, multiple findings have improved our
understanding of cellular and molecular hallmarks in cancer, with
a better characterization of the tumor microenvironment (TME).
Four major components of the TME have been identified, including
the following: (1) an immune component, composed of a large vari-
ety of immune cells such as tumor-associated macrophages, T and
B cells, natural killer, and dendritic cells; (2) a vascular component

This article is part of a series of reviews covering Immunological functions of
fibroblasts in human health and disease appearing in Volume 302 of Immunological
Reviews.

matrix (ECM) made by complex collagen fibers and other glycopro-
teins; and (4) a stromal component that includes cancer-associated
fibroblasts (CAF) and mesenchymal stem cells (MSCs).Y” CAF were
originally considered as a homogeneous population uniformly driv-
ing tumorigenesis. In contrast, multiple recent studies revealed that
CAF constitute a heterogeneous group of stromal cells, which dif-
fer in their origin, phenotype, functions, and quantity in different
cancer types.>”® Many theories have defined diverse origins of
CAF, including tissue-resident fibroblasts or bone marrow-derived
MSC via transforming growth factor-p (TGFp), epithelial or en-

dothelial cells through epithelial- or endothelial-to-mesenchymal
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transition.>%?** CAF might also derive from trans-differentiation of
adipocytes or pericytes, which results in the upregulation of mesen-
chymal lineage-committed genes, such as peroxisome proliferator-
activated receptor-gamma (PPARy) and Runt-related transcription
factor-2 (RUNX2).2%5Y7 Moreover, vitamin deficiency in certain
cancer stromal cells, such as stellate cells, leads to the upregulation
of smooth muscle actin (ac-SMA), which induces their differentiation
into CAF.'®? CAF also originate from a variety of precursor cells re-
cruited by tumor cells at primary and metastatic sites. Among these,
MSCs represent an important source of CAF and can provide up to
20% of the CAF population in tumors.22°

Numerous studies recently highlighted that CAF are composed of
several functionally different subpopulations, which either promote
or restrain cancer growth (Figure 1).7*4?130 Indeed, even if a large
number of studies currently support the tumor-promoting effects
of CAF, some evidence suggests that CAF can also decrease tumor
growth.2”3! For example, depletion of fibroblasts has been shown to

Cancer cell proliferation

Immunosuppression LS ] effect

accelerate pancreatic ductal adenocarcinoma (PDAC) growth, sug-
gesting that some stromal cells such as normal fibroblasts can pro-
tect against cancer growth.22 Similarly, deletion of sonic hedgehog, a
soluble ligand overexpressed by neoplastic cells in PDAC, increases
tumor aggressiveness.?? Still, a number of evidence supporting mul-
tiple pro-tumorigenic roles for CAF suggests that targeting CAF in
human cancer could be a valuable strategy. Indeed, CAF secrete nu-
merous growth factors, such as fibroblast growth factor-2 (FGF-2)
and stromal cell-derived factor 1 (SDF-1/CXCL12), resulting in can-
cer cell proliferation and metastatic spread. Moreover, CAF regulate
angiogenesis, as well as immune cell recruitment and polarization in
a pro-tumorigenic manner by secreting interleukins and chemokines,
such as CXCL12.23236 The abundance of a-SMA* CAF in TME is as-
sociated with poor prognosis in multiple cancers.2%32%738 Moreover,
tumors with high stromal signatures are linked to therapy resistance
and disease rela\pse.”’42 Finally, CAF have been recently identified

as key components regulating immune infiltration in cancer.>#>44
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FIGURE 1 Functional heterogeneity of cancer-associated fibroblasts. CAF can either promote or restrain cancer growth. CAF contribute
to cancer progression through multiple mechanisms, including proliferation, invasion, metastasis, and vascularization (red section). CAF
secrete numerous cell growth factors such as FGF and SDF-1/CXCL12, promoting cancer cell growth and spread. CAF also regulate
angiogenesis, as well as immune cell recruitment and polarization by secreting various cytokines and chemokines, such as CXCL12, IL-6, and
IL-8. In addition, CAF exosomes or metabolic components, such as lactate, contribute to chemoresistance. CAF-mediated ECM production
and remodeling is additionally considered as a key tumor-promoting activity. In contrast, most often, CAF do exert tumor-suppressive
effects (blue section). For instance, Slit2* and CD146* CAF suppress tumorigenesis and increase chemosensitivity, while molecules such as
BMP4 reduce the self-renewal of stem-like cancer cells. FGF, fibroblast growth factor; SDF-1, stromal cell-derived growth; MMP, Matrix
metalloproteinase; IL-6, Interleukin-6; IL-8, interleukin-8; IL-1p, Interleukin-1p; ECM, extracellular matrix
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Indeed, specific CAF subsets are implicated in mediating an immu-
nosuppressive microenvironment, characterized by immune cell
evasion. Several studies including gene signature or mass spectrom-
etry analysis have shown that CAF exhibit a particular immunomod-
ulatory secretome, including chemokine C-X-C motif ligands (CXCL1,
CXCL2, CXCL5, CXCL12), chemokine C-C motif ligand CCL5, inter-
leukin 1B (IL-1 B), interleukin 6 (IL-6), interleukin 10 (IL-10), vascular
endothelial growth factor (VEGF), and TG F[3.2‘/"27'43'48 This secretion
profile plays a major role in modulating the TME, by regulating im-
mune cell recruitment and functions within tumors. Moreover, be-
side this direct effect on immune cells, CAF construct ECM protein
networks that serve as a physical barrier preventing immune cell
infiltration in tumors*3#6:47:49-53 (Figure 1). In this review, we focus
on the recent progress on CAF immunosuppressive activities, in par-
ticular on the cross talk with T lymphocytes, and we examine future

therapeutic strategies.

2 | CAF HETEROGENEITY:
IDENTIFICATION OF DISTINCT CAF
SUBSETS IN CANCER

CAF are actually defined as a set of heterogeneous mesenchymal
cells, which are negative for epithelial, endothelial, and immune cell
markers. Given their potential distinct cellular origins, various mark-
ers have been tested individually in tumors. This rapidly leads to the
demonstration that CAF are heterogenous in cancer. Expression
of several markers, such as a-SMA, FAP (fibroblast activation pro-
tein), integrin f1/CD29, S100-A4/FSP1 (fibroblast-specific protein
1), PDGFRp (platelet-derived growth factor receptor-g), and CAV1
(caveolin 1), was first analyzed individually. Studies using a-SMA to
stain CAF in human tumors showed that they accumulate in cancer of
poor prognosis, in particular in breast cancer (BC).324154 | addition
to a-SMA, high expression of PDGFRp was associated with high risk
and poor prognosis of in situ ductal carcinoma.>>>® FAP is another
well-known marker, which is abundant in the stroma of aggressive
BC.2657-%9 Prognostic value of CAV1 or FSP1 expression in CAF has
been demonstrated in BC, although with some conflicting informa-
tion on patient survival. #7061 These different markers first analyzed
alone were next combined to distinguish CAF subsets with key func-
tional differences, highlighting the notion of CAF heterogeneity. A
first study combining a-SMA, PDGFRp, and S100A4/FSP1 together
showed that these markers exhibit a differential expression in CAF
in PDAC and BC mouse models.®? In addition, based on the expres-
sion patterns of six specific markers (FAP, a-SMA, FSP1, PDGFRp,
CD29, and CAV1), four different CAF subsets (referred to as CAF-S1
to CAF-S4) have been identified in breast and ovarian cancers.?6?”
Interestingly, these CAF subsets accumulate differentially according
to the distinct BC subtypes.?®>? Indeed, CAF-S1 (FAPMEh cp29Med
a-SMAMed-High  popqMed ppGERpMed-Hish cavilow) and CAF-S4
(FAPNeglow  cppgHieh  , gMAHiEh Fgpqlow-Med  ppGERpLtow-Med
CAV1'°%) subsets are detected at high level in aggressive BC (HER2
and triple negative (TN)) and in metastatic lymph nodes, while the

CAF-S2 subset (FAPN®E CD29" g-SMANee FspNeetow ppGFRpNes
CAV1N®8) is enriched in luminal BC subtype and CAF-S3 fibroblasts
(FAPNee cD29Med _sMANee FspqMed-Hieh ppGERpMed cAVItoY) ac-
cumulate in healthy tissues.?® The gene signature analysis of these
CAF subsets revealed that CAF-S1 are defined by extracellular ma-
trix and inflammation signatures, while CAF-S4 are characterized
by a perivascular signature.?®?” This explains their accumulation
in aggressive BC, such as HER2 and triple-negative BC, and their
cooperative actions in metastatic spre('ad.8’58'59'63 The existence of
these two major subpopulations CAF-S1 and CAF-S4 was validated
in distinct cancer types, including PDAC, head and neck, and lung
cancer.*®%+7% Moreover, among the FAP™8" CAF (CAF-51) subpopu-
lation, two spatially separated subtypes of CAF have been identified,
based on the expression of a-SMA. Inflammatory CAF (iCAF), char-
acterized by low a-SMA levels, secrete high levels of inflammatory
factors and are located distantly from neoplastic cells. In contrast,
myofibroblastic CAF (myCAF) are characterized by high «a-SMA ex-
pression and myofibroblast features and are located immediately

8,26,48,59,65,67.71 Similarly, two discrete

adjacent to neoplastic cells.
populations of FAP* mesenchymal cells can also be distinguished
on the basis of podoplanin (PDPN) expression. Although both FAP*
PDPN* and FAP* PDPN" CAF subsets express high levels of ECM
components, the PDPN* CAF transcriptome is enriched in genes as-
sociated with TGFp signaling. In addition, this CAF subset is enriched
at the outer edge of the tumor, in close contact with T cells, whereas
PDPN" CAF are localized around vessels.”” Similarly, the content in
CAF characterized by PDPN*/FSP1" ratio is associated with disease
outcome and BRCA gene mutations in the 4T1 triple-negative BC
mouse model.”? In this study and in the most recent ones, authors
used the single cell RNA sequencing (scRNAseq) method to unravel
comprehensive mapping of CAF in BC. By performing scRNAseq
from 768 CAF isolated from the genetically engineered MMTV-
PyMT BC mouse model, four transcriptionally distinct CAF sub-
populations were identified and named vascular CAF (vCAF), matrix
CAF (mCAF), cycling CAF (cCAF), and developmental CAF (dCAF).%
Notably, each CAF subset is discriminated by the expression of gene
programs representing different functionality and unique spatial lo-
cation within the tumor parenchyme: The vCAF subtype might origi-
nate from a pool of perivascular cells, which invade tumor stroma
over tumor progression; cCAF represent the proliferative fraction of
vCAF, in which genes involved in cell cycle regulation were upregu-
lated; dCAF might originate from tumor cells that have undergone
an epithelial-to-mesenchymal transition; and mCAF might derive
from resident fibroblasts co-opted by tumor cells.®® Similarly, 6 dis-
tinct clusters, including myCAF, iCAF, and antigen-presenting CAF
(apCAF) first identified in PDAC, 7%’ were detected in the 4T1
BC mouse model.”® As observed in these mouse models, scRNA-seq
from more than 18 000 FAP* CAF (CAF-S1) isolated from human
BC revealed the existence of eight different cellular clusters within
this population. Among them, three CAF-S1 clusters belong to the
iCAF subgroup and five to the myCAF subgroup. These clusters are
characterized by high expression of genes involved in detoxification
(detox-iCAF), interleukin- (IL) (IL-iCAF) or IFNy-signaling (IFNy-iCAF),
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ECM remodeling (ECM-myCAF), TGF-8-dependent pathway (TGF-f-
myCAF), wound healing (wound-myCAF), IFNaf-signaling (IFNap-
myCAF), and acto-myosin pathway (acto-myCAF), respectively. The
existence and the relative proportions of the five most abundant
CAF-S1 clusters (representing up to 91% of sequenced cells) have
been confirmed in head and neck squamous cell carcinoma and in
non-small cell lung cancer (NSCLC), demonstrating the relevance of
these CAF-S1 clusters across different cancer subtypes.*® Similarly,
the existence of FAP* CAF characterized by high ECM content was
confirmed in PDAC using scRNAseq.7O As observed for ECM-myCAF
in BC, these PDAC CAF express high levels of LRRC15 (leucine-rich
repeat containing 15), surround tumor islets, and are absent from
normal pancreatic tissue.”® Finally, the IFNy-iCAF gene signature
includes CD74, encoding the major histocompatibility class (MHC)
Il invariant chain, which also characterizes the antigen-presenting
CAF (apCAF) identified in PDAC.*’ To summarize, CAF are a col-
lection of diverse cell subpopulations, which respond to different
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stimuli, display distinct secretory phenotypes, and execute specific
biological functions. By combining the study of several markers con-
comitantly and by performing scRNAseq, similar CAF subsets and
clusters have been identified in distinct cancer types, thereby show-
ing their relevance and potential clinical interest.

3 | IMPACT OF CAF SUBSETS ON T CELL
PHENOTYPES AND FUNCTIONS

As mentioned before, it is now well established that CAF exert a
strong immunomodulatory regulation, modulating both immune cell
infiltration and anti-tumor functions within the TME. CAF-mediated

effects can be direct by increasing the content in suppressive T

47,54,74

lymphocytes and counteracting effector T cell functions, or

indirect by producing ECM components that form a physical bar-

rier preventing immune cell infiltration 434647:49-537576 (Figyre 2). It
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FIGURE 2 Immunosuppressive function of CAF subsets. CAF orchestrate an immunosuppressive tumor microenvironment through

the secretion of numerous chemokines and cytokines, such as TGFp, IL-10, or CXCL-12, thereby inhibiting cytotoxic CD8" T cell function

or polarizing T cell subset toward Th2. Some CAF subpopulations express PD-L1/2, targets for immune checkpoint inhibitors. Metabolites
or metabolic enzymes, such as IDO or arginase and nucleosides, such as adenosine, favor the recruitment and differentiation of Tregs.
Finally, CAF can produce and remodel ECM components such as collagen, fibronectin, and MMPs, which in turn reduces the infiltration of
effector T cells. TGFp, Transforming growth factor-g; IL-10, Interleukin 10; PD-L1/2, programmed cell death ligand 1/2; IDO, Indoleamine-2,3
dioxygenase; Tregs, Regulatory T cells; ECM, extracellular matrix; MMPs, matrix metalloproteinases
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is still important to note that these functions are not exclusive of
CAF, as they can be exerted by other cells, including cancer and im-
mune cells themselves,”” thereby highlighting a reciprocal cross talk

between the different components of the TME.

3.1 | Directimpact of CAF on T lymphocytes

CAF abundancy is often correlated with poor clinical outcome and
reduced anti-tumor immune response, as assessed by an increased
FOXP3* regulatory T cells to CD8* T lymphocytes ratio.?7%78 |n
accordance with CAF immunosuppressive function, there is a grow-
ing evidence that CAF promote the recruitment of pro-tumoral
immune cell populations, as shown by an increased T,2 response,
at the expense of T, 1. For example, interleukin 33 (IL-33), a type
2 immune modulator, is upregulated in CAF in mouse models of
spontaneous BC metastasis, as well as in BC patients with lung
metastasis.”’ Thus, IL-33 promotes type 2 inflammation through
a downregulation of T-bet (T-box expressed in T cells) expression,
indicating a bias against T, 1-mediated immune responses.”’ In ad-
dition, both CAF and cancer cells produce RANTES (regulated upon
activation, normally T-expressed, and presumably secreted) and
MCP-1 (monocyte chemotactic protein-1), which preferentially me-
diate the recruitment and expansion of CD4* T,17 T cells.®° T, 17
cells, via IL-17 secretion, promote tumor growth, through the in-
duction of IL-6 production, which in turn activates oncogenic signal
transducer and STATS3 (signal transducer and activator of transcrip-
tion 3)-dependent transcription.gl’82 Despite these findings, the
link between CAF subset heterogeneity and immune infiltration
has only recently been analyzed in detail. FAP* CAF have been first
demonstrated to exert an immunosuppressive activity in several
cancer types and their depletion allows immunological control of
growth,2628.:33:46.57.83-88 Among FAP* stromal cells, PDPN* CAF
suppress proliferation of effector T lymphocytes in a nitric oxide-
dependent manner, while FAP* PDPN" CAF are not immunosup-
pressive.”’ In addition, FAP* CAF-S1 potentiate the recruitment,
survival, and differentiation of regulatory T cells, thereby contrib-
uting to a tumor-promoting microenvironment in BC and high-grade
serous ovarian cancer.?%%’ By secreting CXCL-12, FAP* CAF attract
and increase the survival of CD4* CD25" T lymphocytes.?%2784
CXCL12-dependent attraction of CD4" CD25" T lymphocytes
confirms previous observations showing that CXCR4 inhibitors in-
duce T cell accumulation and synergize with anti-PD-L1 treatment
in mouse models.®¥7! Recent scRNAseq data from BC patients
demonstrated that CXCL12 is highly secreted by some specific
FAP+CAF-S1 cellular clusters, referred to as inflammatory CAF.*8In
addition to their capacity to attract T lymphocytes, FAP* CAF also
directly interact with T cells.? Using functional assays in vitro, two
types of interactions have been detected between FAP* CAF and
CD4" CD25" T lymphocytes, including short- and long-term con-
tacts.2 Persistent interactions between FAP* CAF and T cells can
exceed 14 hours and account for 20% of total contacts. Long-term
T cell retention at the surface of FAP* CAF is mediated by strong

Immunolog

expression of OX40L, programmed cell death ligand-2 (PD-L2), and
junctional adhesion molecule 2 (JAM2) in FAP* CAF.%¢

In addition to their impact on T cell attraction and retention,
FAP* CAF induce CD4" CD25" T cell differentiation into CD4"
CD25" FOXP3" regulatory lymphocytes and enhance their capac-
ity to inhibit CD4" effector T cell proliferation.?®?” In line with the
identification of different cellular clusters among FAP* CAF, recent
findings demonstrated that only specific FAP* CAF cellular clus-
ters, characterized by ECM accumulation, wound healing, and TGFf
signaling, are associated with T cell infiltration, in particular high
content of CD4* CD25* FOXP3* PD-1* or CTLA-4* T lymphocytes
in BC patients.*® Interestingly, these 3 specific FAP* CAF cellular
clusters are associated with primary resistance to immunotherapy
in melanoma and NSCLC patients.48 CAF promote expression of
programmed cell death (PD-1), cytotoxic T lymphocyte associated
protein-4 (CTLA-4), and T cell immunoglobulin and mucin domain-
containing protein 3 (TIM3) in proliferating T cells in PDAC.%’
Consistent with these data, ECM-myCAF cluster from BC increases
the expression of FOXP3, PD-1, and CTLA-4 at the surface of CD4"*
CD25* T cells.*® In addition, both FAP* myCAF and iCAF clusters in-
crease the content in TIGIT" (T cell immunoreceptor with Ig and ITIM
domain) cells among CD4* CD25" FOXP3" T lymphocytes.*® FAP*
CAF from melanoma also induce TIGIT expression at the surface
of cytotoxic T lymphocytes.”® These findings are totally consistent
with previous observations in PDAC and several other cancer types
showing that FAP* CAF promote immune escape and that ECM
and TGFp signaling pathways are key determinants in resistance to
immunotherapy.43"“—"75*7“"’91’94 Interestingly, another FAP* CAF clus-
ter characterized by IFNy-dependent signaling pathway activates
CD4* T cells in an antigen-dependent manner.*®%? In addition, CAF
can modulate the recruitment of peripheral CD8* T cells within tu-
mors through secretion of numerous cytokines and chemokines.
Indeed, FAP" CAF secrete high amounts of CXCL12 that guide CD8"
T migration and sequestration in the stromal compartment surround-
ing the tumor, thereby reducing CD8" T cell infiltration within tumor
islets.33°0%5 Consistent with these results, preclinical studies in a
PDAC murine model revealed that both pharmacological inhibition
of CXCR4 (CXCL12 receptor) and genetic ablation of CXCL12 lead to
CD8" T cell accumulation within tumor and reduced tumor growth.33
Taken as a whole, these data highlight that considering the different
CAF subsets identified in several cancer types, as well as the hetero-
geneity within the FAP* CAF subset, is essential to understand T cell

infiltration and better appreciate immunotherapy resistance.

3.2 | Role of CAF on immune checkpoint molecules
As mentioned above, FAP" CAF, in particular ECM-myCAF and
TGFB -myCAF clusters, enhance expression of PD-1 and CTLA-4
at the surface of CD4* CD25" FOXP3" Tregs. In addition, CAF
influence T cell immunity through high expression of immune
checkpoint ligands, such as PD-L1 and PD-L2. Both PD-L1 and
PD-L2 bind to PD-1 receptor expressed by T cells and drive their
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dysfunction resulting in enhanced tumor growth.?%? Among the
genes highly expressed by FAP* CAF, PD-L2 and TNFSF4/0X40L
ligands were identified as key players in long-term interactions be-
tween CAF and CD4* CD25" T lymphocytes.?® Although OX40/
OX40L signaling increases memory CD4" T cells and acts on Treg
homeostasis, OX40L can also enhance CD4* CD25" T cell reten-
tion at the surface of FAP* CAF, suggesting the potential detri-
mental effect of OX40 agonist use in tumors enriched in FAP*
CAF. In addition to OX40L, expression of the immune check-
point PD-L2 is strongly increased in FAP* CAF.?¢ PD-L2 is also
involved in CD4* CD25" T cell retention at the surface of FAP*
CAF. While most studies focus on PD-L1/PD-1, both PD-L2 and
PD-L1 ligands can bind to PD-1, leaving open the role of PD-L2
in immunotherapy resistance.”® As immunotherapies based on
PD-L1 blockade may not prevent interaction of PD-L2 with PD-1,
high PD-L2 expression in FAP* CAF could be a new mechanism
of resistance to immunotherapies.?® PD-L1 expression in CAF
can be upregulated by IFNy secreted by activated lymphocytes,
confirming a reciprocal cross talk between these cell types.””
Moreover, consistent with FAP* CAF immunosuppressive activ-
ity, several studies showed that CAF promote PD-L1 expression
in tumor cells through CXCL5 or CXCL2 secretion.>¢?® In addition,
CAF-produced exosomes increase PD-L1 expression in BC cells,
together with miR-92 expression, which impairs T cell prolifera-
tion.”” The underlined mechanism involves large tumor suppres-
sor kinase 2 (LATS2), important component of the Hippo pathway,
which is directly targeted by miR-92. Interestingly, LATS2 directly
interacts with Yes-associated protein 1 (YAP1) and prevents its
nuclear translocation, thereby reducing PD-L1 transcription.”®

3.3 | Role of metabolism in CAF-mediated
immunosuppression

Metabolites are emerging as key players in immune escape. In that
sense, metabolic reprogramming is another mechanism by which
CAF can trigger T cell immunosuppression. Indeed, glucose con-
sumption by glycolytic CAF depletes glucose in the TME, thereby
impairing effector T cell activity without affecting cancer cell
survival, as cancer cells take advantage of release of lactate and
pyruvate by CAF.2°%1%1 |n prostate cancer, release of lactate by
glycolytic CAF acts on CD4" T cells and shapes T cell polariza-
tion, including reduction of T,1 and increase in Treg content.1%?
Tregs can survive under low glucose conditions and use lactate
to fuel their metabolism.'°® Moreover, CAF impair T cell function
through increased activity of amino acid degrading enzymes, such
as indoleamine 2,3-dioxygenase (IDO) and arginase Il (ARG2),
which emerged as key players in the regulation of immune toler-
ance in tumors.’®* Expression of IDO is upregulated by IFNy and
catalyzes the conversion of tryptophan into kynurenine, which
inhibits T cell proliferation and function.’®®> IDO-mediated tryp-

tophan degradation is also able to promote Treg differentiation

and activation, which in turn lead to cytotoxic T lymphocyte an-
ergy and apoptosis.'®® CAF also inhibit anti-tumor effector T cell
responses through ARG2, which hydrolyzes arginine to ornithine
and urea.'® This depletes arginine content in TME, which is re-
quired for T cell functions.'®® Accordingly, FAP* CAF from mela-
noma interfere with cytotoxic T lymphocyte activity by impeding
CD69 and granzyme B production, via increased arginase activ-
ity.c”0 Furthermore, activation of the COX2/PGE2 axis in CAF in-
creases FOXP3 expression and Treg activity, suppressing effector
T cell function.63107-110 Moreover, prostaglandin 2 (PGE2), pro-
duced by CAF, drives an immunosuppressive TME by modulating
cytokine secretion profiles in human T cells from anti-tumoral T, 1
toward pro-tumoral T 2 phenotype.!'! In addition, CAF express
high levels of CD39 and CD73 ectonucleotidases at the cell mem-
brane. Interestingly, this feature is associated with the ability to
strongly suppress the proliferation, activation, and effector func-
tions of cytotoxic T cells through the generation of large amounts
of adenosine from adenosine triphosphate (ATP) hydrolysis.**?
Finally, Galectin-1, recently identified as overexpressed in CAF,
contributes to tumor immune escape by promoting apoptosis of

activated T cells. 113116

3.4 | Role of TGFp signaling pathway in CAF-
mediated immunosuppression

As described above, a specific cellular cluster of FAP* CAF express-
ing high levels of TGFp (referred to as TGFp-myCAF) has recently
been identified in BC.*® TGFp ligands secreted by these FAP* CAF
act on both T cell immune response and resistance to immuno-
therapies. The content in TGFB-myCAF is indeed correlated with
the proportion of CTLA-4" Tregs in BC and these CAF accumu-
late preferentially in melanoma and NSCLC patients who do not
respond to immunotherapy.48 TGFp1 attenuates effector functions
of antigen-specific and fully activates memory CD8" T lympho-
cytes.!” Moreover, TGFp1 reduces responsiveness of memory T
cells by blocking CD28-TCR signaling. This effect was reversed by
an anti-TGFp1 neutralizing antibody or by TGFB1 removal using a
low PH buffer.}'® In addition, TGFp reduces T lymphocyte cytotox-
icity by specifically inhibiting expression of cytolytic gene prod-
ucts, such as perforin, granzyme A and B, Fas ligand, and IFNy.1%?
Indeed, repression of granzyme B and IFNy involves binding of
TGFp-activated SMAD and ATF1 transcription factors to their
promoter regions, indicating a direct and selective regulation by
the TGFB/SMAD pathway. Interestingly, neutralization of systemic
TGFp in mice enables tumor clearance with restoration of antigen-
specific cytotoxic T cell activity.!'? Moreover, in head and neck can-
cer, TGFp secreted by CAF induces T cell apoptosis and enhances
Tregs differentiation.”* On the other hand, TGFp induces a switch
of B cells from 1gM toward IgA expressing cells.*?® Interestingly,
in hepatocarcinoma, these IgA* cells express PD-L1 and IL-10 and

directly suppress liver cytotoxic CD8* T Iymphocytes.121
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3.5 | Indirect effect of CAF on T cell activity
Another mechanism by which CAF inhibit T cell anti-tumor im-
mune response is by affecting the function of dendritic cells (DC),
the most important antigen-presenting cell involved in T lympho-
cyte activation. TGFp secreted by CAF downregulates expression
of MHC class Il molecules and the costimulatory molecules CD40,
CD80, and CD86 at cell surface of DCs. These immature cells
promote formation of Tregs, which inhibit effector T cell func-
tion.'?2 Moreover, CAF derived from hepatocellular carcinoma
(HCC) tumors facilitate the generation of regulatory DCs, which
are characterized by low expression of costimulatory molecules,
high suppressive cytokines production, and enhanced regulation
of immune responses, including T-cell proliferation impairment
and promotion of Treg expansion via IDO upregulation.ln124 CAF
also secrete thymic stromal lymphopoietin (TSLP), which favors
tumor-promoting T,2 cell polarization, through myeloid dendritic
cell conditioning.1?®

CAF also contribute to the formation of an immunosuppressed
microenvironment through production and remodeling of ECM
components, which serve as a physical barrier restricting access of
immune cells to cancer cells.*?¢?7 Stromal ECM proteins influence
anti-tumor immunity by controlling T cells positioning and migra-
tion. In PDAC, dense collagen networks represent a physical bar-
rier, rearranging T cell distribution in favor of tumor stroma. These
mechanisms are mainly responsible for T cell trapping in stroma
that might hinder efficacy of T cell-based immunotherapies.128
Similarly, in human lung cancer, peritumoral ECM fibers play an
important role in limiting T cell access to tumor cells. Consistently,
matrix reduction with collagenase increased the ability of T cells
to contact cancer cells.”® Furthermore, different extracellular
proteins highly produced by CAF acted directly on tumor specific
CD8" T cells by reducing the number of infiltrated cells within tu-
mors.}27131 For example, CAF-derived pig-h3 restrains the anti-
tumor immune response by inhibiting CD8" T cell immunity. pig-h3
binds to and inhibits signals via integrin 3 (CD61), which is highly
expressed on infiltrating CD8" T cells and leads to increased Hic-5
protein binding to Y505 phosphorylated Lck blunting the signal
transduction.'® Interestingly, depletion of Big-h3 protein in vivo
using an antibody strategy is accompanied by an increase in gran-
zyme B response.

Taken together, these studies demonstrate that CAF impede T
cell activation, clonal proliferation, tumor localization, and cytotox-
icity. Consequently, there is a growing interest in developing novel

therapeutic strategies that target tumor stroma.

4 | STRATEGIES TARGETING CAF

The pro-tumoral functions that CAF exert during cancer develop-
ment make them promising therapeutic targets in cancer treat-
ment.>¢13213%  However, CAF targeting has faced numerous
obstacles and challenges, in particular due to the lack of specific cell
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surface markers inducing their depletion without damaging normal
tissue. However, with our increasing understanding of CAF pheno-
typic diversity and functional heterogeneity, a number of preclinical

studies have been recently reported (Figure 3).

4.1 | Depletion of CAF using specific
surface markers

Anti-CAF therapies have been primarily focused on CAF depletion
by targeting specific surface markers. Indeed, genetic depletion
of FAP causes rapid hypoxic necrosis of both cancer and stromal
cells by a process involving IFNy and TNFa.® Interestingly, this
process is capable of enhancing anti-tumor T cell infiltrate and
function in both PDAC and NSCLC.'%* Moreover, elimination of
FAP* CAF using oral DNA vaccine targeting FAP increases CD8"
T cell infiltration within the TME and improves intra-tumoral up-
take of chemotherapeutic drugs in multi-drug-resistant model of
colon and breast carcinoma.®®%> Further FAP-targeting strate-
gies, such as FAP-CAR-T cell therapy or FAP-targeted oncolytic
adenovirus, promote a specific immune attack against FAP* CAF,
with concomitant anti-tumor efficacy.'®¢**® Using these ap-
proaches, elimination of FAP* CAF reverses CAF-mediated im-
munosuppression, upregulates pro-inflammatory cytokines and
increases antigen presentation, T cell function, and trafficking.
Additionally, a monoclonal antibody (FAP5-DM1) targeting FAP*
CAF induces long-lasting inhibition of tumor growth and com-
plete regression in xenograft models of lung, pancreas, and head
and neck cancer, with no sign of toxicity.*>’ Moreover, depletion
of FAP* stromal cells by FAP-targeting immunotoxin «FAP-PE38
in the mouse 4T1 BC model modifies recruitment of tumor-
infiltrating immune cells. In addition, combination of « FAP-PE38
and paclitaxel potently inhibits tumor growth in vivo.8¢ As FAP
is not exclusively expressed by CAF, this can substantially hin-
der the precision of the above-mentioned strategies. In order to
counteract this challenge, targeting a CAF subset correlated with
chemoresistance and poor survival in breast and lung cancer by
using a neutralizing monoclonal antibody against GPR77 showed
promising results.?® Indeed, depleting CD10* GPR77" CAF re-
duces tumor formation and improves chemotherapy efficacy in
mouse models.?®

In order to reactivate the anti-tumor immune response fol-
lowing CAF-targeting strategy, recent studies investigated the
use of bispecific antibodies, which target both CAF and immune
cells.**0141 RO6874281 consists of an interleukin-2 variant (IL-2v)
domain that binds the IL-2 receptor on immune cells and a FAP-
specific domain, which brings the antibody drug conjugate inside
the tumor. This antibody stimulates a local immune response by
activating effector CD8" T lymphocytes and natural killer (NK)
cells and reducing Treg activity.”>14?43 Given its promising re-
sults, RO6874281 is presently under clinical trials in combination
with atezolumab (anti PD-L1 antibody) or pembrolizumab (anti-
PD-1) in several solid tumor indications (Clinical trial information:
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FIGURE 3 Principal strategies for CAF-directed anti-cancer therapies. Main anti-cancer therapies targeting the stromal compartment
in tumors are shown. CAF can be directly depleted by either transgenic technologies or immunotherapies. CAF can also be normalized
and adopt an inactive phenotype through the use of molecules, such as vitamin A or vitamin D. Furthermore, targeting crucial signals and
effectors of CAF such as chemokines and growth factor pathways can be used to inhibit CAF activation or functions. Finally, CAF-derived
extracellular matrix proteins and associated signaling can be targeted to induce stromal depletion and increase immune T cell infiltration.
FAP, fibroblast activation protein; CAR, chimeric antigen receptor; IL-6, Interleukin 6; MMP, matrix metalloproteinase; ECM, extracellular

matrix

NCT03875079, NCT03063762, and NCT03193190). In addition,
other clinical trials are ongoing to test RO6874281 in combi-
nation with chemo- or targeted therapies (NCT02627274 and
NCT03063762). Moreover, a novel immune cell stroma bispe-
cific antibody was designed, composed of a trimeric split 4-1BB
ligand, targeting 4-1BBL (CD137), and a monovalent fragment that
binds specifically to FAP. This component enhances T cell stimu-
lation in vivo, through the hyper-crosslinking of 4-1BB expressed
by T cells and FAP expressed by tumor stroma.’** Interestingly,
combination of FAP-4-1BBL with tumor antigen-targeted T cell
bispecific molecules results in tumor remission in mouse models,

accompanied by intra-tumoral accumulation of activated effector
CD8" T lymphocytes.”#144

4.2 | Normalization of CAF activated phenotype

In addition to the direct depletion of CAF, a new CAF-targeting
strategy was developed in order to revert the activated state
of the pro-tumorigenic CAF into a quiescent state or a tumor-
suppressor phenotype. A first demonstration of the efficacy
of this strategy was highlighted in PDAC.*®*? Indeed, vitamin A
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deficiency in PDAC patients results in stromal cell activation; and
incubation with all-trans retinoic acid reverts CAF phenotype into
a quiescent state and increases apoptosis of surrounding pancre-
atic cancer cells.'®? Similarly, treatment with vitamin D normal-
izes the activated phenotype of stromal cells and improves the
uptake of chemotherapeutic drugs in PDAC mouse models, result-
ing in 57% increase in mice survival compared to chemotherapy
alone, thereby reversing chemotherapeutic resistance.'*> As such,
reprogramming CAF, via normalization of their activated pheno-
type, may be a preferable therapeutic option rather than targeted
ablation of CAF.

4.3 | Targeting downstream effectors of CAF

Both CAF depletion and reversion of their functional states remain
challenging therapeutic strategies. New approaches have been pro-
posed in order to target downstream effectors of CAF, mainly CAF-
derived cytokines and chemokines. Novel agents that target IL-6 and
TGFp have been developed in order to improve the anti-tumor im-
mune response. Interestingly, therapeutic co-administration of TGFp
inhibitors with anti-PD-L1 immunotherapy reduces TGFp signaling
in stromal cells, facilitates T cell penetration within tumors, and en-
hances anti-tumor immunity.”*72146:148 |nterestingly, multiple clini-
cal trials using TGFp-based therapies are ongoing, highlighting the
clinical importance of CAF-targeted strategies in cancer treatment.
In addition to TGF, high levels of IL-6 are secreted by activated CAF
in particular by FAP* CAF.2%7178 |16 induces production of pro-
inflammatory cytokines and pro-angiogenic factors, which increase
cancer cell proliferation and metastasis and negatively regulate NK
and T cell cytotoxic activity.}*?*%° Thus, agents targeting IL-6, IL-6R,
or JAK/STAT3 pathway downstream of IL-6 have been approved by
the US Food and Drug administration for the treatment of myelopro-
liferative diseases and autoimmune disorders.**’ Similarly, mTOR-
4E-BP1 pathway is responsible for protein synthesis in SMA* CAF.
Inhibition of this pathway using the multi-receptor somatostatin an-
alogue pasireotide (SOM230) in mouse models downregulates CAF-
secreted molecules, such as IL-6, thereby abrogating CAF-directed
cancer cell resistance to chemotherapy and showing some efficacy
and tolerability in first clinical trials.*>**>? In addition, targeting
CXCL12-CXCR4 axis with AMD3100 compound reverses FAP* CAF-
mediated immunosuppression and synergizes with anti-PD-L1 im-
munotherapy in pancreatic cancer.33*°315% Collectively, drugs that
target the stromal CAF signals and effectors have emerged as an

important complement to anti-tumor therapies.

4.4 | Targeting CAF-derived ECM proteins

Other anti-stromal therapies consist in targeting ECM proteins that
serve as a physical barrier preventing anti-tumor immune cell ac-
cess and therapeutic drug delivery. For example, the angiotensin
inhibitor losartan reduces stromal collagen content and hyaluronan
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production.’®**>8 Consequently, losartan increases vascular per-
fusion and enhances drug and oxygen delivery to tumors, thereby
potentiating chemotherapy in breast and pancreatic cancer mod-
els.>? Similarly, enzymatic ablation of hyaluronan by PEGPH20, a
PEGylated recombinant hyaluronidase, leads to re-expansion of the
tumor micro-vasculature and improves intra-tumoral penetration of
systemic chemotherapy.’¢%*¢! Moreover, CAF-controlled ECM re-
modeling cannot be achieved without the production of metallopro-
teases (MMPs). Thus, novel MMPs inhibitors are emerging in order
to improve ECM stiffness to favor drug delivery.'6%1¢3 On the whole,
the above-mentioned anti-stromal therapies are designed based on
the premise that CAF promote cancer development. Nevertheless,
CAF heterogeneity reveals the existence of tumor-suppressive CAF

subtypes, which require further studies.

5 | CONCLUSIONS AND PERSPECTIVES

Itis becoming clear that research on CAF has recently reached an ex-
citing and critical stage. Although challenging, rapid advances in the
knowledge of CAF biology, in particular CAF heterogeneity, will help
in developing novel therapeutic strategies targeting CAF. CAF are
now considered as targets that could be manipulated for therapeutic
benefit in cancer patients. There are currently many clinical trials in-
volving CAF-targeting agents in combination with existing therapies.
Targeting CAF is expected first to improve access to either conven-
tional or targeted therapies and second to enhance infiltration of
active cytotoxic T/NK cells within tumor. Despite recent progress,
we are still facing numerous challenges in developing adequate
tools to modify stromal components in tumors. Multiple studies re-
cently highlighted specific functions of distinct CAF subpopulations,
bringing key insights on CAF cellular heterogeneity and revealing
interesting new specific markers. As stromal cells are essential com-
ponents for physiological processes, any therapy targeting stromal
pro-tumoral functions should be specific enough to spare stromal
cells in healthy tissues. Using specific markers for targeting these
distinct CAF subpopulations will pave the way to new promising

therapeutic combinations in cancer.
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