Chapter 6 )
Stromal Cells in the Tumor Microenvironment =

Alice E. Denton, Edward W. Roberts, and Douglas T. Fearon

Abstract The tumor microenvironment comprises a mass of heterogeneous cell
types, including immune cells, endothelial cells, and fibroblasts, alongside cancer
cells. It is increasingly becoming clear that the development of this support niche is
critical to the continued uncontrolled growth of the cancer. The tumor microenvi-
ronment contributes to the maintenance of cancer stemness and also directly pro-
motes angiogenesis, invasion, metastasis, and chronic inflammation. In this chapter,
we describe on the role of fibroblasts, specifically termed cancer-associated fibro-
blasts (CAFs), in the promotion and maintenance of cancers. CAFs have a multitude
of effects on the growth and maintenance of cancer, and here we focus on their roles
in modulating immune cells and responses; CAFs both inhibit immune cell access
to the tumor microenvironment and inhibit their functions within the tumor. Finally,
we describe the potential modulation of CAF function as an adjunct to bolster the
effectiveness of cancer immunotherapies.
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6.1 Introduction

The critical role of the tumor microenvironment in carcinogenesis has long been
recognized, with Virchow first noting that malignancy arose at sites of chronic
inflammation in 1863 [1]. In 1889 a more holistic hypothesis, that of the “seed and
soil,” was proposed by Paget suggesting that elements of the stroma were important
for tumor development [2]. At a similar time, physicians noted that the status of the
immune system may have important consequences for tumor development. Indeed
sarcoma remissions had been observed following Streptococcus pyogenes infec-
tions, and in 1868 Busch induced a local infection and demonstrated a reduction in
tumor burden, at least while the infection was ongoing [3]. Later several other phy-
sicians demonstrated remissions through localized applications of infectious agents
[4-6]. However, these observations were soon overshadowed by other contempo-
rary discoveries, namely, the identification of tumor suppressor genes and onco-
genes as well as the advent of chemotherapy and radiotherapy. These led to increased
focus on cell intrinsic mechanisms of carcinogenesis and more easily controlled
therapeutic options, respectively, consigning the immune system and the stroma to
the backburner.

6.2 Fibroblasts

There has, however, been a resurgence of interest in the tumor stroma in more recent
times. In 1982 Bissell et al. outlined a modern formulation of Paget’s seed and soil
hypothesis stating that the tumor microenvironment is as important for tumor devel-
opment as the accumulation of enabling genetic mutations [7]. This was based on
the several elegant experiments showing that normalization of the stromal microen-
vironment could suppress tumor development; Illmensee and Mintz showed that
while teratocarcinoma cells could be repeatedly transplanted and grow as ascites
tumors, they would contribute to normal tissues when injected into a blastocyst [8].
Bissell’s group also showed that normalization of integrin signaling in both 3D
culture and in vivo could abrogate the malignant phenotype of genetically deranged
breast cancer cell lines [9]. This focus on the extracellular matrix (ECM) and its role
in modulating tumor cell behavior led to a general interest in cells responsible for
generating and modulating the collagen matrix-fibroblasts. First described in 1858
based on their morphology and location [10], fibroblasts are non-epithelial, nonvas-
cular, and non-hematopoietic cells in the connective tissue and are largely respon-
sible for the synthesis of the ECM [11].

Fibroblasts are critical in both normal homeostasis and during wound healing. At
steady state, fibroblasts are essential for epithelial homeostasis in many normal tis-
sues having both direct interactions with the epithelial cells and secreting growth
factors [12]. During wound healing macrophages produce transforming growth
factor-f (TGF-p) and platelet-derived growth factor (PDGF) leading to activation of
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normal tissue fibroblasts [13, 14] to acquire a myofibroblast state defined by expres-
sion of a-smooth muscle actin (a-SMA) [15]. These myofibroblasts, first described
in granulation tissue [16], play important roles in wound healing. Early histological
studies showed that tumors appear similarly to healing wounds with Dvorak describ-
ing them as “wounds which do not heal” [17]; in the context of a healing wound
angiogenesis, remodeling of the ECM and epithelial proliferation are all adaptive;
however in the tumor microenvironment, these aid in tumor development. As may be
expected in the tumor microenvironment, similar processes are ongoing as in healing
wounds, and carcinoma-associated fibroblasts (CAFs) have also previously been
defined by their expression of a-SMA [18]. Indeed the roles outlined above are all
subverted during tumor progression to facilitate continued growth. In this context
there has been great attention to the roles CAFs play compared to normal tissue fibro-
blasts; however, it has been challenging to study these cells in vivo due to the absence
of ideal markers of these cells and the heterogeneity of the CAF population.

6.3 CAFs

Markers used to identify CAFS are often controversial. Fibroblast-specific protein- 1
(FSP-1), one marker widely used to identify CAFs, has also been shown to be
expressed by monocytes and invasive carcinoma cells [19, 20]; a-SMA on the other
hand is expressed by pericytes and vascular smooth muscle cells [21, 22], while
platelet-derived growth factor receptor-o« (PDGFR-a) marks normal tissue fibro-
blasts [23] and some non-fibroblastic cells in the retinal pigment epithelium (unpub-
lished observations and [24]). One promising marker for CAFs was fibroblast
activation protein-a (FAP-a), which was identified by its reactivity with the F19
monoclonal antibody and reported to be selectively expressed on fibroblasts in heal-
ing wounds and in adenocarcinomas [25]. Further study appeared to support this
with FAP-expressing cells being found in chronic inflammatory situations [26, 27];
however, when a reporter of FAP was generated, it was found to also be expressed
on normal tissue fibroblasts, on fibroblastic reticular cells of the lymph node, and on
some epithelial cells in the retinal pigment epithelium ([28, 29], unpublished obser-
vations) indicating that this too suffered from similar limitations regarding specific-
ity. As such there has been a general lack of genetic systems by which to alter
fibroblast function in vivo to dissect these roles more precisely. Furthermore, in
many studies CAFs have been treated as a single entity, which is likely an oversim-
plification. Even normal tissue fibroblasts display remarkable heterogeneity with
fibroblasts isolated from skin at different sites being as different transcriptomically
as different leukocyte subsets [30]. Kidd et al. demonstrated in 2012 that fibroblast
subsets defined by different markers originated from different sites with FSP-1+
fibroblasts deriving from the bone marrow, while other stromal cells may originate
from adjacent tissues [31]. Indeed CAFs have many potential origins but most are
thought to arise from local progenitors. CAFs are most commonly derived from
tissue-resident fibroblasts [18, 32, 33], which are induced to undergo activation in
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response to the tumor microenvironment produced by neoplastic cells [34-38].
CAFs can also be derived from stellate cells [39, 40], migration of adipose or bone
marrow-derived stromal cells [31, 41, 42], and endothelial and epithelial cells,
through endothelial- or epithelial-to-mesenchymal transition [43, 44]. Despite these
caveats there have been many successful ingenious studies elucidating the critical
roles CAFs play in tumor development.

6.4 Driving Cancer Cell Proliferation

As stated earlier fibroblasts support epithelial homeostasis through secretion of
growth factors, and CAFs too have been shown to have a direct effect on cancer cell
growth in some systems. Orimo et al. showed that CXCL12 produced by CAFs
drove cancer cell growth through CXCR4 expressed on the cancer cells [45]. CAFs
have also been shown to produce numerous growth factors in different systems
including insulin-like growth factors [46], connective tissue growth factor (CTGF)
[47], platelet-derived growth factor (PDGF) [48], and hepatocyte growth factor
[49], which have been shown to stimulate tumor cell growth in vitro. There is also
evidence that CAFs can stimulate cell growth by releasing growth factors from the
ECM through expression of matrix metalloproteases (MMPs). This indirect effect
of MMP expression is a character shared with tumor-associated macrophages
(TAMs) and other stromal cells [50]. CAFs do not simply affect the growth of can-
cer cells; however, they also modulate their phenotype making them more carcino-
genic. Wang et al. showed that injection of an SV40-immortalized but not
transformed prostate cancer cell line with CAFs led to poorly differentiated carcino-
mas developing, while there was minimal growth and no tumor development when
this was carried out with normal prostate fibroblasts. When these cells were injected
along with urogenital mesenchyme, epithelial cell growth was observed although
there was no tumor development. As a result this series of experiments suggested
that while the CAFs did stimulate growth, they had other pro-tumorigenic effects
distinct from stimulating cell division [51].

6.5 Maintaining Cancer Stemness

Recent work has suggested that CAFs may also have a role in maintaining the “stem-
ness” of cancer stem cells. Work in the intestinal crypt has shown that Wnt signaling
is important in the maintenance of stem cells and crypt homeostasis [52]. Vermeulen
et al. used a reporter of f-catenin-driven transcription to show that there was heter-
ogenous Wnt signaling within colon cancer spheroidal cultures despite all cancer
cells having mutations in the APC gene. The cells with higher levels of Wnt signal-
ing were shown to be “cancer stem cells,” that is, they had enhanced clonogenicity
and were able to recreate a tumor similar to the initial malignancy if injected into an
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immune-deficient mouse. As there was heterogeneity in the spheroids, it was appar-
ent that there was some cell autonomous regulation of Wnt signaling, and this has
been shown previously in stem cells in the crypts [53]. However Wnt signaling in
both the normal and the cancer stem cells is also modulated by surrounding cells
[54]. Subsequently it was shown that HGF produced by CAFs induced high levels of
Whnt signaling and increased “stemness” [55]. Thus in at least one system, CAFs
have been reported to be important for the maintenance of cancer “stemness.”

6.6 Driving Angiogenesis

In their study mentioned earlier, Orimo et al. isolated fibroblasts from human breast
carcinomas and normal fibroblasts from the same patients. These fibroblasts were
co-injected with breast carcinoma cells into nude mice, and it was shown that CAFs
promoted tumor growth significantly more than did the normal fibroblasts. This was
shown to be due, at least partially, to the high levels of CXCL12 secreted by CAFs
which recruited endothelial progenitors, increasing vascularization of the tumors
[45]. Furthermore Yang et al. subsequently showed that CAFs isolated from human
prostate cancer similarly promoted xenograft growth due to the action of CTGF. It
was found that CTGF expression was induced by TGFp and that overexpression of
CTGF in 3T3 fibroblasts also led to these cells increasing tumor size and microves-
sel density in a xenograft model [56]. CAFs can also promote angiogenesis in a less
direct method by releasing active growth factors from the ECM due to their expres-
sion of MMPs. CAFs are a source of MMP9 [57] and MMP13 [58], which have
both been shown to be involved in angiogenesis. MMP9 and MMP13 have both
been shown to release vascular endothelial growth factors (VEGF) from the ECM
increasing angiogenesis in the tumor [59, 60]. This work is complicated by the fact
that in integrin ol knock out mice which lack integrin alp1, an inhibitor of MMP
synthesis, there is decreased tumor vascularization due to the increased production
of angiostatin [61]. Angiostatin is produced by MMP9 and MMP7 acting on circu-
lating plasminogen. As such MMPs have been shown to have conflicting roles in
angiogenesis. As stated previously MMPs are not restricted to CAFs as TAMs, and
other stromal cells are also important sources of these molecules [62].

6.7 Promoting Invasion and Metastasis

CAFs may also exert their effects through modulation of ECM composition;
Levental et al. showed that CAFs express lysyl oxidase, which leads to collagen
cross-linking and increased tissue stiffness. This increased stiffness was associ-
ated with changes in integrin signaling and progression to invasive disease, and
treatment of the mammary fat pad with lysyl oxidase could promote growth and
invasion of premalignant cells highlighting the critical role for these stromal cells
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[63]. CAFs have also been shown to express multiple MMPs that, by altering
interactions between tumor cells and the extracellular matrix, alter tumor cell phe-
notype [57, 64, 65]. MMP activity has been implicated in all of the functions of
CAFs so far, and it has been demonstrated that activation of MMPs is sufficient to
produce a CAF-like phenotype in fibroblasts [66]. In this study, by deleting all
four tissue inhibitors of metalloproteinases (TIMPs), the authors demonstrated
that exosomes from the CAFs induced cancer cell motility and upregulated stem
cell markers. These effects were dependent on the metalloproteinase ADAM10
[66]. Fibroblast exosomes have been shown to drive Wnt-planar cell polarity sig-
naling in a CD81-dependent manner. This promoted breast cancer cell invasive
behavior [67]. Interestingly communication between cancer cells and stromal
components using exosomes appears to occur in both directions to promote metas-
tasis with transfer of miR-105 from cancer cells to endothelial cells leading to
increased vascular permeability and metastasis [68]. Furthermore cancer-derived
exosomes appear to have roles in transmitting invasive behaviors between differ-
ent cancer cell clones [69]. Intriguingly it appears that stromal cells may even play
a more direct role in metastasis, with tumor cells which were part of heterotypic
cell clusters demonstrating increased robustness and increased potential to develop
metastases. Furthermore using a parabiosis model CAFs from the original tumor
could transiently be found in metastases indicating these cells could be important
in establishing metastases [70].

6.8 Promoting Resistance to Therapy

CAFs have also been implicated in driving resistance to chemotherapy. Previous
work using the KPC mouse has shown that the chemotherapeutic drug gemcitabine
is excluded due to dense ECM and high intratumoral tissue pressure. Enzymatically
disrupting the ECM led to increased infiltration of the tumor and increased response
[71, 72]. While this is a presumed effect of CAFs due to their role in producing the
dense desmoplastic stroma in these tumors, fibroblast-derived exosomes have been
shown to directly promote resistance to chemotherapy. One study demonstrated that
exosomes carried numerous RNAs which stimulated RIG-I in breast cancer cells
and along with NOTCH3 signaling driven by the CAFs themselves converged on
STAT1 signaling which led to expansion of tumor cells resistant to both chemo-
therapy and radiotherapy [73].

6.9 CAFs and Inflammation

There have been also been unbiased approaches to understand how CAFs differ
from normal fibroblasts in an attempt to define their roles in cancer. FAP+ cells
sorted from normal tissues were found by RNA-seq to be similar to one another,
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while different CAF populations characterized by co-expression or lack of
CD34 were found to be more similar to one another validating this as an
approach [74]. Hanahan conducted a more complete analysis sorting PDGFR-a+
cells from a range of normal tissues and from tumors and demonstrated a CAF-
specific gene signature [23]. This gene signature was characterized by CAFs
producing greater amounts of CXCL1, CXCL2, IL-1f, and IL-6 (among others)
than fibroblasts in normal tissues. This inflammatory gene signature implies
that CAFs could be important players within the tumor inflammatory environ-
ment. Previous work has shown that inflammatory mediators play important
roles in carcinogenesis: IL-6 may also protect tumor cells from apoptosis in a
STAT3-dependent mechanism [75] and can drive angiogenesis [76], and IL-1f
has also been shown to drive IL-23 expression and thus to promote skin carci-
nogenesis [77]. Despite these more direct effects, the inflammatory signature
also suggests that CAFs may be modulating the immune system in the tumor
microenvironment.

6.10 Tumor Immunology

While the role for the tumor stroma in tumor development was becoming more
widely accepted, the role for the immune system in tumor development was con-
troversial until more recently. Indeed in 2000 Hanahan and Weinberg wrote a
highly influential review about the hallmarks of cancer noting that there was an
overly narrow focus on the genetically deranged cancer cells and that heterotypic
signaling with normal stromal cells explained at least some of the aforementioned
hallmarks of cancer [78]; however, it wasn’t until 2011 when they penned an
update that evading the immune system appeared as a critical hallmark of tumor
development [79]. Interest in the immune response to cancer reemerged as more
focused approaches to immune modulation began to demonstrate results. After the
initial demonstration that blockade of CTLA-4 could induce rejection of a trans-
planted primary tumor and lead to protection from a rechallenge [80], immune
therapies gradually made their way to the clinic. Recently numerous immunothera-
peutic approaches to tumor therapy have shown dramatic responses in patients
resulting in numerous approvals of checkpoint blockade targeting CTLA-4 and
PD-1 [81-87], as well as the use of chimeric antigen receptor (CAR) T cells to
target tumor stroma [88]. It is now clear that vast complement of immune cells
populate tumors, including dendritic cells, macrophages, neutrophils, natural killer
cells, mast cells, B cells, CD8+ T cells, CD4+ T cells (and the many subsets
thereof), and regulatory T cells (Treg cells). These cells have multiple roles in
tumor and can have both pro- and antitumoral effects. These effects are, at least in
part, directed by the microenvironment and are a product of CAFs and the inflam-
matory milieu they contribute to.
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6.11 Stromal and Tumor Immune Responses

While these two areas have experienced renewed interest, interactions between
these fields have only begun to emerge more recently. One of the most well-defined
roles CAFs play in suppressing the antitumoral immune response regards entry of T
cells. T cell infiltration into cancer nests within the tumor has long been recognized
as an important predictor of patient survival, with increased infiltration of CD8+ T
cells into cancer-dense regions strongly associated with improved outcomes for the
patient [89-92]. Indeed, recent clinical trials using checkpoint blockade inhibitors
and/or adoptive T cell therapy do not show strong results in tumors typically associ-
ated with high stromal burden, such as pancreatic ductal adenocarcinoma, prostate
cancer, ovarian cancer, and colorectal cancer [82, 83, 93], in part due to a failure of
CD8+ T cell to infiltrate cancer nests [94]. Normally, once activated, T cells leave
the lymph node and migrate toward the inflammatory site, where they exit the blood
stream and enter the tumor. The tumor vasculature inhibits extravasation of T cells
from the blood stream into the tumor mass, resulting in accumulation of T cells
within the stroma while still allowing movement of monocytes and neutrophils into
the tumor. Indeed, overexpression of endothelin B receptor on tumor vasculature
decreases lymphocyte adherence to endothelium [95], while the disorganization of
tumor vasculature that is typically associated with tumor progression [96] limits T
cell extravasation and entry into the tumor parenchyma [97].

6.12 CAFs and T Cell Infiltration

CAFs themselves may also directly limit T cell infiltration of cancer nests within the
tumor. CAFs both deposit and degrade extracellular matrix (ECM) components and
thus remodel the ECM during cancer progression; a severe desmoplastic reaction
correlates with poor prognosis in many cancers [98—101]. The remodeling of the
ECM allows CAFs to determine the migration and localization of cells within the
tumor. Live cell imaging of human lung cancer [102] demonstrated poor T cell infil-
tration and motility in the dense collagen surrounding cancer nests, while more
active T cell behavior was observed in regions with looser matrix deposition.
Treatment with collagenase degraded the dense matrix surrounding cancer nests,
and increased T cell infiltration and contact with cancer cells, suggesting that the
nature of matrix deposition can have profound effects on the efficacy of antitumor T
cell immunity. Recently, Fearon and colleagues demonstrated that, through produc-
tion of CXCL12, pancreatic cancer-associated CAFs inhibit T cell infiltration of
pancreatic carcinoma [74]. In this study, administration of checkpoint blockade
inhibitors alone did not alter the course of tumor progression, mirroring that observed
for human pancreatic cancer [93]. However, administration of the CXCR4 antago-
nist AMD3100 alongside checkpoint inhibitors significantly diminished tumor
growth and allowed T cell infiltration and killing of cancer cells. Overexpression of
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CXCLI12 by CAFs [103] has been shown to promote cancer growth through direct
effects on the cancer cells, promoting cancer cell proliferation, migration, and inva-
sion [104-109]. However, since no change in tumor growth was observed in the
absence of a T cell response, CXCL12 blockade must be affecting the immune regu-
lation rather than the tumor-promoting aspect of CXCL12-CXCR4 signaling.
Importantly, these studies have shown that the pre-existing T cell response is capable
of inducing tumor regression when suppression is alleviated, suggesting that vacci-
nation again tumor antigens will not be necessary to harness the antitumor immune
response for immunotherapy.

6.13 Suppressing Intratumoral T Cells

Once T cells enter a tumor, they must migrate toward the cancer cells, engage the T
cell receptor, and then deliver cytotoxic- and/or cytokine-mediated kill signals. There
are several obstacles that T cells must overcome in the tumor microenvironment in
order to achieve their aim. The tumor microenvironment is full of suppressive signals
for T cells, including secreted factors, suppressive immune cells, and the immuno-
suppressive actions of CAFs. CAFs have been shown to exert a directly immunosup-
pressive mechanism of action. Depletion of FAP-expressing stromal cells using a
diphtheria toxin-mediated model results in failure of tumor growth that is entirely
dependent on the presence of an intact immune response, demonstrating that CAFs
are a critical regulator of tumoral immunosuppression of the T cell response [110].
Tumor killing in this model was dependent on interferon-gamma and TNF-alpha,
and was induced by hypoxic necrosis, all hallmarks of T cell-mediated immunity.
Some factors produced by CAFs have also been identified; CAFs, along with myeloid
cells and cancer cells, are important sources of tumoral indoleamine 2,3-dioxygen-
ase (IDO), an enzyme that depletes local tryptophan by catabolizing tryptophan
through the kynurenine pathway. Overexpression of IDO in the tumor microenviron-
ment promotes tumor growth through immune resistance, as both T cell- and NK
cell-mediated antitumoral responses are severely dysfunctional in the presence of
IDO [111, 112]. CAFs also secrete TGFf, and tumoral TGFf expression is associ-
ated with significant pro-tumoral effect. TGFp reduces CD8+ T cell and NK cell
function [113-115], promotes the polarization of macrophages and neutrophils to a
pro-tumoral type 2 phenotype [116-118], and enhances Treg cell and Th17 cell dif-
ferentiation [119-121]. It is important to note that CAFs are not the sole source of
TGFp in the tumor microenvironment, with both neoplastic cells and myeloid-
derived cells expressing high amounts of this cytokine. Accordingly, TGFf} blockade
significantly inhibits tumor progression and enhances tumor immunotherapy [122,
123]. In addition to these effects, CAFs have been shown to promote the accumula-
tion of immature myeloid cells, or MDSCs [124], which produce large amounts of
suppressive cytokines, such as TGFp, into the tumor microenvironment.
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6.14 Skewing T Cell Recruitment

Alteration of CAFs by cancer cells has also been shown to alter the immune cell
components within the tumor. For example, expression of the lymph node che-
moattractant chemokine CCL21 in cancer cells, which is induced in invasive
cancer cells [125], resulted stromal organization reminiscent of fibroblastic
reticular cells (FRCs) of the lymph node. This FRC-like stromal organization
recruited CCR7-expressing DCs, naive T cells, and Treg cells to the tumor, lead-
ing to enhanced tumor growth through suppressive mechanisms including Treg
cells and secreted molecules such as IDO [126]. Indeed, suppression was so
profound it was able to prevent rejection of non-syngeneic allografts, demon-
strating the immense capability of the tumor microenvironment to prevent T
cell-mediated eradication of tumors. While this has not been shown to occur in
human tumors, it points to the intriguing possibility that fibroblast populations
as well as being heterogeneous are incredibly plastic, and our understanding of
CAFs may be increased by investigating their roles in normal tissues like the
lymph node.

6.15 Conclusions

There has been great interest in the potential of targeting CAFs in order to improve
the response to immunotherapy in the clinic. While the responses to checkpoint
blockade have been impressive with a proportion of patients showing complete,
durable remissions [87], there are still many patients who do not respond. While
direct ablation of CAFs led to tumor regression with immunogenic tumors [74,
110], the lack of specificity for the tumor led to significant side effects including
cachexia and anemia when these cells were eliminated through administration of
diphtheria toxin or by targeting with a FAP-specific chimeric antigen receptor T
cell [29, 127]. As stated earlier there is a lack of markers that are specific for
CAFs, and as such this type of approach is currently not feasible, and so greater
understanding of the mechanisms by which CAFs exert their effects is needed in
order to develop more targeted therapeutics. A promising example is the previ-
ously mentioned study by Feig et al. demonstrating that AMD3100 could potenti-
ate the activity of checkpoint blockade [74]. As previously stated the heterogeneity
of normal tissue fibroblasts [30] would suggest that while Hanahan found a CAF
signature across different tumor types [23], there is still likely to be great hetero-
geneity in the mechanisms of immune suppression that CAFs are employing in
different contexts. As such it is unlikely that there is any single CAF mechanism
of action that can be targeted across all tumor types. It is critical that future work
continues to elucidate the essential roles CAFs are playing in immune modulation
in different tumor types, and it is also crucial that findings in mouse models are
extended into patient samples to examine whether these potential therapeutic
directions are viable.
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