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REVIEW

Carcinoma-associated fibroblasts:
orchestrating the composition
of malignancy
Philippe Gascard1 and Thea D. Tlsty1,2

1Department of Pathology, University of California at San Francisco, San Francisco, California 94143, USA; 2Helen Diller Family
Comprehensive Cancer Center, University of California at San Francisco, San Francisco, California 94143, USA

The tumor stroma is no longer seen solely as physical sup-
port for mutated epithelial cells but as an important
modulator and even a driver of tumorigenicity. Within
the tumor stromal milieu, heterogeneous populations of
fibroblast-like cells, collectively termed carcinoma-asso-
ciated fibroblasts (CAFs), are key players in the multicel-
lular, stromal-dependent alterations that contribute to
malignant initiation and progression. This review focuses
on novel insights into the contributions of CAFs to dis-
ease progression, emergent events leading to the genera-
tion of CAFs, identification of CAF-specific biomarkers
predictive of disease outcome, and recent therapeutic ap-
proaches aimed at blunting or reverting detrimental pro-
tumorigenic phenotypes associated with CAFs.

Stromal cells have typically been viewed as a heteroge-
neous group of connective tissue cells that form the sup-
portive structure in which the functional cells of the
tissue reside. In this context, the stroma plays an essential
role in tissue architecture by providing physical support
for the epithelium via a complex network of fibrillar
proteins called the extracellularmatrix (ECM),which con-
tains primarily collagens, elastins, and fibronectin. How-
ever, the stroma also consists of a spectrum of cell types
that fulfill very distinct but complementary functions in
controlling tissue identity and homeostasis: fibroblasts
that secrete ECMproteins aswell as proteases that remod-
el it, adipocytes that act as an energy reserve, endothelial
cells organized into blood vessels that transfer oxygen and
nutrients to and from the tissue, and immune cells
(T cells, B cells, dendritic cells, andmacrophages) thatme-
diate defense mechanisms against infections and other
aggressions. Also resident within the stroma are mesen-
chymal stem cells (MSCs), a primordial, fibroblastoid
cell type that is ill defined but is believed to give rise to

mesodermal derivatives that include fibroblasts, endothe-
lial cells, and adipocytes. Both fibroblasts and MSCs are
isolated by identical methods and exhibit similar fibro-
blastic morphologies. These two cell types are so similar
that some have maintained that they are indistinguish-
able by morphology, cell surface markers, differentiation
potential, and immunologic properties (Hematti 2012).
Adding to the complexity, MSCs, similar to fibroblasts,
have been isolated from nearly every tissue type in the
body and display heterogeneity (Sriram et al. 2015). In ear-
ly studies, the deterministic potential of resident stromal
fibroblasts was unmasked based on the use of elegant het-
erotopic recombinants. The recombination of wing epi-
thelium with leg (fibroblastic) mesenchyme resulted in
the generation of scales instead of feathers (Dhouailly
et al. 1978). Thus, each of the components of the stroma
described above is essential for proper tissue homeostasis,
maintaining architecture, and, most importantly, physio-
logically appropriate functions (Kalluri and Zeisberg 2006;
Tlsty and Coussens 2006; Bing and Trayhurn 2009).

Aswenowknow,alterationsof eachof thesestromalcell
types can contribute to the tumorigenic process through
remodeling of the stroma (Karagiannis et al. 2012) and
widespreaddysregulationofcell signalingand intercellular
cross-talk (Kalluri and Zeisberg 2006; Tlsty and Coussens
2006; Bing and Trayhurn 2009; Ishii et al. 2016). Similar
to reports for the malignant epithelium, the malignant
stromaexhibits expressionprofiles thatprovide prognostic
information independent of epithelial biomarkers (Finak
et al. 2008; Ma et al. 2009; Ostman and Augsten 2009;
Sharma et al. 2010).Novelmechanisms of action bywhich
carcinoma-associated fibroblasts (CAFs) can promote tu-
morigenesis and impair drug sensitivity (through direct ef-
fects on malignant cells and through mobilization and
recruitment of other tumor cell types), and the molecular
mediators involved intheseprocesseshavebeenextensive-
ly characterized (Fig. 1). The knowledge gained through
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these studies has been paramount for the design of increas-
ingly sophisticated therapies specifically targeting CAFs.
These recent findings have led experts in the field to pro-
pose an emerging concept of fibroblasts as “architects of
cancer pathogenesis” (Marsh et al. 2013).
This is in stark contrast to the historical view in which

the scientific and patient communities have focused their
attention on epithelial cancer cells, since the vast majori-
ty of human cancers exhibits epithelial abnormalities, and
mutational changes in these cells are readily observable.
However, the last 15 years have seen a shift in this mo-
mentum, driven, to a large extent, by a flourishing litera-
ture that has built a strong case for amajor involvement of
the stroma in restraining (Bissell andHines 2011; Dumont
et al. 2013) or facilitating cancer progression (Olumi et al.
1999; Kalluri andZeisberg 2006; Tlsty andCoussens 2006;
Finak et al. 2008; Dumont et al. 2013). Recent provocative
reports have further extended this novel concept by un-
equivocally demonstrating that, in some cancers, the
stroma goes beyond playing the role of a facilitator of
the tumorigenic process. Alterations in stromal cell sig-
naling and transcriptional program can precede (or act in-
dependently of) epithelial cell alterations and actually act
as a driver of the tumorigenic process (DeFilippis et al.
2014; Scherz-Shouval et al. 2014; Hu et al. 2015; Procopio
et al. 2015). As a result of this conceptual shift, we have
witnessed a recent surge in therapeutic strategies aimed
at reverting alterations associated with a protumorigenic
stroma, in particular the activity of anti- and protumori-
genic immune cells whose balance determines, to a large
extent, disease outcome (Callahan and Wolchok 2015).
Besides the widely recognized role of immune cells (i.e.,
immunotolerance) and endothelial cells (i.e., angiogene-
sis) in cancer progression, there is now strong evidence
that CAFs are major players as well. Indeed, interactions
of CAFs with cellular components of the immune system
contribute, to a large extent, to the tumor-promoting role
of CAFs through immunosuppression and sustained in-
flammation (Liao et al. 2009; Erez et al. 2010; Quante
et al. 2011; Servais and Erez 2013). Moreover, the CAF sta-

tus has an impact on the clinical behavior of a tumor
(Chang et al. 2004, 2005; Kalluri and Zeisberg 2006; Tlsty
and Coussens 2006; Finak et al. 2008; Berdiel-Acer et al.
2014), in particular early and targetedmetastasis (Dumont
et al. 2013; Zhang et al. 2013; Calon et al. 2014).
In this review, we focus specifically on key questions in

the field that relate to the processes by which CAFs con-
tribute to disease progression, processes that lead to the
generation of CAFs, their identity, their cell of origin,
the pivotal role of the dysregulation of signaling pathways
that contributes to the acquisition of a CAF phenotype,
and the promises and challenges associated with thera-
peutic regimens aimed at eliminating CAFs or at least re-
verting their detrimental CAF phenotype.

CAFs and disease progression

Early studies on stromal influences in malignancy in-
volved the purification of fibroblast-like cells from human
disease-free tissue and from invasive tumor tissue to com-
pare their properties. A pioneering study using a prostate
cancermurine xenograftmodel showed that while human
prostate CAFs promote tumor growth, fibroblasts from
disease-free tissue inhibit it instead (Olumi et al. 1999).
Additionally, in this study, CAFs were found to secrete
factors that enhance epithelial tumor cell proliferation
and mutagenesis as well as angiogenesis. These secreted
factors also inhibited epithelial cell apoptosis and func-
tional cell–cell adhesion interactions. In this study,
secreted factors could not only facilitate tumor progres-
sion of an immortalized but nontumorigenic cell but
also initiate malignant phenotypes in morphologically
and genotypically normal epithelial cells. Recently, using
in vivo heterotypic cell recombinant studies, it was shown
that human breast CAFs can promote early dissemina-
tion, tumorigenesis, and metastasis of breast cancer cells
through deposition of a distinct ECM characterized by
aligned collagen fibers (Dumont et al. 2013). CAFs pro-
moted acquisition of a mesenchymal morphology associ-
ated with increased dissemination and metastasis in both
premalignant and malignant mammary epithelial cells,
whereas fibroblast-like cells from disease-free individuals
favoredmaintenance of an epithelialmorphology and con-
strained early dissemination, tumor growth, and metasta-
sis. These findings support the idea that CAFs contribute
tomalignant disease progression and that normalizing the
ECM organization within a tumor may be an effective
therapeutic strategy. Similar coculture and heterotypic
cell recombinant studies have been performed with cells
frommultiple tissue types, including breast and skin (Bar-
cellos-Hoff and Ravani 2000; Maffini et al. 2004; Barcel-
los-Hoff and Medina 2005; Arendt et al. 2010).
To obtain clues as to the stromal pathways involved in

CAF-dependent facilitation ofmalignant phenotypes, sev-
eral studies have compared gene expression in disease-free
fibroblasts and CAFs derived from various tissues (Sadlo-
nova et al. 2009; Saadi et al. 2010; DeFilippis et al. 2012;
Berdiel-Acer et al. 2014). In one of these studies conducted
in breasts, the most dramatic change in expression

Figure 1. Multiple secreted factors and resultant phenotypes
stimulated by CAFs. CAFs induce multiple phenotypes in neigh-
boring tumor epithelial cells as well as other stromal cell types.
Soluble factors secreted by CAFs have been involved in promot-
ing each of these phenotypes.
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between disease-free fibroblast and CAF populations was
the repression of a cell surface protein, CD36. Strikingly,
CD36 is typically expressed on all stromal cell compo-
nents, adipocytes, fibroblasts, endothelial cells, and im-
mune cells. When expressed, CD36-expressing stromal
cells are in an anti-tumorigenic state. However, when
reduced in expression, each stromal component acquires
a distinct protumorigenic state. Thus, fibroblasts that
have low expression of CD36 elaborate greater quantities
of collagens and fibronectin than fibroblasts with high
expression of CD36. Likewise, endothelial cells with
low CD36 exhibit increased angiogenesis, preadipocytes
with low CD36 fail to differentiate into adipocytes, and,
finally, immune cells with low CD36 are in a M2 (protu-
morigenic) state rather than aM1 (anti-tumorigenic) state.
This study also documents that CD36 controls a coordi-
nated, multicellular program and that CD36 is necessary
and sufficient to control a wide range of protumorigenic
phenotypes (DeFilippis et al. 2012, 2014). These pheno-
types, often observed in desmoplasia, include low adipo-
cyte content, increased ECM proteins (collagen and
fibronectin), an increased number of fibroblasts and vas-
cular cells (DeFilippis et al. 2012), and potentially im-
mune cells. CD36 is a widely expressed protein that
modulates cell type-specific and ligand-specific functions,
including adipocyte differentiation, angiogenesis, apopto-
sis, transforming growth factor-β (TGF-β) activation, cell–
ECM interactions, and immune signaling (Silverstein and
Febbraio 2009). Accompanying CD36 repression is the
secretion of soluble factors, such as activin A, which has
been implicated as a key effector in a DNA damage-induc-
ible secretory program that acts in a cell-extrinsic fashion
to generate many of the above phenotypes (Fig. 2; Fordyce
et al. 2010, 2012). Extending these findings, recent evi-
dence has been provided for CD36 repression as part of a
dramatic switch in fibroblast identity. Fibroblasts charac-
terized by a disappearance of caveloae exhibited a con-

comitant loss of CD36, cavin, and caveolin-1 expression
and were shown to increase hypoxia-induced factor-1-α
(HIF-1-α) and TGF-β signaling. These CD36-nonex-
pressing fibroblasts also exhibited a metabolic shift from
mitochondrial oxidative phosphorylation to glycolysis,
reflected by increased expression in monocarboxylate
transporter 4 (MCT4). The consequences of this multifac-
eted signature, characteristic of the acquisition of a CAF
phenotype, are far-reaching (Martinez-Outschoorn et al.
2014, 2015). Current studies are under way to investigate
the mechanisms responsible for CD36 repression in
CAFs. As discussed below, repression of CD36may reflect
changes in the epigenetic landscape.

The above studies demonstrate that CAFs facilitate
disease progression through cell-intrinsic dysregulated
signaling and epigenetic events as well as through modu-
lating cell-extrinsic events such as ECM remodeling (Cirri
and Chiarugi 2011; Ungefroren et al. 2011), angiogenesis,
immune status, and stromal metabolic state. Each group
of investigators studying oncologic processes has their
own measure of disease progression. Thus, clinicians use
RECIST (response evaluation criteria in solid tumors)
criteria, measuring tumor size and sensitivity or resis-
tance to therapy (Eisenhauer et al. 2009), while patholo-
gists evaluate grade (fraction of cells that proliferate and
exhibit normal and abnormal tissue morphologies and
specific cellular characteristics) and stage (spatial dis-
persal of mutated epithelial cells). On themolecular level,
investigators measure endpoints that are tumor cell-in-
trinsic (changes in mutational burden, metabolic state,
drug resistance index, and metastasis) and tumor cell-
extrinsic (angiogenesis, stromal metabolic state, and
immune status). Remarkably, recent literature has dem-
onstrated that CAFs can modulate each of these multiple
endpoints.

This rich, dynamic, and evolving perception is particu-
larly well illustrated in the multiple mechanisms by

Figure 2. Birth of a CAF. Example of a p53/activin
A/cyclooxygenase-2 (COX-2)-dependent DNA
damage pathway originating in epithelial cells that
elicits protumorigenic effects in neighboring fibro-
blasts through paracrine stimulation via activin
A. Activation of fibroblasts by activin A triggers a
spectrum of COX-2-driven protumorigenic pheno-
types, including ECM remodeling, angiogenesis, im-
mune influx, macrophage switch, cell proliferation,
DNA damage, and acquisition of a hypoxic/glycolyt-
ic microenvironment. Also shown are the signaling
pathways that are dysregulated and the CAF-specific
proteins whose expression levels change upon acqui-
sition of the CAF phenotype. Dysregulated signaling
pathways include up-regulation of TGF-β, bone mor-
phogenetic protein (BMP), Wnt, Sonic hedgehog
(Shh), platelet-derived growth factor (PDGF), C-X-C
motif ligand 12 (CXCL12)/CXCR4, and integrin-me-
diated signaling. Changes in protein expression in-
clude up-regulation of α-smooth muscle actin (α-
SMA), fibroblast-activating protein (FAP), fibroblast-

specific protein-1 (FSP1), PDGF receptor a (PDGFRa), PDGFRb, Forkhead box F1 (FOXF1), SPARC, Podoplanin (PDPN), and, more re-
cently, collagen 11-α1 (COL11A1) and microfibrillar-associated protein 5 and down-regulation of CD36.
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which CAFs contribute to drug resistance (Castells et al.
2012). Typically, drug resistance is attributed to the accu-
mulations of genetic and epigenetic changes in epithelial
tumor cells influencing uptake,metabolism, and export of
drug. However, emergent properties within the tumor
stroma can actually contribute diverse mechanisms that
facilitate drug resistance and survival of cells after thera-
py. CAFs can (1) alter cell–matrix interactions that control
epithelial cell sensitivity to apoptosis, (2) secrete proteins
that control epithelial cell survival and proliferation, (3)
contribute to direct cell–cell interactions where cells
can exchange membrane fragments (trogocytosis) and
communicate, (4) create physical barriers that facilitate
the acquisition of drug resistance, and (5) activate epige-
netic plasticity in neighboring cells. Thus, CAFs alter
the physical, dimensional, and chemical aspects of tissues
in an ongoing dynamic and coevolutionary manner
(Cuiffo and Karnoub 2012; Junttila and de Sauvage 2013).
Having documented CAF contributions to malignant

phenotypes, one could ask whether fibroblast-like cells
also contribute to premalignant phenotypes. The central
role of CAFs in cancer progression is further illustrated
by a recent study that demonstrates that CAFs promote
ductal carcinoma in situ (DCIS) progression to invasive
breast carcinoma via paracrine interleukin-6 (IL-6) signal-
ing (Osuala et al. 2015). Multicellular three-dimensional
(3D) structures composed of DCIS cells exhibit increased
proliferation andmigrationwhen cultured with CAFs. Ex-
posure of thesemulticellular structures to an IL-6-neutral-
izing antibody inhibits these phenotypes. Notably,
selective knockdown of IL-6 in CAFs, but not in DCIS
cells, abrogates these phenotypes. This report brings fur-
ther mechanistic insights to a prior study reporting that
DCIS lesions with a heightened DNA damage/activin A/
cyclooxygenase-2 (COX-2) signature were associated
with a more reactive stroma (Fordyce et al. 2010, 2012)
and more frequent progression to invasive cancer (Kerli-
kowske et al. 2010).
Are CAFs detected only in association with malignant

carcinomas? Do the functional characteristics of CAFs ex-
ist in fibroblast-like cells prior to formation of a carcinoma
and, if so, how early in the process? Are CAFs created by
interactions with carcinomas? Several studies have shed
light on these questions and contributed to a stunning re-
alization that stromal changes and the existence of CAF-
like cells can precede the formation of malignant epitheli-
al cells. While it is clear that coculturing fibroblasts and
malignant epithelial cell lines can result in reciprocal
gene expression changes (Rozenchan et al. 2009), charac-
terization of tissues at high risk for carcinoma formation
demonstrate that stromal changes associated with the
CAF phenotype already exist and are therefore not depen-
dent on signals from a carcinoma for their generation
(Saadi et al. 2010; DeFilippis et al. 2014).
Evidence for the acquisition of a CAF phenotype prior to

malignancy has been underscored by a recent study show-
ing that fibroblasts derived from breast tissues obtained
from healthy women with high mammographic density
(and no breast cancer) exhibit desmoplastic/protumori-
genic phenotypes compared with fibroblasts derived

from breast tissues obtained from women with lowmam-
mographic density (DeFilippis et al. 2012, 2014). When fi-
broblasts from disease-free women of high and low
mammographic density were compared, gene expression
profiling identified CD36 as the gene most differentially
expressed. Similar to the observations described above for
the stromal components that repress CD36 and display
multiple, coordinated, protumorigenic phenotypes, alter-
ations in the expression of this master regulator, CD36,
in the stromal components of healthy breast tissue prior
to tumor formation are associated with increased risk
for future tumor incidence and progression (DeFilippis
et al. 2014).
In an additional example, microenvironment-induced

loss of expression of a key repressor of canonical Notch
signaling, CSL, in fibroblasts primes them for acquisition
of a CAF phenotype. This loss occurs upon silencing of the
tumor suppressor TP53 in the fibroblasts by fibroblast
growth factor 2 (FGF2) secreted by neighboring epithelial
cells (Hu et al. 2015; Procopio et al. 2015). These events in
turn lead to subsequent spontaneous multifocal (epitheli-
al) keratinocyte tumor formation in both mice and hu-
mans. Indeed, CAFs from hormone-independent breast
tumors have been shown to express higher levels of
FGF2 than their hormone-dependent counterparts. The
secreted FGF2 promotes tumor cell proliferation in a hor-
mone-independent fashion through activation of proges-
terone receptors (PRs) downstream from FGF receptor 2
(FGFR2) (Giulianelli et al. 2008).
Taken together, these findings led to the provocative

conclusion that, although genetic changes in epithelial
cells can drive carcinogenesis, nongenetic tissue changes
in the stroma can also be the cause rather than just the
consequence of themalignant process and thus contribute
to altered tissue fields. These studies also hint at environ-
mental influences that can create a protumorigenic stro-
mal state prior to formation of a malignant lesion. These
observations are consistent with the idea that stress-in-
duced signals can trigger a coordinated multicellular pro-
gram, creating a niche or field of tissue that is predisposed
to malignant formation. This view of “field canceriza-
tion” or “tissue field effect” as an active evolving state
in which cell–cell interactions and feedback loops inte-
grate to produce a functional outcome is rapidly emerging
as a powerful way of studying carcinogenesis and provides
novel therapeutic targets. We define “tissue field effect”
or “field cancerization” as a field of correlated (interde-
pendent) cellular and/or molecular changes that predis-
pose to the development and progression of multiple
malignancies within that territory. The studies identify-
ing CD36 and CSLmodulations certainly qualify the con-
sequent multicellular coordinated programs as “tissue
field effect” or “field cancerization” events.

CAF: cell or state?

As noted above, a precise molecular definition of CAF
does not exist. Instead, CAFs are defined operationally.
CAFs can represent the major cellular component of

CAFs: key players in malignancy
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tumor stroma where they are the main source for connec-
tive tissue components of the ECM and various classes of
proteolytic enzymes. Particularly in breast and pancreatic
carcinomas, CAFs can compose up to 80% of the tumor
mass (Olive et al. 2009) as a result of an extensive desmo-
plastic process; i.e., a dramatic deposition of ECM pro-
teins (Kalluri and Zeisberg 2006; Pietras and Ostman
2010). Attempts to define CAFs are most often aimed at
identifying morphological characteristics and expression
of specific markers (Table 1). Whereas mature fibroblasts
exhibit a thin, wavy, and small spindle morphology,
CAFs are often described as immature fibroblasts and ap-
pear as large, plump spindle-shaped cells with prominent
nucleoli. Tissues that contain a high proportion (>50%) of
immature fibroblasts correlate with increased microves-
sel density, tumor-associated macrophages, epithelial–
mesenchymal transition (EMT), and poor prognosis (Ha
et al. 2014). The most widely used (and earliest) reference
for acquisition of a CAF phenotype is themyocyte marker

α-smooth muscle actin (α-SMA) (Ronnov-Jessen et al.
1995; Kalluri and Zeisberg 2006; Ozdemir et al. 2014). Ad-
ditional markers expressed in CAFs include fibroblast-
specific protein-1 (FSP1; also called S100A4), fibroblast-
activating protein (FAP), vimentin, platelet-derived
growth factor receptor-α (PDGFR-α), PDGFR-β, the chon-
droitin sulfate proteoglycan neuron-glial antigen-2
(NG2), and prolyl-4-hydroxylase (Augsten 2014; Ohlund
et al. 2014). These markers, along with osteonectin, podo-
planin, metalloproteinases (MMPs), and the transcription
factor Forkhead box F1 (FOXF1), have been proposed to be
predictive of disease outcome based on independent asso-
ciation of protein expression with patient survival (Ha
et al. 2014). However, most of these proteins are not
CAF-specific (Augsten 2014; Ohlund et al. 2014). The re-
cent identification of proteins whose expression is exqui-
sitely restricted to CAFs and exhibits remarkable
prognostic value, asporin (Maris et al. 2015), collagen
11-α1 (COL11A1) (Vazquez-Villa et al. 2015), and

Table 1. List of CAF-specific and nonspecific markers

Marker
Fibroblast
specific Cell type-specific expression

Expression change in
CAFs vs. fibroblasts

PDGFR-α No Astrocytes None
PDGFR-β No Pericytes, neurons None
Chondroitin sulfate
proteoglycan NG2

No Brain/skeletal muscle/cartilage/skin progenitor cells—
malignant melanocytes, T cells, myeloid cells

Gain

FSP1 (S100A4) No Hematopoietic tissues, pneumocytes, endothelial cells,
neurons

Gain

α-SMA (ACTA2) No Pericytes, smooth muscle cells, breast myoepithelial cells Gain
FAP No Smooth muscle cells, epithelial cells, glandular cells in

multiple tissues
Gain

Vimentin (VIM) No Adipocytes, breast myoepithelial cells, pneumocytes,
macrophages, endothelial cells, glial cells, pancreas
exocrine/endometrium/thyroid glandular cells,
lymphoid/hematopoietic cells

Gain

Prolyl-4-hydroxylase (P4H) No Glandular cells in multiple tissues, lymphoid/
hematopoietic cells

Gain

Fibronectin (FN1) Yes Gain
Tenascin-C (TNC) Yes Gain
COL11A1 Yes Gain
MFAP5 Yes Gain
Asporin (ASPN) Yes Gain
Osteoglycin (OGN) Yes Gain
Zinc finger E-box binding
homeobox 1 (ZEB1)

No Adipocytes, smooth muscle cells, myocytes, endothelial
cells, glial cells, glomerular kidney cells

Gain

MCT4/SLC16A4 No Smooth muscle cells, myocytes, macrophages,
hematopoietic cells

Gain

Podoplanin (PDPN) No Lymphatic vessels Gain
Osteonectin (SPARC) No Macrophages, osteoblasts, bone marrow progenitors,

endothelial cells, platelets, epithelial cells, Leydig and
Sertoli cells, adrenal cortical cells

Gain

MMPs No Gain
FOXF1 No Glial cells, neurons, respiratory epithelial cells, glandular

cells in multiple tissues
Gain

CD36 No Adipocytes, endothelial cells, macrophages, dendritic cells Loss
Caveolin (CAV1) No Squamous epithelial cells, pneumocytes, macrophages,

smooth muscle cells, myocytes
Loss

Cavin-1 (PTRF) No Adipocytes, breast myoepithelial cells, endothelial cells,
pneumocytes, macrophages, smooth muscle cells

Loss
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microfibrillar-associated protein 5 (MFAP5) (Yeung et al.
2014) may improve the reliable identification of CAFs,
not to mention their potential value as candidate bio-
markers and therapeutic targets.
To add to the challenge, CAFs coexist as heterogeneous

populations defined by partly overlapping marker expres-
sion patterns, making it difficult to conclusively define
the role of CAFs based on these markers and identify the
individual factors involved in clinically relevant tumor–
stroma interactions (Augsten 2014; Ohlund et al. 2014;
Paulsson and Micke 2014). Thus, two subsets of CAFs
have been identified by immunohistochemistry in mouse
models of pancreatic and breast cancer: a FSP1-negative
subtype coexpressing α-SMA, PDGFR-β, and NG2 and a
FSP1-positive subtype lacking expression of α-SMA,
PDGFR-β, andNG2 (Sugimoto et al. 2006). The phenotyp-
ic heterogeneity of CAFs extends to their multifaceted
functionality (Augsten 2014). CAF subtypes have been de-
fined based on their anti-tumorigenic (F1 subtype) or pro-
tumorigenic (F2 subtype) activity (Bhowmick et al. 2004;
Ozdemir et al. 2014) or distinct tumor type-specific gene
and protein expression profiles (Orimo and Weinberg
2007). For example, CAFs derived from human epidermal
growth factor receptor 2-positive (Her2+) breast tumors ex-
hibit significantly higher expression levels of cytoskele-
ton and integrin signaling genes/proteins compared with
CAFs derived from triple-negative (estrogen receptor neg-
ative [ER−]/PR−/Her2−) or ER+ breast tumors (Tchou et al.
2012). This finding is in accordance with the observed en-
hanced migration of breast cancer cells cocultured with
CAFs derived from Her2+ tumors and may account in
part for the poorer prognosis of Her2+ breast tumors. In a
separate study, a significantly higher number of CAFs
and higher microvessel density, vasohibin-1/CD31 ratio,
and insulin growth factor-1 (IGF-1) transcript levels but
lower intratumoral microvessel nestin expression have
been observed in breast intralobular carcinomas (ILCs)
compared with intraductal carcinomas (IDCs), suggesting
higher proliferation of CAFs and endothelial cells but less
mature newly formed microvessels in ILC than in IDC
(Nakagawa et al. 2016). Thus, CAFs display functional dif-
ferences depending on the tumor environment in which
they evolve (Orimo andWeinberg 2007). This observation
has important ramifications for prevention, risk stratifica-
tion, diagnostics, and treatment, as discussed later.
CAFheterogeneitymay result from themultiple origins

of CAFs (α-SMA+ cells). While a majority of CAFs are
thought to arise from activation of resident fibroblasts
(see below), studies in geneticallymodifiedmousemodels
have demonstrated that about one-third of CAFs derive
from other sources: bone marrow (BM)-derived cells
(Quante et al. 2011; Lecomte et al. 2012; McDonald
et al. 2015), adipocytes (Bochet et al. 2013), endothelial
cells (Zeisberg et al. 2007), or even, perhaps, epithelial
cells (Radisky et al. 2007) that undergo mesenchymal
transition when instructed by systemic factors secreted
by the tumor (Chen et al. 2015a). This complexity has
led some investigators to propose that a CAF is a “cell
state” rather than a “cell type” (Madar et al. 2013). In
turn, the resulting CAF subsets fuel the tumorigenic pro-

cess through secretion of specialized factors that mediate
various aspects of stromal alterations. The concept that fi-
broblast specialization depends on the cell of origin is il-
lustrated by a study using a murine model of skin
carcinoma that had been irradiated and engrafted with
BM from green fluorescent protein (GFP) transgenic
mice. The investigators showed that one-third of BM-de-
rivedGFP+ cells infiltrating the tumorwereCAFs express-
ing NG2 or α-SMA, whereas ∼90% of Thy1+ fibroblasts
originated from resident GFP− cells (Lecomte et al.
2012). Notably, only α-SMA+ cells derived from GFP+

BM cells produced proinvasive stromal MMP-13.

The birth of a CAF:When does a fibroblast become aCAF?

In light of these morphological, molecular, and functional
diversities, one pressing question that comes to mind is:
When does a fibroblast become a CAF, or how does a fibro-
blast-like cell acquire tumor-promoting properties? The
nomenclature suggests that CAFs are found only in the
context of tumors. However, conceptually, the term
CAF could also refer to any fibroblast with protumori-
genic activity. In addition to the CD36 and CSL studies
in non-tumor-containing tissue described above, a study
has reported that fibroblasts isolated from patients
with rheumatoid arthritis (nonmalignant samples) are as
capable as CAFs in promoting formation of invasivemam-
mary tumors when coinjected with DCIS cells in mice
(Hu et al. 2008). Acquisition of a tumor-promoting activi-
ty phenotype by a fibroblast (through intrinsic and extrin-
sic mechanisms) therefore seems to be an earlier event
than originally thought. This leads to the next question:
Which processes contribute to this acquisition of a CAF
phenotype?
Recent genetic studies conducted in CAFs derived from

human ovarian and breast tumors have demonstrated that
unlike epithelial cancer cells, copy number alterations,
loss of heterozygosity, and/or the number of TP53 muta-
tions are extremely rare in CAFs (4%–5% of samples).
Such rare alterations therefore cannot constitute the basis
for thewidespread tumor-promoting phenotypes exempli-
fied by CAFs (Qiu et al. 2008; Hosein et al. 2010; Corver
et al. 2011).
In contrast, epigenetic alterations (i.e., DNA methyla-

tion, histone modifications, and nucleosome structure)
and changes in expression of noncoding RNAs (i.e., micro-
RNAs and long noncoding RNAs) account for many of the
(early) gene expression changes observed upon acquisition
of a CAF state (Kang et al. 2015). For example, TGF-β type
II receptor (TGFBR2) is epigenetically silenced in 70% of
prostate cancer patients and in host mouse prostate fibro-
blasts in a murine xenograft model as a result of secretion
of IL-6 (Banerjee et al. 2014). Notably, this epigenetic
event coincides with elevated DNA methyltransferase 1
(DNMT1) activity and histone H3 Lys9 trimethylation
(H3K9me3), supporting the occurrence of more frequent
epigenetic events in CAFs. Another study demonstrated
a pivotal role for the proinflammatory cytokine leukemia
inhibitory factor (LIF) in epigenetic-driven activation of
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fibroblasts into CAFs via constitutive activation of the Ja-
nus kinase 1 (JAK1)/signal transducer and activator of
transcription 3 (STAT3) pathway following STAT3 acety-
lation and up-regulation of DNMT1 and DNMT3b activ-
ities (Albrengues et al. 2015). Combined inhibition of
DNMT activities and JAK signaling results in long-term
reversion of the CAF phenotype into a nonprotumorigenic
fibroblast phenotype. Histone methylation (H3K4me3)
and acetylation (H3K9ac) are essential for up-regulation
of protumorigenic/desmoplastic genes such as tissue
inhibitor of metalloprotease-1 (TIMP1), ACT2 (α-SMA),
TGFB1, and collagen 1 (COL1A1) during hepatic stellate
cell transdifferentiation (Kim and Shukla 2005; Perugorria
et al. 2012). Epithelial cells cocultured with CAFs exhibit
hypermethylation and repressive chromatin histone
marks (H3K27me3 and H3K9me2) at the promoter of
the tumor suppressor cystatin M (CST6) and other loci
as well as aberrant protein kinase AKT1 activation and re-
pression of the 4-phosphatase INNP4B (Lin et al. 2008).
Notably, acquisition of these latter phenotypes requires
direct cell–cell contact, underlining the complexity of
the crosstalk between cancer cells and CAFs. One may
also speculate that the widespread repression of CD36 de-
scribed in the breast stromamay result from epigenetic re-
programming. In favor of this hypothesis, macroH2A1, a
histone variant that is relocated across the genome in re-
sponse to oncogene-induced senescence and DNA dam-
age (Chen et al. 2015b), has been shown to regulate
CD36 expression in mouse livers (Boulard et al. 2010).

Acquisition of a CAF phenotype also involves binding
of specific microRNAs to the 3′ untranslated region of se-
lected mRNAs and induction of their degradation. Thus,
down-regulation of miR-31 and miR-214 and up-regula-
tion ofmiR-155 in normal ovarian fibroblasts induce func-
tional conversion into CAFs; the reverse experiment has
been shown to reverse this conversion (Mitra et al.
2012). Genes up-regulated in both microRNA-repro-
grammed normal fibroblasts and CAFs are highly en-
riched in chemokines, in particular C-C motif ligand
5 (CCL5), a direct target of miR-214. The regulation of
microRNA expression controls key pathways involved
in acquisition of a CAF phenotype. For example, up-regu-
lation of miR-21 in fibroblasts results in deregulation of
TGF-β1 signaling and TGF-β1-induced conversion to
CAFs through inhibition of translation of the TGF-β in-
hibitor Smad 7 (Li et al. 2013). Up-regulation of the hypox-
ia-induced miR-210 in young fibroblasts triggers
senescence and conversion into CAFs able to promote
EMT in cancer cells, support angiogenesis, and recruit
monocytes/macrophages (Taddei et al. 2014). Phenotypes
resulting from changes in expression of specific micro-
RNAs in CAFs can also contribute to drug resistance.
Esophageal cancer cells exposed to conditioned medium
(CM) from normal fibroblasts transfected with miR-27a/
b are more cisplatin-resistant than cells exposed to naïve
CM (Tanaka et al. 2015). Overexpression of miR-27a/b
in normal fibroblasts results in up-regulation of α-SMA
and TGF-β (i.e., acquisition of a CAF phenotype), a pheno-
type that is CAF-specific, since transfection of miR-27a/b
in esophageal cancer cells has no significant impact on

chemosensitivity. As predicted, cancer cell chemosensi-
tivity is restored after CAF exposure to a TGF-β-neutraliz-
ing antibody.

MicroRNA biology illustrates the extensive involve-
ment and functional consequences of cross-talk between
tumor cells and CAFs—the effects are reciprocal. One
study found that CAFs mediate the epigenetic silencing
of miR-200b (a microRNA family that plays a central
role in the regulation of EMT during metastasis) in gastric
cancer cells, stimulating invasion and peritoneal dissem-
ination in amurinemodel (Kurashige et al. 2015). Similar-
ly, CAFs induce down-regulation of miR-205 in prostate
cancer cells, thus feeding an oxidative stress/proinflam-
matory axis leading to EMT. In this system, the re-expres-
sion of miR-205 in cancer cells prevents and reverts CAF-
induced EMT and fibroblast activation by cancer cells
(Gandellini et al. 2014; Pennati et al. 2014; Taddei et al.
2014). Down-regulation of miR-26b in CAFs derived
from ER+ breast tumors results in enhanced cancer cell
migration and invasion (Verghese et al. 2013). This mech-
anismmay also be at the root of the intriguing progressive
loss of ER expression seen in some breast tumors. Indeed,
two microRNAs secreted by CAFs, miR-221/222, have
been directly linked to ER repression, a finding that may
explain mechanistically how the mitogen-associated pro-
tein kinase (MAPK) pathway represses ER in breast cancer
cells (Shah et al. 2015). Notably, these microRNAs are
part of a microRNA signature indicative of hyperactive
MAPK signaling and are significantly associated with re-
duced recurrence-free and overall survival. As an example
of acquisition of a CAF phenotype potentiated by neigh-
boring cancer cells, fibroblasts convert into CAFs after up-
take of miR-155-containing microvesicles secreted by
neighboring pancreas cancer cells (Pang et al. 2015). The
down-regulation of the anti-proliferative/proapoptotic tu-
mor protein 53-inducible nuclear protein 1 (TP53INP1) by
miR-155 in fibroblasts is the likely event contributing
to this switch. Uptake of miR-155 by CAFs may also
account for the dramatic repression of CD36 reported
in breast stromal cells (DeFilippis et al. 2012), since
miR-155 has been shown to regulate CD36 in the liver
(Lin et al. 2015). The dependency of such protumorigenic
phenotypes on miR-155 would substantiate a previous
report highlighting the involvement of mir-155 in breast
cancer progression (Chou and Werb 2012; Pang et al.
2015). Last, muscle-specific miR-133b has been recently
identified as a soluble factor secreted by activated
fibroblasts to support paracrine activation of nonactivated
fibroblasts and promote tumor progression (Doldi et al.
2015). The above studies provide a strong body of evidence
that the modulation of epigenetic control and targeted al-
terations of microRNAs represent novel therapeutic tar-
gets in the tumor microenvironment.

Acquisition of a CAF state: therapeutic opportunities

We discussed the synergistic cross-talk between cancer
cells, CAFs, and other stromal cells that together drive
neoplastic progression. The realization of these biological
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links justifies the design of clinical studies based on the
targeting of CAF (and,more generally, reversal of the attri-
butes of a protumorigenic microenvironment) in addition
to targeting cancer cells in order to create a tumor-resis-
tant environment that inhibits malignant phenotypes in
diseased epithelial cells (Takebe et al. 2013; Togo et al.
2013; Zhou et al. 2015). Such clinical studies can now be
envisioned based on the findings from experimental
studies with agents directed against fibroblast-specific
proteins (FAP, COL11A1, and MFAP5) or signaling path-
ways exemplified in CAFs (TGF-β, hedgehog, Notch,
FGF, PDGF, or C-X-Cmotif ligand 2 [CXCL2]/CXCR4 sig-
naling). As shown in Figure 3 and Table 2, fibroblast-di-
rected therapy can be envisioned as either “ablating”
CAFs by interfering with their survival or “normalizing”
them by interfering with secreted protumorigenic signals
(Kalluri and Zeisberg 2006; Ishii et al. 2016).

Potential therapies aimed at eliminating CAFs

Agents targeting FAP FAP is a membrane-bound serine pro-
tease selectively expressed in fibroblasts. Its up-regulation
in CAFs makes it a prime target. FAP silencing inhibits

stromagenesis, tumor growth, and angiogenesis in lung
and colon cancer murine models (Santos et al. 2009) and
suppresses cell proliferation, migration, and invasion (me-
tastasis) of ovarian squamous cell carcinoma cells in
vitro and in vivo as a result of inactivation of phosphatase
and tensin homolog (PTEN)/phosphoinositide 3-kinase
(PI3K)/AKT and Ras extracellular signal-regulated kinase
(ERK) signaling (Wang et al. 2014). Although antibodies
targeting FAP are promising candidate drugs in animal
models (Loeffler et al. 2006; Ostermann et al. 2008), clini-
cal trials assessing twoantibodies (Table2)havenot shown
the expected efficacy (Hofheinz et al. 2003). The depletion
of FAP+ stromal cells (CAFs) has uncovered an unexpected
benefit in the latest pancreatic ductal adenocarcinoma
(PDAC) therapeutic regimens based on the use of two im-
munological checkpoint antagonists that promote the
function of T cells: anti-cytotoxic T-lymphocyte-associat-
ed protein 4 (α-CTLA-4) and anti-programmedcell death li-
gand 1 (α-PD-L1). Indeed, CAFs exert immunosuppressive
activity through secretion of the chemokine CXCL12,
which is known to coat cancer cells and enable tumor im-
mune evasion (Fig. 1). As predicted, a CXCL12 receptor in-
hibitor synergized with α-CTLA-4 and α-PD-L1 to clear
cancer cells (Feig et al. 2013). The initial development of
small-molecule inhibitors of FAP enzymatic activity has
been a suboptimal strategy, since FAP tumorigenic activi-
tydependsgreatlyontumormicroenvironmentandcancer
type (i.e., FAP can act as a tumor promoter or tumor sup-
pressor). Alternative strategies have sought to develop
drugs thatwould be activated only in high-FAP-expressing
cells where FAP acts as tumor promoter, sparing cells in
which it fulfills a beneficial tumor suppressor activity
(Brennen et al. 2012). Ongoing clinical trials are assessing
the therapeutic value of human CD8+ T cells engineered
to target FAP-expressing cells (Schuberth et al. 2013) and
two FAP-antibody/cytokine fusion proteins, RO6874281
and RO6874813 (Table 2). The diagnostic and therapeutic
value of radio-immunoconjugates that bind to FAP with
high affinity and are internalized rapidly in cancer cells ex-
pressinghigh levels of FAP (suchasCAFs) has beenvalidat-
ed in vitro and in a murine preclinical model in vivo
(Fischer et al. 2012).

FGF5 FGF5, a FGF that exhibits oncogenic properties, is
up-regulated in cancer cells and neighboring stromal cells,
including fibroblasts and macrophages (Kornmann et al.
1997). The therapeutic efficacy of vaccines against FGF5
is currently being tested (Table 2).

MCT4 Studies have described early phenotypes that ac-
company acquisition of the CAF phenotype, including a
metabolic switch characterized by an up-regulation of
MCT4 (Martinez-Outschoorn et al. 2014, 2015). A recent
clinical trial will evaluate the effect of metformin on re-
verting this switch using MCT4 repression as a readout
(Table 2).

BH3mimetics CAFs are primed for cell death as a result of
heightened PDGF signaling (Rizvi et al. 2014). Cell death

Figure 3. CAF-driven therapeutic opportunities. Drugs specifi-
cally targetingCAFs fall into two categories: drugs aimed at (1) re-
verting theCAFphenotype to a “normal” fibroblast phenotype by
targeting pathways responsible for this phenotype (hedgehog,
PDGF, or IL-6 CXCR4 signaling), by using anti-fibrotic agents
(nonsteroidal anti-inflammatory drugs [NSAIDs] or tranilast)
thatwillmodulate ECMremodeling, or by using drugswithwider
spectrumof activity such as curcumin; or (2) eliminatingCAFs by
delivering proapoptotic molecules using “carriers” recognizing
CAF-specific proteins (FAP-specific antibodies or PDGF BH3
mimetics). Drugs listed here are those with the most promising
outcome, as they specifically target CAFs, for the most part spare
healthy epithelial and stromal cells, and have limited/no second-
ary proinflammatory effects that could spark secondary tumors.
Drugs targeting the TGF-β, BMP, activin A, or Wnt pathways
are also in development but are more challenging in the clinical
setting, as they fulfill key physiological functions in a large vari-
ety of cell types.
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Table 2. Clinical trials testing drugs targeting CAFs

Drug/target Condition Phase
Number
of trials

FAP-specific
Monoclonal antibody F19 Advanced or metastatic colorectal cancer I 1
BIBH 1 (sibrotuzumab) Non-small cell lung/colorectal cancer I/II 2
Adoptive transfer of FAP-specific
redirected T cells

FAP-positive malignant pleural mesothelioma I 1

RO6874813 Advanced or metastatic cancer (FAP-positive sarcomas) I 1
RO6874281 (anti-FAP-IL2 fusion
protein)

Solid tumors I 1

CAF-specific targets
FGF5 vaccines Kidney cancer II 1
Metformin/MCT4 Head and neck squamous cell carcinoma 0 1

TGF-β signaling inhibitors
TGF-β/TGF-β receptor antibodies
GC1008 (fresolimumab) Breast/lung/kidney/brain cancer, melanoma, mesothelioma I/II 6
PF-03446962 Liver/colorectal/bladder cancer, mesothelioma,

advanced solid tumors
I/II 6

TGF-β receptor kinase inhibitors
LY2157299 (galunisertib) Breast/prostate/lung/pancreatic/liver/rectal/brain cancer I/II 15

Myelodysplasia III 1
LY573636 (tasisulam) Breast/ovarian/lung/kidney cancer, sarcoma, solid

tumors, lymphoma, leukemia
I/II 12

Melanoma III 1
TGF-β antisense oligonucleotides
AP 12009 (trabedersen) TGF-β2
inhibitor

Pancreatic cancer, colorectal cancer, melanoma I/II 2
Anaplastic astrocytoma, glioblastoma III 1

Sonic hedgehog signaling inhibitors
Smoothened antagonists
GDC-0449 (vismodegib) Breast/prostate/ovarian/small cell lung/pancreatic/stomach/

gastro-esophageal junction/colorectal cancer, basal cell
carcinoma (BCC), glioblastoma, sarcomas,
medulloblastoma, solid tumors

I/II (marketed for BCC) 62

IPI-926 Head and neck/pancreatic cancer, BCC,
chondrosarcoma

I/II 7

LDE225 Breast/prostate/ovarian/lung/esophageal/pancreatic
cancer, hepatocellular carcinoma (HCC), BCC,
medulloblastoma, solid tumors, multiple myeloma,
leukemia

I/II 35

BMS-833923 Small cell lung/esophageal/stomach, BCC, leukemia,
advanced cancers

I/II 8

PF-04449913 Solid tumors, hematopoietic malignancies I/II 8
TAK-441 Advanced nonhematologic malignancies I 1

Notch signaling inhibitors
γ-Secretase inhibitors
RO4929097 Breast/ovarian/lung/pancreatic/colon/brain/kidney

cancer, melanoma, solid tumors—hematopoietic
malignancies

Discontinued 35

MK0752 Breast/pancreatic/brain cancer, leukemia I/II 9
PDGFR tyrosine kinase inhibitors
PDGFR-specific
CP-868,596 (crenolanib) Gastrointestinal tumors with PDGFRA mutations/

deletions, lung cancer, gliomas, solid tumors
I/II 13

Acute myeloid leukemia (AML) with FLT3 mutations III 1
FGFR tyrosine kinase inhibitors
FGFR-specific
Inhibitors (irreversible ligands)
JNJ-42756493 (pan-FGFR) Lung/esophageal/stomach/biliary/liver/bladder cancer,

advanced/refractory solid tumors, lymphoma
I/II 9

ARQ 087 (FGFR ligand) Solid tumors with FGFR genetic alterations I/II 1
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Table 2. Continued

Drug/target Condition Phase
Number
of trials

AZD4547 (FGFR ligand) Breast/lung/esophageal/stomach/bladder cancer I/II 11
Non-small cell lung cancer II/III 1

Debio1347 (CH5183284)
(FGFR ligand)

Advanced solid tumors I 1

BAY1163877 (pan-FGFR) Neoplasms I 2
BGJ398 (pan-FGFR) Lung/head and neck/gastrointestinal stromal/biliary/

pancreatic/colon/bladder/cervix/brain cancer, melanoma,
solid tumors

I/II 13

TAS-120 (FGFR ligand) Advanced solid tumors—multiple myeloma I/II 1
BLU-554 (FGFR4) Liver/biliary cancer I 1

Antibody drug conjugates
BAY1187982 antibody drug
conjugate (FGFR2)

Advanced solid tumors known to express FGFR2 I 1

LY3076226 antibody drug
conjugate (FGFR3)

Advanced or metastatic cancer I 1

U3-1784 monoclonal
antibody (FGFR4)

HCC, advanced solid tumors I 1

GSK3052230 (FGFR1 fusion
protein)

Solid tumors with deregulated FGF pathway I/II 4

Multitarget (receptor) tyrosine kinase
inhibitors
Dasatinib (PDGFR, src) Breast (all subtypes)/prostate/ovarian/endometrium/head

and neck/lung/gastrointestinal stromal/pancreatic/colon/
liver/biliary/bladder/brain/skin cancer, melanoma,
mesothelioma—sarcoma, solid tumors—hematopoietic
malignancies (ALL, AML, CML, lymphomas, multiple
myeloma)

I/II 251

GIST/prostate cancer, ALL, AML, CML III 13
Melanoma, ALL, CML IV 6

Lucitanib (FGFR, VEGFR) Breast/lung cancer, solid tumors, breast cancer I/II 4
BMS-582664 (brivanib) (FGFR,
VEGFR)

Lung/gastrointestinal/liver/colorectal/kidney/cervix/
endometrium cancer

I/II 17

HCC, colorectal III 5
BIBF 1120 (nintedanib) (VEGFR,
PDGFR, FGF)

Ovarian/small cell lung/esophageal/stomach thyroid/cancer
malignant solid tumors, carcinoid, neuroendocrine
neoplasms

I/II 67

Ovarian/lung/biliary/colorectal, mesothelioma III 7
TSU-68 (orantinib) (VEGFR2,
PDGFR, FGFR)

HCC, solid tumors I/II 2
HCC III 1

BAY 43–9006 (sorafenib) (RAF/
MEK/ERK, VEGFR, PDGFR)

Multiples tissues I/II 701
Relapsed non-small cell lung cancer (in relationship with
stromal targeting)

II 1

YN968D1 (apatinib) (VEGFR2,
PDGFR, c-Kit, c-src)

Lung/esophageal/stomach/liver cancer I/II 22
Lung/stomach/liver/bone cancer II/III 12
Stomach/cancer IV 1

Masitinib (c-Kit, PDGFR, FGFR3,
FAK)

Ovarian/gastrointestinal stromal tumor I/II 4
(GIST)/pancreatic/colorectal cancer, melanoma, multiple
myeloma

III 7

Famitinib (c-Kit, VEGFR1,
VEGFR2, VEGFR3, Flt3, PDGFR)

Breast/lung/GIST/colorectal/kidney/nasopharynx/gastro-
pancreatic neuroendocrine cancer

I/II 10

Colorectal cancer III 1
AMG706 (motesanib) (VEGFR1,
VEGFR2, VEGFR3, PDGFR, c-

kit)

Breast/ovarian/lung/esophageal/stomach/pancreatic/rectal/
thyroid cancer solid tumors

I/II 21

Lung III 2
TKI-258 (dovitinib) (FLT3, KIT,
FGFR, VEGFR, PDGFRα,
PDGFRβ)

Castration-resistant prostate/non-small-cell lung/stomach/
colorectal/pancreatic/biliary/bladder cancers, advanced/
metastatic solid tumors

I/II 47

Kidney cancer III 1

Continued
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can be triggered by BH3mimetics, an approach that can be
exploited for therapeutic purposes. Given the addiction of
CAFs for PDGF signaling, Rizvi et al. (2014) reasoned that
PDGF isomers (that are abundantly expressed in desmo-
plastic stroma of cholangiocarcinoma) could specifically
prime CAFs for targeted BH3 mimetic-driven cell death.
As predicted, PDGF-primed myofibroblasts exhibited an
increase in the proapoptotic protein Puma and underwent
full-blown apoptosis via Puma-mediated Bak activation
after exposure to the BH3 mimetic navitoclax or the B-
cell lymphoma 2 (Bcl-2)-specific BH3 mimetic ABT-199.
This treatment reduced tumor formation and tumor bur-
den in a murine model of cholangiocarcinoma (a highly
desmoplastic carcinoma).

Potential therapies aimed at reverting the CAF state
to a non-tumor-promoting fibroblastic state

The benefit of a therapeutic regimen including a stromal
(CAF) target may be best evaluated in highly desmoplas-
tic, aggressive, and metastatic cancers that do not benefit
significantly from standard systemic therapies, such as
PDAC.

Epigenetic modifiers Treatment of an aggressive mouse
model of PDAC with the DNA demethylating agent
5-aza-2′-deoxycytidine (5-AZA) slowed PDACprogression
andmarkedly extended survival when applied early. Tran-
sient administration inhibited tumor growth when initi-
ated later, without adverse side effects. Escaping tumors
contained areas of sarcomatoid transformation but with
disappearance of CAFs (Shakya et al. 2013). Studies have
also investigated the potential predictive, diagnostic,
and therapeutic value of specific microRNAs within
PDAC, taking advantage of microRNA stability even in
a tissue with high proteolytic activity. Potential candi-
dates, including miR-21, miR-196a, and miR-217, may
serve as long-awaited tools for screening and optimized
treatment of PDAC (Steele et al. 2011). Targeting miR-
21 in CAFs also seems a promising strategy in breast can-
cer (Ren et al. 2016). These studies provide a rationale for
the design of future combination therapies including
hypomethylating agents.

A largenumberof clinical trials havebeenbuilt on the con-
cept that targeting prodesmoplastic signaling pathways
will not only eliminate protumorigenic stromal compo-
nentsbutalsoimprovedrugdeliverytocancercells. Indeed,
it isoftenunderappreciatedthatmostofthedrugsdescribed
below act simultaneously on cancer cells and stromal
cells (in particular CAFs). Moreover, they are most often
evaluated as part of multidrug therapy clinical trials.

TGF-β inhibitors TGF-β (and TGF-β family members) plays
a key role in acquisition of a CAF phenotype. Multiple
clinical trials based on the use of either TGF-β antibodies,
TGF-β kinase inhibitors, or TGF-β antisense oligonucleo-
tides have been initiated (Table 2). Although a few drugs
are now assessed as part of phase III trials, the main chal-
lenge is that both pro- and anti-tumoral effects have been
assigned to TGF-β receptors on fibroblasts (Berking et al.
2001; Tuxhorn et al. 2002; Bhowmick et al. 2004; Cheng
et al. 2007). Targeting the bone morphogenetic protein
(BMP) pathway raises similar challenges.

Hedgehog inhibitors Hedgehog signaling antagonists target
primarily stromal cells in vitro and in vivo, since cancer
cells are mostly hedgehog-independent (Yauch et al.
2008). However, this promising approach has also proven
challenging despite the approval of vismodegib for treat-
ment of basal cell carcinoma (Table 2).

Notch inhibitors Two γ-secretase inhibitors, R04929097
and MK0752, have been evaluated for the treatment of
breast and pancreatic cancer (Table 2). Research and de-
velopment on RO4929097 has been terminated despite
promising phase I/II results. A pilot study aimed at evalu-
ating MK0752 in the treatment of early-stage breast can-
cer is ongoing. Six recently characterized Gli inhibitors
(GANT58 and GANT61 HPI-1, HPI-2, HPI-3, and HPI-4)
have not been tested yet in the clinical setting.

PDGFR inhibitors Targeting the PDGFR pathway, which is
specifically heightened in CAFs, has proven to be very
promising. Crenolanib is a selective and potent inhibitor
of PDGFR currently being evaluated extensively in phase

Table 2. Continued

Drug/target Condition Phase
Number
of trials

XL999 (FLT3, KIT, RET, FGFR1,
FGFR3, VEGFR2, PDGFRβ)

Ovarian/lung/colorectal/kidney cancer, advanced
malignancies, multiple myeloma, AML

I/II 10

Miscellaneous drugs
Curcumin Atypical ductal breast hyperplasia, BRCA1 gene mutation/

BRCA2 gene mutation, DCIS, LCIS, breast/prostate/lung/
head and neck/brain/pancreatic/colorectal/bladder/
endometrium/cervix cancer multiple myeloma,
leukemia, lymphoma

I/II 50

Source: Clinicaltrials.gov March 2016. Note that the listed drugs were for the most part evaluated in association with standard che-
motherapy. The number of trials listed corresponds to the number of trials retrieved using “drug name” and “cancer” as a keyword
combination. They include completed, terminated, and ongoing trials (either open or closed to accrual).
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II trials for the treatment of gastrointestinal stromal tu-
mors, gliomas, and hematopoietic malignancies (Table 2).

FGFR inhibitors Earlier, we discussed the importance of
FGF signaling in the synergistic roles played by cancer
cells and stromal cells in tumorigenesis. Most inhibitory
drugs bind to FGFRs and blunt their activity, leading to in-
hibition of proliferation and cell death in FGFR-overex-
pressing tumor cells. A second type of drugs consists of
antibody–drug conjugates. Several drugs with more or
less specificity for each FGFR are currently being tested
in clinical trials (Table 2).

Multitarget (receptor) tyrosine kinase inhibitors This family of
drugs that target multiple tyrosine kinase receptors (ex-
pressed in cancer cells and/or stromal cells) is the most
promising, with several drugs currently being assessed
as part of phase III or phase IV clinical trials (Table 2).
Screening of a panel of small-molecule kinase inhibitors
on CAF growth has identified five potent compounds, in-
cluding three PDGFR inhibitors active at nanomolar con-
centrations. Testing of four FDA-approved PDGFR
inhibitors (dasatinib, nilotinib, sorafenib, and imatinib)
on 37 CAF strains identified dasatinib as the most effec-
tive compound (Haubeiss et al. 2010). Tumor cells incu-
bated with CM from CAFs preincubated with dasatinib
exhibited reduced proliferation, confirming that dasatinib
could blunt CAF tumor-promoting activity (Haubeiss
et al. 2010). Promising results have also been obtained in
amousemodel of cervical cancer (Jain et al. 2008). In light
of the importance of the PDGF/PDGFR pathway in CAF
biology, blockage of PDGFR activation represents a major
opportunity for the development of novel pharmaceutical
compounds and the design of combined therapies (Gialeli
et al. 2014).

CXCL12/CXCR4 inhibitors CAFs promote cancer cell inva-
sion throughCXCL12/CXCR4 signaling-induced FAK/β-1
integrin clustering in cancer cells. The superior efficacy of
a CXCR4 antagonist (that targets CAFs) over a FAK in-
hibitor (that targets cancer cells) on inhibiting the inva-
siveness of gastric cancer cells supports the idea that
targeting CAFs is a promising therapeutic strategy (Izumi
et al. 2016). The clinical efficacy of CXCR4 competitive li-
gands and antibodies is currently being tested (Table 2).

Anti-fibrotic agents Recent evidence has documented the
long-term, protumorigenic, adverse effects of a fibrotic/in-
flammatory stroma. Using a mouse model of postpartum
breast cancer, Lyons et al. (2011) have deciphered the
mechanisms bywhichmammary gland involution, which
is characterized by a dramatically reactive stroma with
abundant fibrillar collagen and high COX-2 expression,
drives tumor progression. COX-2 inhibition withNSAIDs
during mammary gland involution reduced stromal reac-
tivity as well as primary tumor growth and lung metasta-
sis. Similarly, immune-driven “regression” of high-grade
DCIS of the breast, also characterized by reactive stromal

fibrosis, has been paradoxically associated with increased
risk of subsequent invasive carcinoma (Wasserman and
Parra-Herran 2015). The use of anti-fibrotic agents to
curb tumor stromal alterations (CAF phenotypes) in com-
bined therapies therefore seems a logical strategy (Table
2). COX-2 inhibitors, such as celecoxib, are tested in mul-
tiple combined therapy-based clinical trials. Promising re-
sults have been obtained in lymphoma, lung cancer, and
melanoma mouse models treated with the anti-fibrotic
agent tranilast (Ohshio et al. 2015). This treatment result-
ed in reduced tumor infiltration with immunosuppressive
cells (regulatory T cells and myeloid-derived suppressor
cells) and activation of tumor-associated antigen-specific
CD8+ T cells. Reactivation of the host systemic anti-tu-
mor immune response resulted from a decrease in secre-
tion of stromal-derived factor-1 (SDF-1), prostaglandin
E2, and TGF-β by CAFs. The synergistic effect of CAF tar-
geted therapy with cell-based cancer immunotherapies
(cell-based vaccines) provides a rationale for the develop-
ment of novel therapeutic regimens (for review, see Slany
et al. 2015).

Agents blocking secretion of cytokines by CAFs Retinoic acid
inhibits EMT in cancer cells (i.e., their migration) as a re-
sult of inhibition of IL-6 secretion by CAFs (Guan and
Chen 2014).

Agents inducing selective senescence in CAFs Curcumin effi-
ciently reverts the CAF phenotype and blunts paracrine
procarcinogenic potential in primary breast CAFs, even
at low doses. The observed decreases in α-SMA expres-
sion, secretion of protumorigenic factors (SDF-1, IL-6,
MMP-2, MMP-9, and TGF-β), and cell motility result
from up-regulation of p16INK4A and other tumor suppres-
sor proteins and concomitant inactivation of the JAK2/
STAT3 pathway, leading to DNA damage-independent
senescence. This line of treatment is attractive in many
aspects: Curcumin is a pharmacologically safe natural
product; it is active at low doses; its effects aremaintained
even after drugwithdrawal and cell propagation; it triggers
DNA damage-independent senescence only in proliferat-
ing cells (including CAFs), thus sparing healthy cells;
and, last, the p16INK4A-dependent senescence that it trig-
gers is not accompanied by an inflammatory secretory
phenotype (Hendrayani et al. 2013).

Challenges to targeting CAFs as a therapeutic approach

One of the main messages of this review is that detailed
and customized characterization of CAF/stroma profiles
is paramount for the identification of novel targets that
will be the basis for prognostic and diagnostic tools as
well as novel therapies (Micke and Ostman 2004). An ex-
citing field of research will consist of customizing the
evaluation of the stroma’s tumor-promoting ability for
cancer patients to optimize therapeutic strategies to tar-
get both cancer cells and their permissive stroma. Thera-
peutic strategies targeting tumor cell–stroma interactions
and sparing, whenever possible, healthy cells should be
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favored to prevent the emergence of acquired resistance
(Meads et al. 2009; Li et al. 2015).

A second major message of this review is that the stro-
mal and epithelial components of a tissue, malignant or
healthy, act in an integrated, reciprocal fashion. There-
fore, simultaneous targeting of tumor stroma and epithe-
lial cancer cells with combination therapies may be a
successful therapeutic approach for treating various can-
cers and have the added benefit of preventing drug resis-
tance. Indeed, drug resistance often arises from a coerced
epithelial–stromal metabolic coupling, in which cancer
cells induce aerobic glycolysis and proliferation in fibro-
blasts via oxidative stress. In turn, proliferating CAFs pro-
tect cancer cells against apoptosis by providing nutrients
to cancer cells (Martinez-Outschoorn et al. 2011b). Fur-
thermore, standard chemotherapies transform phenotypi-
cally and metabolically characterized breast fibroblasts
into CAFs, creating a hypoxic, glycolytic, autophagic,
and proinflammatory microenvironment that in turn
activates stemness through Sonic hedgehog (Shh)/GLI sig-
naling, antioxidant response, and interferon-mediated sig-
naling in breast cancer cells (Peiris-Pages et al. 2015).
Hypoxic senescent fibroblasts can promote prostate can-
cer aggressiveness by inducing EMT, secreting energy-
rich compounds to support cancer cell growth, promoting
M2macrophage polarization, and promoting angiogenesis
through recruitment of BM-derived endothelial precursor
cells and proliferation and invasion of mature endothelial
cells (Taddei et al. 2014). Such unforeseen effects could
trigger secondary tumorigenic processes facilitated by re-
cruitment of immunosuppressive cells. Alteredmetabolic
interactions are the basis for tamoxifen resistance in ER+

MCF7 breast cancer cells (Martinez-Outschoorn et al.
2011a). A combination of tamoxifen and dasatinib (a
drug that targets PDGF signaling, which CAFs greatly
depend on) overcomes fibroblast-induced tamoxifen resis-
tance. This drug combination has the added benefit of im-
posing an anti-oxidant effect on both fibroblasts and
cancer cells, thus reducing the risk of tumor–stroma co-
evolution. Fibronectin secretion by CAFs has been report-
ed to synergize with a heightened β1-integrin signaling
pathway in tamoxifen-resistant breast cancer cells to me-
diate acquisition of an EMT phenotype (Yuan et al. 2015).
CAFs have been also reported to mediate resistance to
anti-angiogenic therapy (Pietras et al. 2008) or MMP-me-
diated cetuximab resistance in head and neck squamous
cell carcinoma cells (Johansson et al. 2012). They can
adopt decoy strategies such as expression of CD44, a cell
surface protein normally expressed in epithelial cells, to
support stemness and drug resistance of malignant cancer
cells (Kinugasa et al. 2014). The simultaneous targeting of
tumor stroma and epithelial cancer cells with combina-
tion therapies may be a successful therapeutic approach
for treating various cancers while overcoming drug resis-
tance. In that context, it is greatly underappreciated that
the most promising drugs not only inhibit the growth of
epithelial tumor cells but often also target signaling path-
ways required for CAF function. Consequently, endpoints
that specifically read out the status of the stroma during
therapy are lacking.

Future drug discovery will be complicated by the fact
that a CAF targeted strategy can be a double-edged sword.
Indeed, recent studies have shown that targeting CAFs
may result in protumorigenic effects depending on the tar-
get and the tissue context (Ozdemir et al. 2014; Koliaraki
et al. 2015; Wagner 2016).

Future perspectives

For decades, investigators have studied cancer at its most
basic level, isolating cells and processes. More recently,
some have suggested that studying malignancy and cellu-
lar contributions to disease processes would benefit from
considering malignancies as emergent structures and pro-
cesses. Emergent structures are more than the sum of
their parts. Indeed, they exhibit unique properties that
arise from the collective behavior of these parts. Tissues
are emergent structures that arise from cellular compo-
nents that themselves are emergent structures. In an
emergent entity, architectural, temporal, and dynamic as-
pects of tissues are integrated via feedback loops. Concep-
tualizing CAFs as emergent structures that constitute a
major component of a more encompassing emergent
structure (a malignancy) may aid in our understanding
of how CAFs come to be and contribute to the biology of
malignancy. This alternative perspective can most easily
be seen in competing theories of carcinogenesis. For de-
cades, the majority of the cancer research field has em-
braced the somatic mutation theory as the template for
cancer biology and potential therapeutic approaches. Ac-
cording to this somatic mutation theory, malignancies
have monoclonal origins, the accumulation of mutations
providing selective advantage to a clone of cells. This view
has been challenged through the years by an alternative
interpretation of the data that hypothesizes that malig-
nancy can also result from a dysregulated organ/tissue ho-
meostasis, which generates an abnormal but organized
field supportingmultifocal emergence ofmalignancy. Un-
derstanding the relative contribution of these two ideas is
important, since targeting a dominant clone with driver
mutations dictates a different therapeutic approach than
attacking “field cancerization” by targeting an entire field
of interacting, constantly dynamically evolving cells.
Studying CAFs in the context of “field cancerization” or
“tissue field effects” may hold the answer to some of
the most persistent problems in clinical research today
—recurring metastases and drug resistance.
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