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Abstract

Cholangiocarcinoma (CCA) is a highly aggressive epi-
thelial malignancy still carrying a dismal prognosis,
owing to early lymph node metastatic dissemination
and striking resistance to conventional chemotherapy.
Although mechanisms underpinning CCA progression
are still a conundrum, it is now increasingly recognized
that the desmoplastic microenvironment developing in
conjunction with biliary carcinogenesis, recently renamed
tumor reactive stroma (TRS), behaves as a paramount
tumor-promoting driver. Indeed, once being recruited,
activated and dangerously co-opted by neoplastic cells,
the cellular components of the TRS (myofibroblasts,
macrophages, endothelial cells and mesenchymal stem
cells) continuously rekindle malignancy by secreting a
huge variety of soluble factors (cyto/chemokines, growth
factors, morphogens and proteinases). Furthermore,
these factors are long-term stored within an abnormally
remodeled extracellular matrix (ECM), which in turn can
deleteriously mold cancer cell behavior. In this review,
we will highlight evidence for the active role played by
reactive stromal cells (as well as by the TRS-associated
ECM) in CCA progression, including an overview of the
most relevant TRS-derived signals possibly fueling CCA
cell aggressiveness. Hopefully, a deeper knowledge of
the paracrine communications reciprocally exchanged
between cancer and stromal cells will steer the develop-
ment of innovative, combinatorial therapies, which can
finally hinder the progression of CCA, as well as of other
cancer types with abundant TRS, such as pancreatic and
breast carcinomas.

Key words: Tumor microenvironment; Desmoplasia;
Cancer-associated fibroblast; Inflammation; Tumor-
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Core tip: Cholangiocarcinoma (CCA) is a typically worrisome
malignancy, whose incidence has been steadily increasing.
In CCA, as cancerous lesions are emerging, the surrounding
stroma gradually undergoes a pathological remodeling,
eventually becoming a paramount determinant of tumor
growth and dissemination. Indeed, the different cell types
populating the tumor microenvironment, also referred to
as tumor reactive stroma, enable CCA cells to develop an
aggressive phenotype, due to the secretion of a multitude
of soluble factors. Therefore, functional insights into the
harmful relationship between cancer and reactive stromal
cells are of utmost importance, in order to unveil novel
molecular targets amenable of therapeutic intervention.
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INTRODUCTION

known proto-oncogenes (e.g., KRAS GTPase, isocitrate
dehydrogenases 1 and 2) and tumor suppressor genes
(e.g., tumor protein p53, cydin dependent kinase inhibitor
2A). More recent evidence indicates that cholangiocarcino-
genesis is driven by chronic deregulation of various signaling
pathways deeply involved in cholangiocyte biology, leading
to uncontrolled proliferation, evasion of apoptosis, and
loss of genome integrity. For instance, increased activity
of cytokines and growth factors, such as interleukin (IL)-6,
transforming growth factor (TGF)-B, tumor necrosis factor
(TNF)-a, and platelet-derived growth factor (PDGF), is a
common event in CCA, due to either enhanced production
or increased cell responsiveness, and likely contributes to
the malignant transformation of cholangiocytes'>.
Evidence is mounting that the aggressive behavior of
CCA is greatly influenced by paracrine cues released from
the inflammatory and mesenchymal cell types populating
the tumor microenvironment!®, Indeed, as cancerous
lesions are emerging, the surrounding stroma gradually
develops profound and complex changes, undergoing a
switch from key player in tissue homeostasis to pathological
niche supporting tumor growth and dissemination®”?,
Therefore, an in-depth insight into the actual contribution
of the stromal microenvironment to CCA progression
is imperative, with the ultimate goal to pave the way
for innovative combinatorial treatments targeting both
stromal and cancer cells. Hopefully, this may lead to a more
effective management of this devastating malignancy.

Cholangiocarcinoma (CCA) is a deadly malignancy origi-
nating from the epithelial cells lining the biliary tree,
including the extrahepatic and intrahepatic portions either.
Among primary liver cancers, it represents the second
most common type after hepatocellular carcinoma,
and its incidence and mortality rate have been steadily
increasing for two decades. CCA still carries a very
dismal prognosis (less than 5% of patients survives up
to 5 years from diagnosis), due to a striking resistance
to chemotherapy and a propensity for early intrahepatic
or lymph node metastatization, making radical surgery
suitable to less than one-third of patients. Furthermore,
results from both surgical resection and liver transplant
are limited by the high recurrence rates. To date, the
pathophysiological mechanisms underlying CCA pro-
gression remain largely unknown, and consequently,
the development of new effective treatments is a very
awkward task™,

Whilst the majority of CCAs are thought to be sporadic,
several geographically heterogeneous risk factors have
been identified, mostly related to an inflammatory bile
duct injury. They include hepatobiliary fluke infestations
(e.g., Opisthorchis viverrini, Clonorchis sinensis), hepato-
lithiasis, congenital abnormalities of the bile ducts (e.g.,
Caroli's disease, choledochal cysts), primary sclerosing
cholangitis (PSC), viral hepatitis B and C, and exposure
to toxic compounds (e.g., thorium dioxide, naphthenic
acids). Furthermore, CCA development has been asso-
ciated with genetic and epigenetic alterations in well-
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THE TUMOR REACTIVE STROMA:
A SPECIALIZED COMPARTMENT
ORCHESTRATING TUMOR

PROGRESSION

Neoplastic bile ducts are tightly enveloped by a striking
and diffuse desmoplastic, hypovascularized stroma that is
usually referred to as tumor reactive stroma (TRS). This
histopathological lesion is made up of a variety of stromal
cells embedded in a dense collagenous extracellular matrix
(ECM), encompassing myofibroblasts, inflammatory cells,
endothelial cells and mesenchymal stem cells (MSCs)™®°..
Once recruited, activated and co-opted by malignant
cholangiocytes, the cellular components of the TRS can
diffusely infiltrate the growing tumor and eventually
support its progression by secreting a wide range of
soluble factors. Indeed, these factors can directly trigger
the emergence of malignant phenotypes and/or enhance
the migration and aberrant activation of other stromal
cells"®'!, In addition to the plethora of cytokines, che-
mokines, growth factors and proteinases perpetually
released by stromal cells, cell-extrinsic factors, such as
hypoxia and abnormally remodeled ECM components,
also provide the TRS with invasiveness-promoting pro-
pertiest’?. Interestingly, it has been proposed that the
pro-tumorigenic functions of the TRS could partially rely
on the induction of epigenetic, and therefore heritable,
changes in cancer cells!*'*, In fact, gastric, ovarian
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and breast cancer cell lines co-cultured with fibroblasts
isolated from the tumor milieu, were found to undergo
gene-specific DNA hypermethylation events, generally
coupled with increased migratory abilities™ ",

Development of CCA is often associated with inflam-
mation-related alterations, as observed in those cases
arising in specific disease settings, such as PSC and
congenital hepatic fibrosis. Moreover, recent observations
indicate that in the last few years CCA is more often
detected on a background of chronic inflammation
associated to cirrhosis, regardless of its etiology!™®. As
a general concept, the TRS may be regarded as an
aberrant, over-healing reparative complex (*wound
that does not heal” according to the old Dvorak’s para-
digm), wherein various types of inflammatory and
stromal cells are somehow hijacked by the malignant
compartment, whose immunomodulatory functions and
metabolic needs eventually prevail over the physiological
homeostasis of the normal tissue'®*®!. This behavior also
reflects the inherent plasticity of the naive stroma, which
enables it to comply quickly the evolution of the adjacent
transformed epithelium, in contrast with the self-limited
response occurring in the wound repair™®.,

FUNCTIONAL INSIGHTS INTO THE
INFLUENCE OF THE TRS ON CCA

PROGRESSION

In CCA, increasing evidence has highlighted the pro-
gnostic relevance of the molecular alterations related
to the generation of the TRS. Indeed, gene expression
profiling of microdissected stroma from both tumoral
and peritumoral areas of resected human CCA re-
vealed a TRS-specific gene signature, encompassing
1073 genes involved in cell metabolism, cell cycle, cell
signaling pathways and ECM biology. In particular, the
overexpression of representative genes (namely KIAA0101,
TGF-B2, laminin subunit y2 and osteopontin) was found
to significantly correlate, at different levels, with clinic-
pathological features of CCA patients®®”. Andersen et
al*! undertook a similar approach in order to compare
the epithelial and stromal transcriptomic profiles in
CCA tissues. They identified a stromal gene signature
associated with poor clinical outcome. Interestingly, the
1442 differentially expressed genes revealed a stromal
dysregulation of both chemokine (CXCR4, CCR7, CCL2,
CCL5, CCL19, CCL21) and IL (IL3RA, IL7R, IL10RA,
IL18RAP, IL6, IL16, IL33) receptors and ligands. In the
next paragraphs, we will discuss in detail how the main
components of the TRS are supposed to promote CCA
progression.

CANCER-ASSOCIATED FIBROBLASTS

The TRS is predominantly composed by a subpopulation
of activated fibroblasts, called cancer-associated fib-
roblasts (CAFs). In stark contrast with the small humber
of lowly proliferating fibroblasts populating the naive
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stroma, CAFs are present in an exaggerated high number,
and exhibit a permanent state of activation, resulting
in a broad release of both biochemical signals and ECM
components, in particular fibronectin and collagen
type I *'%**??, The main phenotypic markers of CAFs are
alpha-smooth muscle actin (a-SMA), vimentin, S100A4
(also called fibroblast specific protein-1) and fibroblast
activation protein alpha (FAP)®. CAFs are recognized
as a heterogeneous population, likely reflecting the
variety of cell precursors that they are supposed to
originate from, including hepatic stellate cells (HSCs),
portal fibroblasts and, to a lesser extent, bone marrow-
derived MSCs™®, The hypothesis that cancer cells
themselves may represent an alternative source of CAFs
by undergoing epithelial-to-mesenchymal transition
(EMT) has gradually waned™***. Nevertheless, neoplastic
cells act in concert with inflammatory cells to secrete a
vast array of growth factors, cytokines and chemokines
ultimately responsible for the recruitment of fibroblasts
to the TRS, as well as for their chronic activation state.
In this regard, we recently showed that PDGF-DD is
overexpressed by CCA cells under the effect of hypoxia,
and acts as a key mediator of fibroblast recruitment
nearby the tumoral mass. Indeed, PDGF-DD strongly
induces fibroblast migration by binding its cognate re-
ceptor PDGFRB (which is extensively expressed by CAFs),
thereby activating the Rho GTPases, Racl (lamellipodia
inducer) and Cdc42 (filopodia inducer), as well as the
INK pathway™*!, Furthermore, conditioned medium
from CCA cells sustained the activation of both HSCs
and liver myofibroblasts, which actually acquired a more
elongated shape and up-regulated the expression of
a-SMA, in vitro”**®, Among the multitude of soluble
factors triggering the persistent activation of CAFs,
TGF-B, fibroblast growth factor and, again, several PDGF
family members, undoubtedly play a pivotal role!®*Z,

Evidence for the pro-neoplastic effects exerted by CAFs
In CCA samples, the expression of a-SMA is barely
detectable in fibroblasts populating the peritumoral
areas, whereas most, if not all, fibroblasts embedded
in the tumor stroma are o-SMA*™®), Consistently, in a
hamster model of CCA, the density of a-SMA" fibroblasts
within liver tissue was clearly shown to increase during
cholangiocarcinogenesis™. There is a strong evidence that
an increased density of CAFs within the TRS correlates
with increased tumor growth and poor outcome in CCA
patients. Indeed, high stromal expression of a-SMA was
reported as an independent prognostic factor for overall
and disease-free survival”??. In line with these findings,
both incubation of CCA cells with CAF conditioned
medium and co-culture of CCA cells with CAFs resulted
in increased cancer cell proliferation and migration, in
vitro”’?%, On the contrary, slighter pro-tumorigenic effects
were €elicited by liver fibroblasts isolated from the peritumoral
areas, arguing for a deep biological gap between CAFs
and their naive counterpart (see below)? . Of further
interest, Campbell et af*"! developed a three-dimensional
organotypic culture model of CCA by embedding to-
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gether within a collagen gel matrix clonal strains of
CCA cells and CAFs, both derived from a syngeneic
rat model of CCA generated by orthotopic inoculation
of spontaneously transformed cholangiocytes. Clearly,
these culture conditions more accurately reproduce the
complex biological interactions occurring in vivo within
the desmoplastic tumor. Interestingly, the authors
observed that CCA cells co-cultured with CAFs exhibited
markedly distinct growth features as compared to CCA
cells cultured alone. In particular, the number of duct-
like structures formed in the gel matrix by CCA cells
dramatically increased in direct proportion to initial
CAFs plating density. The in vitro ability of primary and
established HSCs (that is, major CAF precursors) to
boost CCA proliferation, survival and migration/invasion
has been widely reported as well®>****31, Moreover,
it was shown that co-transplantation of CCA cells with
either HSCs or liver myofibroblasts in immunodeficient
mice resulted in accelerated tumor growth, compared
with mice inoculated with cancer cells alone™?, On the
other hand, in a syngeneic rat model of CCA, selective
CAF depletion in the tumor microenvironment, obtained
by unleashing the specific CAF pro-apoptotic protein Bax
by navitoclax, suppressed tumor growth and improved
host survival®. Overall, these data indicate that myo-
fibroblastic-like cells populating the tumor stroma are
leading actors in fueling CCA progression.

Molecular players underlying the tumor-promoting
effects of CAFs

Gene expression profiling of CAFs from human CCA
samples revealed profound genetic changes as compared
to normal liver fibroblasts. Most of the differentially
expressed genes are involved in cell metabolism, likely
reflecting the biologically active role of CAFs in supporting
tumor growth. In addition, some of the up-regulated
genes encode secreted proteins exerting pro-tumorigenic
functions in multiple carcinomas (i.e., amphiregulin, epire-
gulin, Jagged 1, PDGF-AA, periostin, secretogranin 2 and
ADAM metallopeptidase domain 12), thus emerging as
potential candidates underlying the harmful cross-talk
between CAFs and CCA cells™®. Below, we will summarize
the most prominent CAF-derived molecules fostering
CCA aggressiveness. It is also worth noting that, beyond
paracrine soluble factors, extracellular vesicles, especially
exosomes, nano-sized molecular shuttles of about
40-100 nm of diameter, are also claimed to mediate the
paracrine communications between cancer cells and
neighboring stromal components. Indeed, exosomes can
transfer functional proteins, lipids and nucleic acids from
one cell to another, thereby modulating gene expression
programs™*?!, In this regard, it was recently showed that
microRNA-loaded vesicles derived from myofibroblastic-
like cells can selectively target CCA cells, thus influencing
their neoplastic properties, both in vitro and in vivo™.
However, a detailed characterization of their cargo is
still missing, thus further studies are needed to better
elucidate their role in tumor progression.
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IL-1B: Chemokines can be secreted by many cell
types, such as epithelial cells, fibroblasts and endothelial
cells, either constitutively or upon inflammatory con-
ditions. Besides their role in the immune system, che-
mokines are also implicated in tumor biology, owing
to their ability to recruit specific subsets of leukocytes,
stimulate angiogenesis, and directly promote cancer cell
proliferation and invasiveness in an autocrine or paracrine
fashion*”), In particular, a mass spectrometry analysis
of conditioned media from co-cultures of CCA cells and
HSCs revealed a striking increase in C-X-C chemokine
ligand (CXCL)5 production by cancer cells, as compared
to mono-culture media. Consistently, CXCL5 expression
by neoplastic bile ducts positively correlated with stromal
expression of a-SMA, overall suggesting its active role in
the interplay between tumor and stroma. In particular,
IL-1B, a paramount inflammatory cytokine, has been
pointed out as the most likely HSC-derived inducer
of CXCL5 production. Interestingly, IL-1B secretion by
HSCs can be further enhanced by CCA cells themselves
through paracrine signals. Autocrine production of
CXCL5 promotes CCA cell proliferation, migration and
invasion, by activating phosphatidylinositol 3-kinase
(PI3K)/Akt and extracellular signal-regulated kinases
(ERK)1/2 pathways in a CXCR2-dependent manner, in
vitro“", Moreover, CXCL5 provides cancer cells with the
ability to massively recruit tumor-infiltrating neutrophils,
which in turn enhance CCA growth and invasiveness,
in vivo"?. In line with these findings, high CXCL5 ex-
pression negatively affected the overall survival of CCA
patientst 4,

Stromal cell-derived factor 1: Stromal cell-
derived factor (SDF)-1, also known as CXCL12, acts
as ligand for the G protein-coupled receptors CXCR4
and CXCR7. SDF-1 binding to its receptors triggers a
variety of downstream signaling pathways, governing
cell proliferation, survival and chemotaxis. Besides
its well-established role in embryogenesis and tissue
homeostasis, the SDF-1/CXCR4 axis is also diffusely
implicated in the pathogenesis of autoimmune and inflam-
matory diseases, as well as in cancer progression*’,
In CCA, SDF-1 is solely expressed by CAFs, and not by
cancer cells, which overexpress its cognate receptor
CXCR4. In contrast, fibroblasts in the peritumoral stroma
weakly express SDF-1, suggesting that SDF-1 expression
may markedly increase following their recruitment
to the TRS, likely upon angiotensin II stimulation™?.
SDF-1 secretion by cultured HSCs was demonstrated
to enhance CCA cell survival and invasiveness (along
with EMT-like changes), via up-regulation of the anti-
apoptotic protein Bcl-2, and activation of ERK1/2 and
PI3K/Akt pathways, respectively™*, In addition, SDF-1
could also promote the activation and proliferation of
HSCs in an autocrine fashion, thus supporting further
CAF enrichment. Consistent with these data, high
stromal expression of SDF-1 predicted poor prognosis in
CCA patients®®, Noteworthy, CCA cells become hyper-
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responsive to SDF-1 due to the overexpression of CXCR4,
likely induced by either TNF-o released from TAMs!™*
or hepatocyte growth factor produced by CAFs®Y. This
clearly outlines the wide web of communications sus-
taining the pro-tumorigenic function of the TRS, allowing
multidirectional paracrine loops among its different cellular
components, which support each other in speeding up
tumor progression.

PDGF-BB: PDGF family includes five dimeric ligands
(PDGF-AA, -BB, -AB, -CC, -DD), acting via two re-
ceptor tyrosine kinases (PDGFRa and PDGFRB). The
PDGF/PDGFR system is involved in various biological
processes requiring mesenchymal cell activation, mostly
related to tissue repair and wound healing. Moreover,
overexpression of PDGF ligands and receptors has been
documented in a huge variety of epithelial cancers, and
usually predicts poor outcome™. Among growth factors
commonly produced by cultured HSCs, PDGF-BB is one
of the most abundantly expressed. HSCs secrete PDGF-
BB at much higher levels compared with CCA cells,
which, from their side, express its cognate receptor
PDGFRB. Co-culture experiments demonstrated that HSC-
derived PDGF-BB promoted CCA cell resistance to TNF-
related apoptosis-inducing ligand-mediated apoptosis,
by activating the Hedgehog (Hh) signaling cascade®?®,
a morphogen pathway directing several cholangiocyte
functions critical for liver repairt®®*”, Specifically, PDGF-BB
binding to PDGFRB increases intracellular levels of cyclic
adenosine monophosphate, resulting in a protein kinase
A-dependent translocation of the Hh signaling activator
Smoothened (SMO) to the plasma membrane, which
eventually leads to the activation of GLI transcription
factors®!, Importantly, both cyclopamine (SMO inhibitor)
and imatinib mesylate (PDGFRB inhibitor) were able to
reduce tumor growth by promoting cancer cell apoptosis
in an orthotopic syngeneic rat model of CCAP**!, Kim
et al* further confirmed that paracrine signals from
HSCs (which, actually, may include Sonic Hh as well)
are of paramount importance for the activation of Hh
signaling within CCA cells, whereas autocrine activation
only plays a minor role. Furthermore, they also outlined
the involvement of Hh signaling in CCA cell proliferation,
migration and invasiveness.

Heparin-binding epidermal growth factor: In CCA,
overexpression of epidermal growth factor receptor
(EGFR) is one of the most common genetic aberrations,
and, most relevantly, it was associated with poor
survival and tumor recurrence after resection®®. In CCA
xenografts derived from subcutaneous co-injection of
cancer cells and liver myofibroblasts, EGFR activation
was shown to promote tumor growth and metastasis,
and, above all, to be strictly dependent on the presence
of activated fibroblasts. Indeed, cultured myofibroblasts
secrete high amounts of heparin-binding epidermal
growth factor (HB-EGF), a well-known EGFR ligand,
thereby triggering the activation of EGFR signaling in
CCA cells, in vitro. The HB-EGF/EGFR axis promotes CCA
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cell proliferation, migration and invasion, along with EMT-
like changes, through activation of signal transducer and
activator of transcription (STAT)-3 and ERK1/2 pathways.
Of note, HB-EGF expression in fibroblasts can be further
enhanced by TGF-B1 released from CCA cells, whose
production is in turn triggered by EGFR activation, thus
outlining the presence of a self-perpetuating paracrine
loop®®.

The deleterious interplay between CAFs and endothelial
cells: emerging evidence

Importantly, the paracrine signals released by CAFs
not only directly exacerbate the malignancy of cancer
cells, but also participate in the recruitment of other
stromal components, including inflammatory cells and
endothelial cells, thereby further supporting cancer
growth and progression®. In particular, we recently
unveiled that CAFs may cooperate with CCA cells in
driving the development of a rich lymphatic vasculature
within the tumor stroma. CCA is characterized by a
striking expansion of the intratumoral and peritumoral
lymphatic vessels, which represents a key determinant
of the early metastasization to the regional lymph nodes,
often precluding curative surgery™®!. Consistently, a high
lymphatic microvessel density in CCA tissues correlated
with significantly reduced overall and disease-free
survival of patients'*”. Our recent findings demonstrated
that, within the TRS, lymphatic endothelial cells (LECs)
localize in close spatial relationship with either CCA
cells or CAFs. Indeed, besides recruiting fibroblasts
around the neoplastic ducts, PDGF-DD produced by CCA
cells can also provide CAFs with the ability to secrete
lymphangiogenic growth factors, namely vascular en-
dothelial growth factor (VEGF)-A and VEGF-C, which
eventually promote the recruitment of LECs, along with
their tubular assembly in highly anastomosed struc-
tures”. Overall, these observations are consistent with
the concept that CAFs are able to generate a pro-invasive
microenvironment conducive to the lymphatic metastatic
behavior of CCA.

It is important to note that in CCA, the large ex-
pansion of the lymphatic vasculature is not paralleled
by an equal increase in blood vessels'®. Nevertheless,
angiogenesis has been also associated with a high risk of
recurrence after surgery™!., In this regard, it is likely that
CAFs, especially those originated from HSCs, contribute
to generate a pro-angiogenic microenvironment, as
reported in other cancer types®™?, Indeed, HSCs likely
behave as liver-specific pericytes, participating to
vascular remodeling during both liver regeneration and
tumor-associated angiogenesis. In this context, PDGF
has been pinpointed as a relevant player. Specifically,
PDGF ligands (especially PDGF-BB) released from the
vascular endothelium are able to drive the recruitment of
PDGFR-B-expressing HSCs, along with their subsequent
adhesion to the vessel wall, similar to what occurring in
embryogenesis. From their side, activated HSCs promote
vascular tube formation by secreting VEGF ligands and
angiopoietins under the effect of hypoxia, and mecha-
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nically stabilize the sprouting vessels by providing a tight
envelope around the sinusoidal endothelial cell layer™ ',

TUMOR-ASSOCIATED MACROPHAGES

Among the several immune cell types populating the
TRS, macrophages are the most represented. Tumor-
associated macrophages (TAMs) are mainly derived from
circulating monocytes (CD14"/CD16"), rather than from
resident macrophages (CD68") or Kupffer cells in the
liver. They are efficiently recruited to the tumor mass by
a range of chemoattractants variably secreted by neo-
plastic and stromal cells, including C-C motif ligand (CCL)
chemokines [e.g., monocyte chemoattractant protein
(MCP)-1, also known as CCL2], colony stimulating factor
(CSF)-1 and VEGF®®*"*®, For instance, CAFs, especially
FAP" CAFs, are a major source of MCP-1%, In contrast
to T cells, which can exert both tumor-promoting and
tumor-suppressive functions, TAMs are almost exclusively
implicated in boosting cancer aggressiveness, a function
exemplified by their predominant localization at the
tumor front. TAMs mostly display a M2 (or alternatively
activated) phenotype, manipulated by paracrine signals
originating from both malignant cells and specific subsets
of T cells (including IL-10, CSF-1 and TGF-B), as well
as by tumor hypoxia. Pro-tumorigenic effects of the M2
phenotype rely on a range of properties, including limited
antigen-presenting functions, strong tissue remodeling
and immune tolerance abilities, and production of pro-
angiogenic and pro-lymphangiogenic growth factors;
furthermore, TAMs directly provide cancer cells with
pro-migratory inputs. TAMs are characterized by low
expression of major histocompatibility complex class
I molecules and IL-12, and high expression of IL-10,
arginase-1 and multiple scavenging, mannose, and
galactose receptors. Conversely, the so-called classically
activated M1 macrophages, which are usually less
represented within the TRS, possess strong antigen-
presenting abilities, prime tissue destruction and anti-
tumor immune responses, and possess tumoricidal
aCtiVitieS[lo'12'58'60_63]-

Conditioned medium from CCA cells fostered the
emergence of the M2 phenotype in cultured macrophages,
which actually up-regulated the expression of the M2
specific marker CD163, as well as of the M2-related
molecules IL-10 (immunosuppressive cytokine), TGF-B
(pro-fibrotic cytokine), VEGF-A (pro-angiogenic growth
factor) and matrix metalloproteinase (MMP)-2*"), Growing
interest has also been drawn on the interplay between
TAMs and CAFs, as it was recently found that conditioned
medium from HSCs affected the differentiation of
macrophages, stimulating the production of pro-inflam-
matory (IL-6) and pro-fibrotic cytokines (TGF-p)©®*.
Furthermore, within the CCA stroma, the density of M2
TAMs positively correlated with the number of regulatory
T cells, suggesting that they contribute to macrophage
polarization toward the pro-neoplastic phenotype™®.
Interestingly, cholangiocyte ability to finely orchestrate
a macrophage-centric inflammatory response was also
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reported by our group in a mouse model of congenital
hepatic fibrosis, a disease of the biliary epithelium at
increased risk for CCA development. In this model,
dysfunctional biliary epithelial cells (due to a genetic
defect in the ciliary protein fibrocystin) secrete a range of
chemokines (CXCL1, CXCL10, CXCL12) able to recruit and
activate bone marrow-derived macrophages, which then
progressively switch from an M1 to an M2 phenotype as
the disease progresses®’. However, it is worth considering
that the macrophage phenotype is extremely plastic,
showing a continuum of activation states, in which M1
and M2 types only represent the extreme points®. In
line with this concept, many tumor-promoting cytokines
that are actually M1 cytokines, such as IL-6, are even
produced by TAMs®!l, Recently, Raggi et al®”’ revealed
that the CCA stem-like compartment is actively involved
in both the recruitment of circulating monocytes and their
differentiation into TAMs, owing to the release of IL-13,
IL-34 and osteoactivin. Of note, cancer stem cell (CSC)-
associated TAMs display unigue phenotypic and functional
features, namely mixed expression of M1 and M2 markers
(e.g., M1-related chemokines CXCL9 and CXCL10, and
M2-related chemokines CCL17 and CCL18), increased
adhesive and invasive abilities, in vitro, and enhanced
tumor-promoting functions, in vivo. This clearly highlights
the existence of different TAM subsets within the tumor,
depending on the multitude of microenvironmental cues
originating from various cell niches.

Evidence for the pro-neoplastic effects exerted by TAMs
In CCA tissues, M2 macrophages are definitely much
more abundant than in the peritumoral areas, and TAM
are mostly located at the leading edge of the tumor®®”.
Consistently, immunohistochemical analyses in Opisthorchis
viverrini-associated CCA in a hamster model revealed
a progressive, dramatic increase in M2 macrophages
through carcinogenesis®®®, Studies from different groups
showed that a high density of TAMs at the invasive
front correlated with poor survival of CCA patients after
resection™ %!, However, it is important to underline
that not all of these studies provided evidence that the
observed TAM actually exhibited the pro-neoplastic, M2
phenotype. Whereas Subimerb et a/’*®® evaluated the
expression of MAC387, a marker of recently infiltrated,
bone marrow-derived, macrophages, Atanasov et a/*”
evaluated the expression of resident, CD68" macro-
phages. On the contrary, Hasita et af®" sought to dis-
tinguish M2 TAMs from total resident macrophages
based on their expression of CD163, in order to highlight
their specific contribution to tumor progression. They
found that, in CCA tissues, the number of CD163" M2
cells was, as expected, lower than the number of CD68*
cells, and that high infiltration of M2 macrophages, but
not of total macrophages, was significantly associated
with poor disease-free survival of patients. Of further
interest, the density of M2 macrophages within CCA
stroma also correlated with the presence of extrahepatic
metastases®®®, the tumor pathological grade®®”, and the
microvascular density™, Although these findings are
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based on the evaluation of different phenotypic markers,
overall, they suggest that TAMs strongly influence CCA
progression, with a major role played by M2 TAMs, thus
confirming what observed in other cancer types. In
accordance with these immunohistochemical findings,
conditioned medium from M2 macrophages boosted
the migratory abilities of CCA cells by inducing EMT-like
changes, in vitro®®,

As previously mentioned, recruitment of circulating
monocytes, rather than proliferation of resident macro-
phages, is the mechanism responsible for TAM accu-
mulation in the TRS™\. In fact, in CCA patients, levels of
circulating CD14*/CD16" monocytes were increased, and
correlated with high density of MAC387" TAMs, and with
poor survival rates. CD14"/CD16" monocytes represent
a minor subset of total monocytes, whose expansion is
usually associated with acute or chronic inflammation.
They are classically regarded as more mature cells than
CD14%/CD16 monocytes, and thought to be the major
precursors of tissue macrophages. Besides expressing a
larger number of adhesion molecules, enabling them to
strongly adhere to vascular endothelium, CD14"/CD16*
monocytes also up-regulate the EGFR ligand epiregulin,
and the angiogenic chemokine CXCL3. Overall, these
features are consistent with the adoption of a pro-
tumorigenic phenotype, likely induced by tumor-derived
molecules, which may also drive their recruitment into
the TRS?.

Molecular players underlying the tumor-promoting
effects of TAMs

MMP-9: MMPs, in particular MMP-9, are the most
important proteolytic enzymes in the context of tumor
spread, and their overexpression tends to be predictive of
worst outcome in human cancers. Besides underpinning
cancer cell invasion through the selective deletion of
ECM integrity, MMPs can also elicit the post-translational
activation of growth factors and cytokines, thereby
influencing key cellular processes”™ . Subimerb et af**®
found that TAMs (especially those located at the tumor-
host interface) rather than cancer cells represent the
main source of MMP-9 in CCA. Moreover, CCA patients
with high numbers of MMP-9" TAMs displayed significantly
shorter survival times than those with low numbers, thus
pointing out MMP-9 production as a key driver of CCA
progression promoted by TAMs. Furthermore, a broad
expression of other pivotal ECM remodeling-related
genes, namely MMP-2, ADAM10, and ADAM17 was re-
ported in CSC-associated TAMs!®",

TNF-o: TNF-a is a pleiotropic cytokine, acting as a
central pro-inflammatory mediator in human carcino-
genesis, wherein it was reported to play both anti-
tumoral and pro-tumoral effects”?. In CCA, as well
as in the majority of carcinomas, TNF-a is widely ex-
pressed by macrophages located at the tumor edge,
whereas it is only focally expressed by cancer cells™,
Lipopolysaccharide (LPS)-activated macrophages were
able to elicit EMT-like phenotypic changes in CCA cells
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(namely, down-regulation of the epithelial markers
E-cadherin and cytokeratin 19, along with up-regulation
of the mesenchymal markers S100A4 and MMP-9),
probably mediated by a TNF-a-induced activation of Snail
and ZEB2 transcription factors’>”*!, Consistently, upon
TNF-a stimulation, CCA cells gained increased migratory
functions in conjunction with the activation of ERK, Akt
and nuclear factor (NF)-xB7*7,

IL-6: Aberrant activation of the IL-6 classical down-
stream effector STAT3 is described in many epithelial
cancers, and is currently regarded as a major oncogenic
event””), For instance, in CCA patients, high expression
of STAT3 by cancer cells was associated with poorly
differentiated tumor phenotypes, as well as with low
survival rates”®. In particular, in CCA cells, increased
cell survival by up-regulation of the anti-apoptotic pro-
tein myeloid cell leukemia-1 is the fundamental me-
chanism triggered by the IL-6/STAT3 axis'”®.. In the
hamster experimental model of Opisthorchis viverrini-
induced CCA, STAT3 activation peaked at the pre-
cancerous stage, in association with a high degree of
inflammation. Consistently, conditioned medium from
LPS-activated macrophages led to a robust STAT3 ac-
tivation in CCA cells"®, likely mediated by IL-6, whose
secretion is potently stimulated by LPS?. Although IL-6
can be secreted even by CCA cells themselves, paracrine
signaling is probably essential to reach broad STAT3
activation”™, and TAMs may actually be central in this
process.

YKL-40: YKL-40, also called chitinase 3-like 1, is a
secreted glycoprotein, which is supposed to play key
roles in different aspects of tumorigenesis, from cell
proliferation and survival, to angiogenesis and ECM
remodeling. Interestingly, YKL-40 serum levels are
dramatically increased in patients with multiple chronic
inflammatory diseases, such as liver cirrhosis, as well as
in patients with several malignancies, including breast,
lung and colorectal carcinomas®. In CCA patients,
YKL-40 serum levels were actually much higher than
those of healthy subjects, and also negatively correlated
with overall survival. Importantly, within the tumoral
area, CCA cells represent only minor contributors to
YKL-40 production, which is primarily caused by infiltrating
inflammatory cells, especially TAMs. Of further interest,
exogenous YKL-40 stimulated CCA cell growth and
migration, by triggering Akt and ERK1/2 activation’®"’,

Wnt3: Involvement of Wnt/B-catenin pathway in CCA
pathogenesis and progression is a well-established concept
for many years®®1, Wnt family ligands are secreted
glycoproteins modulating fundamental transcriptional
programs by stimulating the nuclear translocation of
p-catenin. In the basal conditions, B-catenin is mainly
located at the cell-cell junctions, whereas a minor pool is
sequestered in the cytoplasm by a destruction complex,
where phosphorylation at specific residues (Ser 33/37
and Thr 41) is a pre-requisite to allow its inactivation
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and proteasomal degradation. Binding of Wnt ligands
to Frizzled receptors lets p-catenin to detach from the
membrane, accumulate within the cytoplasm, and then
translocate into the nucleus, where it interacts with
several co-activators, among which T-cell factor and
lymphoid enhancer-binding factor 1 are the main partner
in gene regulation. p-catenin target genes encompass
well-known proto-oncogenes relevant for CCA growth,
such as ¢-Myc, cyclin D1 and ZEB1®*%), In CCA tissues,
B-catenin is constitutively expressed at high levels either
in the cytoplasm or in the nucleus of cancer cells, whereas
its membranous expression is decreased, consistent
with the activation of the Wnt signaling. Among Wnt
ligands, whereas Wnt5a and Wnt7b are overexpressed by
neoplastic bile ducts, TAMs represent a major source of
Wnt3. Notably, conditioned medium from LPS-activated
macrophages elicited p-catenin nuclear translocation in
CCA cells, resulting in enhanced cell growth™.,

MSCs

MSCs are non-hematopoietic stem cells primarily resident
in the bone marrow, where they are recruited from by
chemotactic signals mainly originating from injured tissues
and inflammatory sites. Indeed, MSCs are multipotent
cells able to differentiate in a variety of cell types, thus
being classically regarded as a valuable source of tissue
replacement. However, under the influence of cancer-
derived chemokines, MSCs can also home to primary
tumor sites, wherein they eventually become an addi-
tional component of the tumor microenvironment. Tumor-
resident MSCs have been also reported to perform several
activities supporting cancer progression. For instance,
they can interfere with anti-tumor immunity, promote
angiogenesis, and directly enhance the aggressiveness of
malignant cells through secreted factors™®®"®,

In nude mice bearing subcutaneous human CCA
xenografts, it was shown that, upon infusion into the
venous circulation, MSCs were able to selectively reach
both the primary tumor and the metastatic liver, thus
confirming their pronounced tumor tropism. Furthermore,
exposure of CCA cell to conditioned medium from MSCs
resulted in increased proliferation, apoptosis resistance,
and invasiveness, likely due to the activation of the
Wnt/B-catenin signaling. Consistently, subcutaneous co-
injection of CCA cells with MSCs in immunodeficient mice
led to accelerated tumor growth, and higher incidence
of liver metastases, compared with mice inoculated with
cancer cells alone®™. Interestingly, the ability of MSCs to
promote CCA cell proliferation was further strengthened
by preliminary exposure of MSCs to cancer cell-derived
extracellular vesicles (with features consistent with
exosomes). Indeed, these vesicles induced profound
changes in the MSC secretome, including increased
secretion of IL-6, CCL2/MCP-1, CXCL1/GRO-a, CX3CL1/
Fractalkine and PDGF-AA. Besides directly favoring tumor
cell growth, MSCs may also represent an additional
(although minor) source of CAFs, as conditioned medium
from CCA cells prompted a phenotypic switch from MSCs
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into myofibroblastic-like cells®®.

ECM

Besides providing a physical support to cells, the ECM
(mainly consisting of collagens, glycoproteins and pro-
teoglycans) also communicates straight with them,
thereby modulating a variety of cellular functions, and
acts as a paramount reservoir of cell-derived soluble
factors'®. Throughout carcinogenesis, the ECM gradually
undergoes stiffening and profound compositional changes,
resulting from the accumulation of secreted structural and
non-structural proteins, in particular collagen type I and
fibronectin, as well as of matrix modifying enzymes!'**>®,
An abnormal ECM leads to a dysregulated behavior of
both cancer and stromal cells, thereby affecting several
processes related to tumor biology, including cancerous
fibrogenesis, inflammation and angiogenesis™"*®.. Inter-
estingly, ECM stiffness is emerging as a driving force
behind cancer progression. As previously mentioned,
tumor-associated ECM is typically stiffer than the normal
matrix, due to a pathological remodeling mainly driven
by neoplastic cells and CAFs. This stiff, collagen enriched
ECM can signal to cells through specific mechanosensors,
thus activating intracellular pathways regulating the
acquisition of malignant phenotypic traits®>*’. Among
the intracellular sensors of ECM-driven mechanical
stress, the transcriptional co-activator yes-associated
protein (YAP) and its paralog, transcriptional co-activator
with PDZ-binding motif (TAZ), are emerging as master
directors of cancer cell reprogramming and enhanced
invasiveness®. Indeed, high levels of cytoskeletal
contractility, resulting from increased ECM rigidity, are
generally coupled with the activation of YAP/TAZ, which
can profoundly affect epithelial cell behavior, including
the balance between proliferation and apoptosist®***,
Interestingly, in CCA, YAP overexpression was reported
to enhance cancer cell proliferation, invasion (via EMT-
like changes) and resistance to chemotherapeutic drugs,
both in vitro and in tumor xenografts®®, Therefore, it is
tempting to speculate that, after being recruited by CCA
cells through PDGF-DD"**, CAFs may gradually manipulate
ECM stiffening within the TRS, thereby inducing YAP/TAZ
activation in cancer cells, leading to the emergence of a
particularly aggressive tumor phenotype.

In CCA, interactions between tumor cells and specific
molecular components of the ECM may trigger additional
pathways of tumor invasiveness. In fact, CCA cells
cultured on a reconstituted basement membrane pre-
paration (mainly composed of collagen type IV and
laminin), showed enhanced invasive properties compared
with cells grown on uncoated culture plates. This was
dependent on the dysregulated expression of a wide range
of proteins, especially L-plastin, which is an actin-bundling
protein supporting cell motility and adhesion. L-plastin
is dramatically up-regulated in many types of malignant
cells and, in CCA tissue, it is primarily expressed at the
tumor front, thereby indicating its involvement in tumor
invasion®®, The ability of the TRS-associated ECM to

March 28,2017 | Volume 9 | Issue9 |



Brivio S et a/. Tumor reactive stroma fuels cholangiocarcinoma aggressiveness

support cancer aggressiveness is also well exemplified by
three fundamental non-structural ECM proteins, namely
tenascin, periostin and osteopontin, reported as poor
prognostic biomarkers for CCA patients. In CCA samples,
tenascin is abnormally expressed in the intratumoral
stroma, as well as at the tumor leading edge. Although
CAFs undoubtedly represent the main source of tenascin,
carcinoma cells can contribute to its biosynthesis. In CCA
patients, aberrant deposition of tenascin at the invasive
front positively correlated with tumor size and lymph
node metastasis, and also predicted poor survival. It
is worth noting that the expression pattern of tenascin
roughly parallels that of EGFR, which tenascin can bind
to, likely underpinning its tumor-promoting functions®”..
Similarly, high expression of periostin within the TRS,
which is solely due to CAFs, was an independent pro-
gnostic factor for overall survival of CCA patients. More-
over, serum periostin levels were significantly higher in
CCA patients compared with both healthy subjects and
patients with other hepatic malignancies. Consistent
with these findings, exogenous periostin induced CCA
cell proliferation and invasion through its interaction
with integrin receptors o581 and a6p4, leading to the
activation of the PI3K/Akt pathway, in vitro®***1, High
stromal expression of osteopontin is also an independent
risk factor for reduced overall and disease-free survival
in CCA patients, positively correlating with both tumor
size and the presence of lymph node or macrovascular
invasion®”.,

THE TRS AS POTENTIAL THERAPEUTIC
TARGET

Classically, anticancer therapies aim at targeting intrinsic
traits of neoplastic cells, which, until recently, were
actually seen as the only players deserving attention in
the context of clinical management. However, in CCA, a
lethal malignancy paradigmatic of the strong resistance
to conventional chemotherapy, mounting evidence
supports the role of tumor microenvironment in dictating
tumor growth, progression and metastatic dissemination.
Indeed, CCA cells establish intense, mutual, paracrine
communications with neighboring stromal components,
in particular CAFs and TAMs, which are a rich source
of signals promoting malignancy (Figure 1). Therefore,
combinatorial therapies that both directly tackle tumor
growth and turn off the tumor-promoting functions of
the TRS might represent an important step forward
in anticancer treatment, especially in CCA. In addition
to provide a number of druggable targets, TRS may
help to identify (by gene expression profiling) molecular
signatures serving as novel prognostic biomarkers, useful
for predicting therapeutic response or monitoring tumor
recurrence, as it could be the case with periostin®®*#%, 1t
is worth noting that, unlike cancer cells, which undergo
multiple genetic/epigenetic changes giving rise to a
tremendously heterogeneous population, stromal cells
represent a genetically stable, more uniform compartment,
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and thus stand out as viable and compelling therapeutic
targets™>*", Basically, TRS-oriented therapeutic approaches
should aim at: (1) hampering the recruitment of reactive
stromal cells by counteracting tumor-derived chemokines;
(2) promoting TRS depletion by eliciting apoptosis of its
cellular components; (3) interfering with the intracellular
pro-oncogenic pathways triggered by the TRS within
the cancer cell; and (4) interfering with the paracrine
communications between stromal and cancer cells,
by neutralizing specific soluble factors or antagonizing
their cognate receptors'®. The study performed by
Mertens et al®”! is an archetype of these potential
new strategies. Using the BH3 mimetic navitoclax (a
small molecule mimicking the pro-apoptotic protein
Bad), the authors were able to selectively induce Bax-
dependent apoptosis in CCA-derived CAFs, but not in
normal fibroblasts or CCA cells, in vitro. By translating
these findings in an in vivo, orthotopic syngeneic rat
model of CCA, navitoclax markedly reduced tumor
growth and metastasis, and significantly improved
survival, an effect related to a quantitative depletion of
CAFs from the stroma. Taking a different approach, the
mammalian target of rapamycin inhibitor everolimus,
in addition to directly reduce CCA cell proliferation and
invasion!®, was reported to hamper the cross-talk
between CAFs and CCA cells, by both impairing the
activation of CAF-induced motogenic pathways in cancer
cells, and inhibiting the secretion of tumor-promoting
cyto/chemokines by CAFs™®, Interestingly, everolimus
is already an FDA-approved drug for the treatment of
breast, neuroendocrine and renal cell carcinomas™®. By
tumning to TAMs, it was shown that liposome-encapsulated
clodronate, a selective macrophage-depleting agent,
as well as GW2580 or AZD7507, small molecules
preventing monocyte-to-macrophage differentiation,
significantly reduced the growth of subcutaneous human
CCA xenografts. Moreover, the tumor-suppressive effect
of liposomal clodronate was also confirmed in a non-
transgenic, thioacetamide-induced rat model of CCA,
which faithfully reproduces the inflammatory and de-
smoplastic microenvironment associated with human
CCAM™, Noteworthy, besides priming TAMs for apoptosis
or blocking monocyte recruitment, it might be possible
to harness the inherent plasticity of macrophages in
order to revert their polarization from the pro-neoplastic
M2 phenotype to the anti-tumoral M1 phenotype!*>*7,
However, the development of combinatorial therapies
targeting both tumor and stromal cells must be rooted
in a deep knowledge of the epithelial-mesenchymal
interactions occurring within the CCA microenvironment,
which is not possible without proper experimental models.
In this regard, two-dimensional co-culture systems and,
even more, three-dimensional organotypic culture models
represent powerful tools for investigation, but, of course,
they cannot fully reproduce the complexity of the TRS,
which integrate a multitude of cell elements. On the
other hand, rodent models of CCA more closely mimic
the structural and functional heterogeneity of the TRS,
even though the murine environment may not accurately

March 28,2017 | Volume 9 | Issue9 |



Brivio S et a/. Tumor reactive stroma fuels cholangiocarcinoma aggressiveness

CAF
LEC
VEGF-C | ~ >__ 5>
| veerA >

IL-p

SDF-1

PDGF-BB FDEE
HB-EGF TGF-p1

_/

CSC-associated

TAM Tenascin
Periostin
Osteopontin
YKL-40
WNT3

0o - ="

Figure 1 Soluble factors derived from reactive stromal cells, along with tumor-associated extracellular matrix, sustain cholangiocarcinoma cell
malignancy. CCA cells shape the surrounding microenvironment to meet their highly demanding needs, thus providing CAFs and TAMs with the ability to secrete a
broad range of cyto/chemokines, growth factors, morphogens and proteinases, which boost cancer cell proliferation, survival and invasiveness. In this model, CAFs
are recruited by PDGF-DD released by CCA cells. In addition, TGF-B1, also derived by CCA cells, stimulates CAFs to produce the EGFR ligand, HB-EGF, which
triggers the acquisition of malignant behaviors (i.e., EMT-like changes) by cancer cells. CAF-derived tumor-promoting molecules also include IL-13, SDF-1 and
PDGF-BB. Moreover, PDGF-DD induces CAFs to acquire pro-lymphangiogenic functions (exerted by VEGF-A and VEGF-C). On the other hand, TAMSs, displaying
a predominant M2 phenotype, also support tumor survival and invasiveness by secreting several soluble factors, including MMP-9, TNF-q., IL-6, YKL-40 and Wnt3.
Of note, the CCA stem-like compartment molds a specific subset of TAMs (through secretion of IL-13, IL-34 and osteoactivin), displaying a mixed M1/M2 phenotype,
to promote self-renewal and drug-resistance properties. In addition, non-structural proteins expressed by the abnormally remodeled ECM (tenascin, periostin,
osteopontin) further enhance CCA aggressiveness. CAF: Cancer-associated fibroblast; CCA: Cholangiocarcinoma; CSC: Cancer stem cell; ECM: Extracellular matrix;
LEC: Lymphatic endothelial cell; TAM: Tumor-associated macrophage; IL: Interleukin; TGF: Transforming growth factor; TNF: Tumor necrosis factor; PDGF: Platelet-
derived growth factor; EGFR: Epidermal growth factor receptor; MMP-9: Matrix metalloproteinase 9.

reproduce the wide range of paracrine communications rapies might more effectively eradicate tumor cells, owing
occurring in the human disease setting, all the more so in to concurrent switching-off actions on intrinsic (cancer
xenograft models, where the host is immunodeficient®®*", cell-dependent) as well as extrinsic (TRS-derived) tumor-

promoting mechanisms, eventually leading to improved

patient outcomes.
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