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Abstract

Intrahepatic cholangiocarcinoma (iCCA) is an aggressive malignancy that originates from the biliary tract located
within the liver parenchyma. While the incidence rate of iCCA is increasing worldwide, the existing therapeutic
options still remain limited. Thus, the spread of iCCA is the foremost cause of treatment failure representing a
major clinical challenge. The aggressive nature and refractoriness of the iCCA are strictly related to the
desmoplastic tumor microenvironment, in which cancer cells are surrounded by inflammatory cells, cancer-
associated fibroblasts, and the aberrant deposition of members of the collagen family. In recent years,
accumulating evidence revealed that remodeling of collagens is pivotal in driving the dissemination of desmoplastic
cancers. In this review, we describe the expression profile of collagens and their unique architecture in iCCA and
how this can dictate neoplastic cell behavior. The emerging view argues for specific strategies aimed at targeting
the collagen architecture that may be useful to hamper iCCA metastasis.
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INTRODUCTION

Intrahepatic cholangiocarcinoma (iCCA) is a subtype of liver cancer that originates from the epithelial cells
lining the biliary tree of the liver'. iCCA has the highest lethality among all human primary liver cancer
with a dismal prognosis. The 5-year survival rate for iCCA is about 10%, which is further reduced following
metastatic spread to the regional lymph nodes”*. Despite the increasing incidence rate of iCCA, surgical
resection remains the main therapeutic option to date. However, emerging data indicate that liver
transplantation may be an option for iCCA patients with early-stage disease™”. The evidence further
supports that radioembolization by injecting Yttrium-90-loaded microspheres through the hepatic arteries
may be an effective strategy linked to liver transplantation'.

One of the unique hallmarks of iCCA is the desmoplastic reaction, which is key in promoting the malignant
behavior of this cancer type™. Desmoplasia in iCCA causes the accumulation of an atypical remodeled
extracellular matrix (ECM) along with scarce blood vascularization and abundant lymphatic bed”"". This
distinct tumor microenvironment (TME) makes the iCCA refractory to chemotherapy and promotes an
early intrahepatic or lymph node metastatization, limiting the surgical resection suitable to less than one-
third of patients'*'?. Desmoplastic TME arises from the accumulation of a-smooth muscle actin positive (o-
SMA+) cancer-associated fibroblasts (CAFs) in surrounding ducts and glandular structures of malignant
cholangiocytes"”. CAFs in iCCA are a heterogeneous population of stromal mesenchymal cells derived
from various cellular lineages, including activated hepatic stellate cells, liver portal fibroblasts and bone-
marrow-derived precursor cells that are attracted from iCCA and induced to adopt a CAF phenotype in the
tumor area!"'*.. CAF activation is mediated by soluble factors frequently secreted by both cancer and
inflammatory cells, such as platelet-derived growth factor-D (PDGF-D). Contrary to normal cholangiocytes,
malignant cells secrete high levels of PDGF-D upon hypoxic stimulation. This stimulates chemotaxis in
fibroblasts through the binding to its cognate receptor PDGFR@ , which in turn leads to Rho GTPase and
JNK activation"”. Once this tumor environment is formed, the reciprocal communication between CAFs
and iCCA cells supports the tumor progression through the production of pro-invasive growth factors,
chemokines, cytokines, and antiangiogenic and lymphangiogenic factors"*"****. Most importantly, CAFs
release high amounts of ECM proteins and ECM-modifying enzymes, causing a fibrogenic response, which
is fundamental for desmoplasia®**?. Thus, the core of the desmoplastic stroma is represented by a
prominent accumulation of collagen molecules®. However, while collagens are the most abundant
components of the tumor reactive stroma, the relationship between their structure and function in tumor
progression has received little attention until recently. In fact, in tumor types, such as breast, pancreatic, and
prostate cancer, collagens are no longer considered as a dense and rigid scaffolding that surrounds the
tumor mass. Instead, they constitute an active and dynamic network that supports and drives tumor cells
for autonomous proliferation, invasion, and migration. However, despite a collagen-enriched TME, this
topic is not sufficiently highlighted in iCCA, and the impact of collagen on disease progression remains to
be elucidated. In this review, we shed light on the structural and functional role of collagens and their
importance in iCCA growth and dissemination.

COLLAGEN TYPES AND THEIR ABERRANT EXPRESSION IN ICCA

Collagen proteins are the most abundant ECM components, representing up to 30% of the total protein in
humans™/. They are grouped in a family composed of twenty-eight different types, each comprising a triple
helix selected among the forty-six distinct polypeptide alpha chains"*.

The classification of collagens is based on common domain homology and their function, represented in the
following seven categories [Table 1]: fibrillar collagens, fibril-associated collagens with interrupted triple
helices (FACITSs), network-forming collagens, membrane-associated collagens with interrupted triple
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Table 1. Collagen types and their expression in iCCA

Type expressed in Type expressedin Type expressedin  Chain detected in
Category TyPe pealthy liver HCC iCCA* iCCA*
Fibrillar collagens | | | 1 COL1AT; COL1A2
Il Il
I I 111
1] COL3A1
¥| v v v COLS5AT; COL5A2
XXIV XXV
XXVII XXVII
FACITs IX IX X COL12A1
XiE Xl XIV COL14A1
XIV XV XIV
XVI XVI XVI
XIX XIX
XX
XXI XXI
XXIE XX XX
Network-forming collagens IV \ \% v COL4AT; COL4A2
Vil VIl
X X X
Beaded-filament-forming VI VI VI VI COL6AT; COL6A2;
collagens XVI XVI XVI COL6A3
XXVIIE XXV
MULTIPLEXIN XV XV XV
XVIL - XV XVIII XVII N/A
Anchoring fibrils Vil i Vil
MACITs Xl X1
XVII
XX
XXV XXV

* Collagen types found overexpressed in iCCA with respect to the healthy liver are in bold.

helices (MACITSs), anchoring fibrils, beaded-filament-forming collagens, and multiple triple-helix domains
and interruptions/endostatin-producing collagens (MULTIPLEXIN)"".

The biosynthesis, secretion and degradation of collagen types are finely tuned in a dynamic equilibrium,
which dictates the composition and function of tissue-specific ECM scaffold®. However, in the tumor
desmoplastic reaction, this equilibrium is disturbed by an aberrant collagen deposition due to cross-
linking”. Consequently, the ECM remodeling results in a pathological condition with a stiff scaffold, in
which tissue morphogenesis is lost and malignant progression is favored”*”. Extensive collagen deposition
in iCCA has been in fact reported since 1987"". Hence, the iCCA TME constitutes a distinct collagen
pattern that differs profoundly from those expressed in healthy liver and hepatocellular carcinoma
(HCC)B>,

The collagen categories are discussed below, except the anchoring fibrils and MACITSs, which are not yet
detected in the iCCA stroma [Table 1].

Fibrillar collagens

Fibrillar collagens are the main structural elements of the interstitial ECM surrounding tissues, including
dermis, bone, and tendon™. It forms heterotrimeric (type I and type V collagens) or homotrimeric triple
helices (type III collagen), which are self-assembled into fibrils to either shape strong and thick fibers
(mainly type I) or reticular fibers (type III)***\. In contrast to the well-differentiated HCC, representing the
most common type of primary liver cancer, the iCCA ECM displays fibrillar collagen expression 70-fold
more than in the tumor stroma®. In particular, type I and type III collagen are the predominant
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components, with fiber scores of 1.62 and 0.85, respectively. By contrast, in the HCC, these collagens are
poorly represented (0.002 and 0.02)"". Notably, while type I collagen is detected both in the tumoral and
non-tumoral tissues of iCCA patients, type III collagen is only found in the iCCA stroma®. Moreover,
iCCA stroma shows a slight decrease in the type V collagen, known to regulate fibril diameters that prevent
the further addition of collagen molecules®*”. Both in normal and tumoral tissues, fibrillar collagens are not
only involved in tensile strength, but they also provide chemical and mechanical signals to promote cell
migration, adhesion, tissue growth and repair. In line with this, by investigating the role of fibrillar collagen
expression in the iCCA tumor stroma, we have recently demonstrated how iCCA cell behavior can be
modified in terms of tumor cell migration through type III collagen®.

FACITs

FACITs are short and flexible collagens that contain subunits of the IX, XII, XIV, XVI, XIX, and XXI
types™. They share the features of proteoglycans and function as single molecules with fibrillar collagens,
linking together fibers with the other components of the ECM"". In the iCCA stroma, the main represented
FACITs are the type XII collagens. Compared to the non-cancerous tissue, which expresses type XIV and
XXT alpha-1 chains, the tumor stroma from the iCCA patients was shown to exclusively express collagen
type XII alpha-1 chains”. Type XII collagens are known to directly link to type I collagen fibers through a
bridge of decorins, which are proteoglycans with anti-tumoral activities. Given that the expression of these
proteoglycans is significantly reduced in many human cancers, including iCCA"*, the switch from type
XIV to type XII collagen may be required for the collagen fiber remodeling in the iCCA ECM.

Network-forming collagens

The basement membrane is a pericellular matrix. As an anchorage for epithelial cells, it holds them together
and separates them from the surrounding stroma®. In normal liver, this sheet-like structure is mainly
composed of type IV collagen, which shapes a network together with glycoproteins (i.e., laminins and
nidogens) and proteoglycans (perlecan)™. Compared to the adjacent non-tumor fibrous tissue, an
increased amount of type IV collagens has been observed in iCCA"***"\. By contrast, other components of the
basement membrane (i.e., the large basement membrane heparan sulfate proteoglycan perlecan and
laminins) were found to be downregulated”. This encapsulates the tumor mass in a physical barrier that
initially hinders cancer cells from disseminating. However, during iCCA progression, cancer cells
proteolytically perforate this dense type IV collagen network resulting in its progressive dismantle, thus

leading to invasiveness'*”.

Beaded-filament-forming collagens

Type VI collagen is the most representative member of the beaded-filament-forming collagens™’, and it
displays a widespread expression in various tissues. Beyond contributing to the formation of a network of
beaded microfilaments with other ECM components, they exert a bridging and anchoring role for cells both
in the pericellular and interstitial matrices"*’. Thus, although being a minor component of the ECM, this
collagen type is essential for tissue integrity. Accordingly, its accumulation contributes to the distorted
architecture of the liver, particularly in hepatic fibrosis***’. Like in the hepatic parenchyma, the type VI
collagens composed of alpha-1, alpha-2 and alpha-3 chains have been observed in the iCCA tissue.
However, unexpectedly, their expression showed similar levels to the adjacent non-cancerous tissues'.

However, the expression of type VI collagen in tumors shows a contradictory pattern. While it has been
found to be overexpressed in many solid tumors, where it plays a role in tumor growth and metastasis, in
other cancer types, such as fibrosarcoma, its expression was not observed in the tumor stroma"”*.

Considering that type VI collagen is mostly located near or within the blood vessels of the tumor stroma"”,
it is likely that the angioinhibitory microenvironment in the iCCA may hamper its overexpression.
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MULTIPLEXIN

The type XV and type XVIII collagens are the only two members of the MULTIPLEXIN/endostatin-
producing collagens'*”. They are expressed in all vascular and epithelial basement membranes and share a
C-terminal non-collagenous domain, the endostatin module. Therefore, beyond their structural role,
MULTIPLEXINSs are precursors of endostatin. Once released, they act as endogenous inhibitors of
angiogenesis by downregulating components of the vascular endothelial growth factor (VEGF) signaling.
The latter promotes the synthesis of thrombospondin 1 (THBS1), which is responsible for angiogenesis
inhibition in iCCA"*. Expectedly, both the tumor and stromal cells in cholangiocarcinoma express a high
level of collagen XVIII®". Of note, in primary liver cancer, two variants of the type XVIII collagen, namely
the SHORT and LONG forms, are differentially expressed: tumor hepatocytes express the LONG form,
whereas cholangiocarcinoma cells express the SHORT form.

COLLAGEN MODIFYING PROTEINS IN ICCA

Collagen biosynthesis, modification and degradation are pivotal processes for ECM remodeling in
fibrogenic disorders, including desmoplastic cancers™®’. Moreover, increased collagen deposition and cross-
linking lead to ECM stiffening, which in turn disrupts tissue morphogenesis and promotes tumor
progression and metastasis. The lysyl oxidase (LOX) family members are secreted copper-dependent amine
oxidases known to play a key role in the post-translational modification of collagens. Further, elastin
catalyzes the covalent cross-linking of these fibers'™”. Collagen cross-linking is essential for the stability and
tensile strength of fibrils and fibers, thus lending a structural platform to sustain tumor proliferation,
epithelial-mesenchymal transition (EMT), and migration and invasion of liver cancers”. Recently, the LOX
homolog 2 (LOXL2) has been characterized as a member of the LOX-like (LOXL) family involved in iCCA
progression®. In a cohort of 107 surgical resections of iCCA patients, Bergeat et al. showed that the level of
both mRNA and protein of LOXL2 was upregulated in the tumor stroma’™. Their findings further suggest
that a high expression of LOXL2 is related to the dismal prognosis of iCCA.

In addition to cross-linking, collagen degradation by matrix metalloproteinases (MMPs) is an important
process for ECM remodeling. Through the mobilization from ECM-associated reservoirs, the MMPs are
further crucial for increasing the level of growth factors and cytokines, primarily the VEGFs". In
tumorigenesis, MMPs are released by a variety of cells, such as CAFs, endothelial, inflammatory, and cancer
cells. They promote the invasiveness of tumors because of basement membrane degradation. In iCCA,
the MMP1, 2, 3 and 9 are known to be overexpressed, while the tissue inhibitor of metalloproteinases 3
(TIMP3) is downregulated®”. This further highlights the role and impact of these ECM regulators in
promoting iCCA cell invasion and dissemination.

Among the collagen-modifying proteins, matricellular proteins are pivotal in mediating collagen deposition,
maturation and organization, beyond facilitating cell-ECM interaction to sustain cell migration”. An
aberrant expression of these proteins, such as periostin, THBS1 and 2, secreted protein acidic and rich in
cysteine (SPARC), has long been detected in the iCCA stroma. However, their precise role is recently being
unveiled””. For instance, SPARC, which behaves as a collagen chaperone in the regulation of collagen fiber
formation and organization””, has been observed to regulate the malignant cell behavior of the iCCA
through the activation of the PI3K-AKT signaling™. Periostin, a matricellular protein that strongly
correlates with reduced survival of iCCA patients, has been shown to induce EMT in iCCA cells via the
integrin a5p1/TWIST-2 axis'. Further, THBS1 and 2, two matricellular proteins with antiangiogenic
properties known to be expressed in the iCCA stroma, have been shown to contribute to the lymphatic
vessel formation through vascular cell trans-differentiation and to iCCA cell proliferation, as well as lymph
node dissemination in a xenograft mouse model"".
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ARCHITECTURE OF COLLAGEN FIBERS IN ICCA

The iCCA progression and metastasization are gradual and progressive events in which malignant
cholangiocytes acquire a mesenchymal-like phenotype with increased mobility and ability to cross the
basement membrane. Consequently, this leads to cancer cell dissemination via the lymphatic system
exploiting tumor-induced lymphangiogenesis [Figure 1].

These events are orchestrated by the desmoplastic reaction, by which the increased fibrillar collagen
deposition, beyond contributing to elevated stiffness, also creates discrete structural patterns, so-called
tumor-associated collagen signatures (TACS)"*l. TACS were first described in 2006 as a three type of
peculiar and dynamic collagen fiber reorganization around the tumor mass in breast cancer, which direct
cell migration into and through the stroma'*'.. Initially, a dense collagen fiber concentration surrounds the
tumor mass with a wavy and curly architecture (TACS-1). Subsequently, by exerting tension on the matrix,
the CAFs organize collagen fibrils into aligned sheets and arrange cables in parallel to the tumor boundary
(TACS-2). Finally, collagen fibers are vertically oriented with respect to the tumor mass, thus providing a
conduit for carcinoma cell invasion (TACS-3)""*”. In recent years, the existence of these structural collagen
patterns has been verified in other desmoplastic solid tumors (i.e., prostate and pancreatic cancers), in
which elevated collagen deposition is a typical hallmark'®**. More recently, dense and aligned collagen
fibers in desmoplastic stroma have also been detected in iCCA by Carpino et al.”. Here, type III collagen
was identified as the main component of the aligned fibers, suggesting a specific involvement of the reticular
fibers in the iCCA-associated ECM remodeling [Figure 1]. Moreover, the same study discovered that iCCA
cell motility on type III collagen was significantly increased with respect to type I collagen, indicating that
COL3A1 chains act as binary tracks providing contact guidance cues for iCCA cell migration and invasion.
These findings suggest that the increased stiffness of ECM, resulting from dense, cross-linked and aligned
fibrillar collagen deposition, may promote focal adhesion assembly and enhance cytoskeletal function in
cancer cells, which favors proliferation, migration, and invasion'. However, as these observations are only
a starting point, many questions remain to be addressed, including what is the extent of colocalization
between TACS and the lymphatic bed in the iCCA TME? Are the aligned reticular fibers a peculiar feature
of iCCA? What is the relationship between aligned reticular fibers and the early metastatic spread? Are
TACS present in the extrahepatic subtypes of cholangiocarcinoma? Thus, future studies are needed to
clarify this important but unresolved topic in the frame of cholangiocarcinoma.

Even if collagen organization is considered as a promising biomarker for evaluating desmoplastic cancers
progression, it is poorly employed in clinical diagnosis. However, advanced microscopy technologies, such
as polychromatic polarization microscopy (PPM), are now available to examine the collagen arrangements
in diagnosis and prognosis of many diseases'*.. In fact, PPM allows visualizing collagen in unstained tissue
specimens, which could complement other imaging techniques due to its highly sensitive detection of
cellular and nuclear structures'®. Accordingly, this system could potentially provide an overview of TACS
and may be part of a regular pathology analysis of tissue slides in monitoring cancer progression in patients.

TARGETING COLLAGENS AND COLLAGEN-MODIFYING PROTEINS FOR CANCER
TREATMENT

Given that the desmoplastic stroma of the iCCA is pivotal in tumor progression, targeting its aberrant
expression of collagen might be considered a potential therapeutic strategy in iCCA, as in other types of
solid desmoplastic tumors. To this end, collagen-based targeting approaches can either be directly exerted
on collagen(s) or through the modulation of collagen-interacting molecules”. Many proteins interact with
collagens by means of specific collagen-binding domains (CBD). Thus, antibodies, drugs, or cytokines
engineered with a CBD can target and release the CBD-conjugated biomolecules into the collagen scaffold
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Figure 1. Tumor progression and collagen patterns in iCCA. (1) Intrahepatic bile duct is composed of polarized cholangiocytes residing
on a basement membrane; (2) In the desmoplastic reaction, cancer-associated fibroblasts (CAFs), tumor-infiltrating lymphocytes
(TILs) and tumor-associated macrophages (TAMs) are co-opted with iCCA cells by secreting a huge variety of soluble factors.
Subsequently, the activity of CAFs leads to type | and type Il collagen deposition in the interstitial matrix and to the thickening of the
basement membrane by type IV collagen; (3) Neoplastic cell invasion is accomplished by basement membrane dismantling; fibrillar
collagens acquire a TACS-1-like structure surrounding the tumor boundary; lymphatic endothelial cells (LECs) and vascular endothelial
cells (VECs) populate the tumor reactive stroma; (4) Gradually, type Il collagen fibers become aligned and organized tangentially to
the tumor mass. Paracrine signals released by TAMs, CAFs and iCCA cells lead to predominant sprouting of lymphatic vessels over the
blood vasculature; (5) To complete the invasion-metastasis cascade, the aligned type Il collagen organizes perpendicularly to the
tumor boundary and acts as a binary track for neoplastic cells to escape toward the neo-formed lymph vessels.

of the TME"". This strategy allows circumventing many downsides, such as the off-target effects and the
toxicity related to systemic administration, thereby improving the therapeutic effectiveness of the
biomolecules'*. In particular, in the frame of squamous carcinoma, the conjugation of the EGFR binding
fragment of cetuximab to a CBD allowed for specific targeting and improved penetration in the tumor
areal”. A similar approach has been applied in order to conjugate a CBD to immune checkpoint inhibitor
antibodies and fusion to interleukin (IL)-2 and IL-12,

Other strategies aim at promoting tumor collagen degradation, either by collagenase treatment (also
encapsulated in nanoparticles and hydrogels) or by modulating collagen structure and biosynthesis'*”. For
instance, in order to reduce tumor-associated ECM stiffness, the components of the LOXL family may be
considered as attractive drug targets. However, while several strategies have been developed to lower LOXL
activity, most of them are in the preclinical phase and require further studies. Currently, the in vivo models
offer promising therapeutic tools aimed at improving or analyzing compounds with known targets or the
development of novel molecules. In this perspective, the tools developed for lowering LOXL activity mainly
include the use of inhibitors. Among them, a series of 2-aminomethylene-5-sulfonylthiazole (AMTz, dual
inhibitors of LOX and LOXL2), p-aminopropionitrile and simtuzumab (an anti-LOXL2 antibody) show an
ability to delay tumor growth™”". Further, as copper is crucial for LOX activity, copper chelators are
currently assessed as therapeutic tools to inhibit LOX activities. For instance, in a recent phase II clinical
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trial, the copper chelation ability of the tetrathiomolybdate allowed for reducing collagen cross-linking in
breast cancer patients'””. In the frame of the iCCA, the knockdown of LOXL2 reduced both tumor growth
and angiogenesis in a xenograft mouse model”.

Halofuginone is a collagen biosynthesis inhibitor that blocks fibroblast Smad3 activation under the
transforming growth factor beta 1 (TGF-p1) signaling. In a pancreatic cancer model, its use improved drug
delivery and immune infiltration”™. Among the other anti-fibrotic drugs, tamoxifen, a selective estrogen
receptor modulator, was found to reduce the levels of hypoxia-inducible factor-1a (HIF-1a) in pancreatic
cancer, thus decreasing the collagen deposition, fiber alignment, and the tumor tissue stiffness””. According
to some investigations, collagen and immune cell infiltration can represent a link to increase the efficiency
of the immunotherapy approaches, since the non-responders to conventional therapies urgently need new
therapeutic treatment strategies. Many studies highlighted the relationship between the dense, aligned
collagen and the inhibition of T cell migration into the TME. Thus, the treatment with neutralizing
antibodies that interfere with collagen fiber alignment can encourage immune cell infiltration and,
consequently, inhibit cancer development. Recently, it has been revealed how the inhibition of LOX
enzymatic activity, in combination with anti-programmed cell death protein 1 (anti-PD-1) administration,
is able to improve CD8" T cell infiltration in tumors".

Until now, little is known about direct collagen-targeted therapy to specifically counteract iCCA
progression. The investigation of the role and function of biomolecules in disease conditions may be
essential for several cellular processes, contributing to the maintenance of cell homeostasis””. However, in
renal cell carcinoma, COL3A1 has been shown to be a target of let-7 miRNA, suppressing cancer cell
proliferation, dissemination, and tumor macrophage infiltration"”. Accordingly, Yu et al. have investigated
the expression of long non-coding (Inc) RNAs and mRNAs in several iCCA tissue samples in comparison to
adjacent normal tissues and discovered an overexpression of IncRNA LIM and cysteine-rich domains 1
antisense RNA1 (LMCD-AS1) in cancerous tissues”. Most importantly, a strong positive correlation of
LMCD1-AS1 and type VI collagen a-3 chain (COL6A3) in iCCA tissues was observed, suggesting that the
oncogenic role of LMCD1-AS1 may be partly dependent on COL6A3 expression. This study describes the
LMCD1-AS1/miR-345-5p/COL6A3 axis as a potential new scenario in specific stroma-targeting therapies
to counteract iCCA progression. Figure 2 illustrates a schematic representation of the described therapeutic
strategies.

CONCLUSIONS

Collagens are among the most ubiquitous and abundant proteins in human tissues. However, until recent
years, evidence has highlighted that collagens play crucial roles in iCCA progression. First, specific collagens
and collagen-associated proteins represent a reservoir of cellular mediators that, once released, enhance the
iCCA cell malignant behavior and promote tumor-associated lymphangiogenesis. Second, collagen density
provides a stiff scaffold to support iCCA cell growth and, as a physical barrier, to escape from the immune
T-cell surveillance. Finally, the supramolecular reorganization of the aligned type III collagen during iCCA
progression acts as a binary track for cancer cell escape toward neo-formed lymph vessels. Taken together,
we believe that deeper investigations on the structural and functional properties of the iCCA-associated
collagens will lay the ground for the development of novel targeted therapeutic strategies as well as new
tools of pharmacological intervention for this malignancy.
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