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1. ABSTRACT

Fibroblast activation protein (FAP) belongs
to the dipeptidyl peptidase IV (DPP4; CD26) gene
family. Other related genes in this family of enzyme
include DPP4, 8 and 9. The FAP serine protease
has the rare property of both dipeptidyl peptidase
and endopeptidase activities capable of cleaving the
post-proline bond at two or more residues from the
N-terminus. FAP is involved in a variety of biological
processes but its expression in healthy tissues is low.
In contrast, FAP is significantly elevated in pathological
conditions such as at sites of tissue remodelling and
repair. Its differential pattern of expression in diseases
supports the emerging concept for FAP as a potential
disease biomarker as well as a useful therapeutic
target for drug intervention. This review summarizes
the current knowledge of FAP, particularly its diagnostic
and pathological significance in liver fibrosis.

2. INTRODUCTION

Proteases are responsible for protein
degradation by hydrolyzing the peptide bond(s) of
a protein substrate. They are important in many
post-translational modification events for the control
of protein structure and function. They influence
protein turnover critical for many biological as well
as pathological processes such as developmental
biology, tissue repair, tissue remodeling, inflammation,
cardiovascular disease and cancer.

The DPP4 gene family consists of DPP4,
FAP, DPP8, DPP9, DPP10 and DPP6/DPP-X. DPP6/
DPP-X and DPP10 do not have enzymatic activity.
The DPP4 family of post-proline serine proteases is
a subfamily within the prolyl oligopeptidase (POP)
family, which also includes prolyl endopeptidase
(PEP). Members of this enzyme family have several
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characteristic features that set them apart from the
classical serine peptidases. They are specialized in
cleaving the post-proline bond, which is resistant to
proteolytic cleavage due to its cyclic nature, and the
presence of an imino rather than an amino group.
Furthermore, the catalytic pocket of the POP family
enzymes is shielded inside the protein, a feature that
restricts substrate size (1). As most hormones and
neuropeptides comprise at least one proline residue,
the POP family enzymes are particularly useful for
processing and degrading peptide hormones. For
these reasons, members of the POP family enzymes
are increasingly recognized as important targets of
drug design. The focus of this review is FAP and in
particular its role in the pathogenesis of liver fibrosis.

3. FAP

Discovered in 1993, FAP, also known as
FAPo and as seprase, is a homodimeric type Il integral
membrane serine protease with unique proteolytic
capability and possesses a variety of biological
functions. FAP and DPP4 share many features, with
52% amino acid sequence homology and a similar
catalytic region with comparable enzymatic activity.
FAP and DPP4 genes, each containing 26 exons,
are located immediately adjacent to each another at
2qg24.3 and 2g24.2 and have similar gene sizes of 72.8
kb and 81.8 kb respectively, suggesting they represent
a product of gene duplication. Co-expression of FAP
and DPP4 has been reported (2) but, unlike DPP4,
FAP is not ubiquitously expressed and its expression
is restricted to sites of tissue repair.

FAP has attracted tremendous interest as
a potential drug target in recent years. This is in part
due to its unique expression in tissue remodelling sites
associated with tumours, fibrosis, atherosclerosis and
arthritis. Forinstance, FAP is a well established marker of
activated fibroblasts (3) and FAP expression is strongest
in activated tumour stromal fibroblasts, activated hepatic
stellate cells (aHSC) and myofibroblasts but not in
healthy cells (4-6). These cells are key players in many
pathological conditions, particularly in the development
and progression of liver fibrosis.

3.1. Structure of FAP

FAP contains 760 amino acid residues
comprised of a short cytoplasmic tail of only 6 amino
acids, a single transmembrane domain of 18 amino
acids and an extracellular domain of 736 amino
acids. The crystal structure determination showed the
extracellular domain of FAP contains two domains
(Figure 1), an a/B-hydrolase domain (residues 27-53
and 493-760) and an eight-blade B-propeller domain
(residues 54-492), that enclose a large cavity of ~30-
45A in diameter. A small pocket within this cavity at
the interface of the o/p hydrolase and p—propeller

domains, contains the catalytic triad, composed of
residues Ser624, Asp702 and His734 (7). In addition
to the catalytic triad, residues Ala657, Asn704, Arg123,
Glu203 and Glu204 are all necessary for FAP catalytic
activity. Access to this cavity is through a side opening
(~15A) allowing only elongated peptides or unfolded or
partly unfolded protein fragments to reach the active
site cavity. FAP is less heavily glycosylated than DPP4
(8, 9). FAP contains six potential N-linked glycosylation
sites (motif Asn-X-Ser/Thr), at Asn residues 49, 92, 99,
227, 314 and 679. Most of these sites are located on
the B-propeller surface with only one on the hydrolase
domain, which is proximal to the cell surface. All but
Asn99 are glycosylated in the baculovirus-expressed
soluble human FAP (10).

3.2. Catalytic mechanism of FAP

In addition to the catalytic triad, Glu203 and
Glu204 contained in the a-helix of the B-propeller
domain are essential for catalytic activity (6). They
align the substrate peptide by forming salt bridges to
its N-terminus, leaving room for only two amino acids
before the peptide reaches the active serine residue,
thus explaining its dipeptide cleaving activity. These
glutamic acids are conserved in DPP4 and DPP8
(11-13).

The crystal structures of FAP and DPP4 have
one major difference in the vicinity of this Glu motif
within the active site (Figure 1). FAP has lower acidity
in this active site due to the presence of a neutrally
charged Ala657 whereas DPP4 has a negatively
charged Asp663. This amino acid substitution lowers
FAP affinity for N-terminal amines by 100-fold
compared to DPP4. Concordantly, the kinetic analysis
of the mutant FAP Ala657Asp shows an approximately
60-fold increase in catalytic efficiency for the cleavage
of dipeptide substrates, and an approximately 350-fold
reduction for cleavage of the endopeptidase substrate
Z-Gly-Pro-7-amino-4-methylcoumarin (7, 14). Tyr656
is essential for catalysis and Asn704 and Arg123
greatly influence activity (15). All five conserved non-
catalytic triad residues, at 123, 203-204, 656 and 704,
appear to confer transition state stabilisation (15).

3.3. FAP activity

Both the dipeptidyl peptidase activity (17-19)
and the endopeptidase activity (7, 14) of FAP rely on
the tertiary structure of FAP to dimerise (17, 19, 20).
Recently, we reported a variant of a single substitution
at Ser363 to Leu that is necessary for maintaining
FAP tertiary structure. Interruption of FAP tertiary
structure by Ser363 substitution consequently led to
loss of FAP enzymatic activity (21). The k_/K values
for cleavage of H-Ala-Pro-pNA by FAP are about
100-fold less than DPP4 (7). But, unlike DPP4, the
endopeptidase activity of FAP is restricted to Gly-Pro
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o/p hydrolase domain

/ C-terminal

Figure 1. (A-B) Ribbon diagram of the front (A) and the back (B) view of FAP monomer with spheres depicting important residues for FAP catalytic
activity. Ser624 (dark blue), Ala657 (red), and Asn704 (cyan) of the o/p hydrolase domain and Arg123 (gold), Glu203 and Glu204 (green) of the
B-propeller domain. The N-terminal transmembrane and cytoplasmic portions of FAP are not shown; they would be above the molecule. (C) Space-filled
representation of the FAP dimer highlighting potentially glycosylated Asn residues (red) and sugar (black) and is orientated to show the side opening.
The hydrolase (blue and pink) and the propeller (green and gold) domains. The N- and C-termini are shown in grey and orange, respectively. Arrows
point towards the opening in each beta propeller lower face. Image construction used PDB coordinates 1XFD (3.0. Angstrom resolution) and PyMOL.
These depictions are derived from (16).
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containing substrates (14). Thus, FAP has a unique
endopeptidase activity on Gly-Pro derived substrates.

Beside its enzymatic function, certain FAP-
driven roles are independent of its proteolytic activities.
We found that in vitro effects of FAP on cell adhesion,
migration, proliferation and apoptosis do not require
FAP’s enzyme activity (6). In a human breast cancer
xenograft model, Kelly and co-workers demonstrated
that breast cancer expressing wild type or S624A
catalytic mutant FAP exhibited similar behaviour.
Both tumours have rapid growth with similar degree
of invasiveness (22). Furthermore, the role of FAP
in promoting bone marrow mesenchymal stem cells
migration has been shown to be independent of its
peptidase activity (23).

FAP interacts with a number of surface
molecules including o.B, integrin (24), DPP4 (25, 26)
and urokinase plasminogen activator receptor (UPAR)
(27). It has been postulated that these interactions
help localise FAP to the ECM to promote cell invasion
and migration (6), and implicate FAP in cell signalling
(28, 29). Further studies will be necessary to reveal the
relevance in FAP enzymatic activity in liver diseases.

3.4. Expression of FAP

In normal human tissues, both FAP mRNA
and protein levels are low but detectable in breast
tissue, cervix, endometrium, pancreas, placenta, and
skin (30). However, intense FAP expression is found
on activated fibroblasts and mesenchymal cell during
embryogenesis (31) and in pathological conditions
such as wound healing (32, 33), fibrosis (6, 17, 34,
35), and stromal fibroblasts of epithelial tumors (2, 4,
5, 32), bone marrow-derived mesenchymal stem cells
(23) and tumour associated macrophages (36). FAP is
also known to co-localize with MMP1, MMP13, CD44
and alpha-smooth muscle actin (a-SMA) in rheumatoid
arthritis synovium (37). In vitro, FAP expression in cell
lines includes some sarcoma and glioma cell lines,
phorbol ester-stimulated melanocytes and cultured
fibroblasts (17, 33, 38). FAP has also been localised
to the advancing portion (invadopodia) of cultured
melanoma cells in conjunction with MMP2 (19, 39).
These findings collectively suggest FAP is implicated
in cell migration, invasion and tissue remodelling.

FAP is not readily detectable in healthy adult
liver, (6, 17). In contrast, FAP-positive cells are present
in early stages of liver injury and FAP immunostaining
intensity strongly correlates with the histological
severity of fibrosis in cirrhotic liver (40).

In particular, FAP is present near lipid
accumulation or liver steatosis, on myofibroblasts and
aHSC at the portal-parenchymal interface of cirrhotic
liver (17, 40).

There is currently no antibody available to
reliably detect mouse FAP (41), thus it is unknown
whether FAP expression in mouse liver differs from
human, or whether FAP protein levels correlate with
stage of liver disease in mice as was observed in
human. Interestingly, the FAP gene knockout (KO)
mouse has a normal phenotype for body weight, organ
weights, histological examination of major organs and
haematological analysis (42) suggesting that FAP is
dispensable under physiological conditions. Similarly,
humans appear to be unaffected when lacking FAP (21).

3.5. Circulating FAP (cFAP)

Increased expression of FAP in diseased
tissues has prompted speculation that FAP might
be a biomarker for diagnosis or prognosis, and for
monitoring disease progression. FAP exists in both
cell surface-bound and soluble forms that are both
enzymatically active. Circulating FAP (cFAP) can be
quantified at the antigen level using ELISA (43), or at
the enzyme activity level using a specific FAP substrate
(3144-aminomethylcoumarin) (44). These two assays
are strongly correlated in both liver disease and
coronary heart disease, as well as in healthy subjects
(45). Serum and plasma contain comparable FAP
activity that is measurable in non-diseased plasma
from humans, mice and baboons (44). We showed
that cFAP activity in mouse plasma is approximately
19- and 15- fold greater than in human and baboon
plasma, respectively (44). Interestingly, in plasma from
healthy subjects, men have significantly more cFAP
than women, and there is a strong positive correlation
between body mass index and cFAP (45, 46).

In chronic liver diseases, cFAP enzyme
activity is almost doubled in alcoholic cirrhosis (44) and
cFAP antigen is significantly increased with the severity
of liver cirrhosis according to the Child-Pugh score
(43). In both type 2 diabetes and morbid obesity, cFAP
activity has been positively correlated with severity of
liver fibrosis (47). Most importantly, lower cFAP activity
has been found to have an excellent negative predictive
value (95%) for clinically significant liver fibrosis in
subjects at high risk of progressive non-alcoholic fatty
liver disease (NAFLD) (47). Furthermore, in that study,
cFAP activity adds substantial diagnostic value by re-
classifying almost half of the ‘indeterminate-risk’ group,
as classified by NAFLD fibrosis score, to ‘low-risk’ for
current clinically significant fibrosis (47). In a hepatitis
C virus infection cohort, both cFAP activity and antigen
levels were significantly lower in patients after a liver
transplant, toward levels of healthy individuals (45),
which suggests that the increased cFAP was liver-
derived in those patients.

Measuring cFAP in other diseases is intriguing.
Despite upregulated FAP expression in tumour stroma,
decreased cFAP antigen levels have been found in
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patients with various malignancies when compared with
controls (48). cFAP antigen and activity levels decrease
in patients with colorectal cancer and pancreatic ductal
adenocarcinoma, respectively (49, 50).

Nevertheless, combining cFAP with other
biomarkers can increase the sensitivity for colorectal
cancer diagnosis (49). This observation aligns with a
recent study showing reduced cFAP antigen levels in
esophageal squamous cell carcinoma and that cFAP
improves the diagnosis when combined with other
traditional biomarkers (51). These studies suggest that
the release of cFAP is regulated in cell- and organ-
specific manners. The shedding of hepatic cFAP has
strong diagnostic relevance in liver disease.

FAP mediated cleavage of a2-antiplasmin
(a2AP) enhances its activity and promotes
incorporation of a2AP into the fibrin clot (52). In this
setting, FAP has a pro-coagulant property. While the
clinical relevance of cFAP level in liver disease is
strong, the significance of cFAP in thrombotic related
cardiovascular disease is less conclusive. Although
cFAP is altered dynamically in coronary syndromes,
cFAP antigen and activity levels remain unchanged in
arterial thrombosis (45, 46). Furthermore, cFAP levels
are downregulated in coronary heart disease (46, 53)
and after acute ST-elevation myocardial infarction
(STEMI) (54). Surprisingly, cFAP activity decreases
in patients with stroke and inversely correlates with
stroke severity, progression and outcome (55). These
studies suggest that cFAP is an independent marker
of thrombotic-associated cardiovascular diseases and
reinforce its specificity in the setting of liver diseases.

Similarly, we have observed no positive
correlation between tissue expression of FAP and cFAP
activity in rheumatoid arthritis or systemic sclerosis
(37), cFAP is negatively correlated with inflammatory
markers in such patients (56). How cFAP is regulated
in different inflammatory diseases, such as their
expression pattern and their shedding mechanisms,
are key questions to be addressed in the future.

Understanding how cFAP levels change in
patients is very important for understanding how to
use the FAP enzyme assay in diagnostic regimes. The
potential of cFAP as an indicator for diagnosis has been
strengthened in chronic liver diseases and cancers.
When combined with other clinical parameters, cFAP
quantitation will have application as a biomarker
and may become a rapid and inexpensive adjunct in
screening for specific diseases.

3.6. Substrates of FAP
FAP and DPP4 shared many key residues at

substrate binding sites. In fact, some of the reported
FAP substrates were initially identified because of their

association with DPP4. A number of substrates that
FAP cleaves include gelatin or type 1 collagen (CN-
1) (18, 57), a2AP (58), Sprouty 2 (59), neuropeptide
Y, substance P, peptide YY and B-type natriuretic
peptide (60). To date, only some of these candidate
substrates have been further characterised for their
FAP-mediated biological roles. CN-I was the first FAP
substrate to be identified (18). FAP-mediated cleavage
of CN-I is important for ECM remodelling. Cleavage
of a2AP by FAP enhances its binding to fibrin by 13-
fold and promotes fibrin stabilization by protecting
fibrin clots from plasmin-mediated degradation (58).
Recently, fibroblast growth factor-21 (FGF-21) was
identified as an FAP substrate (61-63). FGF-21 is an
important regulator of glucose and lipid metabolism
and is liver protective. Cleavage of FGF-21 by FAP
inactivates FGF-21 activity, suggesting that FAP could
influence glucose and lipid haemostasis implicated in
high fat diet-induced liver injury.

In addition to its naturally occurring substrates,
there are a number of synthetic compounds conjugated
with  7-amino-4-methylcoumarin  (AMC) available
for measuring FAP enzymatic activity. The assay
measures the release of AMC following hydrolysis
by FAP. Although such assays provide quantitative
measures of FAP activity, some are not specific to FAP
(44). Alternatively, FAP specificity can be achieved
with human samples by FAP enrichment using FAP-
specific antibodies (18, 64).

4. HEPATIC EXTRACELLULAR MATRIX

The liver extracellular matrix (ECM) plays a
critical role not only to provide a platform for cells and
connective tissue but also to support the physiological
functions of the liver. Unlike other epithelial organs,
the liver has no basement membrane and only
contains minimal ECM consisting mostly of structural
glycoproteins. ECM proteins are large and structurally
complex containing multiple domains with different
functions and they are highly conserved across
species (65).

Some of the known complex ECM proteins
are collagen, fibronectin (FN), elastin, fibrillin-1, latent
transforming growth factor (TGF)-B binding protein
(LTBP-1) and thrombospondin-1 (65, 66). Beyond
its structural support, the ECM proteins regulate the
biological functions of integrins (a,B,, a,f, and a,B,).
Binding of integrin to ECM triggers signal transduction
and promotes cell-matrix adhesion and drives
polarisation, adhesion, migration, proliferation, survival
and differentiation.

ECM proteins also serve as a storage or
reservoir for a variety of growth factors, such as TGF-§,
FGFs, hepatocyte growth factor, vascular endothelial
growth factor, interleukin (IL)-3, tumour necrosis factor
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(TNF)-o. and platelet-derived growth factor. Binding
of growth factor to ECM proteins is typically but not
always to heparan sulphate proteoglycan (HSPG). For
some growth factors, binding to its signalling receptor
requires HSPG as a cofactor (67, 68). ECM proteins
have both direct and indirect roles in cell signalling.
Besides providing a docking platform for growth
factors, they also directly contribute to growth factor-
mediated cell signalling (69, 70)

ECM homeostasis is maintained by
equilibrium between the rates of ECM synthesis and
degradation. This matrix turnover is tightly regulated by
the matrix metalloproteinases (MMPs) and the tissue
inhibitors of matrix metalloproteinases (TIMPs) (71).
Unlike FAP, MMPs are synthesised in pro-enzyme
form requiring extracellular activation. The MMPs
are a diverse family of zinc- and calcium- dependent
endopeptidases involved in degrading a variety of
ECM proteins. The interstitial collagenases (MMP1, 8
and 13) degrade CN-I, -1l and -lll, and the gelatinases
(MMP2 and 9) digest denatured CN, along with CN-
IV, -V and -VII (72, 73). The MMP expression levels
are transcriptionally regulated by cytokine and growth
factor signalling, including TGF-B, IL-1, IL-4, FGF,
epidermal growth factor, connective tissue growth
factor (CTGF; CCN2) (74) and insulin-like growth
factor (IGF) (75). MMP regulation relies upon TIMPs
and the matrix itself via integrin-linked pathways. The
local microenvironment (health versus disease) is a
very important and ultimately dictates the function of
TIMPs and how they contribute to matrix turnover (76).

In response to injury, hepatic ECM proteins
are capable of complete reconstitution. The initial
phase involves the formation of granulation tissue
containing FN, vitronectin, tenascin-C, and CN-IIl and
CN-VI. Deposition of mature ECM proteins such as
CN-I, CN-XIV and decorin follows. The most abundant
ECM proteins in liver injury are the fibrillar collagens
especially of type | and some types lll and IV collagen).
Further detail on the regulation of ECM proteins in liver
injury is described in the liver fibrosis section.

5. LIVER FIBROSIS

Liver fibrosis is a wound-healing process
characterised by excessive and aberrant accumulation
of ECM deposition as a consequence of chronic
liver injury of any cause. The trigger can be viral
infection, alcoholic liver disease, metabolic diseases,
haemochromatosis, autoimmune diseases and non-
alcoholic steatohepatitis (NASH). Persistent fibrosis
alters ECM production and compromises liver function
leading to end stage liver disease such as cirrhosis
and liver cancer (77).

In recent decades, cumulative research
efforts have shed light on the mechanisms of liver

fibrosis. Detailed knowledge of fibrotic mechanisms is
key in the development of new concepts that fibrosis
is in fact a reversible process (78). Such knowledge
also provides exciting new perspectives on diagnosis
and therapy to target fibrosis. Some of the key events
pertinent in the pathogenesis of liver fibrosis will be
discussed.

5.1. Hepatic stellate cell (HSC)

The HSCs constitute approximately 10% of
liver resident cells. They are often referred to as Ito
cells, Vitamin-A storing cells, fat-storing cells, interstitial
cells or lipocytes. In healthy liver, the HSCs reside in
the space of Disse and display a non-proliferative, non-
contractile quiescent phenotype. They store retinoid
and express quiescent markers such as desmin, glial
fibrillar acidic protein (GFAP), synaptophysin and
nerve growth factor receptor p75 (79).

An increasing body of evidence now
supports the widely accepted sequence of events in
HSC activation. The initiation phase is characterised
by transdifferentiation of quiescent HSCs followed
by an amplification phase of activated phenotypes.
In response to injury, the quiescent HSCs undergo
rapid activation and transform into the myofibroblast
phenotype. Activated HSC are contractile, more
motile, hyper-proliferative and pro-inflammatory. They
are distinguished from other liver cell types by their
unique markers and tissue distribution pattern. For
example, they express a-SMA, platelet derived growth
factor receptor B, lecithin retinol acyltransferase
(LRAT), desmin, GFAP and heart- and neural crest
derivatives- expressed protein 2 (HAND2). a-SMA
positive HSCs are typically found within the areas
of fibrotic bands and in the septum-parenchymal
interface. Activated HSCs are the main source of ECM
constituents in injured liver, so they are considered
the main driver of liver fibrosis. However, aHSCs are
not the only source of hepatic myofibroblasts. Other
known sources of hepatic myofibroblasts include
portal fibroblasts; bone marrow-derived fibrocytes
and mesenchymal progenitor cells, and epithelial-
to-mesenchymal transition (80-85). Human aHSCs
express high levels of FAP. However, whether FAP is
differentially expressed in myofibroblasts of different
origins is unknown.

Activated HSCs produce a large repertoire
of cytokines and chemokines (78). One of the well-
characterised cytokines and the main contributor for
liver fibrosis is TGF-p1. Liver TGFB1 is synthesised
and bound to ECM in a pro form, latent TGF-B (LTGFp),
and is locally activated in response to proteases. Once
activated, TGFp stimulates transcription of genes
important for fibrogenesis, namely CTGF, leading to
ECM gene transcription. TGF-B1 overexpression leads
to increased matrix deposition.
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Activated HSCs and myofibroblasts express
a wide range of ECM molecules, and their synthetic
capacity largely determines the composition of fibrotic
matrix both quantitatively and qualitatively. Activated
HSCs and myofibroblasts also secrete most of the MMP
and TIMP. The final result of this process is that any
liver injury that results in HSC activation, particularly
if chronic, leads to an increase in overall numbers of
myofibroblast-like aHSCs that are actively producing
matrix, while simultaneously preventing degradation of
the matrix through expression of TIMP1 and TIMP2.

The pathways regulating HSC activation
have been extensively discussed (78). In brief, they
include metabolic regulation, epigenetic regulation,
immune signalling, as well as receptor-mediated
regulation. A number of emerging pathways have
also been described. yes-associated protein (YAP),
endosialin, bromodomain-containing protein 4,
galectin 3, and GATA4 are among the candidate
proteins (78). In addition to the above-mentioned
pathways of regulation, ECM stiffness has been shown
to independently influence myofibroblast activation
(86). Tissue stiffness is determined not only by the
type of ECM proteins but also their degree of cross-
linking. In this context, any proteases or their inhibitors
involved in ECM remodelling can potentially affect
myofibroblast activation and dictate fibrosis outcome.
Examples of these proteolytic enzymes include lysyl
oxidase (LOX) and lysyl oxidase like (LOXL) enzymes
(87-89). LOX and LOXL2 are up regulated in fibrosis
and facilitate the covalent cross-linking of fibrillar
collagen and collagen, respectively.

5.2. FAP in liver fibrosis
5.2.1. FAP as a modulator of HSC activation

The expression of FAP has been shown to
positively correlate with progression of liver disease
in human (40). As discussed, FAP is only expressed
by aHSCs in areas of tissue remodelling and is
co-localised with fibrillar matrix, CN-l and FN (6,
17, 35). High levels of FAP are found in the portal -
parenchymal interface in cirrhotic liver while absent
in histologically normal parenchyma (17). In vitro,
FAP overexpression in LX-2 (a human HSC cell line)
enhances cell adhesion, migration, proliferation and
apoptosis on ECM substrata (6). These emerging
data suggest that FAP is implicated in liver fibrosis.
We have found that chemical or genetic depletion of
DPP4, the enzyme most similar to FAP, lessens liver
fibrosis in mice (90). However, the pathological role of
FAP in aHSCs is unclear. Furthermore, whether FAP
directly affects aHSC function or indirectly acts through
modification of ECM proteins remains an unexplored
area of research. Thus, further studies are needed
to fully reveal the pathological consequence of FAP
expression in fibrogenesis and in chronic liver disease.

A more robust study involving larger cohorts of patients
will corroborate the clinical significance of FAP and with
the potential to stimulate more research in the field.

5.2.2. FAP as a modifier of ECM proteins

Liver fibrosis represents a substantial change
not only in the amount of complex ECM proteins but
also the composition and the type of crosslinking.
Thus, potential post-translational regulations of the
ECM proteins are critical and will influence fibrogenesis
outcomes. In addition, changed rates of protein
synthesis and degradation dictate ECM turnover. Both
the dipeptidyl peptidase and endopeptidase activity of
FAP are important in the regulation of various ECM
proteins. In the context of fibrosis, FAP-mediated
MMP1 dependent cleavage of CN-lI or collagen
modifier proteins is of significance.

Another potential role of FAP in influencing
ECM is through a2AP. FAP mediated cleavage of
a2AP greatly enhances its inhibition of plasmin,
leading to decreased fibrinolysis. Well-controlled
fibrinolysis is crucial in the early phase of tissue
repair. Fibrin clearance allows provisional matrix
reorganization in addition to promoting downstream
signaling events. Suppressed fibrinolysis is associated
with some fibrosis (91). In this context, FAP-promoted
decrease in fibrinolysis may be pro-fibrotic. However,
there are still limited studies to support the importance
of fibrinolysis in fibrosis.

These findings together imply that FAP
has pro-fibrotic potential by orchestrating the post-
translational modifications of ECM proteins as well as
by modifying ECM protein organisation.

5.2.3. FAP in liver inflammation

It is well established that inflammation drives
the hepatic wound healing response and is a major
mediator of fibrogenesis. The findings that FAP is
highly expressed in chronic inflammation and fibrotic
conditions suggest that FAP has a pathological role
within the inflammatory milieu (17, 37, 92, 93). It is
known that fibroblasts play a significant role in attracting
and retaining inflammatory leukocytes within sites of
inflammation through their production of cytokines,
chemokines, and other biologically active factors
(94). FAP may have some effects on fibroblasts by
modulating their soluble factor secretion and activities
to influence leukocyte movement. However, we found
that the outcome of influenza infection in mice is not
significantly altered in the FAP KO mouse compared to
wild type mice (95).

Chemokines are leukocyte chemoattractants

and, together with pro-fibrotic cytokines, recruit
inflammatory cells and myofibroblasts to sites of injury.

© 1996-2019



FAP in Liver Fibrosis

The recruitment of these cells is a fundamental process
of the early stage of the wound healing response (96).
In the context of fibrosis, the CC- and CXC-chemokine
receptor families are important. Some chemokines
require proteolytic processing for activation. Most type
| transmembrane bound chemokines are proteolytically
cleaved by a sheddase. For example, a disintegrin and
metalloproteinase domains (ADAM)-10 and its relative
ADAM-17 are well known sheddases for TNFq,
TGFo, IL-6R among others (97). Many chemokines
are substrates for DPP4, but are poor substrates for
FAP (60). Further research in this area will shed light
on whether FAP has a role in inflammation and, if so,
whether they participate in the proteolytic cleavage of
such cytokines.

FAP is highly expressed by a subset of
macrophages within the breast cancer stroma (36).
Although the pathological relevance of FAP in tumour
associated macrophages is yet to be defined, this
finding together with others in the field implicated
FAP in inflammation and its potential role in mediating
fibrogenesis.

5.2.4. FAP in metabolic disease

Increasing evidence is emerging that insulin
resistance and NASH underlie liver fibrosis (98). NASH
shares many pathological hallmarks associated with
metabolic syndrome, which encompasses obesity, type
2 diabetes and dyslipidaemia. However, NASH can
also progress without these underlying pathologies. As
the prevalence of metabolic syndrome increases, so
does the prevalence of NASH. This alarming trend in
the spectrum of metabolic syndrome and its pro-fibrotic
risk reinforces the clinical importance of understanding
these conditions in order to effectively treat fibrosis.

FGF-21 is a non-mitogenic hepatokine with
strong protective effects against several components of
the metabolic syndrome. FGF-21 has anti-obesity and
anti-diabetes roles (99-101) and is hepatoprotective
(102, 103). FGF-21 KO mice are resistant to the
insulin-sensitizing effects of thiazolidinediones (TZDs),
suggesting that the anti-diabetic effect of TZDs is
mediated by FGF-21 (104). FGF-21 is a substrate
for FAP, rendering FGF-21 inactive. Preclinically, a
FAP-resistant FGF-21 analogue has been shown to
alleviate type 2 diabetes (105). We have found, in a
diet induced obesity model, that FAP KO mice are
protected from insulin resistance, steatosis and have
improved glycaemic control compared to wild type
control (106). The mechanism by which FAP promotes
metabolic disease may involve FGF-21 (107).

5.2.5. FAP as a therapeutic target for liver fibrosis

The understanding of the cellular and
molecular mechanisms underlying liver fibrogenesis

has dramatically advanced in the last two decades.
The discovery of aHSCs as the major fibrogenic cell
type in the injured liver has facilitated the design of
promising new anti-fibrotic therapies. These therapies
are aimed at inhibiting the accumulation of aHSCs at
the sites of liver injury and preventing the deposition of
ECM. The development of liver fibrosis in most human
liver diseases is preceded by chronic inflammation
of the hepatic parenchyma, so treatments inhibiting
liver inflammation may also attenuate the progression
of liver fibrosis. As discussed, numerous levels of
regulatory mechanisms exist in fibrogenesis. While
this multifactorial pathophysiology offers therapeutic
opportunity to target multiple signalling components,
it is also very likely that no single therapy will be
effective. Therefore, combinatorial approach therapy
using agents with anti-fibrotic and anti-inflammatory
effects should be considered for anti-fibrotic treatment.

An effective anti-fibrotic therapy would be one
that is organ and cell specific, well tolerated with fewer
side effects, and one that specifically target abnormal
collagen deposition without affecting normal ECM
synthesis.

As a therapeutic target FAP has several
favourable features that cause it to be considered.
Firstly, in liver FAP is only expressed by aHSCs, but not
by quiescent HSCs in normal adult liver. Secondly, it is
dominantly expressed in the tissue remodelling area,
the regions with active fibrogenesis. Inhibition of FAP
protease activity and disruption of the signalling of FAP
complexes with other surface molecules is another
potential therapeutic target. The effort of targeting FAP
as potential therapeutic drug will continue to attract
considerable interest. Additionally, the idea of FAP
cleavable prodrugs for delivering drugs to HSCs in a
precisely targeted fashion is attractive (108, 109).

6. CONCLUSION

Liver fibrosis is a multi-genic process. FAP is
a multifunctional protein and has pro-fibrotic roles and
possibly pro-inflammatory function in liver injury, as
well as potential roles in energy and lipid metabolism.
There may be several mechanisms by which FAP has
an impact on liver fibrosis. Most likely, FAP executes
its biological functions in a cell-context dependent
manner through a combination of its protease activity
and its ability to form complexes with other cell-surface
molecules on HSCs and therefore influence fibrotic
processes. Studies on tissue remodelling models of
FAP deficient mice and on FAP associated signalling
pathways may help to further elucidate its roles in
ECM interactions and liver fibrosis.

Our understanding of the natural substrates

of FAP is very limited. Identification of the natural
substrates of FAP and the functions of FAP-hydrolysed
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Figure 2. Working model of FAP in chronic liver injury. Inflammation drives HSC activation and trans-differentiation into the contractile hyperproliferative
myofibroblast expressing high levels of FAP. Both soluble and membrane bound FAP have pro-fibrotic potential by modulating ECM remodelling, inflammation
and the metabolic syndrome. FAP immunopositive aHSCs or myofibroblasts in cirrhotic liver (arrows), fibrotic septa (S); parenchymal tissue (P).

peptides remains an important area to be explored.
The narrow endopeptidase activity of FAP is the main
target for selective FAP inhibitors. Specific areas for in
vivo testing of FAP-selective inhibitors will include not
only fatty liver and liver fibrosis but also other biological
processes in which FAP may act, such as cancer,
haematopoiesis, arthritis, diabetes and cardiovascular
diseases.

FAP and DPP4 may function co-ordinately
via differing mechanisms to regulate pathological
processes and both enzymes are appealing targets for
therapeutics designed to inhibit liver fibrosis.
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