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Abstract

Introduction: Fibroblast activation protein-o. (FAP-a) belongs to the family of prolyl-specific
serine proteases. FAP-o displays both exopeptidase and endopeptidase/gelatinase/collagenase
activityies. FAP-a protein and/or activity have been associated with fibrosis, inflammation and
cancer, but the protein is undetectable in most normal tissues. FAP-a is selectively expressed at
sites of tissue remodeling and repair and enhances tumor progression, suggesting that this protease
may be a therapeutic target to treat human disorders associated with fibrotic dysregulation.

Areas covered: In this review, we summarize the mechanisms driving tissue fibrosis and describe
some of the enzymes involved in fibrosis, concentrating on FAP-a. We describe its enzymatic
properties, discuss the tools developed to control its activity and the problem of selectivity toward
the other proteases of the family and outline its potential biological substrates. We also consider
non-enzymatic functions of this protein and suggest that repression of FAP-a expression may
represent therapeutic options.

Expert opinion: Questions remain regarding the biological functions of FAP-a, either dependent or
independent of its enzyme activity. However, as progress is underway to develop FAP-a-specific
inhibitors and therapeutic antibodies, its role in diseases associated with fibrosis is starting to

emerge, ultimately leading to novel therapeutic options for inflammatory and oncologic diseases.



1. Prolyl-specific proteases and FAP-a in fibrogenic disorders

1.1. Fibrosis, fibroblasts and myofibroblasts.

Fibrosis is a non-specific terminal pathway following local inflammation and scaring. It is the
hallmark of many chronic inflammatory diseases and cancer as well as a predictor of dysfunction of
solid organ transplants and implanted biomaterials [1,2]. The pathogenesis of fibrosis involves an
initial and repetitive tissue injury leading to abnormal tissue repair involving inflammatory and
mesenchymal cells, thickening of the surrounding tissue and functional impairment. In response to
tissue injury, the repair process may result in two distinct phenomena, a normal regenerative
process, limited in time, in which injured cells are replaced by cells of the same type. In chronic
pathological fibrotic responses, connective tissue, including myofibroblasts, replaces normal tissue
with an uncontrolled deposition of extracellular matrix (ECM). This pathological fibrotic process
finally results in the replacement of normal tissue with permanent scar tissue [3]. The mechanisms
of fibrosis development depend on the underlying disease or local tissue properties and an
inflammatory response to an initial injury, whatever the injury, as well as recruitment of
macrophages. These cells can synthesize locally a variety of growth factors, pro-inflammatory
cytokines, enzymes and ECM proteins that influence fibrogenesis. However, the mechanisms that
drive fibrogenesis are different from the mechanisms inducing inflammation. Transforming growth
factor-beta (TGFp), predominantly produced by circulating monocytes and tissue macrophages as
well as cancer cells, has been the most intensively studied pro-fibrogenic factor [4,5].
Myofibroblasts are fibroblast-derived cells that are present at very low frequency in normal tissues,
but are activated by a variety of stimuli [5,6] (Figure 1) and their number increases in healing
wounds and in fibrogenic disorders. Fibrosis-associated proliferating activated (myo)fibroblasts
express specific molecules induced by the activation process when compared with their resting
counterparts. They secrete large amounts of ECM proteins, in particular type | and type Il collagens.
The main feature of myofibroblasts is represented by an important contractile apparatus expressing
a-smooth muscle actin (a-SMA) and promoting cell migration. Thus, activation of resident tissue

fibroblasts is a key event of fibrosis development and/or progression, resulting from inappropriate
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properties of these cells in response to tissue stress. The increased number of (myo)fibroblasts
associated with fibrosis could originate from resident proliferating tissue fibroblasts, from
circulating bone-marrow-derived fibrocytes, or be the consequence of epithelial to mesenchymal
(EMT) or endothelial to mesenchymal (EndMT) cell trans-differentiation mechanisms.

In oncogenic diseases, cancer-associated fibroblasts (CAF) are recruited to the stroma of tumors and
influence a variety of oncogenic processes by secreting growth factors and proteases, and producing
an altered ECM [7]. In chronic inflammatory disorders, activated myofibroblasts accumulate at sites
of injury and deposit excessive ECM proteins associated with impaired degradation by
macrophages [8]. In cell/tissue transplantation or tissue engineering the biological response at the
interface between host tissue and transplanted/implanted bio-materials can trigger a variety of
adverse tissue responses such as local inflammation and fibrosis, hindering long-term functionning

of the grafts or devices.

Figure 1. Myofibroblast formation.

Proteolytic degradation of the ECM is necessary for tissue remodeling, repair and invasion, and
ultimately in the process of fibrosis. During the normal process of tissue remodelling, the final
stages include reduced synthesis and increased proteolytic degradation of collagens, regeneration of
the normal tissue cells and the vascular network, and disappearance of myofibroblasts by apoptosis.
Any disruption of the proteolytic balance in pathological processes may compromise tissue
homeostasis. Specific proteases are involved in the development, maintenance and regression of
tissue fibrosis. In this review, we will concentrate on the potential role of fibroblast activation

protein-o. (FAP-a) in fibrogenic processes in inflammation and cancer.

1.2. Prolyl-specific peptidases in fibrogenic diseases.
As production of proline-rich ECM proteins and collagens by activated (myo)fibroblasts is a key

event in the development of fibrosis, it can be hypothesized that prolyl-specific proteases are
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involved in tissue fibrosis by aberrantly processing tissue-derived biologically active prolyl-
containing peptides in response to tissue injury, inflammation or cancer. The prolyl residue, either
in terminal position or in the core of peptides, imposes conformational constraints of the amino acid
chain. Of the known human proteases, only a few prolyl-specific proteases, including the non-post-
prolyl-cleaving matrix metalloproteases (MMPSs) and the post-prolyl-cleaving proteases related to
dipeptityl amino-peptidase IV (DPP IV) have been described [9-16], suggesting that the amino acid
selectivity of prolyl-specific proteases for proline are implicated in fibrogenic processes.
Alternatively, non-enzymatic functions of these proteins may also be involved (see below). The role
of MMPs in fibrogenic diseases has been previously reviewed by several authors [for example, 17],
to whom the readers are referred since we will not repeat here this information. We will concentrate
on the prolyl-peptidases of the DPP IV family, in particular the potential interest of targeting FAP-a

in fibrosis-associated disorders [16].

2. The family of proline-specific peptidases (the DASH-family).

The post-prolyl-cleaving-specific peptidases encompasses several proteins: dipeptidyl peptidase
(DPP) 1V, quiescent cell proline dipeptidase (QPP/DPPII/DPP7), fibroblast activation protein-a
(FAP-a), prolyl oligopeptidase (POP), DPP8 and DPP9, and the inactive DPP6 and DPP10. They
include exopeptidases, such as DPP IV, FAP-a, QPP, DPP8 and DPP9, or endopeptidases such as
POP, DPP8 and FAP-a. DPP IV and FAP-a are membrane-bound, while POP, DPP8 and DPP9 are
cytoplasmic. These serine proteases exhibit similarities in their catalytic behavior [18]. The Gly-
Trp-Ser-Tyr-Gly sequence around the active Ser, and the organisation of the catalytic triad are
conserved between the members of the family [9-15,18]. DPP IV and FAP-o share the highest
sequence homology. The exopeptidase enzymatic activity of FAP-a is comparable to that of DPP
IV, but in addition FAP-o also displays endoproteolytic activity comparable to POP and
gelatinase/collagenase activity (Figure 2). Ubiquitously-expressed enzymes in various cellular
locations and with comparable overlapping enzymatic activities question the exact site, mode of

action, and biological functions of these proteins in cells and tissues.



Figure 2. Prolyl-specific peptidases: exoproteolytic (left) and endoproteolytic (right) enzymatic

activities, with the preferred amino acid sequences when known

We will first rapidly review the members of the family of serine prolyl-specific proteases other than

FAP-qa, then focus in more detail on FAP-q.

2.1. Post prolyl-cleaving peptidases other than FAP-a.

DPP 1V/CD26 (EC 3.4.14.5.) is the representative member of the family. DPP IV is a homodimeric
type Il integral membrane glycoprotein able to release X-Pro or X-Ala dipeptides from free N-
terminal sequences, allowing selectivity over prolyl-endopeptidases, whereas any amino acid is
permitted at the X position of the substrate, branched amino acids being preferred. Each subunit
comprises a C-terminal a/f hydrolase domain and an N-terminal eight-bladed p-propeller domain
forming a large cavity containing the active site [19,20]. Potential substrates of DPP IV include
cytokines, chemokines and growth factors carrying an N-terminal X-Pro- or X-Ala-motif, resulting
in activation, modulation of function or initiation of degradation of the peptides. Inhibitors of DPP
IV activity, the gliptin family of therapeutics, are in clinical use for type 2 diabetes [21]. The 3D
structure (X-ray crystal structure) and kinetic characteristics of DPP IV have been determined
[19,20,22-25]. DPP 1V, known as CD26, is a marker of T-cell activation in immune and
inflammatory diseases [26]. DPP IV activity has been linked to prostate, colon and lung carcinoma
or glioblastoma tumor cells [27-30]. DPP IV expression, as a receptor for tumor-associated
fibronectin on endothelial cells favors tumor cell adhesion and metastasis, independently of its
enzymatic activity [31].

POP (PEP/PREP; EC 3.4.21.26.) is a very conserved and widely distributed post-prolyl-
endopeptidase hydrolyzing peptides under 30 residues long at the carboxylic side of proline
residues in the core of the chain [12-14,32,33]. POP is able to form protein-protein interactions with

other cellular proteins [9,34]. The 3D structure, flexibility, substrate docking and Kkinetic
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characteristics of POP from mamalian and non-mammalian origin have been determined [35-38].
POP shows a cylindrical structure consisting of an o/p-hydrolase domain containing the catalytic
triad Ser®, Asp®*, His®® as an internal cavity between the two catalytic domains and an unusual
seven-bladed B-propeller non-catalytic domain. Synthetic inhibitors based on Z-prolyl-prolinal
(ZPP) have been developed [32,37].

QPP (DPPII/DPP 7; EC 3.4.14.2) is a homodimeric glycoprotein with protease characteristics
identical to DPP 1V, but with no sequence homology, active at acidic pH and located in intracellular
post-Golgi vesicles distinct of lysosomes. QPP is involved in protein maturation and catabolism,
and in immunological disorders [39-41].

DPP8 and DPP9 (EC EC 3.4.14.) are very similar and ubiquitously expressed, soluble cytosolic
enzymes of ~ 100 kDa with DPP 1V-like activity but without a transmembrane domain [42-47] and
exopeptidase activity. DPP8 has the same stucture as DPP 1V, an N-terminal propeller domain, and
a C-terminal peptidase domain. DPP8/9 inhibition can attenuate macrophage activation.

DPP6 and DPP10 are less deeply characterized. These proteins have no detectable protease
activity, due to the absence of the conserved serine residue present in the catalytic domain of serine
proteases. DPP6 and DPP10 regulate the expression and gating characteristics of membrane
potassium channel complexes [48,49].

The role in fibrogenic disorders of DPP8, DPP9, DPP6 and DPP10, is presently not known in detail

and will not be discussed in this review.

3. Fibroblast activation protein-alpha (FAP-a).

3.1. The biology and enzymology of FAP-a.

FAP-a (seprase; EC 3.4.21.B28) is an homodimeric type Il integral membrane prolyl-specific serine
protease belonging to the clan SC proteases and the S9B prolyl oligopeptidase subfamily [50-53].
FAP-a is most closely related to DPP 1V, displaying an overall 50% similarity in sequence and a
70% similarity in the catalytic region. FAP-a exhibits a DPP IV-like fold and has a molecular

weight and an enzymatic activity comparable to DPP 1V, removing X-Pro-dipeptides from the free
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N-terminus of peptides (exopeptidase activity); but in addition, FAP-a also displays endoprotease
activity like POP, and gelatinase/collagenase activities (endopeptidase activity) like MMPs [16,54-
58]. However, N-terminus-free substrates are cleaved by FAP-a with a 100-fold lower catalytic
efficiency compared to DPP IV [59]. FAP-a activity is inhibited by general serine-protease
inhibitors and boronic acid peptides [60-62]. There are at least 11 known alternative splice variants
of the most frequent FAP-a primary transcript, some of them encoding isoforms devoid of
enzymatic activity (the ACE-View Database, cited in [63]). FAP-o in humans is encoded by the
FAP-a gene, located at 2923 on chromosome 2 [64]. DPP IV and FAP-a genes are localized close
to each other on chromosome 2 and they are thought to result from gene duplication. Co-expression
of both enzymes is frequently observed and FAP-a can associate with DPP IV as heteromeric
complexes possessing both prolyl exopeptidase and prolyl endopeptidase activities [52,55,65,66],
suggesting that both molecules can reciprocally regulate each other.

FAP-a features an o/f hydrolase domain (characterized by the catalytic site sequence Gly-X-Ser-X-
Gly) and an eight-bladed B-propeller domain. FAP-a is biosynthesized as an inactive 97 kDa
subunit (760 amino acids, GenBank accession number U76833, 97 kDa) which needs dimerization
(170 kDa) to become active. Several mutagenesis experiments have provided information about the
functions of defined amino acids for either the hydrolytic or the adhesive properties of FAP-a
(Table 1). The results demonstrated that its exo- and endo-peptidase activities and the adhesive and

migratory properties could be differentiated.

Table 1. Mutagenesis experiments performed on FAP-a.

FAP-o aminoacid sequence predicts a 6-amino acid cytoplasmic tail, a 20-amino acid

transmembrane domain and a 734-amino acid extracellular domain [50,52,53] containing the

624

catalytic Ser®® Asp’® and His"** charge relay triad located at the carboxyl terminus of each subunit

(Figure 3A).


https://en.wikipedia.org/wiki/Gene

Figure 3. Structure of the FAP-a protein.

The structures of the active sites of FAP-a, POP and DPP IV are very similar [19,20,59,67,69-71],
suggesting comparable enzymatic mechanisms, conformational changes and ligand binding. The
crystal structure of the FAP-a homodimer (PBD ID:1Z68) shows that each monomer consists of an
ao/B-hydrolase domain (aa27-53 and aa493-760), and an eight blade-B-propeller domain (aa54-492)
enclosing a large cavity. Both the hydrolase and propeller domains participate in the FAP-a
dimerization. Two ways are available for the substrates to reach FAP-a active site: through the
cavity formed between the o/p hydrolase domain and the 3-propeller domain, or through a central
hole formed by the blades in the B-propeller (Figure 3B). FAP-a has a short 6-amino acid
cytoplasmic domain, suggesting that by itself the cytoplasmic domain is probably not able to
transmit signals. The active catalytic triad, Ser®*, Asp™ and His™* is located in a small pocket of
the large cavity at the interface of the o/B-hydrolase and the B-propeller domains. The proline
residue of substrates is accommodated in a hydrophobic pocket composed by Tyr®®, Val®°, Trp®3,
Tyr®™® Trp®? and Val’®, whereas the N-terminal end of substrate peptides is recognized by two

203 204
-Glu

glutamates (Glu ) contained in an a-helix of the B-propeller domain, necessary to the

exopeptidase activity; unlike the negatively charged Asp®®® in DPP IV active site, FAP-o has a

neutral Ala®®’

residue at the corresponding position, explaining its dual exo/endopeptidase activities
[7,59,61,62,67]. Thus, differences in the vicinity of the Glu?®-GIu®®* motif and the reduced acidity
of the active site due to the presence of Ala®’ determine the dual substrate preference of FAP-a

[59,67]. A polymorphism encoding Ser*®®

to Leu in the sixth blade of the B propeller domain in
FAP-a alters its tertiary structure and ablates dimerization and enzymatic activity. The mutated
protein is detectable only in the endoplasmic reticulum (ER) and not at the cell surface. In the ER,
Ser®®Leu FAP-o upregulates the chaperone BiP/GRP78, the stress response ATF6 and phospho-
elF2A and was degraded by the proteasome [72], pointing to the importance of FAP-a

conformation. The in vitro kinetics values (Ky) of hydrolysis of peptide substrates have been

determined for the exopeptidase (dipeptidylpeptidase) and endopeptidase (prolyl endopeptidase)
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activities of FAP-a, respectively (Table 2).

Table 2. Kinetics constants of FAP-a on small peptides.

FAP-a protein and/or activity has been associated with several human diseases. FAP-a protein is
generally undetectable in most normal tissues whereas it is selectively expressed at sites of tissue
remodeling and repair: dermal fibroblasts of fetal skin during development, granulation tissues of
healing wounds, inflamed synovial tissues, activated hepatic stellate cells and myofibroblasts from
cirrhotic liver, subpopulations of reactive cancer-associated stromal fibroblasts (CAFs) in epithelial
cancers and some cancer cells, such as glioblastomas and glioma cells, malignant cells of bone and
soft tissue sarcomas and melanomas, or some carcinomas,. Enzymatically inactive intracellular
alternative splice variants of FAP-a may also be expressed under some circumstances
[16,30,52,68,72-77]. FAP-a enhances tumor progression by increasing angiogenesis and ECM
degradation, and by reducing the antitumor response of the immune system mediated by the

STAT3-CCL2 axis [75,78,79].

3.2. FAP-a substrates and targets.

Defining the exact substrates of FAP-a is a very challenging task since potential substrates of FAP-
a include small peptides and larger proteins, involving either the exopeptidase or the endopeptidase
activities of the enzyme. Consequently, very few endogenous substrates of FAP-o have been
formally identified. Moreover, substrate selectivity toward the other members of the DASH family
IS an issue; however, some sequences can differentiate the proteases of the family. In small peptides
and proteins, FAP-a endopeptidase activity displays a clear, but not exclusive, preference for -Gly-
Pro- sequences [80]. Many cytokines and chemokines associated with inflammation and bearing X-
Pro- N-terminal sequences, neuropeptide Y (NPY), peptide YY (PYY), substance P and brain-type
natriuretic peptide have been shown to be potential substrates of the dipeptidase activity of FAP-a,

but only in vitro [81]. Some proteins have been demonstrated to be FAP-a substrates: FAP-a
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exhibits post-proline cleaving endopeptidase activity for Ala/Ser-Gly-Pro-Ser/Asn/Ala consensus
sequences, on substrates which include regulators of proteolytic or cell growth pathways such as a.;-
antiplasmin, serpins, (the proteolysis of a,-antiplasmin by FAP-a increasing its plasmin inhibitory
activity) or FGF21 [73,82-86]. FGF21, a regulator of glucose and lipid homeostasis, is a substrate
of circulating FAP-a in the human plasma. FGF21 has three potential Pro residues for Pro-specific
proteases. At the position 2 and 4 of the N-terminus cleavage by DPP IV maintained FGF21
activity. At the Gly'"-Pro'™ position, ten amino acids off the C-terminus, cleavage by FAP-q, but
not POP, resulted in the loss of FGF21 activity [86]. Collagens are also recognized biological
substrates of FAP-a. FAP-a degrades also gelatin, heat-denatured but not native collagen type | and
IV, vitronectin, tenascin, laminin, fibronectin, fibrin or casein [87-91].

Other biological peptides can also be hypothesized to be substrates of the prolyl endopeptidase
activity associated with FAP-o. Thymosin B4, a widely distributed 43-amino acid peptide critical in
tissue repair and remodeling and fibroblast differentiation is overexpressed in cancer and fibrosis.
The profibrotic protein thymosin 4 N-terminus contains a four-amino acid sequence, Ac-Ser-Asp-
Lys-Pro- (Ac-SDKP-), which was shown to be released from thymosin 4 by prolylendopeptidases
[92]. Thymosin B4 and its degradation product Ac-SDKP are able to reduce inflammation and
fibrosis [93-96]. Matrikines, peptide fragments derived from the ECM, are neutrophil
chemoattractants and regulators of endothelial permeability, and thus may also be of relevance in
tissue repair. The sequential action of the MMP-8, MMP-9 and prolyl endopeptidases is critical in
the generation from collagen of the tripeptide Pro-Gly-Pro (PGP) and acetylated-PGP matrikines,
[97,98]. Roflumilast, an anti-inflammatory agent inhibiting phosphodiesterase-4, was shown to
reduce pulmonary inflammation by decreasing prolyl endopeptidase activity and the generation of
Ac-PGP and PGP [99].

FAP-a activity has also been used to activate functionalized chemotherapeutic prodrugs for other
targets [100]. FAP-a activity was imaged in tissues in vivo by a Lys-Gly-Pro-Gly-Pro-Asn-Glin-
Cys-prodrug of a near infrared fluorescent probe [101]. CAFs were specifically targeted for

photodynamic therapy using a photosensitizer coupled to the peptide TSGPNQEQK representing
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the cleavage site of FAP-a on a,-antiplasmin [102]. The enzymatic activity of FAP-a was used to
more selectively target a Thr-Ser-Pro-Arg-Ser-prodrug of the proteasome inhibitor bortezomib
[103]. A Z-Gly-Pro-doxorubicin prodrug was shown to target FAP-a-expressing cells and to
selectively release doxorubicin, being less cardiotoxic than free doxorubicin [104]. Nanomicelles
loaded with the FAP-o substrate Z-Gly-Pro-doxorubicin prodrug were developed for selective
delivery of doxorubicin to tumors [105]. The cytotoxins thapsigargin and melittin were also
modified as FAP-a-activated prodrugs [106,107]. We have previously shown that double harmonic
nanoparticles whose surface was functionalized with a covalent inhibitor of prolyl endopeptidases

could specifically label cells expressing this activity [108].

3.3. FAP-a inhibitors and antagonist: preclinical and clinical trials targeting FAP-a in cancer
and fibrotic diseases.

FAP-a in cancer. Tumors are heterogeneous populations of cells, which include the tumor cells,
inflammatory and immune cells, endothelial cells and pericytes and cancer-associated
(myo)fibroblasts (CAFs) expressing a-SMA and FAP-a, as a membrane-associated proteolytically
active and easily accessible form. FAP-a is expressed in particular in the stroma directly
surrounding epithelial cancers (Figure 4), but also in melanoma and sarcoma, in healing wounds as
well as in chronic inflammation and fibrotic conditions [7,50,54,109-1178] but not in normal tissues

or benign or premalignant tumors.

Figure 4. FAP-a protein expression determined by immunohistochemistry (brown precipitate) in
human normal colon tissue (left) and cancer (right). Both samples have been processed and

evaluated according to standard diagnostic procedures and are from the same patient.

Depending on the particular cancers and conditions, FAP-o. can act as a tumor promoter or
suppressor, dependent or independent of its enzymatic activity [72,77,113]. For example, FAP-a

expression in stromal cells of breast and lung cancers may also be possibly associated with longer
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survival [110,117]. FAP-a has been involved in cancer progression by interfering with the functions
of the cancer microenvironment, the cancer stroma [74,83,113,114,119-122]. The proteolytic
activity of FAP-a is pro-fibrogenic but the protein itself is a regulator of cell apoptosis, adhesion
and migration, independently of its enzymatic activity [68,83,121,122,123]. FAP-a participates in
malignant melanoma cell invasion of the ECM by interacting with Bl-integrins in a collagen-
dependent manner [60,124-127] and promotes glioma cell invasion through the brain parenchyma
by degrading the proteoglycan brevican [30,63]. FAP-a also interacts with other cell membrane
proteins, including urokinase-type plasminogen activator receptor (UPAR) localizing this receptor to
the invadopodia that are associated with degradation of the ECM in cancer invasiveness and
metastasis [82,124,126,128,129]. Splice transcript variants of FAP-a encoding different isoforms
have been found, some of them devoided of enzymatic activity and of cell surface expression
[77,72]. A variant of FAP-a encoding a truncated isoform (239 amino acids, 27 kDa) missing part
of the cytoplasmic, transmembrane and membrane proximal domains but overlapping the carboxy-
terminal catalytic region has been identified in human melanoma cells [53]. In carcinogenesis, FAP-
a expression is up-regulated during tumor stem cell differentiation by TGF-p, FGFR1, 12-O-
tetradecanoyl phorbol-13-acetate and retinoids [51]. However, interactions with the other members
of the family must be considered. Both FAP-a. and POP are overexpressed in cancer, regulating
tissue remodeling, angiogenesis and immune tolerance. DPP IV and FAP-o have been inversely
involved in the progression of carcinomas and melanomas. DPP IV is down-regulated during the
neoplasic transformation of melanocytes, coincident with an increase in their invasive potential
[131], growth factor independence [128,129], and interaction with endothelial cells [31,63,130-
134]. FAP-o and DPP IV are frequently co-expressed and can form heterodimers that enable
fibroblasts to migrate [135,136]; so that in terms of invasiveness, both enzymes seem to cooperate.
Preclinical studies have evaluated the therapeutic interest of FAP-a with some promising results:
FAP-a-expressing cells suppressed antitumor immunity in an experimental model of pancreas
cancer; in a transgenic mouse model of lung carcinomas, the ablation of FAP-a caused necrosis of

both cancer and stromal cells; in other murine models of lung and colon carcinoma FAP-a
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inhibition slowed the growth of the tumors; FAP-a expression was also shown to improve the
uptake of chemotherapeutics in multiresistant cancers [137-139].

Altogether, FAP-a inhibition is generally considered a potential therapeutic target for oncologic
diseases. Three general approaches to inhibit/antagonize FAP-a have been used experimentally and
in a very limited number of preclinical and clinical trials: (i) synthetic small molecule inhibitors of
FAP-a activity, (ii) anti-FAP-o antibodies and immunotherapeutics and (iii) genetic deletion of the
FAP-a protein. These combined approaches allowed the emerging recognition of the role of FAP-a
protein in cancer progression. As CAFs expressing high levels of FAP-o can indirectly inhibit
tumor growth by controlling the functions of the tumor stroma, several attempts have targeted this
population of tumor-associated cells.

Synthetic inhibitors of FAP-a. As stated previously, the active site and enzymatic mechanism of
FAP-a are very similar to those of the other members of the DPP IV family of serine proteases, in
particular DPP 1V itself and POP. Most known FAP-a inhibitors often resemble the dipeptide
cleavage products, with a boroproline at the P1 site; however, many of these inhibitors also inhibit
DPP 1V, DPP-11, DPP8 and/or DPP9. Thus, synthetic small molecule inhibitors developed for
members of the family, in particular DPP IV and POP, may be considered as potential inhibitors of
FAP-a exopeptidase and endopeptidase activities. The cross-inhibitory properties for FAP-o of
inhibitors developed for POP, DPP8/9 or DPP IV [21,32,61,69,99,140-157] was generally not
evaluated in detail, with some exceptions (Table 3). Thus, the challenge has been in identifying
inhibitors that are selective for FAP-a over both the dipeptidyl peptidases with which it shares
exopeptidase specificity, and prolyl oligoendopeptidases, with which it shares e ndopeptidase
specificity.

The design of families of small organic synthetic inhibitors of FAP-a, either covalent or non-
covalent inhibitors, has been initially based on previously developed DPP IV and POP inhibitors.
Then selectivity was further refined and the molecules evaluated in experimental and preclinical
biomedical models. Many DPP IV inhibitors are known and several are marketed as drugs [21].

Whereas selectivity toward the strict exopeptidase DPP 1V, which requires a free N-terminal amino
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acid, has been achieved, selectivity toward the other prolyl-specific endoproteases gelatinases of the
family, in particular POP, is much more difficult to obtain (Figure 5). Thus, the issue of POP

selectivity is not always achieved and unfortunately not always evaluated in published results.

Figure 5. FAP-a and POP amino acid sequence specificities and consequences for developing

specific inhibitors.

The lead molecule in the development of POP inhibitors was Z-Pro-prolinal. The structural
characteristics of the inhibitor-POP complex were determined [151]. In POP the presence of
hydrophobic residues, such as Cys*° and Trp®®, forms a non-polar environment for the indole ring
of inhibitors [88], providing a window to develop selective inhibitors able to discriminate between
the two enzymes. Whereas POP inhibitors selective toward FAP-a, have been prepared using
molecular modeling [32,148], very few inhibitors with selectivity for FAP-a versus POP have been

developed [61,62,143,147,149,150,152,153].

Table 3. Synthetic inhibitors of FAP-a.

Boronic acid derivatives are reversible covalent inhibitors of serine proteases, therefore most, but
not all, FAP-a inhibitors contain a boronic acid group. The most studied small molecule inhibitor is
the dual DPP IV/FAP-a inhibitor PT-100/talabostat (5). PT-100 (5) inhibits 90% of DPP IV-like
exopeptidase activity, but only 20% of the FAP-a endopeptidase activity forming a high affinity
complex between the active site Ser and the boron [154,155]. PT-100 (5) was safe in patients and
upregulated cytokine expression, an effect that was mediated by the inhibition of FAP-a, not by
DPP IV [156]. PT-100 (5) was not directly cytotoxic in vitro but caused regression of tumors in
vivo involving tumor-specific cytotoxic T lymphocytes (CTLs), and production of cytokines and
chemokines promoting T-cell effector functions [157]. In some preclinical models, PT-100 (5)

decreased the growth of tumors [138,157], but not in all models [112,113]. Combining the dual
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DPP IV/FAP-a inhibitor PT-100 (5) with oxaliplatin enhanced the efficacy of chemotherapy by
modifying the tumor microenvironment [158]. The administration of PT-100 (5) demonstrated
clinical response in a phase 1l trial of stage IV melanoma patients [159-161], but further research is
presently suspended. A PT-100 (5) analog, PT-630 (6), a dual FAP-o/DPP 1V inhibitor that does not
permeate cell membrane, was shown to decrease experimental lung and colon tumor growth. FAP-a
enzymatic activity was inhibited, but not FAP-a protein expression in the tumor extracts [117].
Starting from a FAP-0/POP non-specific lead, rounds of refinements produced a FAP-a-specific,
ARI-3009 (1) inhibitor [149], but presently no pre-clinical or clinical data have been reported. The
binding of the cyclic amide boronic acid-based inhibitor (2) developed by Tran and co-workers [69]
in the active sites of FAP-a, DPPIV and POP was explored by docking studies. Interaction with
specific amino acids in the three enzymes was demonstrated, blockade of the N-terminus of the
inhibitors providing selectivity for FAP-a and POP versus DPP IV. The phenyl ring of the inhibitor
is located partially outside of the active pocket and was not directly involved in the binding. We
took advantage of this observation to achieve chemical modification using copper-free click
chemistry of this phenyl ring to prepare nanoparticles presenting a prolyl endopeptidase inhibitor at
their surface to label human cells [107]. To identify peptide motifs for designing FAP-a-selective
inhibitors, dipeptide substrate libraries of the chemical structures P2-Prol and acetyl (Ac)-P2-Prol
were used, where P2 was varied [61,62]. The results designed Ac-Gly-boroPro (3) as FAP-a lead
inhibitor design, selective versus DPP 1V, DPP-7, DPP-8, DPP-9 and POP. The pseudopeptide
acetyl-Arg-2-(2-(2-aminoethoxy)ethoxy)acetic acid-(D)Ala-(L)boroPro (13), a dual FAP-o/POP
inhibitor, reduced tumor growth more than a monospecific POP inhibitor [108]. Optimization of a
nonselective DPP IV inhibitor led to the discovery of a class of substituted 4-
carboxymethylpyroglutamic acid diamides (4) as carbonitrile-based FAP-a inhibitors, selective
versus DPP-1V, DPP-11, DPP8, and DPP9 [145]. Unfortunately, selectivity toward POP was not
reported. A series of carbonitrile inhibitors, N-acetylated-Gly-(2-cyano)pyrrolidines (14,15), where
the acyl and lipophilic cyanopyrrolidine substituents were systematically varied, provided

compounds with selectivity for FAP-a versus the other members of the family but no biological
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evaluation was reported [143]. Starting from the FDA-approved xanthine-based DPP IV inhibitor
linagliptin [21], which also displays significant FAP-a potency, substitutions on N1, N7 and C8 of
the xanthine scaffold were investigated, allowing the identification of the first selective xanthine-
based FAP-a inhibitors (7) with low micromolar potency [152]. A series of FAP-a inhibitors based
on a N-4-quinolinoyl-Gly-(2S)-cyanoPro (8) scaffold has demonstrated low nanomolar FAP-o
inhibition combined with high selectivity with respect to both the dipeptidyl peptidases and POP.
Pharmacokinetic evaluation of selected inhibitors in rats demonstrated high oral bioavailability,
plasma half-life and the potential to selective complete FAP-a inhibition in vivo [150,153]. From a
series of diphenylphosphonates, modest selectivity for FAP-o versus DPP IV could be achieved
with the Gly-Pro”(OPh), derivative (9), but anti-invasive properties were demonstrated only in vitro

[147].

Antibody-based antagonists and immunotherapeutics. Anti-FAP-a antibodies were shown to very
selectively target tumors [162] and were safe [115]. In a preclinical murine xenograft model of
human HT-29 colon cancer cells, treatment with anti-FAP-a antisera inhibiting dipeptidyl peptidase
activity attenuated tumor growth [163]. The humanized monoclonal anti-FAP-a antibody
F19/sibrotuzumab requires the tertiary structure of the protein for binding but does not inhibit FAP-
a activity and is not directly cytotoxic. Several phases I and a limited phase II clinical trials have
been conducted using F19/sibrotuzumab. The treatment was well tolerated in patients with
advanced FAP-a-expressing cancers as it specifically accumulated in tumors and not in normal
tissues, but no clinical response was observed [115,162,164]. The expression of the cell surface
FAP-a was depleted in CAFs with an anti-FAP-a internalizing antibody, suppressing the invasive
and pro-tumorigenic properties of these cells [165], showing that the expression of the protein at the
cell surface is necessary for cancer progression and that FAP-a eradication is necessary for blocking
the pro-tumorigenic role of CAFs. Anti-FAP-o antibodies conjugated to cytotoxic/cytostatic
chemotherapeutics have been also evaluated in clinical trials [117]. The tubulin inhibitor

mertansine/DM1/FAP-a-antibody-drug conjugate inhibited tumor growth and induced tumor
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regression in a preclinical model [166]. An immunotoxin combining an anti-FAP-o antibody with
the Pseudomonas exotoxin 38 (PE38), which prevents protein synthesis in cells was developed to
specifically deplete CAFs. In experimental breast cancer or established experimental melanoma,
treatment decreased tumor burden, likely mediated by modulation of the immune tumor
microenvironment. [167,168] The indoleamine-2,3-dioxygenase (IDO, a potent immunoregulatory
mediator) inhibitor, 1-methyl-tryptophane was conjugated to a FAP-o fragment (aa245-467) to
produce a tumor vaccine and boost the anti-tumor immune response by IDO inhibition following
dissociation from the FAP-a fragment [169]. Targeting tumor infiltrating T cells with a bispecific
MGITRL-FAP-a-fusion protein could induce tumor rejection while minimizing systemic
autoimmune side effects [170]. Targeting tumor stroma with chimeric antigen receptor engineered
T-cells (CAR-T cells) expressing FAP-a was also successfully developed for cancer
immunotherapy with some efficacy, however, they induced significant cachexia and lethal bone

toxicities in murine tumor models [171-173].

Genetic deletion of the protein. The expression of FAP-a was depleted from CAFs surface using
SiIRNA or shRNA technologies [115,117,165,174]. FAP-a knockdown reduced FAP-a expression,
inhibited tumor growth, promoted collagen accumulation and suppressed angiogenesis and the
invasive properties of these cells, showing that the expression of the protein at the cell surface is
necessary for cancer progression and that FAP-a eradication is mandatory for blocking the pro-

tumorigenic role of CAFs.

Inhibition/antagonism of FAP-a in fibrogenic and inflammatory diseases. Fibrosis is the final
pathway of many progressive chronic diseases [2]. Presently, only very few drugs have been
clinically approved as antifibrotic therapeutics. The evaluation of the inhibition/antagonism of FAP-
a has been much less studied in fibrogenic and inflammatory diseases than in oncologic diseases.
The mediators of fibrosis include inflammatory mediators, cytokines and chemokines, reactive

oxygen/nitrogen species, several proteases, the endothelin and angiotensin systems and growth
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factors, in particular TGFp and PDGFs and their cognate receptors, associated to the accumulation
of ECM proteins, in particular type | and type Ill collagens, produced by myofibroblasts. This
ultimately destroys the structure of an organ leading to loss of function. Renal fibrosis
(glomerulosclerosis and interstitial fibrosis with tubular atrophy) is the final consequence of all
chronic kidney diseases and a result of immune and non-immune injuries after Kkidney
transplantation leading to chronic allograft dysfunction [1]. Diabetic nephropathy is associated with
increased expression of DPP IV on endothelial and tubular epithelial cells. The dual DPP 1/ FAP-
a inhibitor linagliptin has incretin-independent anti-fibrotic effects in diabetic nephropathy by
inhibiting interaction of DPP IV with the integrin B1 [94]. FAP-o was shown to be specifically
overexpressed by profibrogenic stimuli in myofibroblasts of intestinal strictures in Crohn’s disease
[175]. Ilterestingly, in the fibrotic lung FAP-a increased collagen catabolism and clearance in

concert with MMPs, showing protective effects [90].

4. Conclusion

The cell surface serine protease FAP-a participates in ECM degradation and is involved in many
cellular processes, including tissue remodeling, fibrosis, wound healing, inflammation and tumor
progression. FAP-o exhibits post-proline cleaving exopeptidase and gelatinase/collagenase
endopeptidase activities and some biological substrates of FAP-a have been determined. Both
active and enzymatically inactive FAP-o proteins have biological functions. FAP-o has been
involved in many stages of oncogenesis, from initiation to progression and metastasis and the strong
correlation between CAFs and FAP-a expression suggest that it is a relevant target for cancer
diagnosis and treatment. Studies aiming at blocking FAP-a functions in cancer have included
targeting FAP-a-expressing cells by inhibiting FAP-a enzymatic activity, developing anti-cancer
vaccines and genetic deletion of FAP-a. The information obtained indicated that FAP-a expression
in cancer-associated stromal cells was likely a more relevant candidate for therapeutic intervention
than in the cancer cells themselves. The effects of inhibitors of FAP-a activity or deletion/ablation

of the protein in experimental cancer models suggested that the enzymatic activity and the presence
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of the protein in the cancer stroma were critical for FAP-a tumor growth promoting activity. The
initial clinical trials using either anti-FAP-o antibodies or not very selective synthetic inhibitors

were up to now disappointing, but showed that interfering with FAP-a does not induce side-effects.

5. Expert opinion

FAP-a expression is associated with cancer, wound healing, tissue remodeling and chronic
inflammation. Activated subpopulations of (myo)fibroblasts and CAFs specifically express FAP-a,
according to poorly understood mechanisms and during very defined stages of fibrogenic processes
in the progression of the pathologies, suggesting a complex level of regulation. The mechanisms
regulating FAP-a expression are not yet understood and will need to be defined. Thus, it will be
necessary to better understand the basic biology of FAP-a not only in pathological situations like
cancer and inflammation but also in normal situations such as tissue remodelling in healing to better
define the therapeutic options in targeting this protein. It will also be necessary to identify the
relevant biological substrates of FAP-o and to understand the mechanisms inducing/repressing
FAP-a. expression. The expression of FAP-a may be beneficial in some situations, like wound
healing or some cancers, but it is generally detrimental in most cancers. FAP-a displays dual prolyl-
specific exopeptidase and endopeptidase activities, as well as non-enzymatic functions likely
dependent on its association with other cellular proteins. Therefore, for therapeutic purposes it will
be of utmost importance to study the best options, either inhibiting the two peptidase activities or
only one of them, or abrogating the expression of the protein. A few synthetic inhibitors able to
discriminate between FAP-a activity and the other members of the family have now been designed.
In the few clinical trials for cancer performed up to now, antagonizing FAP-a seemed to induce
positive outcome, but the selectivity of the synthetic inhibitors versus the other members of the
family is an unresolved issue since it appears that the different proteins of the family may have
opposing pathological functions. Thus, preclinical and clinical trials may now be undertaken to
evaluate the effect of FAP-a selectivity, either as monotherapy or combined therapies which need to

be defined. FAP-o has been shown to directly interact with other cellular proteins, such protein-
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protein interactions may offer new therapeutic opportunities to prevent the accumulation of
proliferating fibroblasts and myofibroblasts and the development of disease-associated fibrosis. To
date, few investigations on the effects of FAP-a inhibitors on fibroblast functions have been
conducted and it is presently not known whether inhibition induces physiological changes on the
long term in fibroblast functions. Finally, we believe that using FAP-a-specific prodrugs for
delivering cytotoxic agents to FAP-a-expressing cells and tissues might be of greater therapeutic

value in the future than the inhibition of the protease activity itself.

Article highlight box

- fibroblast activation protein-a (FAP-a) belongs to the prolyl-specific family of serine proteases,

- FAP-a displays exopeptidase and endopeptidase activities shared by the same active site triad,

- FAP-a is specifically expressed by cells and tissues under stress, but not during homeostasis,

- FAP-a is a therapeutic target for stress-associated fibrogenic disorders,

- for therapeutic purposes both inhibiting FAP-a activity and abrogating FAP-a protein expression
seem to be necessary,

- the design and therapeutic evaluation of inhibitors specific for FAP-a versus the other members of

the family is mandatory before its true therapeutic value as a target can be ascertained.

Declaration of interest
The authors declare no conflicts of interest and have no other relevant affiliations or financial

involvement than those disclosed. No external funding was associated with this study.



22

6. References
1. Eddy AA. Overview of the cellular and molecular basis of kidney fibrosis. Kidney Int Suppl

2014:4:2-8.

2. Rockey DC, Bell PD, Hill JA. Fibrosis-a common pathway of organ injury and failure. New

Eng J Med 2015;372 :1138-1149.

3. Wynn TA, Ramalingam TR. Mechanisms of fibrosis: therapeutic translation for fibrotic

disease. Nature Med 2012;18:1028-1040.

4, Denys H, Derycke L, Hendrix A. Westbrock W, et al. Differential impact of TGFp and EGF
on fibroblasr differentiation and invasion reciprocally promotes colon cancer cell invasion. Cancer

Lett 2008, 266:363-274.

5. Gauldie J, Bonniaud P, Sime P, Ask K, et al. TGF-$, Smad3 and the process of progressive

fibrosis. Biochem Soc Trans 2007;35:661-664.

6. Kraman R, DiRocco DP, Humphreys BD. Understanding the origin, activation and
regulation of matrix-producing myofibroblasts for the treatment of fibrotic diseases. J Pathol

2013;231:273-289.

7. Brennen WN, lIsaacs JT, Denmeade SR. Rationale behind targeting fibroblast activation
protein-expressing carcinoma-associated fibroblasts as a novel chemotherapeutic strategy. Mol

Cancer Ther 2012;11:257-266.

8. Adhyatmika A, Putri KSS, Beljaars L, Melgert BN. The elusive antifibrotic macrophage.

Front Med 2015;2:81.


http://www.biochemsoctrans.org/content/35/4/661
http://www.biochemsoctrans.org/content/35/4/661

23

0. Waumans Y, Baerts L, Kehoe K, Lambeir AM, et al. The dipeptidyl peptidase family, prolyl
oligopeptidase, and prolyl carboxypeptidase in the immune system and inflammarory disease,

including atherosclerosis.Frontiers Immunol 2015;6:387.

10.  Busek P, Malik R, Sedo A. Dipeptidyl peptidase 1V activity and/or structure homologues

(DASH) and their substrates in cancer. Int J Biochem Cell Biol. 2004;36:408-421.

11.  Chen WT, Kelly T, Ghersi G. DPPIV, seprase and related serine peptidases in multiple

cellular functions. Current Topics Dev Biol 2003;54:207-232.

12. Polgar, L. The prolyl oligopeptidase family. Cell Mol Life Sci 2002;59:349-362.

13.  Rosenblum JS, Kosarich JW. Prolyl peptidases: a serine protease subfamily with high

potential in drug discovery. Curr Op Chem Biol 2003;7:496-504.

14. Cunningham DF, O’Connor B. Proline specific peptidases. Biochim Biophys Acta

1997;1343:160-186.

15. Sedo A, Malik R. Dipeptidyl peptidase IV-like molecules: homologous proteins or

homologous activities. Biochem Biophys Acta 2001;1550:107-116.

16. Park JE, Lenter MC, Zimmermann RN, Garin-Chesa P, et al. Fibroblast activation protein, a
dual specificity serine protease expressed in reactive human tumor stromal fibroblasts. J Biol Chem
1999;274:36505-36512.

* One of the first paper discussing the dual exo- and endo-peptidase activities and the location in the tumor stroma of

FAP-a.



24

17. Giannandrea M, Parks WC. Diverse functions of matrix metalloproteinases during fibrosis.

Dise Mod Mech 2014:;7:193-203.

18. Rea D, Fulop V. Structure-functions properties of prolylendopeptidase family enzymes. Cell

Biochem Biophys 2006;44:349-365.

19. Engel M, Hoffmann T, Wagner L, Wermann M, et al. The crystal structure of dipeptidyl
peptidase 1V (CD26) reveals its functional regulation and enzymatic mechanisms. Proc Nat Acad

Sci USA 2003;100:5063-5068.

20. Rasmussen HB, Branner S, Wiberg FC, Wagtmann N. Crystal structure of human dipeptidyl

peptidase 1VV/CD26 in complex with a substrate analog. Nat Struct Biol 2003;10:19-25.

21.  Juillerat-Jeanneret L. Dipeptidyl peptidase IV and its inhibitors: therapeutics for type 2

diabetes and what else? J Med Chem 2014:;57:2197-2212.

22. De Meester I, Lambeir AM, Proost P, Scharpé S. Dipeptidyl peptidase IV substrates. Adv

Exp Med Biol 2003;524:3-17.

23. Hiramatsu H, Yamamoto A, Kyono K, Higashiyama Y, et al. The crystal structure of human

dipeptidyl peptidase 1V (DPPIV) complex with diprotin A. J Biol Chem 2004;385:561-564.

24. Oefner C, D’Arcy A, Mac Sweeney A, Pierau S, et al. High-resolution structure of human
apo dipeptidyl peptidase 1V/CD26 and its complex with 1-[({2-[85-iodopyridin-2-

yl)aminoethyl}amino)acetyl]-2-cyano-(S)-pyrrolodine. Acta Crystallogr 2003;D59:1206-1212.



25

25. Thoma R, Loffler B, Stihle M, Huber W, et al. Structural basis of proline-specific

exopeptidase activity as observed in human dipeptidyl peptidase V. Structure 2003;11:947-959.

26. Fleischer B. CD26: a surface protease involved in T-cell activation. Immunol Today

1994;15:180-184.

27. Bogenreider T, Finstad CL, Freeman RH, Papandreou CN, et al. Expression and localization
of aminopeptidase A, aminopeptidase N, and dipeptidyl peptidase IV in benign and malignant

human prostate tissue. Prostate 1997;33:225-232.

28. Berger Y, Chapuis Bernasconi C, Neier R, Juillerat-Jeanneret L. Determination of
intracellular prolyl/glycyl-specific proteases in intact living human cells using protoporphyrin IX

production as a reporter system. ChemBiol 2005;12:867-872.

29. Asada Y, Aratake Y, Kotani T, Marutsuka K, et al. Expression of dipeptidyl aminopeptidase

IV activity in human lung carcinoma. Histopathology 2003;23:265-270.

30. Mentlein R, Hattermann K, Hemion C, Jungbluth AA, et al. Expression and role of the cell
surface protease seprase/fibroblast activation protein-alpha (FAP-alpha) in astroglial tumors. Biol

Chem 2011,;392:199-207.

31.  Cheng HC, Abdel-Ghany M, Elble RC, Pauli BU. Lung endothelial dipeptidylpeptidase 1V
promotes adhesion and metastasis of rat breast cancer cells via tumor-cell associated fibronectin. J

Biol Chem 1998;273:2407-2415.

32.  Lawandi J, Gerber-Lemaire S, Juillerat-Jeanneret L, Moitessier N. Inhibitors of prolyl

oligopeptidases for the therapy of human diseases: defining diseases and inhibitors. J Med Chem


https://www.ncbi.nlm.nih.gov/pubmed/?term=Bogenrieder%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9397193
https://www.ncbi.nlm.nih.gov/pubmed/?term=Finstad%20CL%5BAuthor%5D&cauthor=true&cauthor_uid=9397193
https://www.ncbi.nlm.nih.gov/pubmed/?term=Freeman%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=9397193
https://www.ncbi.nlm.nih.gov/pubmed/?term=Papandreou%20CN%5BAuthor%5D&cauthor=true&cauthor_uid=9397193
https://www.ncbi.nlm.nih.gov/pubmed/9397193
http://www.uniprot.org/uniprot/?query=author:%22Mentlein+R.%22
http://www.uniprot.org/uniprot/?query=author:%22Hattermann+K.%22
http://www.uniprot.org/uniprot/?query=author:%22Hemion+C.%22
http://www.uniprot.org/uniprot/?query=author:%22Jungbluth+A.A.%22
http://www.uniprot.org/uniprot/?query=author:%22Held-Feindt+J.%22
http://dx.doi.org/10.1515/BC.2010.119
http://dx.doi.org/10.1515/BC.2010.119

26
2010;53:3423-3438.

33.  Fulop V, Bocskei Z, Polgar L. Prolyl oligopeptidase: an unusual B-propeller domain

regulates proteolysis. Cell 1998;94:161-170.

* A paper describing the basic enzymatic mechanisms of prolyl-oligopeptidases

34.  Savolainen MH, Yan X, Myohanen TT, Huttunen HJ. Prolyl oligopeptidase enhances alpha-

synuclein dimerization via direct protein-protein interaction. J Biol Chem 2015;290:5117-5126.

35. O’Leary RM, Gallagher SP, O’Connor, B. Purification and characterization of a novel
membrane-bound form of prolyl endopeptidase in bovine brain. Int J Biochem Cell Biol

1996:28:441-449.

36. Fuxreiter M, Magyar C, Juhasz T, Szeltner Z, et al. Flexibility of prolyl oligopeptidase:
molecular dynamics and molecular framework analysis of the potential substrate pathways. Proteins

2005;60:504-512.

37.  Venalainen JI, Jovonen RO, Forsberg MM, Garcia-Horsman JA, et al. Substrate-dependent,
non-hyperbolic kinetics of pig brain prolyl oligopeptidase and its tight binding inhibition by JTP-

4819. Biochem Pharm 2002;64:463-471.

38.  Kaszuba K, Rdg T, Danne R, Canning P, et al Molecular dynamics, crystallography and
mutagenesis studies on the substrate gating mechanism of prolyl oligopeptidase. Biochimie

2012;94:1398-1411.

39.  Underwood R, Chiravuri M, Lee H, Schmitz T, et al. Sequence, purification and cloning of

an intracellular serine protease, quiescent cell proline dipeptidase. J Biol Chem 1999;274:34053-


http://www.sciencedirect.com/science/article/pii/S000629520201184X
http://www.sciencedirect.com/science/article/pii/S000629520201184X
http://www.sciencedirect.com/science/article/pii/S000629520201184X
http://www.sciencedirect.com/science/article/pii/S0300908412001058
http://www.sciencedirect.com/science/article/pii/S0300908412001058

27
34058.

40. Maes MB, Lambier AM, Gilany K, Senten K, et al. Kinetic investigation of human
dipeptidyl peptidase 11 (DPPII)-mediated hydrolysis of dipeptide derivatives and its identifacation
as quiescent cell proline dipeptidase (QPP/dipeptidyl peptidase 7 (DPP7). Biochem J 2005;386:315-

324.

41.  Chivavuri M, Agarraberes F, Matthieu SL, Lee H, et al. Vesicular localization and
characterization of a novel post-proline cleaving aminodipeptidase, quiescent cell proline

dipeptidase. J Immunol 2000;165:5695-5702.

42.  Abbott CA, Yu DM, Woollatt E, Sutherland GR, et al. Cloning, expression and
chromosomal localization of a novel human dipeptidyl peptidase (DPP) IV homolog, DPP8. Eur J

Biochem 2000:267:6140-6150.

43.  Ajami K, Abbott CA, McCaughan GW, Gorrell MD. Dipeptidyl peptidase 9 has two forms,
a broad tissue distribution, cytoplasmic localization and DPIV-like peptidase activity. Biochim

Biophys Acta 2004;1679:18-28.

44.  Olsen C, Wagtmann N. Identification and characterization of human DPP9, a novel

homologue of dipeptidyl peptidase IV. Gene 2002;299:185-193.

45.  Yu DMT, Yao TW, Chowdury S, Navdi NA, et al. The dipeptidyl peptidase 1V famil in

cancer and cell biology. FEBS Lett 2010;277:1126-1144.

46.  Zhu H, Zhou ZM, Lu L, Xu M, et al. Expression of a novel dipeptidyl peptidase 8 (DPP8)

transcript variant, DPP8-v3, in human testis. Asian J Androl 2005;7:245-255.



28

47.  Waumans Y, Vliegen G, Maes L, Rombouts M, et al. The dipeptidyl peptidases 4, 8 and 9 in
mouse monocytes and macrophages: DPP8/9 inhibition attenuates M1 macrophages activation in

mice. Inflammation 2015;39:413-424.

48. Kaulin YA, De Santiago-Castillo JA, Rocha CA, Nadal MS, et al. The dipeptidyl-peptidase-
like protein DPP6 determines the unitary conductance of neuronal Kv4.2 channels. J Neurosci.

2009;29:3242-3251.

49.  Jerng HH, Kunjilwar K, Pfaffinger PJ. Multiprotein assembly of Kv4.2, KChIP3 and DPP10

produces ternary channel complexes with Isa-like properties. J Physiol 2005;568:767-788.

50. Pifieiro-Sanchez ML, Goldstein LA, Dodt J, Howard L, et al. Identification of the 170-kDa
melanoma membrane-bound gelatinase (seprase) as a serine integral membrane protease. J Biol

Chem 1997;272:7595-7601.

* Initial description of the activated fibroblast marker FAP as a prolyl-specific serine protease.

51. Rettig WJ, Su SL, Fortunato SR, Scanlan MJ, et al. Fibroblast activation protein:

purification, epitope mapping and induction by growth factors. Int J Cancer 1994;58:385-392.

52.  Scanlan MJ, Raj BK, Calvo B, Garin-Chesa P, et al. Molecular cloning of fibroblast
activation protein alpha, a member of the serine protease family selectively expressed in stromal

fibroblasts of epithelial cancers. Proc Natl Acad Sci USA 1994;91:5657-5661.

53.  Goldstein LA, Ghersi G, Pifieiro-Sanchez ML, Salamone M, et al. Molecular cloning of
seprase: a serine integral membrane protease from human melanoma. Biochim Biophys Acta

1997;1361:11-109.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kaulin%20YA%5BAuthor%5D&cauthor=true&cauthor_uid=19279261
https://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Santiago-Castillo%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=19279261
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rocha%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=19279261
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nadal%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=19279261
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3758885/
http://onlinelibrary.wiley.com/doi/10.1111/febs.13618/full
http://onlinelibrary.wiley.com/doi/10.1111/febs.13618/full
http://onlinelibrary.wiley.com/doi/10.1111/febs.13618/full
http://onlinelibrary.wiley.com/doi/10.1111/febs.13618/full
http://onlinelibrary.wiley.com/doi/10.1111/febs.13618/full
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC44055
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC44055
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC44055

29

* Initial description of FAP-a as a prolyl-specific serine protease.

54.  Chen WT, Kelly T. Seprase complex in cellular invasiveness. Cancer Metastasis Rev

2003;22:259-269.

55.  Chen WT. DPPIV and seprase in cancer invasion and angiogenesis. Adv Exp Med Biol

2003;524:197-203.

56. Kelly T. Evaluation of seprase activity. Clin Exp Metas 1999;17:57-62.

57. Kelly T, Huang Y, Simms AE, Mazur A. Fibroblast activation protein-a: a key modulator of
the microenvoronment of multiple pathologies. In Jeon KW, Ed, Int Rev Cell Mol Biol

2012;297:83-116.

58.  Gass J, Khosla C. Prolyl endopeptidases. Cell Mol Life Sci 2007;64:345-355.

59.  Aertgeerts K, Levin I, Shi L, Snell GP, et al. Structural and kinetic analysis of the substrate

specificity of human fibroblast activation protein alpha. J Biol Chem 2005;280:19441-19444.

** An important paper describing the enzymatic mechanisms of FAP-a, for further design of inhibitors.

60. Aoyama A, Chen WT. A 170-kDa membrane-bound protease is associated with the
expression of invasiveness by human malignant melanoma cells. Proc Natl Acad Sci USA

1990;7:8296-8300.

61. Edosada CY, Quan C, Wiesman C, Tran T, et al. Selective inhibition of fibroblast activation

protein protease based on dipeptide substrate. J Biol Chem 2006;281:7437-7442.

** An important paper describing the inhibition mechanisms of FAP-a.


http://www.uniprot.org/uniprot/?query=author:%22Aoyama+A.%22
http://www.uniprot.org/uniprot/?query=author:%22Chen+W.T.%22
http://dx.doi.org/10.1073/pnas.87.21.8296
http://dx.doi.org/10.1073/pnas.87.21.8296

30

62. Edosada CY, Quan C, Tran T, Pham V, et al. Peptide substrate profiling defines fibroblast
activation protein as an endopeptidase of strict Gly(2)-Pro(1)-cleaving specificity. FEBS Lett

2008;580:1581-1586.

** An important paper describing the substrate specificity mechanisms of FAP-o and for further design of inhibitors.

63. Balaziova E, Busek P, Stremenova J, Sromova L, et al. Coupled expression of dipeptidyl
peptidase-1V and fibroblast activation protein-a in transformed astrocytic cells. Mol Cell Biochem

2011:354:283-289.

64. Mathew S, Scanlan MJ, Mohan Raj BK, Murty VV, et al. The gene for fibroblast activation
protein alpha (FAP), a putative cell surface-bound serine protease expressed in cancer stroma and

wound healing, maps to chromosome band 2g23. Genomics 1995;25:335-337.

65. Ghersi G., Zhao Q., Salamone M., Yeh Y, et al The protease complex consisting of
dipeptidyl peptidase IV and seprase plays a role in the migration and invasion of human endothelial

cells in collagenous matrices. Cancer Res 2006;66:4652-4661.

66. Ghersi G, Dong H, Goldstein LA, Yeh Y, et al. Regulation of fibroblast migration on

collagenous matrix by a cell surface peptidase complex. J Biol Chem 2002;277:29231-29241.

67. Meadows SA, Edosada CY, Mayeda M, Tran T, et al. Ala®" and conserved active site
residues promote fibroblast activation protein endopeptidase activity via distinct mechanisms of

transition state stabilization. Biochemistry 2007;46:4598-4605.

** An important paper describing the amino acids involved in the enzymatic mechanisms of FAP-a or further design of

inhibitors.


http://www.uniprot.org/uniprot/?query=author:%22Edosada+C.Y.%22
http://www.uniprot.org/uniprot/?query=author:%22Quan+C.%22
http://www.uniprot.org/uniprot/?query=author:%22Tran+T.%22
http://www.uniprot.org/uniprot/?query=author:%22Pham+V.%22
http://dx.doi.org/10.1016/j.febslet.2006.01.087
http://dx.doi.org/10.1016/j.febslet.2006.01.087
http://www.uniprot.org/uniprot/?query=author:%22Ghersi+G.%22
http://www.uniprot.org/uniprot/?query=author:%22Zhao+Q.%22
http://www.uniprot.org/uniprot/?query=author:%22Salamone+M.%22
http://www.uniprot.org/uniprot/?query=author:%22Yeh+Y.%22
http://dx.doi.org/10.1158/0008-5472.CAN-05-1245

31

68. Wang XM, Yu DM, McCaughan GW, Gorrell MD. Fibroblast activation protein increases
apoptosis, cell adhesion, and migration by the LX-2 human stellate cell line. Hepatology

2005;42:935-945.

69. Tran T, Quan C, Edosada CY, Mayeda M, et al. Synthesis and structure-activity relationship
of N-acyl-Gly-, N-acyl-Sar- and N-blocked-boroPro inhibitors of FAP, DPP4, and POP. Bioorg

Med Chem Lett 2007;17:1438-1442.

** An important paper comparing the binding of inhibitors by three members of the DASH family, DPP 1V, POP and

FAP-q, for further design of FAP-a specific inhibitors.

70.  Kaushik S, Sowdhamini R. Structural analysis of prolyl oligoopeptidases using molecular
docking and dynamics: insights into conformational changes and ligand binding. PloS One

2011,;6:e26251.

71.  Tang HK, Chen KC, Liou GG, Cheng SC, et al. Role of propeller loop in the quaternary
structure and enzymatic activity of prolyl dipeptidases DPP IV and DPP9. FEBS Lett 2011;3409-

3414.

72.  Oshorne B, Yao TW, Wang XM, Chen Y, et al. A rare variant in human fibroblast activation
protein associated with ER stress, loss of enzymatic function and loss of cell surface localisation.

Biochim Biophys Acta 2014;1844:1248-1259.

* Description of an intracellular form of FAP-a.

73.  Lee KN, Jackson KW, Christiansen VJ, Lee CS, et al. Antiplasmin-cleaving enzyme is a

soluble form of fibroblast activation protein. Blood 2006;107:1397-1404.

74.  Levy MT, McCaughan GW, Abbott CA, Park JE, et al. Fibroblast activation protein: a cell


http://www.uniprot.org/uniprot/?query=author:%22Wang+X.M.%22
http://www.uniprot.org/uniprot/?query=author:%22Yu+D.M.%22
http://www.uniprot.org/uniprot/?query=author:%22McCaughan+G.W.%22
http://www.uniprot.org/uniprot/?query=author:%22Gorrell+M.D.%22
http://dx.doi.org/10.1002/hep.20853
http://dx.doi.org/10.1002/hep.20853
http://www.uniprot.org/uniprot/?query=author:%22Osborne+B.%22
http://www.uniprot.org/uniprot/?query=author:%22Yao+T.W.%22
http://www.uniprot.org/uniprot/?query=author:%22Wang+X.M.%22
http://www.uniprot.org/uniprot/?query=author:%22Chen+Y.%22
http://dx.doi.org/10.1016/j.bbapap.2014.03.015
http://www.uniprot.org/uniprot/?query=author:%22Lee+K.N.%22
http://www.uniprot.org/uniprot/?query=author:%22Jackson+K.W.%22
http://www.uniprot.org/uniprot/?query=author:%22Christiansen+V.J.%22
http://www.uniprot.org/uniprot/?query=author:%22Lee+C.S.%22
http://dx.doi.org/10.1182/blood-2005-08-3452
http://www.ncbi.nlm.nih.gov/pubmed/?term=Levy%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=10347120
http://www.ncbi.nlm.nih.gov/pubmed/?term=McCaughan%20GW%5BAuthor%5D&cauthor=true&cauthor_uid=10347120
http://www.ncbi.nlm.nih.gov/pubmed/?term=Abbott%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=10347120
http://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=10347120

32

surface dipeptidyl peptidase and gelatinase expressed by stellate cells at the tissue remodelling

interface in human cirrhosis. Hepatology 1999;29:1768-1778.

75. Bauer S, Jendro MC, Wadle A, Kleber S, et al. Fibroblast activation protein is expressed by

rheumatoid myofibroblast-like synoviocytes. Arthritis Res Ther 2006;8:R171-R171.

76. Keane FM. Yao TW, Seelk S, Gall MG, et al. Quantitation of fibroblast activation protein
(FAP)-specific protease activity in mouse, baboon and human fluids and organs. FEBS Open Biol

2013:4:43-54.

7. Goldstein LA, Chen WT. Identification of an alternatively spliced seprase mRNA that

encodes a novel intracellular isoform. J Biol Chem 2000;275:2554-2559.

* Initial description of an intracellular form of FAP-a.

78. Xia Q, Zhang FF, Geng F, Liu CL, et al. Anti-tumor effects of DNA vaccine targeting
human fibroblast activation protein alpha by producing specific immune responses and altering
tumor microenvironment in the 4T1 murine breast cancer model. Cancer Immunol. Immunother

2016;65:613-624.

79. Yang X, Lin Y, Shi Y, Li B, et al. FAP promotes immunosuppression by cancer-associated
fibroblasts in the tumor microenvironment via STAT3-CCL2 signaling. Cancer Res 2016;76:4124-

4135.

80. Hamson EJ, Keane FM, Tholen S, Schilling O, et al. Understanding fibroblast activation
protein (FAP): substrates, activities, expression and targeting for cancer therapy. Proteomics Clin

Appl 2014;8:454-463.


http://www.ncbi.nlm.nih.gov/pubmed/10347120
http://www.uniprot.org/uniprot/?query=author:%22Bauer+S.%22
http://www.uniprot.org/uniprot/?query=author:%22Jendro+M.C.%22
http://www.uniprot.org/uniprot/?query=author:%22Wadle+A.%22
http://www.uniprot.org/uniprot/?query=author:%22Kleber+S.%22
http://dx.doi.org/10.1186/ar2080
http://www.uniprot.org/uniprot/?query=author:%22Keane+F.M.%22
http://www.uniprot.org/uniprot/?query=author:%22Yao+T.W.%22
http://www.uniprot.org/uniprot/?query=author:%22Seelk+S.%22
http://www.uniprot.org/uniprot/?query=author:%22Gall+M.G.%22
http://dx.doi.org/10.1016/j.fob.2013.12.001
http://dx.doi.org/10.1016/j.fob.2013.12.001
http://cancerres.aacrjournals.org/content/76/14/4124
http://cancerres.aacrjournals.org/content/76/14/4124

33

81. Keane FM, Nadvi NA, Yao TW, Gorrell MD. Neuropeptide Y, B-type natriuretic peptide,
substance P and peptide Y'Y are novel substrates of fibroblast activation protein-alpha. FEBS J

2011;278:1316-1332.

82. Lee KN, Jackson KW, Christiansen VJ, Chung KH, et al. A novel plasma proteinase

potentiates alpha2-antiplasmin inhibition of fibrin digestion. Blood 2004;103:3783-3788.

83. Koczorowska MM, Tholen S, Bucher F, Lutz L, et al. Fibroblast activation protein
stromal cell surface protease, shapes key features of cancer associated fibroblasts through proteome

and degradome alterations. Mol Oncol 2016;10:40-58.

84. Coppage AL, Heard KR, DiMare MT, Liu Y, et al. Human FGF21 is a substrate of

fibroblast activation protein. PLOS One 2016;11:e0151269.

8b. Dunshee DR, Bainbridge TW, Kljavin NM, Zavala-Solorio J, et al. Fibroblast activation

protein cleaves and inactivates fibroblast growth factor 21. J Biol Chem 2016;291:5986-5996.

86.  Zhen EY, Jin Z, Ackermann BL, Thomas MK, et al. Circulating FGF21 proteolytic

processing mediated by fibroblast activation protein. Biochem J 2016;473:605-614.

87.  Aggarwal, S, Brennen WN, Kole TP, Schneider E, et al. Fibroblast activation protein
peptide substrates identified from human collagen | derived gelatin cleavage sites. Biochemistry

2008;47:1076-1086.

88. Mazur A, Holthoff E, Vadali S, Kelly T, et al. Cleavage of type | collagen by fibroblast
activation protein-alpha enhances class A scavenger receptor mediated macrophage adhesion. PLoS

ONE 2016;11:e0150287.


http://www.uniprot.org/uniprot/?query=author:%22Keane+F.M.%22
http://www.uniprot.org/uniprot/?query=author:%22Nadvi+N.A.%22
http://www.uniprot.org/uniprot/?query=author:%22Yao+T.W.%22
http://www.uniprot.org/uniprot/?query=author:%22Gorrell+M.D.%22
http://dx.doi.org/10.1111/j.1742-4658.2011.08051.x
http://dx.doi.org/10.1111/j.1742-4658.2011.08051.x
http://www.uniprot.org/uniprot/?query=author:%22Lee+K.N.%22
http://www.uniprot.org/uniprot/?query=author:%22Jackson+K.W.%22
http://www.uniprot.org/uniprot/?query=author:%22Christiansen+V.J.%22
http://www.uniprot.org/uniprot/?query=author:%22Chung+K.H.%22
http://www.uniprot.org/uniprot/?query=author:%22McKee+P.A.%22
http://dx.doi.org/10.1182/blood-2003-12-4240
http://onlinelibrary.wiley.com/doi/10.1016/j.molonc.2015.08.001/full
http://onlinelibrary.wiley.com/doi/10.1016/j.molonc.2015.08.001/full
http://onlinelibrary.wiley.com/doi/10.1016/j.molonc.2015.08.001/full
http://onlinelibrary.wiley.com/doi/10.1016/j.molonc.2015.08.001/full

34

89. Huang CH, Suen CS, Lin CT, Chien CH, et al. Cleavage-site specificity of prolyl

endopeptidase FAP investigated with a full-length protein substrate. J Biochem 2011;149:685-692.

90. Brokopp CE, Schoenenauer R, Richards P, Bauer S, et al. Fibroblast activation protein is
induced by inflammation and degrades type | collagen in thin-cap fibroatheromata. Eur Heart J

2011,;32:2713-2722.

91. Fan MH, Zhu Q, Li HH, Ra HJ, et al. Fibroblast activation protein (FAP) accelerates

collagen degradation and clearance from lungs in mice. J Biol Chem 2016;291:8070-8089.

92.  Cavasin MA, Rhaleb NE, Yang XP, Carretero OA. Prolyl oligopeptidase is involved in

release of the anti-fibrotic peptide Ac-SDKP. Hypertension 2004;43:1140-1145.

93. Sosne G, Qiu P, Goldstein AL, Wheater M. Biological activities of thymosin 4 defined by

active sites in short peptide sequences. FASEB J 2010;24:2144-2151.

94.  Zuo Y, Chun B, Potthoff SA, Kazi N, et al. Thymosin 4 and its degradation product, Ac-

SDKP, are novel reparative factors in renal fibrosis. Kid Int 2013;84:1166-1175.

95. Kanasaki K, Shi S, Kanasaki M, He J, et al. Linagliptin-mediated DPP-4 inhibition
ameliorates kidney fibrosis in streptozotocin-induced diabetic mice by inhibiting endothelial-to-

mesenchymal transition in a therapeutic regimen. Diabetes 2014;63:2120-2131.

96. Kanasaki K, Nagai T, Nitta K, Kitada M, et al. N-acetyl-seryl-aspartyl-lysyl-proline: a
valuable endogenous anti-fibrotic peptide for combating kidney fibrosis in diabetes. Front Pharm

2014:5:70.


http://www.uniprot.org/uniprot/?query=author:%22Huang+C.H.%22
http://www.uniprot.org/uniprot/?query=author:%22Suen+C.S.%22
http://www.uniprot.org/uniprot/?query=author:%22Lin+C.T.%22
http://www.uniprot.org/uniprot/?query=author:%22Chien+C.H.%22
http://dx.doi.org/10.1093/jb/mvr017

35

97. Hahn CS, Scott DW, Xu X, Roda MA, et al. The matrikine N-a-PGP couples extracellular

matrix fragmentation to endothelial permeability. Sci Adv 2015:e1500175.

98.  Gaggar A, Jackson PL, Noerager BD, OReilly PJ, et al. A novel proteolytic cascade
generates an extracellular matrix-derived chemoattractant in chronic neutrophilic inflammation. J

Immunol 2008;180:5662-5669.

99.  Wells JM, Jackson PL, Viera L, Bhatt SP, et al. A randomized placebo-controlled trial of
roflumistat. Effect on proline-glycine-proline and neutrophilic inflammation in chronic obstructive

pulmonary disease. Am J Resp Crit Care Med 2015;192:934-942.

100. Poplawski SE, Lai JH, Sanford DG, Sudmeier JL, et al. Pro-Soft Val-boroPro: a strategy for
enhancing in vivo performance of boronic acid inhibitors of serine proteases. J Med Chem

2011;54:2022-2028.

101. LiJ, Chen K, Liu H, Cheng K, et al. An activatable near infrared probe for in vivo imaging

of fibroblast activation protein alpha. Bioconj Chem 2012;23:1704-1711.

102. Lo PC, Chen J, Stefflova K, Warren MS, et al. Photodynamic molecular beacon triggered by
fibroblast activation protein on cancer-associated fibroblasts for diagnosis and treatment of

epithelial cancers. J Med Chem 2009;52:358-368.

103. Milo LJ, Lai JH, Wu W, Liu Y, et al. Chemical and biological evaluation of dipeptidyl
boronic acid proteasome inhibitors for use in prodrugs and pro-soft drugs targeting solid tumors. J

Med Chem 2011,54:4365-4377.


http://pubs.acs.org/doi/abs/10.1021/jm100972f
http://pubs.acs.org/doi/abs/10.1021/jm100972f
http://pubs.acs.org/doi/abs/10.1021/jm200460q
http://pubs.acs.org/doi/abs/10.1021/jm200460q

36

104. Huang S, Fang R, Xu J, Qiu S, et al. Evaluation of the tumor targeting of FAPa-based

doxorubicin prodrug. J Drug Target 2011;19:487-496.

105. Zhang Y, Zhang X, Liu H, Cai S, et al. Mixed nanomicelles as potential carriers for systemic
delivery of Z-GP-Dox, an FAPa-based doxorubicin prodrug formulation and pharmacokinetic

evaluation. Int J Nanomed 2015;10:1625-1636.

106. Brennen WN, Rosen DM, Aggarwal S, Danmeade SR. Targeting carcinoma-associated
fibroblasts within the tumor stroma with a fibroblast activation protein-activated prodrug. J Natl

Cancer Inst 2012:;104:1320-1324.

107. LeBeau AM, Brennen N, Aggarwal S, Denmeade SR. Targeting the cancer stroma with a

fibroblast activation protein-activated promelittin protoxin. Mol Cancer Ther 2009;8:1378-1386.

108. Passemard S, Staedler D, Sonego G. Magouroux T, et al. Functionalized bismuth ferrite

harmonic nanoparticles for cancer cells labeling and imaging. J Nanopart Res 2015;17:414-427.

109. Jackson KW, Christiansen VJ, Yadav VR, Silasi-Mansat R, et al. Suppression of tumor
growth in mice by rationally designed pseudopeptide inhibitors of fibroblast activation protein and

prolyl oligopeptidase. Neoplasia 2015;17:43.54.

110. Aimes RT, Ziljstra A, Hooper JD, Ogbourne SM, et al. Endothelial cell serine proteases

expressed during vascular morphogenesis and angiogenesis. Thromb Haemost 2003;89:561-572.

111. Ariga N, Sato E, Ohuchi N, Nagura H, et al. Stromal expression of fibroblast activation
protease/seprase, a cell membrane serine proteinase and gelatinase, is associated with longer

survival in patients with invasive ductal carcinoma of breast. Int J Cancer 2001;95:67-72.


http://mct.aacrjournals.org/content/8/5/1378
http://mct.aacrjournals.org/content/8/5/1378

37

112. Huber MA, Kraut N, Park JE, Schubert RD, et al. Fibroblast activation protein: differential
expression and serine protease activity in reactive stromal fibroblasts of melanocytic skin tumors. J

Invest Dermato 2003;120:182-188.

113. Huang Y, Simms AE, Mazur A, Wang S, et al. Fibroblast activation protein-a. promotes
tumor growth and invasion of breast cancer cells through non-enzymatic functions. Clin Exp

Metastasis 2011;28:567-579.

114. Huang Y, Wang S, Kelly T. Seprase promotes rapid tumor growth and increased

microvessel density in a mouse model of human breast cancer. Cancer Res 2004;64:2712-2716.

115. Morrison ME, Vijayasaradhi S, Engelstein D, Albino AP, et al. A marker for neoplastic

progression of human melanocytes is a cell surface ectopeptidase. J Exp Med 1993;177:1135-1143.

116. Scott AM, Wiseman G, Welt S, Adjei A, et al. A phase | dose-escalation study of
sibrotuzumab in patients with advanced or metastatic fibroblast activation protein-positive cancer.

Clin Cancer Res 2003:9:1939-1647.

* Clinical trial evaluating the anti-cancer properties of aa anti-FAP-a antibody.

117. Kelly T, Kechelava S, Rozypal TL, West KW. Seprase, a membrane-bound protease, is
overexpressed by invasive ductal carcinoma cells of human breast cancer. Mod Pathol 1998;11:855-

863.

118. Santos AM, Jung J, Aziz N, Kissil JL et al. Targeting fibroblast activation protein inhibits

tumor stromagenesis and growth in mice. J Clin Invest 2009;119:3613-3625.

* A paper evaluating in detail the anti-cancer properties of targeting FAP-o.



38

119. Iwasa S, Jin X, Okada K, Mitsumata M, et al. Increased expression of seprase, a membrane-
type serine protease, is associated with lymph node metastasis in human colorectal cancer. Cancer

Lett 2003:199:91-98.

120. Okada K, Chen WT, Iwasa S, Jin X, et al. Seprase, a membrane-type serine protease, has
different expression patterns in intestinal- and diffuse-type gastric cancer. Oncology 2004;65:363-

370.

121. Goodman JD, Rozypal TL, Kelly T. Seprase, a membrane-bound protease, alleviates the

serum growth requirement of human breast cancer cells. Clin Exp Metastasis 2000;26:459-470.

122. Roberts EW, Magiera L, Jones JO, Gopinathan A, et al. Suppression of antitumor immunity

by stromal cells expressing fibroblast activation protein-a. Science 2010;330:827-830.

** An important paper demonstrating that the elimination of the protein FAP-a has anti-cancer properties.

123.  Wang XM, Yao TW, Nadvi NA, Osborne B, et al. Fibroblast activation protein and chronic

liver disease. Front Biosci 2008;13:3168-3180.

124.  Artym VV, Kindzelskii AL, Chen WT, Petty HR. Molecular proximity of seprase and the
urokinase-type plasminogen activator receptor on malignant melanoma cell membranes:

dependence on betal integrins and the cytoskeleton. Carcinogenesis 2002;23:1593-1601.

125. Monsky WL, Lin CY, Aoyama A, Kelly T, et al. A potential marker protease of
invasiveness, seprase, is localized on invadopodia of human malignant melanoma cells. Cancer Res

1994;54:5702-5710.


http://www.uniprot.org/uniprot/?query=author:%22Wang+X.M.%22
http://www.uniprot.org/uniprot/?query=author:%22Monsky+W.L.%22
http://www.uniprot.org/uniprot/?query=author:%22Lin+C.Y.%22
http://www.uniprot.org/uniprot/?query=author:%22Aoyama+A.%22
http://www.uniprot.org/uniprot/?query=author:%22Kelly+T.%22

39

126. Mueller SC, Ghersi G, Akiyama SK, Sang QX, et al. A novel protease-docking function of

integrin at invadopodia. J Biol Chem 1999;274:24947-24952.

127. Lee HO, Mullins SR, Franco-Barraza J, Valianou M, et al. FAP-overexpressing fibroblasts
produce an extracellular matrix that enhances invasive velocity and directionality of pancreatic

cancer cells. BMC Cancer 2011;11:245.

128. Lee SY, Kim SlI, Choi ME. Therapeutic targets for treating fibrotic kidney diseases. Translat

Res 2015;165:512-530.

129. Ghersi G, Dong H, Goldstein LA, Yeh Y, et al. Seprase-DPPIV association and prolyl

peptidase activities of the protease complex. Adv Exp Med Biol 2003;524:87-94.

130. Iwata S, Morimoto C. CD26/dipeptidyl peptidase IV in context: the different roles of a

multifunctional ectoenzyme in malignant transformation. J Exp Med 1999;190:301-305.

131. Pethiyagoda CL, Welch DR, Fleming TP. Dipeptidyl peptidase IV (DPPIV) inhibits cellular

invasion of melanoma cells. Clin Exp Meta 2001;18:391-400.

132. Pro B, Dang NH. CD26/dipeptidyl peptidase 1V and its role in cancer. Histol Histopath

2004;19:1345-1351.

133.  Wesley UV, Albino AP, Tiwari S, Houghton AN. A role for dipeptidyl peptidase IV in

suppressing the malignant phenotype of melanocytic cells. J Exp Med 1999;190:311-322.

134.  Wesley UV, Tiwari S, Houghton AN. Role for dipeptidyl peptidase 1V in tumor suppression

of human non small cell lung carcinoma cells. Int J Cancer 2004;109:855-866.


http://www.uniprot.org/uniprot/?query=author:%22Mueller+S.C.%22
http://www.uniprot.org/uniprot/?query=author:%22Ghersi+G.%22
http://www.uniprot.org/uniprot/?query=author:%22Akiyama+S.K.%22
http://www.uniprot.org/uniprot/?query=author:%22Sang+Q.X.%22
http://dx.doi.org/10.1074/jbc.274.35.24947

40

135. Havre PA, Abe M, Urasaki Y, Ohnuma K, et al. The role of CD26/DPPI1V in cancer. Front

Biosci 2008;13:1634-1645.

136. O'Brien P, O'Connor BF. Seprase: an overview of an important matrix serine protease.

Biochim Biophys Acta 2008;784:1130-1145.

137. Kraman M, Bambrough PJ, Arnold JN, Roberts EW, et al. Suppression of antitumor
immunity by stromal cells expressing fibroblast activation protein-alpha. Science 2010;330:827-

8830.

138. Cheng JD, Valianou M, Canutescu AA, Jaffe EK, et al. Abrogation of fibroblast activation

protein enzymatic activity attenuates tumor growth. Mol Cancer Ther 2005;4:351-360.

139. Loeffler M, Kruger JA, Niethammer AC, Reisfeld RA. Targeting tumor-associated
fibroblasts improve cancer chemotherayp by increasing intratumoral drug uptake. J Clin Invest

2006;116:1953-1962.

140. Demuth HU, Schlenzig D, Schierhorn A, Grosche G, et al. Design of (w-N-(O-
acyl)hydroxyamid) aminodicarboxylic acid pyrrolidides as potent inhibitors of proline -specific

peptidases. FEBS Lett 1993;320:23-27.

* One of the initial paper designing inhibitors for prolyl peptidases.

141. Racys DT, Rea D, Fulop V, Wills M. Inhibition of prolyl oligopeptidase with a synthetic

unnatural peptide. Bioorg Med Chem 2010;18:4775-4782.

142. Lopez A, Tarrago T, Giralt E. Low molecular weight inhibitors of prolyl oligopeptidase: a


http://www.uniprot.org/uniprot/?query=author:%22O'Brien+P.%22
http://www.uniprot.org/uniprot/?query=author:%22O'Connor+B.F.%22
http://dx.doi.org/10.1016/j.bbapap.2008.01.006
http://mct.aacrjournals.org/content/4/3/351.abstract
http://mct.aacrjournals.org/content/4/3/351.abstract
http://onlinelibrary.wiley.com/doi/10.1016/0014-5793(93)81649-K/full
http://onlinelibrary.wiley.com/doi/10.1016/0014-5793(93)81649-K/full
http://onlinelibrary.wiley.com/doi/10.1016/0014-5793(93)81649-K/full

41

review of compounds patented from 2003 to 2010. Exp Opin Ther Patents 2011;21:1023-1044.

143. Rybtsova O, Jansen K, Van Goethem S, Joossens J, et al. Acylated Gly-(2-
cyano)pyrrolidines as inhibitors of fibroblast activation protein (FAP) and the issue of FAP/prolyl

oligopeptidase (PREP)-selectivity. Bioorg Med Chem Lett 2012;22:3412-3417.

144. Jambunathan K, Watson DS, Endsley AN, Kodukula K, et al. Comparative analysis of the
substrate preferences of two post-proline cleaving endopeptidases, prolyloligopeptidase and

fibroblast activation protein alpha. FEBS Lett 2012;586:2507-2512.

145. Tsai TY, Yeh TK, Chen X, Hsu T, et al. Substituted 4-carboxymethyl-pyroglutamic acid
diamides as potent and selective inhibitors of fibroblast activation protein. J Med Chem

2010;53:6572-6583.

146. Van Goethem S, Matheeussen V, Joossens J, Lambeir AM, et al. Structure-activiry
relationship studies of isoindoline inhibitors of dipeptidylpeptidases 8 and 9 (DPP8, DPP9): is

DPP8 selectivity an attainable goal. J Med Chem 2011;54:5737-5746.

147. Gilmore BF, Lynas JF, Scott CJ, McGoohan C, et al. Dipeptide proline diphenyl
phosphonates are potent, irreversible inhibitors of seprase (FAPa). Biochem Biophys Res Comm

2006;346:436-446.

148. De Cesco S, Deslandes S, Therrien E, Levan D, et al. Virtual screening and computational

optimization for the discovery of covalent prolyl oligopeptidase inhibitors with activity in human

cells. J Med Chem 2012;55:6306-6315.

149. Poplawski SE, Lai JH, Li Y, Jin Z, et al. Identification of selective and potent inhibitors of



42
fibroblast activation protein and prolyl oligopeptidase. J Med Chem 2013;56:3467-3477.

* One of the initial paper designing inhibitors for FAP-a.

150. Jansen K, Heirbaut L, Verkerk R, Cheng JD, et al. Extended structure-activity relationship
and pharmacokinetic investigation of (4-quinolinoyl)glycyl-2-cyanopyrrolidine scaffold. ACS Med

Chem Lett 2013,;4:491-496.

151. St-Pierre JF, Karttunen M, Mousseau N, Rog T, et al. Use of umbrella sampling to calculate
the entrance/exit pathway for Z-Pro-prolinal of prolyl oligopeptidase. J Chem Theory Comput

2011,;7:1583-1594.

152. Jansen K, De Winter H, Heirbaut L, Cheng JD, et al. Selective inhibitors of fibroblast

activation protein (FAP) with a xanthine scaffold. Med Chem Commun 2014;5:1700-1707.

** An important paper designing inhibitors specific for FAP-a.

153. Jansen K, Heirbaut L, Cheng JD, Joossens J, et al. Selective inhibitors of fibroblast
activation potein (FAP) with a (4-quinolinoyl)glycyl-2-cyanopyrrolidine inhibitors. J Med Chem
2014;57:3053—-3074.

** An important paper designing inhibitors specific for FAP-a.

154. Coutts SJ, Kelly TA, Snow RJ, Kennedy CA, et al. Structure-activity relationship of boronic
acid inhibitors of dipeptidyl peptidase IV. 1. Variation of the P, position of X,,-boroPro dipeptides.

J Med Chem 1996;39:2087-2094.

155. Narra K, Mullins SR, Lee HO, Strzemkowski-Brun B, et al. Phase Il trial of single agent
Val-boroPro (talabostat) inhibiting fibroblast activation protein in patients with metastatic colorectal

cancer. Cancer Biol Ther 2007;6:1691-1699.


http://pubs.rsc.org/en/results?searchtext=Author%3AKoen%20Jansen
http://pubs.rsc.org/en/results?searchtext=Author%3AHans%20De%20Winter
http://pubs.rsc.org/en/results?searchtext=Author%3ALeen%20Heirbaut
http://pubs.rsc.org/en/results?searchtext=Author%3AJonathan%20D.%20Cheng

43

156. Nemunaitis J, Vukelja SJ, Richards D, Cunningham C, et al. Phase | of PT-100 (PT-100), a
cytokine-inducing small molecules following chemotherapy for solod tumor malignancy. Cancer

Invest 2006:24:553-561.

157.  Adams S, Miller GT, Jesson MI, Watanabe T, et al. PT-100, a small molecule dipeptidyl
peptidase inhibitor, has potent antitumor effects and augments antibody-mediated cytotoxicitx via a

novel immune mechanism. Cancer Res 2004;64:5471-5480.

158. Li M, Yin T, Shi H, Wen Y, et al. Targeting of cancer-associated fibroblasts enhances the
efficacy of cancer chemotherapy by regulating the tumor microenvironment. Mol Med Reports

2016;13:2476-2484.

159. Uprichard MJ, O’Day SJ, Pavlick AC, Richard DA, et al. Phase 2 study of talabostst and

cisplatin in stage IV melanoma. J Clin Oncol 2005;23:725s.

160. Cunningham C, Pavlick AC, Khan KD, Frenette G, et al. Phase 2 trial of talabostat and

cisplatin in patients with stage 1V melanoma. J Clin Oncol 2006;24:462s.

** An important paper describing clinical trials targeting the anti-cancer properties of a FAP-a inhibitor.

161. Redman BG, Ernstoff MS, Gajewski TF, Cunningham C, et al. Phase 2 clinical trial of

talabostst in stage 1V melanoma. J Clin Oncol 2005;23:727s.

162. Welt S, Divgi CR, Scott AM, Garin-Chesa P, et al. J. Antibody targeting in metastatic colon
cancer: a phase | study of monoclonal antibody F19 against a cell-surface protein of reactive tumor

stromal fibroblasts. J Clin Oncol 1994;12:1193-1203.

** An important paper describing the anti-cancer effect of eliminating the protein FAP-a in a clinical trial.



44

163. Cheng JD. Dumbrack RL, Valianou M, Rogatko A, et al. Promotion of tumor growth by
murine fibroblast activation protein, a serine protease in an animal model. Cancer Res

2002;62:4767-4772.

164. Hofheinz RD, al-Batran SE, Hartmann F, Hartung G, et al. Stromal antigen targeting by a
humanised monoclonal antibody: an early phase |1 trial of sibrotuzumab in patients with metastatic

colorectal cancer. Onkologie 2003;26:44-46.

165. Teichgraber V, Monasterio C, Chaitanya K, Boger R, et al. Specific inhibition of fibroblast

activation protein (FAP)-alpha prevents tumor progression in vitro. Adv Med Sci 2015;60:264-272.

166. Ostermann E, Garin-Chesa P, Heider KH, Kalat M, et al. Effective immunoconjugate
therapy in cancer models targeting a serine protease of tumor fibroblasts. Clin Cancer Res

2008;14:584-4592.

** An important paper describing the anti-cancer effect of FAP-a-targeted prodrugs.

167. Fang J, Xiao L, Joo KI, Liu Y, et al. A potent immunotoxin targeting activation protein for

treatment of breast cancer in mice. Int J Cancer 2015;138:1013-1023.

168. Fang J, Hu B, Zhang C, Liu Y, et al. A multi-antigen vaccine in combination with an
immunotoxin targeting tumor-associated fibroblast fo treating murine melanoma. Mol Therap

Oncolytics 2016;3:16007.

169. Yi YM, Zhang G, Zeng J, Huang SC, et al. A new tumor vaccine: FAPtau-MT elicits

effective antitumor response by targeting indolamine-2,3-dioxygenase in antigen presenting cells.


http://clincancerres.aacrjournals.org/content/14/14/4584
http://clincancerres.aacrjournals.org/content/14/14/4584
http://www.tandfonline.com/author/Zhang%2C+Ge
http://www.tandfonline.com/author/Zeng%2C+Jun
http://www.tandfonline.com/author/Huang%2C+Si-Chao

45

Cancer Biol Ther 2011;11:866-873.

170. Burckhart T, Thiel M, Nishikawa H, Wiest T, et al. Tumor-specific crosslinking of GITR as

costimulation for immunotherapy. J Immunother 2010;33:925-934.

171. Kakarla S, Chow KKH, Mata M, Shaffer DR, et al. Antitumor effects of chimeric receptor

engineered human T cells directed to tumor stroma. Mol Ther 2013;21:1611-1620.

172. Tran E, Chinnasamy D, Yu Z, Morgan RA, et al. Immune targeting of fibroblast activation
protein triggers recognition of multipotent bone marrow stromal cells and cachexia. J Exp Med

2013;210:125-1135.

** An important paper describing the anti-cancer effect of FAP-o-targeted immunotherapeutics.

173. Roberts EW, Deonarine A, Jones JO, Denton AE, et al. Depletion of stromal cells
expressing fibroblast activation protein-a from skeletal muscle and bone marrow results in cachexia

and anemia. J Exp Med 2013;210:1137-1151.

174. CaiF, Li Z, Wang C, Xian S, et al. Short hairpin RNA targeting fibroblast activation protein
inhibits tumor growth and improves the tumor microenvironment in a mouse model. BMB Reports

2013;46:252-257.

175. Rovedatti L, Di Sabatino A, Knowles CH, Sengupta N, et al. Fibroblast activation protein

expression in Crohn’s disease strictures. Inflamm Bowel Dis 2011;17:1251-1253.


http://journals.lww.com/immunotherapy-journal/Abstract/2010/11000/Tumor_specific_Crosslinking_of_GITR_as.1.aspx
http://journals.lww.com/immunotherapy-journal/Abstract/2010/11000/Tumor_specific_Crosslinking_of_GITR_as.1.aspx
http://www.cell.com/molecular-therapy-family/molecular-therapy/fulltext/S1525-0016(16)31990-6
http://jem.rupress.org/content/210/6/1125
http://jem.rupress.org/content/210/6/1125
http://jem.rupress.org/content/210/6/1137
http://jem.rupress.org/content/210/6/1137
http://jem.rupress.org/content/210/6/1137

Tables.

Table 1. Mutagenesis experiments performed on FAP-o.

aa mutated to consequence references
R? A ME dipeptidyl and endopeptidase activities reduced 67
E?® A ,DorQ  dipeptidyl and endopeptidase activities reduced 67,68
E® A ,DorQ  when associated,
no inhibition of cell adhesion, migration and invasion
go4 A dipeptidyl and gelatinase activities reduced 16,68
no inhibition of cell adhesion, migration and invasion
S A dipeptidyl and gelatinase activities reduced 67
no inhibition of cell adhesion, migration and invasion
N704 A dipeptidyl and endopeptidase activities reduced 67
A®"  ForVv dipeptidyl and gelatinase activities reduced
DorN endopeptidase activity inhibited, dipeptidase activity increased
Q,SorT endopeptidase activity inhibited, dipeptidase activityunchanged 67




Table 2. Kinetics parameters of FAP-a on small peptides.

peptide sequence Km references

exopeptidase activity

Gly-Pro- 0.25 mM 16,61
Ala-Pro- 0.24-0.46 mM 67
Lys-Pro- 0,90 mM 16
Ile-Pro- 0.10 mM 61
Phe-Pro 0.24 mM 61

endopeptidase activity

Ac-Gly-Pro 0.33 mM 61
Thr-Ser-Gly-Pro-Asn-GlIn 1.3 uM 67
Ala-Ser-Gly-Pro-Asn-Gln, 2.2 UM 62
Thr-Ala-Gly-Pro-Asn-GlIn 0.7 uM 62
Thr-Ser-Gly-Pro-Ser-GlIn 1.9 uM 62
Thr-Ser-Gly-Pro-Asn-Ser 2.2 UM 62
Ala-Ser-Gly-Pro-Ser-Ser 4.3 uM 62
Arg-Gly-Thr-Ser-Gly-Pro-Asn-GIn-Glu-GIn-Glu 29 uM 73

(antiplasmin-cleaved sequence)




Table 3. Synthetic inhibitors of FAP-a.

name structure 1Cs0/K; /selectivity references

1 ARI3009 D_Q'\N}NQ selective vs POP 149
HO-B.

OH

boronic acid K; POP =2.8 nM

2 cyclic amide Ki FAP-a = 7.5 nM 69
}N
HO‘

"OH
Ki DPP IV =22780 nM

3 N-acetyl-Gly- Ki FAP-a 23 nM 61,62

OH
boroPro 5 HO-8 Ki POP 211nM

N
)Lgﬁor Ki DPP IV 377 nM
4 4-carboxy- ICs50 FAP-0. 20 nM 145
methyl- % ICs0 DPP IV > 50 uM
N._o F
pyroglutamic T q selective vs DPP-I1, DPP8,
N

acid diamide O{h \.  and DPP9
5PT-100 Ki FAP-a 6.2 nM 154,155

NH,
Val-boroPro WQ K; DPP IV 22 nM
~OH

talabostat HO' K; POP 980 nM
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6 PT-630

Glu-boroPro-

thioxamide

Z 3\ H
N Bjo
OH

NH,

Ki FAP-a 5 nM; ICso FAP-0. 23 nM

Ki DPP IV 3 nM; IC5 DPP IV 3 nM

118

7 xanthine-based

linagliptin-derived

0 /
N N N N
GO Q)

NH

0

selective vs DPP IV

152

8 N-4-quinolinoyl-

Gly-(2S)-cyanoPro

OO ﬂrQ

o} ,B~ot

IC50 FAP-a 1.8 nM
selective (>100)

vs DPP IV and POP

150,153

9 Gly-Pro”(OPh),

R=Gly

10 Tyr-Pro”(OPh),
R=Tyr
11 Pro-Pro”(OPh),
R=Pro
12 Val-Pro”(OPh),

R=Val

Ki DPP IV 59.4 nM

Ki FAP-o 3.27 uM

Ki DPP IV 14.2 pM
Ki FAP-o 2.59 uM
Ki DPP IV 42.8 pM
Ki FAP-o. 4.60 uM
K; DPP IV 3.13 pM

Ki FAP-a. 3.63 uM

147




13 N-acetyl-Arg-2-(2-
(2-aminoethoxy)ethoxy)
acetic acid-(D)Ala-

(L)boroPro (M83)

dual FAP-a/POP inhibitor 109
Ki; FAP-a 5.7 nM

Ki POP 7.3 nM

14 N-benzoyl-Gly-

(2-cyano)pyrrolidine

15 N-naphthoyl-Gly-

(2-cyano)pyrrolidine

0

H
N

0

N

Ao

>
=N

selective vs DPP IVV,DPPII,DPP9 143

ICso FAP-0. 0.85 uM

ICso POP > 10 uM

ICso FAP-0. 6.7 pM

ICso POP > 100 puM




Legends for Figures

Figure 1: Myofibroblast formation.

Activated proliferating myofibroblasts develop from resting precursors, either resident tissue
fibroblasts, or circulating fibrocytes, or following cell (epithelial or endothelial) transdifferentiation,
perturbating tissue homeostasis. This process is mediated by the secretion of cell-derived activating
factors, including cytokines, proteases, extracellular matrix proteins, and in particular TGFP. The
expression of specific molecules and the secretion of proteases by myofibroblasts drives the

development of fibrogenic processes and indirectly influences a multitude of other cell types.

Figure 2. Prolyl-specific peptidases: exoproteolytic (left) and endoproteolytic (right) enzymatic

activities, with the preferred amino acid sequences when known.

Figure 3. Structure of the FAP-a protein.

A. Schematic structure of the amino acid sequence of FAP-a. Yellow: cytoplasic motif; green:
transmembrane domain; pink: o/f hydrolase domains; grey: B-propeller domain; red arrows:
catalytic Ser/Asp/His charge relay triad; blue arrows: substrate binding motif.;

B. Overall 3D structure of the FAP-o dimer. Active site residues Ser®”, Asp’® and His™* are
located at the interface of the two monomers in the o/B-hydrolase domain of each monomer and the

B-propeller domain; [PDB 1z68].

Figure 4. FAP-a protein expression (brown precipitate) in human normal colon tissue (left) and

cancer (right) determined by immunohistochemistry.

Figure 5. FAP-a and POP aminoacid sequences specificities and consequences for developing
specific inhibitors, left, exopeptidase activity, and right, endopeptidase activity (adapted from

[61,62]).
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Figure 2.

exopeptidase activity endopeptidase activity

l |

NH,-X-Pro Y-Y-Y- NIL-Y-Y-Y-Y-Y-X-Pro-Y-Y-
DPPIV (EC 3.4.14.5): X= any aa, branched aa FAP-a (EC 3.4.21.B28): X= Gly
FAP-u (EC 3.4.21.B28): X= any aa POP/PREP (EC3.4.21.26): X= any aa

y=any aa
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