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Abstract

Fibroblast activation protein-α (FAP) is a type-II transmembrane serine protease expressed almost 

exclusively to pathological conditions including fibrosis, arthritis and cancer. Across most cancer 

types, elevated FAP is associated with worse clinical outcomes. Despite the clear association 

between FAP and disease severity, the biological reasons underlying these clinical observations 

remain unclear. Here we review basic FAP biology and FAP’s role in non-oncologic and oncologic 

disease. We further explore how FAP may worsen clinical outcomes via its effects on extracellular 

matrix remodeling, intracellular signaling regulation, angiogenesis, epithelial-to-mesenchymal 

transition and immunosuppression. Lastly, we discuss the potential to exploit FAP biology to 

improve clinical outcomes.

Keywords

Fibroblast activation protein (FAP); fibroblasts; stroma; invasion

Introduction

Fibroblast activation protein-α (FAP) was first described in 1986 by Wolfgang Rettig as a 

cell surface antigen expressed on the reactive stromal fibroblasts of epithelial cancers, most 

soft tissue sarcomas, granulation tissue of wound healing and certain fetal mesenchymal 

fibroblasts. Conversely, it was not expressed in normal fibroblasts, normal or malignant 

epithelial cells or the stroma of benign epithelial tumors. Hence, it was named “fibroblast 

activation protein”. In 1990, Atsuko Aoyama identified a dimeric 170 kDa membrane-bound 

gelatinase on the invadopodia of the human melanoma cell line LOX, which was 

subsequently named “seprase” for surface expressed protease [1, 2]. Cloning and sequence 

analysis later revealed FAP and seprase to be identical [3, 4]. Unfortunately, both names are 

only partially accurate. Subsequent research went on to demonstrate that FAP could be 
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expressed in non-fibroblast cell types, such as epithelial tumors [5–7], melanocytes and 

melanoma [2, 8], and recently macrophages [9]. Seprase also is not entirely accurate as FAP 

can be shed from the plasma membrane forming a soluble FAP, which is referred to as α2-

antiplamin cleaving enzyme (APCE) [10]. Hence, it is not restricted to the cell surface. In 

any event, the name “fibroblast activation protein-a” and the symbol “FAP” predominate in 

the literature and are the official name and symbol listed in NCBI Gene and, consequently 

will be used throughout this review.

FAP Protein Structure and Function

Enzymatic Activity

FAP is a 97-kDa type II transmembrane serine protease. FAP is a member of the proplyl 

peptidase family, which also contains dipeptidyl peptidase IV (DPPIV, CD26), DPP7 (DPP 

II, quiescent cell proline dipeptidase), DPP8, DPP9, and prolyl carboxypeptidase (PCP, 

angiotensinase C). Within this family FAP is most like DPPIV, sharing 70% amino acid 

sequence homology [11]. These proteins contain a catalytic triad of serine, aspartic acid and 

histidine. [12] The serine acts as a nucleophile, cleaving N-terminal Pro-X peptide bonds, 

where X is any amino acid except proline or hydroxyproline. FAP contains dipeptidyl 

peptidase enzymatic activity and endopeptidase activity, sometimes referred to as gelatinase 

activity. Both FAP and PDDIV have dipeptidylpetidase activity, but endopeptidase activity is 

specific to FAP. Hence, endopeptidase activity is the basis for FAP specific detection 

methods and FAP specific inhibitory molecules. FAP’s endopeptidase activity prefers amino 

acid sequences of Gly-Pro-X, is most effective where X is Phe or Met, and least effective 

when X is His or Glu [13]. Furthermore, FAP is ineffective with large charged amino acids 

at position P4 and P2’ [14–16].

Substrates

While FAP’s substrate repertoire is largely unknown, some substrates were identified by a 

study that screened known DPPIV substrates for cleavage by FAP. This study demonstrated 

FAP’s dipeptidyl peptidase activity enables it to cleave neuropeptide Y, peptide YY, 

substance P and brain natriuretic peptide 32 [17]. Known substrates of FAP’s endopeptidase 

activity include denatured collagen type I and III (the components of gelatin) [18, 19], α−2 

antiplasmin cleaving enzyme, and recently discovered fibroblast growth factor 21 [20]. Of 

note, FAPs ability to cleave collagen is dependent on prior collagen degradation by matrix 

metalloproteases or heat.

FAP’s ability to cleave α−2 anti-plasmin has been extensively detailed. During tissue repair, 

fibrin is deposited to form a fibrin clot. Fibrinolysis is the natural process in which a fibrin 

clot is dissolved by plasmin leading to scar resolution. A−2 anti-plasmin is an inhibitor of 

plasmin and therefore reduces the rate of lysis of the fibrin clot. Cleavage of α2-antiplasmin 

by FAP converts α2-antiplasmin into a more potent inhibitor of plasmin [21]. Therefore, 

soluble FAP, referred to as APCE, functions to enhance clotting.
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Non-enzymatic activity

Research with a catalytically mutant FAP (in which the Ser 642 is mutated to Ala) has 

suggested that FAP can have functional impacts independent from its enzymatic activity. 

Mouse melanoma lines transfected to express FAP had reduced tumorigenicity. This effect 

was enhanced when the same cells were transfected with catalytically inactive FAP. While 

this study contradicts many reports of FAP being oncogenic, it suggests that catalytically 

inactive FAP can still induce biological effects [22]. In a similar study, breast cancer lines 

transfected either FAP or catalytically inactive FAP grew more rapidly in vivo, were more 

invasive on collagen gels, and had greater degradation of extracellular matrix in comparison 

to untransfeced cell lines [23], suggesting enzymatic activity was unnecessary for the 

observed phenotype. Another study demonstrated that breast cancer cell lines transfected 

with FAP and catalytically mutant FAP both had increased cellular growth and motility and 

both proteins activated signaling molecules PI3K and MMP2/9 [24].

Structure

FAP is 760 amino acids long with residues 1–4 composing the intracellular domain, 5–25 

composing the transmembrane domain and 26–760 composing the extracellular domain. 

APCE results from post translational cleavage and is thus the extracellular portion of FAP, 

residues 24–760 [10].

Katheen Aertgeerst [25] was the first to obtain a high resolution crystalline structure of FAP. 

FAP’s secondary structure consists of two domains (Figure 1).

Residues 54–492 comprise the β-propeller domain while residues 27–53 and 493–760 

comprise the α/β-hydrolase domain. The β-propeller domain can be further broken down 

into eight blades surrounding a central pore of approximately 27 angstroms in length and 14 

angstroms in width. Each blade is comprised of three or four anti-parallel β-sheets. The 

hydroxylase domain contains the catalytic triad while the β-propellar domain is believed to 

serve as filter so selectively permit peptides into the catalytic domain. The β-propeller 

domain is also thought to serve as the scaffolding region of FAP as certain β-sheets are the 

site for homodimerization, heterodimerization with DPPIV or interaction with other cell 

surface molecules such as integrins.

FAP’s catalytic triad is located at the interface of the β-propeller domain and the α/β-

hydroxylase domain. The catalytic triad is accessible via the pore formed by the β-propeller 

domain or via the cavity between FAP’s two domains. The cavity offers greater access to 

substrates as its 24-angstrom width makes it wider than the pore.

DPPIV vs. FAP Catalytic Activity

Since FAP shares such sequence homology with DPPIV, attempts have been made to 

identify the structural differences that allot FAP its additional endopeptidase activity. Both 

enzymes’ dipeptidyl peptidase activities are dependent on conserved amino acids Glu205, 

Glu206 and Tyrosine662, which render the catalytic binding site negatively charged and 

allow for binding of the positively charged amino group at the N-terminus of peptides. Two 

more conserved peptides, Arg125 and Asn710 (numbering based on DPPIV) are required for 
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DPPIV activity because they bind to and stabilize the carbonyl oxygen of the P2 amino acid 

in the substrate [25]. Aertgeerts et al. discovered that where DPPIV contains an Asp (663) 

FAP contains Ala (657) and this difference is responsible for FAP’s endopeptidase activity. 

The Asp in DPPIV is gives the catalytic site a greater negative charge, enhancing its 

dipeptidyl peptidase activity. Meadows et al. expanded on this observation and demonstrated 

that the Ala in FAP endows it with endopeptidase activity by transition state stabilization 

[26].

Regulation of FAP activity

FAP requires both dimerization and glycosylation to be functionally active [3, 27] FAP is 

can homodimerize or heterodimerize with DPPIV [28]. Hence, original work identified FAP 

as having two subunits, α and β, until further studies revealed FAP β was in fact DPPIV. 

FAP can also bind to β-integrins. It is believed integrins provide localization to invadopodia 

in cells grown on a collagenous matrix. Thus it was assumed that this heterodimer functions 

to enhance extra cellular matrix degradation and invasion [29]. Furthermore, since FAP has a 

short cytoplasmic domain, integrins may serve as the liaison for FAP’s effects on 

intracellular signaling. FRET data also suggests FAP can colocalize with urokinase 

plasminogen activator receptor (uPAR) [30]. Given that uPAR and FAP both play a role in 

tissue organization, their biological association seems reasonable.

FAP has five potential N-linked glycosylation sites on asparagine residues 49, 92, 227, 314 

and 679. Four are in the β-propeller domain and one is in the hydroxylase domain. Sun et al. 

found that glycosylation was necessary for FAP endopeptidase activity [27].

FAP Genetics

Gene

The human FAP gene is located on chromosome 2q23. It spans approximately 73 kb and 

contains 26 exons. FAP continues to share remarkable homogeneity with DPPIV even at the 

gene level. DPPIV is located on chromosome 2q24.3, spans 70 kb and contains 26 exons. 

Hence some believe FAP arose from a DPPIV duplication. FAP has been identified in 

several other species including mouse [31, 32] and xenopus [33]. The mouse FAP gene is 

highly similar to human, located on chromosome 2, spanning 60 kb and containing 26 

exons. Thus, mouse models can offer useful preclinical models to study FAP.

In 2010 Jiping Zhang identified the human and mouse promoter region of FAP. It is a 245-bp 

fragment surrounding the transcription start site. It contains early growth response-1 

(EGR1), HOXA4, and E2F1 transcription binding sites. Of these three binding sites, EGR1 

appeared to be the most important transcription factor for driving FAP expression [34].

Splice Variants

Like many proteins, FAP is known to have splice variants. Leslie Goldstein identified 

alternatively spliced FAP that forms a truncated protein in the melanoma cell line LOX. This 

variant is generated by an out-of-frame deletion of exonic region spanning 1223 bps. This 

region encodes part of the cytoplasmic tail, transmembrane and portions of the proximal and 
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central extracellular domains. Sequence analysis of this alternatively spliced FAP variant 

predicts it to be entirely cytoplasmic. It is currently unknown if this splice variant has 

catalytic activity [35]. Additionally, three FAP splice variants have been identified in mouse 

embryonic tissues. All three variants encode the entire protein, including the catalytic triad, 

but lack part of the extracellular domain near the transmembrane domain [36]. Interestingly, 

there are no reports of DPPIV alternative splicing events.

Induction

Little is known about the physiologic regulators of FAP expression, however in vitro studies 

have offered some insights. In vitro, FAP can be induced in leptomeningeal fibroblasts by 

TGFβ, TPA (tetradecanoyl phorbol-13-acetate), retinol or retinoic acid [37]. TGF-β and IL1-

β alone and synergistically induce FAP expression in mouse fibroblasts [38]. UVA and UVB 

can induce FAP expression in fibroblasts, melanocytes and primary melanoma cells. 

Furthermore, primary melanoma cell line media, but not metastatic melanoma media, can 

induce FAP expression in fibroblasts without UVR exposure [39]. In human aortic smooth 

muscle cells FAP is induced by TNFα. This study also demonstrated conditioned media 

from peripheral blood-derived macrophages induced FAP expression in aortic smooth 

muscle cells and that this effect was abolished upon addition of TNFα inhibitors. Thus, they 

infer that TNFα released from immune cells, in this instance macrophages, is responsible for 

induction of FAP.

In vitro studies investing the role of FAP expression in ovarian cancer found that FAP is 

induced in ovarian fibroblasts by exposure to conditioned media from an ovarian cell line 

HO-8910PM or upon adhesion to type I collagen [38, 40]. It was proposed that collagen 

induces FAP expression through binding of α3β1 integrin. This concept was supported by 

the observation that application of a β1 integrin binding antibody induced the same 

upregulation of FAP as collagen did [40]. Once elevated, FAP promotes proliferation, 

adhesion and migration of metastatic ovarian cancer cell and ovarian cancer associated 

fibroblasts [38, 40, 41].

One study in glial tumors demonstrates that FAP is increased upon cellular differentiation. In 

this study glioma stem-like cells from glioblastoma were isolated, then differentiation was 

induced in vitro by long term culture with basic fibroblast growth factor and epidermal 

growth factor. After differentiation, FAP was upregulated 40-fold, yet DPPIV remained 

unchanged.

A recent study points to micro-RNAs as regulators of FAP expression. Peng Ruan 

demonstrated that miR-30a-5p downregulated FAP expression in oral cavity cancer cells, 

resulting in decreased cell propagation, migration and invasion, consistent with previous 

reports of FAP function [42]. Many other factors have been shown to influence FAP 

expression in a context-dependent manner and will be addressed throughout the review.

FAP in Development and Health

Most of what is known about FAP’s role during development is from studies on frogs and 

mice. Amphibian metamorphosis, the transformation of the larva to a miniature adult, 
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involves complex developmental programs that requires physiologic and morphological 

changes regulated by thyroid hormone. Most of the thyroid hormone regulated tissue 

remodeling, including tail resorption, involves cell death. Donald Brown’s group conducted 

a time course gene expression screen to identified thyroid hormone upregulated and 

downregulated genes responsible for tail resorption. They identified a set of “direct response 

genes” that are activated 2–4 hours after exposure to thyroid hormone and peak at 12 hours, 

and a set of “delayed response genes” that were maximally upregulated 24 hours after 

thyroid hormone induction. They proposed that the direct response genes were responsible 

for inducing the delayed response genes. One of the eight genes identified in the delayed 

response genes was FAP, in addition to two other proteases, collagenase-3 and peptidase R. 

Expression of FAP at this stage of metamorphosis was not exclusive to the tail, and it was 

proposed that this is because tissue remodeling is not limited to the tail but is essential for 

many other organs during metamorphosis [33, 43]. From here we can presume that FAP is 

expressed in addition with collagenase-3 and peptidase E to remodel the extracellular matrix 

to allow for tissue remodeling.

FAP deficient mice (FAP−/−) are viable and display no overt developmental defects [44]. 

Joachim Neidermeyer et al replaced the FAP gene with a β-galactosidase that was under 

regulation of the FAP promoter. After 11.5 days post conception, they found β-galactosidase 

expression in somites, myotubes and perichondral mesenchyme from the cartilage 

primordia. At day 16.5 post conception scattered developing intercostal muscle fibers 

expressed β-galactosidase but β-galactosidase subsequently repressed after birth. The 

replacement of FAP with β-galactosidase resulted in no obvious phenotypes, suggesting that 

FAP is associated with tissue remodeling but not necessary in embryonic development. The 

upregulation of compensatory proteolytic enzymes may contribute to normal development in 

FAP deficient models [45].

While FAP has been traditionally considered absent from adult tissues, a more systemic 

approach to FAP expression profiling in mice with extra-chromosomal luciferase under the 

control of the FAP promoter suggests that low basal levels of FAP expression might be 

found in many tissues, including muscle, bone marrow, adipose, skin, and pancreas [46]. 

FAP has also been identified in human plasma from non-diseased individuals, although the 

source of this circulating FAP is unknown [47]. There is one context in which FAP 

expression in adult tissues is universally accepted — wound healing. Consistent with FAP’s 

tissue remodeling role in embryologic development, FAP is known to be strongly induced in 

the process of scar formation. Immunohistological evaluation of six human surgical incision 

wounds demonstrated all six had extensive FAP expression [48].

FAP in Non-Oncologic Diseases

FAP has been linked to multiple human pathologies including fibrosis, arthritis, 

atherosclerosis, autoimmune diseases, metabolic diseases and cancer. In most instances, FAP 

is associated with progression and heightened severity of the disease, but there are some 

conflicting reports.
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Fibrosis

Given FAP’s role in tissue remodeling and expression on activated fibroblasts of scarring 

tissue, it is unsurprising that FAP expression is associated with diseases of uncontrolled 

scarring, known as fibrosis. FAP has been reported elevated in fibrotic conditions involving 

the liver, lung and colon.

Liver fibrosis can ultimately lead to liver failure, a condition termed cirrhosis. Initiation of 

liver fibrosis is believed to be chronic injury from etiologies such as a viral hepatitis 

infection, non-alcoholic fatty-liver disease or alcoholism. With chronic liver injury, hepatic 

stellate cells, which are normally quiescent and function to store vitamin A, become 

activated and begin producing the extracellular matrix responsible for hepatic scarring. 

Activated hepatic stellate cells take on a more myofibroblast like phenotype and express α 
smooth muscle actin (αSMA), glial fibrillary acidic protein (GFAP), and FAP [19]. 

Intrahepatic expression of FAP, but not GFAP or αSMA, correlated with degree of liver 

fibrosis in patients with viral hepatitis C infections [49]. FAP activity was 14–18 fold greater 

in cirrhotic livers compared to healthy livers and circulating FAP was almost doubled in the 

presence of alcoholic cirrhosis [47]. Shirley Uitte de Willige showed that the concentration 

and activity of circulating FAP was significantly increased in patients with liver cirrhosis and 

that these increased levels correlated with increased cleavage of α−2 anti-plasmin. N-

terminal cleaved α−2 anti-plasmin is a more potent inhibitor of fibrinolysis than its 

uncleaved protein and thus they propose that increased circulating FAP may be responsible 

for the hemostasis related bleeding and thrombotic events associated with liver cirrhosis. 

Interestingly, FAP levels normalized with successful liver transplant [50, 51]. A study by KH 

Williams demonstrates that low levels of circulating FAP can be used clinically to rule out 

clinically significant liver fibrosis in patients with non-alcoholic fatty liver disease [52].

Idiopathic pulmonary fibrosis (IPF) is another disease of uncontrolled fibrosis, this time 

affecting the lung. This chronic lung disease is characterized by excessive fibrosis of the 

lung interstitium with no clear etiology or successful treatments. FAP is specifically 

upregulated in fibroblastic foci and the fibroblastic interstitium of patients with IPF but not 

in adjacent normal tissue, lung tissue from healthy individuals or lung tissues from patients 

with centri-acinar emphysema [53]. FAP is also upregulated in mouse models of IPF and 

levels of FAP expression in the lungs correlate to the severity of IPF [54]. Interestingly, IPF 

is exacerbated in FAP deficient mice, and restoration of FAP to FAP deficient mice 

significantly reduced lung collagen content. This finding therefore suggests that FAP plays a 

protective role in the lung and functions to combat fibrosis by promoting collagen clearance 

and matrix degradation [55]. However, these surprising findings are contradicted by a study 

demonstrating that a nonspecific FAP inhibitor (PT-100, Val-boro-pro, talabostat, 

BXCL-701) had anti-fibrotic effects. In in vivo models of IPF, an FAP inhibitor slowed 

disease and reduced fibrosis [56]. While the specific roles of FAP in IPF remain uncertain, 

its involvement in the disease is undisputed.

Other pathologies in which extensive fibrosis is correlated with upregulated FAP expression 

include keloid formation and Crohn’s disease. Keloid scars are benign, fibroproliferative 

dermal lesions of unknown etiology and commonly occur following surgical resection. 

Keloids progress in a manner dependent on increased deposition of extracellular matrix and 
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invasion into surrounding healthy skin. One study demonstrated that fibroblasts derived from 

keloid skin samples had elevated expression of FAP, increased invasiveness and enhanced 

extracellular matrix deposition when compared to fibroblasts derived from control skin 

samples. Selective inhibition of FAP/DPPIV resulted in decreased invasion but had no effect 

on other phenotypes such as increased extracellular matrix deposition or expression of pro-

inflammatory cytokines [57].

Crohn’s disease is an autoimmune condition resulting in chronic gut inflammation that can 

be complicated by intestinal fibrosis and stricture formation. One study identified FAP to be 

overexpressed in uninflamed strictures compared to non-strictured colonic regions in 

biopsies taken from Crohn’s Disease patients. FAP was not overexpressed in colonic 

biopsies taken from healthy individuals or individuals with ulcerative colitis, a different 

inflammatory bowel disease. FAP expression was increased in myofibroblasts derived from 

strictured lesions upon exposure to TNFα and TGF-β, but that this was not true for 

myofibroblasts derived from nonstrictured lesions [58]. These results imply that FAP cannot 

be induced in any fibroblast upon exposure to inducing factors, but some reprogramming of 

cells prior to pro-FAP factors is required.

Arthritis

Arthritis is a term used to mean any disorder that affects the joints. The two most common 

forms of arthritis are osteoarthritis and rheumatoid arthritis. Osteoarthritis is also known as 

degenerative joint disease and occurs with aging. Rheumatoid arthritis is an autoimmune 

condition. The investigation of FAP in arthritis was sparked when a phase I clinical trial of 

radiolabeled anti-FAP antibody demonstrated minor antibody uptake in the knees and 

shoulders of patients who lacked clinical symptoms of arthritis [59].

Osteoarthritis is characterized by degradation of joint cartilage. Joint cartilage is largely 

composed of proteoglycans, collagen and chondrocytes, the cells responsible for cartilage 

maintenance. Milner et al. were the first to demonstrate that chondrocytes expressed FAP 

and that chondrocyte FAP expression was elevated in patients with osteoarthritis. They 

demonstrated that chondrocytes increased FAP expression in response to cartilage resorption 

signaling cytokines, IL-1 and oncostatin M, and that this induction of FAP correlated with 

increased collagen breakdown in vitro. FAP expression was elevated in mRNA extracted 

from collagen derived from osteoarthritis patients compared to cartilage of normal patients. 

All osteoarthritis patients expressed FAP in the superficial zone of cartilage and on 

chondrocyte membranes by immunohistochemistry [60]. Thus, this paper suggests FAP is 

involved in cartilage degradation associated with osteoarthritis.

Rheumatoid arthritis is an autoimmune chronic inflammatory disease of unknown etiology 

and is characterized by chronic inflammation of the joint capsule’s synovial membrane. This 

chronic inflammation ultimately destroys the underlying cartilage and bone. Activated 

fibroblast-like synoviocytes (FLS) line the synovial membrane and are a prominent cell type 

responsible for inflammation and joint destruction. One study identified FAP expression in 

synovial samples taken from both rheumatoid arthritis and osteoarthritis patients. However, 

FAP expression was greater in samples taken from refractory rheumatoid arthritis patients in 

comparison to end stage osteoarthritis patients [61]. While the association of FAP and 
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arthritis was clear, the role of FAP in arthritic diseases remained elusive. Ospelt et al. 

showed that inhibition of FAP/DPPIV worsened arthritic lesions in vivo models. Treatment 

of animals with a FAP/DPPIV inhibitor increased synovial expression of MMP-1 and 

MMP-3 and increased collagen destruction [62]. However this group also demonstrated that 

DPPIV knockout mice had worsened arthritic lesions [63] and as such the pro-arthritic 

effects of this inhibitor can be attributed to its effects on DPPIV. In 2015, Waldele et al. 

developed a transgenic mouse model of chronic inflammatory arthritis that lacked FAP. In 

this model, FAP deficiency led to decreased cartilage degradation, even though the amount 

of inflammation and bone degradation was unchanged. They demonstrated that synovial 

fibroblasts derived from FAP deficient mice had decreased ability to adhere to cartilage [64]. 

Laverman et al demonstrated that the use of radiolabeled anti-FAP antibodies accurately 

represented synovial inflammation severity in mouse models of rheumatoid arthritis [65], 

suggesting the association between FAP and arthritis could be exploited for clinical benefit.

Cardiovascular Disease

Many pathologies fall under the term cardiovascular disease, including atherosclerosis and 

myocardial infarction. Atherosclerosis is characterized by subendothelial accumulation of 

fatty substances, called plaques, that lead to inflammation and tissue remodeling. These 

atheromatous plaques can rupture and cause myocardial infarction, stroke or sudden cardiac 

death. There are two types of atheromatous plaques- thin cap and thick cap. One study 

identified overexpression of FAP in human aortic smooth muscle cells of thin cap atheromas 

in human biopsies. FAP was induced by TNFα released from macrophages and FAP levels 

correlated with macrophage infiltration. In vitro studies then demonstrated that once FAP is 

expressed, it cleaves the type I collagen present in the cap and renders the plaque rupture-

prone. Treatment with an anti-FAP antibody resulted in decreased collagen cleavage [66].

Several studies investigated the levels of soluble FAP in the plasma of patients with various 

atherosclerosis related diseases. These studies showed levels of soluble FAP were unaffected 

by conditions such as ischemic stroke and peripheral artery disease, but that FAP levels were 

decreased in patients with coronary heart disease and acute coronary syndrome. In acute 

coronary syndrome, decreased soluble FAP levels correlated with worse clinical outcomes, 

as patients with FAP levels in the first quartile had a 3-fold higher risk of death. 

Furthermore, investigators found that fluctuations in FAP levels were not permanent and that 

over time, levels returned to that of the control population [67, 68].

One study demonstrated that in rats, cardiac expression of FAP increased after induction of a 

myocardial infarction (MI). This was especially true for the myofibroblasts in the peri-

infarct area. Peak FAP expression was seen 7 days post MI. These findings were confirmed 

in human cardiac specimens, with FAP+ fibroblasts being abundant in ischemic tissue post-

MI but absent in healthy control cardiac specimens [69]. In plasma samples obtained from 

patients post ST-elevation myocardial infarction, FAP concentrations were inversely related 

to established cardiac enzymes, CK and CPR. Greater declines of FAP from admission to 5 

days post admissions were associated with increased myocardial damage and inflammation 

[70].
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Metabolic Disease

Given the recent discovery that FAP cleaves and inactivates the hormone FGF21 [20, 71], 

the role of FAP in metabolic diseases has just started to be investigated. FGF21 is a stress-

induced hormone with potent anti-obesity, insulin-sensitizing and hepatoprotective 

properties. One study demonstrated that administration of talabostat, a nonspecific inhibitor 

of FAP, to mice with diet induced obesity had significantly reduced body weight, food 

consumption, adiposity and cholesterol with simultaneously increased energy expenditure, 

glucose tolerance and insulin sensitivity [72]. This affect was abrogated in FGF21 deficient 

mice, thus confirming that the metabolic benefits of FAP inhibition can be attributed to 

increased circulating FGF21.

FAP in Cancer

While FAP expression in normal tissues is usually low or undetectable, it is overexpressed in 

many cancers, including 90% of carcinomas. FAP is known to be overexpressed in breast, 

colorectal, pancreatic, lung, bladder, ovarian and other cancers. In these cancers, FAP is 

usually heavily expressed in the stroma, and has thus become a universal marker of cancer-

associated fibroblasts (CAFs). While the presence of FAP in malignant tissues is undisputed, 

the role of FAP biologically and its impact on disease prognosis has been inconsistent 

throughout the literature.

Breast Cancer

One of the earliest publications about FAP identified FAP overexpression in the stroma of 

breast epithelial tumors and focal expression in some of the samples of fibrocystic disease 

while FAP was absent from normal breast tissue or benign breast tumors [48]. One study 

identified increased FAP expression in ductal carcinoma in situ that would progress to ductal 

carcinoma versus DCIS that would not progress. This suggests pathologists could utilize 

FAP to improve clinical prediction of progression and fine tune treatment recommendations 

[73]. While most studies confirmed the existence of FAP in the stroma surrounding breast 

cancer cells, one study identified FAP expression in the breast cancer cell lines themselves 

[74]. Reports on the impact of FAP expression on disease prognosis are inconsistent. FAP 

expression in stromal tumor components is greater in invasive lobular carcinoma than 

invasive carcinoma of no special type [75]. In invasive ductal carcinoma, elevated FAP was 

associated with high histological tumor grade as well as an inflammatory- and adipose- type 

stroma but not desmoplastic, sclerotic or normal-like stroma [76, 77]. In phyllodes tumors, a 

benign breast tumor that has rare malignant transformation, increased FAP mRNA levels 

were associated with malignant transformation, suggesting that FAP can be utilized to 

determine the malignant potential of these tumors [78], similar to its prognostic value for 

DCIS. The prognostic value of FAP in breast cancers of all subtypes is controversial, with 

some studies demonstrating that elevated FAP is associated with worse survival [79, 80], and 

others associating elevated FAP is associated with improved survival [81].

Colorectal Cancer

In human colon cancer specimens, FAP expression has been identified in both cancer cells 

and in adjacent stromal cells, including myofiboblasts, fibroblasts and endothelial cells [5]. 
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FAP staining intensity was inversely correlated with patient tumor stage and xenograft tumor 

size. Elevated FAP expression noted early in tumor development [82]. These data suggested 

that stromal FAP may play a role in the development of colorectal tumors. Perhaps in 

accordance with this finding, human colorectal specimens were noted to have elevated FAP 

at the tumor front versus the tumor center, suggesting the role of FAP in tumor invasion. 

This study also found that FAP was more likely to be expressed in the center of tumors post-

radiotherapy, perhaps due to the tissue remodeling required after radiation inflicted damage 

[83]. In human samples, high FAP was associated with increased depth of invasion, lymph 

node metastasis, higher grade and stage and worse overall survival. [5, 82–84]. Tumoral FAP 

expression also correlated with a shift in immune cell populations. Elevated FAP was 

associated with reduced CD3+ cells but increased CD11b+ cells [84].

Pancreatic Cancer

Ninety percent of pancreatic ductal adenocarcinomas (PDAC) demonstrate FAP staining. 

FAP expression has been identified in both the tumor stromal compartment as well as PDAC 

tumor cells and pancreatic cancer cell lines [85]. FAP expression in stromal tissue is greatest 

at the tumor front. Low FAP expression is associated with increased pancreatic fibrosis 

while high FAP expression is associated with increased risk of lymph node metastasis, tumor 

recurrence and death [86]. In vivo studies utilizing an endogenous KPC PDAC tumor mouse 

model in FAP knockout mice demonstrated that FAP deficiency delays tumor onset and 

prolongs survival, increases tumor necrosis and impedes distant metastasis [8]. FAP 

expression was identified in both the malignant lesions as well as the pre-malignant lesions, 

termed PanINs, of KPC mice [87]. Many more studies have confirmed the association 

between elevated FAP and worse clinical outcomes [8, 85]. Elevated FAP expression was 

positively correlated with patient age, tumor size, fibrotic foci, perineural invasion and pore 

survival [85]. However, some studies have found that FAP expression was correlated with 

improved clinical outcomes [88, 89].

Gastric Cancer

Gastric cancer consists primarily of two types: intestinal-type and diffuse-type. Both types 

express FAP, however intestinal-type does so to a larger degree. Unlike other cancers, in 

gastric cancer the majority of FAP expression is localized to the gastric carcinoma cells and 

is only weakly expressed in stromal and endothelial cells [7, 90]. In human tissues high FAP 

expression is correlated with high grade, lymph node metastasis, peritoneal invasion and 

worse overall survival [91, 92]. Models of gastric cancer demonstrated that co-culture of 

gastric cancer cells with FAP expressing fibroblasts resulting in increased proliferation and 

migration in vitro and increased tumor growth and resistance to anti-PD-1 therapy in vivo 
[92]. One gastric cancer model study showed that administration of polyphyllin, a plant 

derived compound, decreased CAF proliferation in vitro and decreased tumor growth in vivo 
via downregulation of FAP [93].

Brain Cancer

Original work studying FAP suggested primary brain tumors did not express FAP but 

metastatic carcinoma lesions did [48, 94]. Future work would go on to challenge this 

concept and demonstrate that FAP is expressed in high grade lesions. Grade III and IV 
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human astrocytic tumors express FAP mRNA, while Grade II and nonmalignant lesions do 

not [95]. In glial tumors, there is increasing FAP mRNA expression as grade increases and 

within the grade IV subtypes, glial sarcomas have significantly more FAP expression than 

glioblastomas [96–98]. FAP expression in gliomas is correlated with worse overall survival, 

however this can be attributed to the fact that the most malignant gliomas are associated with 

increase FAP expression [99].

Ovarian Cancer

FAP expression was detected in 97% of ovarian cancers, but not in normal ovarian tissue, 

benign ovarian tumors or ovarian tumors of low malignant potential [48, 94, 100]. While 

FAP is not believed to be expressed in ovarian epithelial cancer cells, one study 

demonstrated FAP knock down in SKOV3 ovarian cancer cells lines resulted in decrease 

decreased FAP expression in surrounding fibroblasts, decreased tumor growth, volume and 

proliferation [41]. In a complementary experiments, SKOV3 lines transfected with FAP to 

over-express FAP stably had increased tumor growth, proliferation and invasion in vitro 
[101]. In human studies, an elevated level of FAP in peritoneal or pleural effusions from 

epithelial ovarian cancer patients correlated with decreased survival rates [102]. Strong 

stromal staining for FAP and DPPIV by IHC and mRNA levels by in-situ hybridization were 

associated with higher stage and increased metastasis to the lymph nodes and the omentum. 

By contrast, no significant correlation was detected among FAP/DPPIV protein/mRNA 

levels and patient age, histological grade or tumor type. Furthermore, elevated FAP levels, 

but not DPPIV levels, were associated with shorter disease-free survival [100, 103].

Myeloma

Multiple myeloma is a hematologic malignancy that affects plasma cells. Unique to 

myeloma is the clinical feature of osteolytic bone disease whereby increased osteoclast 

activity and decreased osteoblast numbers results in bone break down, which has been 

hypothesized as a means for myeloma cell expansion within the bone marrow. While FAP is 

not expressed in myeloma cells, it was identified as one of 28 genes selectively upregulated 

in osteoclasts upon coculture with myeloma cells, while the other related serine protease 

levels were unchanged. In multiple myeloma patient bone marrow biopsies, FAP was 

expressed by osteoclasts, osteoblasts and osteocytes along the bone surface and in fibrotic 

regions. In the same study FAP knockdown in osteoclasts led to decreased myeloma cell 

survival in coculture. In vivo myeloma studies demonstrated FAP mRNA was upregulated 

more than 40-fold in the bones of mice inoculated with myeloma cell lines compared to 

uninoculated mice [104]. Further work by this group demonstrated that the addition of 

talabostat to cocultures of patient-derived osteoclast and myeloma cells resulted in talabostat 

concentration-dependent decreased myeloma cell proliferation. In vivo application of 

talabostat in SCID myeloma models reduced osteoclast activity, bone resorption and tumor 

burden [105].

Melanoma

Even though the earliest descriptions of FAP were within the context of melanoma, the role 

of FAP in melanoma is still controversial. Huber et al. systematically determined the 

expression pattern and enzymatic activity of FAP in both stromal cells and melanocytes in a 
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series of melanocytic lesions ranging from benign melanocytic nevi, commonly referred to 

as moles, to metastatic melanoma. FAP is expressed in the stromal fibroblasts of all 

melanocytic tumors, including benign, premalignant and malignant, however, FAP 

expression was absent in fibroblasts from normal adult skin. While FAP is expressed in the 

stroma of benign melanocytic tumors, its expression increases in the stroma of malignant 

and metastatic lesions. This study identified FAP expression on the surface of melanocytes 

in 30% of benign melanocytic nevi, while melanocytes from primary and metastatic 

melanoma lesions had no detectable levels of FAP expression [106]. However, Aoyama et al. 

demonstrated FAP expression by melanoma cell lines correlated with an increasingly 

invasive phenotype [1]. In these melanoma cell lines, FAP was found to be localized to 

invadopodia, thus promoting matrix degradation and cellular invasion [2, 3].

In summary, FAP expression’s impact on clinical factors such as tumor type and clinical 

outcomes is highly variable and depends on cancer type, histological type, tumor 

localization and specific cellular expression (stromal vs. malignant cells). A recent meta-

analysis assessed the prognostic value of FAP in solid tumors by performing a global 

analysis of 15 studies and concluded that FAP overexpression in tumor tissues displayed 

significant associations with poor overall survival and tumor progression. Subgroup analysis 

revealed the correlation between FAP overexpression and poor overall survival and lymph 

node metastasis was more pronounced in patients with FAP expression in tumor cells [107].

Functional Roles of FAP in Cancer

Given the extensive expression of FAP in many cancer types, the pro-tumorigenic or anti-

tumorigenic role of FAP has been thoroughly investigated. To date, FAP has been reported to 

influence tumor growth via multiple mechanisms including promoting proliferation, 

invasion, angiogenesis, epithelial-to-mesenchymal transition, stem cell promotion, 

immunosuppression and drug resistance.

Proliferation, Migration and Invasion

Perhaps the most consistent finding in the literature is the effect of FAP on cell proliferation, 

migration and invasion, all of which promote tumor growth. It has been demonstrated FAP 

can promote invasion of endothelial cells, melanoma cells, ovarian cancer cell lines, oral 

cancer cells, and fibroblasts [2, 28, 39, 40, 42]. How FAP promotes proliferation and 

migration is still contested. There are two main hypotheses. The first is the indirect 

hypothesis: FAP regulates extracellular matrix remodeling and the changes to the matrix are 

then responsible for increased capability of cell growth. Even proponents of this hypothesis, 

however, dispute if FAPs regulation of the extracellular matrix can be attributed to its 

enzymatic activity or if it is due to FAP independent of its enzymatic activity. The second 

hypothesis is a direct hypothesis: FAP expression alters intracellular signaling pathways, 

which in turn affect cell cycle and proliferation pathways to promote cell growth.

The indirect hypothesis has been supported by many studies. Some of the earliest work on 

FAP demonstrated its localization to the tips of invadopodia in melanoma cells and 

associated increased extracellular matrix degradation and invasion [2, 108]. It is believed 

that α3β1 integrin is necessary for appropriate localization of FAP to invadopodia [29]. The 
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role of α3β1 integrin in FAP induced proliferation and migration was further investigated in 

a study where inhibition of α3β1 integrin attenuated the FAP induced proliferation invasion 

and migration in ovarian cancer cell lines [109]. This then implies that it is not the 

enzymatic activity of FAP that is causing these phenotypic changes but rather the association 

of FAP with α3β1 integrin. These findings are further supported by evidence that breast 

cancer cell overexpressing wild type and catalytically inactive FAP display increased 

extracellular matrix degradation and invasion on type I collagen gels [23]. One study 

generated doxycycline-inducible FAP overexpressing fibroblasts and cocultured them with 

pancreatic ductal adenocarcinoma cells to assess the effects of FAP on extracellular matrix 

and malignant cell phenotype. The authors found that FAP expressing fibroblasts induced 

architectural and compositional changes to the extracellular matrix that allowed for 

enhanced velocity of pancreatic cancer cell migration. In agreement with previous literature, 

this study concluded that enhanced migratory phenotype is mediated by β1 integrin as 

addition of an integrin inhibitor reversed the phenotypic changes [110]. However, in the 

same study the addition of an FAP inhibitor led to extracellular matrix disorganization that 

impeded pancreatic cancer cell invasion, thus implying that the enzymatic activity is also 

required for extracellular matrix remodeling. The role of FAP’s enzymatic activity in 

extracellular matrix remodeling has been investigated in other studies as well. FAP knock 

out mice had accumulation of intermediate-sized collagen fragments in lung tissue in 

compared to wild type mice. This observation was recapitulated when wild type mice were 

treated with an FAP inhibitor. In another study focusing on melanoma, ultraviolet radiation-

induced FAP expression in fibroblasts and these fibroblasts displayed greater migratory 

capacity that was associated with increased collagenase I activity [39].

The hypothesis that FAP has direct effects on intracellular proliferation and cell cycle 

signaling pathways is also supported by many studies. Alterations of FAP expression 

induces changes in common cell signaling pathways or gene expression. SiRNA knockdown 

of FAP in tumor-associated fibroblasts derived from ovarian cancers inhibited cell 

proliferation, induced cell cycle arrest and decreased the expression of stem cell associated 

genes. [41]. In a squamous cell lung carcinoma cell line, FAP overexpression promoted 

proliferation, motility and invasion while simultaneously upregulating PI3K/Akt and SHH/

Gli1 signaling [111]. The importance of these signaling pathways in promoting cellular 

proliferation and invasion was confirmed when inhibition of SHH and PI3K abrogated the 

phenotype. This same group studied the effects of FAP on cell signaling in breast cancer 

lines. Interestingly, the overexpression of FAP in breast cancer lines resulted in decreased 

motility. Overexpression of FAP reduced FAK phosphorylation, and the reduction in FAK 

activity caused the decreased motility phenotype [80]. In oral squamous cell carcinoma, 

knockdown of FAP resulted in decreased growth and metastasis in vitro and in vivo. 

Silencing FAP expression reduced the activation of pRb and oncogenic cell-cycle regulators 

including CCNE1, E2F1, and c-Myc, but elevated the expression of tumor suppressors such 

as p27 and p21. Furthermore, FAP silencing significantly decreased the expression of 

phosphorylated PI3K, AKT, MEK1/2, ERK1/2, and GSK3b, whereas total levels remained 

unchanged. These results suggested that FAP is an upstream regulator of the PTEN/

PI3K/Akt and Ras-ERK signaling pathways in oral squamous cell carcinoma [112]. One 

study focused on the effects of FAP expressing fibroblasts on pancreatic ductal 
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adenocarcinoma cell lines, showing that coculture of PDAC lines with FAP+ fibroblasts 

resulted in increased phosphorylation of Rb in the cancer cells, leading to cell cycle 

progression and increased proliferation [88].

Both hypotheses have merit and are supported by the available evidence. FAP’s effects on 

proliferation, motility and invasion could be a consequence of its extracellular matrix 

remodeling as well as its intracellular signaling, and could depend on both the enzymatic 

and non-enzymatic activities of FAP. Yang et al. demonstrated that in ovarian cancer cell 

lines, FAP− integrin dimer formation and FAP induced intracellular activation of Rac1 

induced increased proliferation and migration; inhibition of either integrin or Rac1 reversed 

the phenotype [109]. One can imagine a situation in which the docking of FAP to 

invadopodia by integrins serves two purposes. The first is to localize FAP to the leading edge 

of cellular invasion to allow to matrix remodeling and easier migration. The second is so that 

FAP can trigger intracellular signaling through integrins to promote invasion, migration and 

proliferation gene signaling. This complementary perspective of FAP signaling also 

implicates the need for FAP’s enzymatic function and non-enzymatic function to promote 

the pro-tumorigenic phenotype.

Angiogenesis

In 2003, Aimes et al. discovered that human endothelial cells are capable of producing FAP 

and that FAP, like other serine proteases, has regulatory roles in microvascular endothelial 

cell reorganization and capillary morphogenesis [113]. In in vivo models, inoculation of 

SCID mice with FAP+ breast cancer cell lines resulted in faster growing, highly vascularized 

tumors even though these FAP+ cells did not have any proliferative advantage in vitro. 

Histological analysis of gastric cancer biopsies demonstrated that gastric cancers with high 

FAP expression also had increased micro-vessel density compared to gastric cancers with 

lower FAP expression [114]. These findings were further validated by a study demonstrating 

that FAP knock out or pharmacologic inhibition of FAP resulted in decreased tumor growth 

and decreased tumor microvascular density in in vivo models of lung cancer and colon 

cancer [115]. These data suggest that the enzymatic activity of FAP is responsible for 

increased angiogenesis. While FAP is not believed to be expressed by ovarian epithelial 

cancer cells, one study demonstrated that FAP knockdown in SKOV3 ovarian cancer cells 

lines led to decreased expression of VEGF and EGF, suggesting FAP’s role in tumor 

angiogenesis [41]. A recent study aimed at elucidating the differential functions of the 

endopeptidase and dipeptidyl peptidase activates of FAP demonstrated that FAP expression 

by human endothelial cells early in the stages of capillary tube formation, followed by 

subsequent abrogation of FAP expression once tubes had formed [116]. These findings are 

further validated by a study that demonstrated FAP expression by the endothelial cells of 

capillaries, but not large blood vessels, in invasive ductal carcinoma in vivo. FAP expression 

localized to the invadopodia of endothelial cells [28]. This observation suggests FAP 

promotes capillary growth and invasion into the extracellular matrix. FAP expressing stromal 

cells have been seen to localize around dysplastic blood vessels in glioblastoma [99]. 

Additional studies have identified FAP expression on endothelial cells in the developing 

microvasculature in malignancies such as multiple myeloma, gastric carcinoma and breast 

cancer [90, 104, 117].
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It has been hypothesized that the proangiogenic qualities of FAP can be attributed to the 

dipeptidyl peptidase activity that it shares with DPPIV. One of the known substrates of FAP 

and DPPIV is neuropeptide Y, which, upon cleavage, becomes proangiogenic, promoting 

endothelial cell migration and tube formation on Matrigel [118]. Another theory is that 

MMP-9, often co-expressed with FAP, is responsible for the angiogenic phenotypes of FAP 

expressing tumors, since MMP-9 is a known pro-angiogenic signaler [119]. Interestingly, 

studies with catalytically inactive and active FAP demonstrate equal upregulation of 

MMP-9; therefore, this means of angiogenesis would not require FAP enzymatic activity 

[23]. The final way FAP may be involved in angiogenesis is indirectly, via its effect on 

extracellular matrix reorganization that may promote endothelial cell migration and 

neovascularization.

Epithelial-to-Mesenchymal Transition

Epithelial-to-mesenchymal transition (EMT) is defined as the acquisition of mesenchymal 

phenotype by malignant epithelial cells to allow for increased migration and invasion 

ultimately required for metastasis. In a technical paper warning against the use of anti-FAP 

antibodies as a means of isolating fibroblasts, it was demonstrated that many cell lines of 

epithelial origin expressed FAP in response to TGB-β induced EMT [120]. Oral squamous 

cell carcinoma cell lines with stable FAP knock down had decreased expression EMT-

marker genes such as Snail, Slug, N-cadherin and Vimentin with E-cadherin expression 

increased [112].

While EMT is typically associated with invasive phenotypes of epithelial derived cancers, 

similar acquisition of mesenchymal phenotype has recently been observed in glial tumors, 

where the mesenchymal phenotype is associated with increased clinically aggressive tumors. 

TCGA analysis of glioblastomas demonstrated that 70% of mesenchymal glioblastomas had 

a 2-fold increase in FAP expression compared to other subtypes [99]. A well-known 

regulator of EMT is the transcription factor TWIST1. In vitro glioma studies showed 

upregulation of TWIST1 in malignant glioma lines and association between TWIST1 and 

invasion. Subsequent studies demonstrated TWIST1 had pro-tumorigenic effects by 

inducing mesenchymal changes in glioma cell lines, including upregulation of FAP. This 

study went on to confirm TWIST1 and FAP were jointly upregulated in biopsies from the 

most aggressive glioblastoma tumors [96].

Immunological Regulation

The effects of FAP on the immune system began to be investigated fairly recently. In 2009, 

Douglas Fearon’s group published a study in Science that detailed the ability of FAP+ cells 

to suppress antitumor immunity. They generated transgenic murine models in which the fap 
gene contained a cassette encoding either GFP or diphtheria toxin receptor (DTR). Using 

GFP strains, they demonstrated FAP expression in both CD45+ and CD45− cells. Further 

sub-phenotyping of these cells revealed the CD45+ population to resemble the CD11b+/

classII+/Col1+/αSMA+ fibrocyte and the CD45− population to resemble mesenchymal stem 

cells. Using the DTR strain they could ablate cells that express FAP by injecting diphtheria 

toxin. They then created immunogenic tumors by transfecting tumor cell lines with 

ovalbumin and vaccinated the mice with vaccinia virus expressing OVA. Prophylactic 
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treatment of non-transgenic mice with the OVA vaccine successfully reduced tumor growth, 

demonstrating the efficacy of the vaccine. They then investigated the efficacy of OVA 

vaccine treatment with vaccine administration after tumor inoculation and found immediate 

tumor growth arrest upon FAP ablation for immunogenic tumors but not nonimmunogenic 

tumors. Surprisingly, they found no changes in T cell populations between FAP depleted and 

nondepleted mice, suggesting that the immunological impact of FAP is not T cell-mediated. 

Furthermore, reduction in tumor growth upon FAP ablation was reversed with anti-TNFα/

anti-IFNγ treatment. Therefore, this paper proposed that FAP suppresses production of 

TNFα and IFNγ, or attenuates cellular responses to these cytokines. The relatively 

unchanged levels of these cytokines after FAP ablation would suggest the latter [121]. The 

same group utilized the DTR transgenic mice to investigate the role of FAP in PDAC. The 

found significantly reduced tumor growth upon ablation of FAP+ cells. However, 

contradictory to their previous findings, they found the reduced tumor growth was dependent 

on CD4+/CD8+ T cell activity and that FAP ablation enhanced the therapeutic benefits of 

anti-PD-1 and to a lesser extend anti-CTLA4 [87]. This suggests that FAP contributes to the 

resistance of PDA to these immune checkpoints, at least in murine models. This is not the 

only study to imply that FAP serves as a resistance mechanism to immune checkpoints. In 
vivo models of colorectal cancer demonstrated that co-injection of CRC cell lines with FAP

+CAFs led to anti-PD-1 resistance [122]. In vivo models of gastric cancer demonstrated a 

synergistic reduction in tumor growth of anti-PD-1 and an FAP inhibitor [92].

These findings stimulated investigations of the mechanism by which FAP may alter the 

intratumor immune milieu. One study demonstrated that FAP expressing cancer associated 

fibroblasts (CAFs) had a uniquely inflammatory gene expression signature in comparison to 

FAP− CAFs. Of the inflammatory genes upregulated by the FAP+CAFs, Ccl2 was most 

highly expressed [84]. Furthermore, this study demonstrated that FAP’s induction of CCL2 

was independent of its enzymatic activity as addition of talabostat did not change the levels 

of these proteins. This group went onto to investigate the function of FAP+CAFs by co-

injecting them with Hepa1–6 fibroma tumor lines. Tumors resulting from FAP+CAF 

containing mixtures had increased levels of PMN-MDSCs, M-MDSCs and macrophages, yet 

decreased IFNγ+CD8+ T cells when compared to FAP-CAF cell mixtures. The showed that 

FAP+CAFs release CCL2, which in turn is recognized by the CCL2 receptor, CCR2, on 

circulating MDSCs, leading to their recruitment to tumor tissues. In Ccl2 knock out mice, 

tumor inoculation with FAP+CAFs lost their growth advantage over FAP-CAF tumors, and 

the resultant tumors had comparable levels of MDSCs. The ability of FAP+CAFs to produce 

CCL2, and its effects on MDSCs was also seen in a study investigating colorectal cancer 

[122]. Other studies argue that a different cytokine, CXCL12, is responsible for the 

immunosuppressive environments associated with FAP+ fibroblasts. Feig et al. identified the 

primary source of tumor CXCL12 to be from FAP+CAFs. They then demonstrated that 

addition of an inhibitor to the CXCL12 receptor, CXCR4, reduced tumor growth in a T-cell 

dependent manner and enhanced the efficacy of anti-PD-1 but not anti-CTLA-4 [87]. The 

ability of FAP+CAFs to secrete CXCL12 was confirmed by a study demonstrating that FAP

+CAFs recognition of adenosine by the adenosine receptor A2B induces CXCL12 [123].

The role of FAP in the immune system extends beyond its expression in cancer associated 

fibroblasts. There have been recent observations that FAP can be expressed by various 
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immunological cells, including myeloid derived suppressor cells (MDSCs) and 

macrophages. Both healthy donor MDSCs and MDSCs derived from multiple myeloma 

patients expressed FAP on their cell membranes. When cultured in conditioned media from 

myeloma cell lines, the level of FAP expressed by multiple myeloma-derived MDSCs 

significantly increased. In vitro studies went on to demonstrate that when CD4+ T cells were 

cocultured with multiple myeloma derived-MDSCs, the CD4+ T cells exhibited decreased 

proliferation, increased senescence and increased differentiation into Th17 T cells. These 

changes were then reversed upon the addition of an FAP inhibitor. The phenotypic changes 

in the CD4+ T cells upon exposure to FAP were caused by activation of AKT; an AKT 

inhibitor rescued abnormal T cell differentiation and senescence. Another study detailed the 

presence of intra-tumoral FAP expressing F4/80hi/CCR2+/CD206+ M2 macrophages that 

induced immunosuppression via release of heme oxygenase-1. Heme oxygenase creates 

carbon monoxide, which suppresses the pro-apoptotic effects of TNFα on endothelial cells 

[9].

Not every study suggests FAP has an immunosuppressive role. One study in non-small cell 

lung cancer used tissue microarray to identify correlations between CAF subtypes and 

immune markers. They demonstrated that in tumors with high CD3+/CD8+ T cell 

infiltration, high FAP expression was correlated with increased patient survival [124]. This 

study proposed a beneficial prognostic role of FAP+CAFs and warned that targeting FAP as 

a therapeutic approach should be done cautiously.

Tumor Suppression

With the amounting evidence to suggest FAP’s role in tumor promotion, its potential as a 

tumor suppressor must be addressed. As previously discussed, FAP expression is specifically 

silenced in proliferating melanocytes undergoing malignant transformation. Melanocytes 

engineered to overexpress FAP or a catalytically inactive form of FAP regained contact 

inhibition, cell cycle arrest and increased susceptibility to stress-induced apoptosis. 

Furthermore, implantation of these FAP expressing melanocytes abrogated tumorgenicity in 
vivo [22].

Signaling

Several signaling pathways affected by FAP result in the phenotype witnessed in FAP 

expressing cells. Downstream signaling targets of FAP include PI3K/AKT, RAS/ERK, SHH/

GLI, FAK and many others (Figure 2).

PI3K/AKT: Cells engineered to overexpress FAP have increased proliferation and migration 

due to activation of the PI3K and the Sonic Hedgehog (SHH) pathways, which are 

intracellular signaling pathways required for cell cycle and differentiation, respectively. 

Exposure to inhibitors of PI3K and SHH abrogated the FAP induced phenotypic changes 

[80]. In oral SCC cells, it has been reported that the knockdown of FAP resulted in 

suppressed proliferation, migration and invasion via inactivation the PTEN/PI3K/AKT and 

Ras-ERK signaling pathways [112].

Fitzgerald and Weiner Page 18

Cancer Metastasis Rev. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FAK: Focal adhesion kinase (FAK), an intracellular tyrosine kinase recruited to the sites of 

integrin clustering or focal adhesions, functions as a major mediator of signal transduction 

by cell surface receptors, including integrins, growth factor and cytokine receptors. FAK 

partially regulates cell adhesion, migration, and invasion. Overexpression of FAP was 

associated with a decrease in phosphorylated FAK protein. One study suggested that FAP 

might form a complex with the FAK protein, and in doing so reduce its phosphorylation, 

which thus results in reduction of adhesion and motility ability [80]. Furthermore, in FAP 

knockout mice, deletion of FAP increased p21 via ECM-mediated signaling through FAK 

and ERK [125]. p21 is known to arrest the cell cycle. Therefore, FAP may inhibit the 

inhibitor, allowing for cell cycle progression and increased growth. In another study, FAP 

overexpression promoted proliferation in breast cancer cells in vitro. The addition of a FAK 

inhibitor reversed the proliferative ability of these cells, while inhibitors to PI3K, ERK and 

ROCK had no effect [80].

uPAR: FAP’s association with uPAR has been implicated in both the cellular migration and 

immunosuppression phenotypes associated with FAP. In ovarian cancer cells, FAP complex 

with integrin α3β1 and the uPAR signaling complex mediated cellular migration via the 

small GTPase Rac1 pathway [126]. In murine liver models, the expression of 

immunosuppressive cytokine CCL2 is mediated through a uPAR-dependent FAK-Src-

STAT3 pathway, with STAT3 being the transcription factor responsible for Ccl2 expression. 

This paper validated these results in intrahepatic cholangiocarcinoma human specimens by 

tissue microarray, demonstrating that expression of FAP positively correlated with CCL2 

and p-STAT3 levels [84].

SHH/GLI: In addition to SHH/GLI pathways’ roles in promoting proliferation, invasion and 

migration as previously mentioned, FAP’s effect on EMT may also be due to its activation of 

the SHH/GLI pathway. The expression of GLI1 was associated with changes in the 

expression of EMT markers E-cadherin and β-catenin in lung SCC specimens. Inhibition of 

the SHH/GLI pathway suppressed the migration of and upregulated E-cadherin in lung SCC 

cells. Conversely, stimulation of the SHH pathway increased migration and downregulated 

the expression of E-cadherin in the lung SCC cells [127]. Since FAP overexpression 

activates the SHH a [111], FAP may be indirectly involved in the EMT process by regulating 

SHH. SHH has also been shown to promote the desmoplasia associated with pancreatic 

cancer [128].

Therapeutic Targeting of FAP

While the function of FAP within malignancies remains poorly understood, there have been 

many efforts to exploit FAP biology clinically. Approaches that target FAP clinically 

include: inhibiting FAP’s proteinase activity with small molecules or antibodies, using FAP 

proteinase activity to cleave oncologic drugs attached to peptides targeted to FAP, 

vaccination against FAP, and most recently, FAP CAR T cells.

Fitzgerald and Weiner Page 19

Cancer Metastasis Rev. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Inhibition of Enzymatic Activity

Talabostat (Val-Boro-Pro, PT-100, BXCL-701) is one of the first small molecules designed 

to inhibit the dipeptidyl peptidase activity shared by DPPIV and FAP. Original preclinical 

work with the molecule was promising. Oral administration of talabostat slowed growth of 

syngeneic tumors derived from fibrosarcoma, lymphoma, melanoma, mastocytoma, 

rhabdomyosarcoma and bladder cancer cell lines in mice, in some instances causing 

complete regression and rejection of tumors [129, 130]. Talabostat also enhanced the 

efficacy of oxaliplatin in murine models of colon carcinoma [131]. Talabostat’s effects 

seemed immunologic in nature, as the anti-tumor effects were attenuated in immunodeficient 

mice. Talabostat enhanced cytotoxic lymphocyte anti-tumor effects, as CD8+ T cells from 

talabostat-treated mice had greater cytotoxic capabilities compared to untreated controls. 

This was further supported by data showing that talabostat enhanced the efficacy of tumor 

specific antibodies [130]. Further studies suggested that talabostat enhanced dendritic cell 

trafficking, resulting in acceleration of T-cell priming. Interestingly, this study demonstrated 

that inhibition of extracellular FAP alone is insufficient to reduce tumor volume, thus 

suggesting that inhibition of intracellular dipeptidyl peptidases may be responsible [129]. To 

this point, one study suggested talabostat’s mechanism of action was independent of its 

effects on FAP but rather depended on inhibition of DPP8/9, which induced pyropotosis in 

monocytes and macrophages that in turn activated the immune system [132].

Despite the lack of consensus on talabostat’s mechanism of action, it was further 

investigated in clinical trials. A phase I clinical trial of talabostat in relapsed or refractory 

pediatric solid tumors used maximal target inhibition to identify the appropriate dose of 

talabostat. At a dose of 600 μg/m2, there was serum DPPIV inhibition of 85% at 24 hours. 

No dose-limiting toxicities were observed, however the impact of talabostat on patient tumor 

growth could not be determined, since clinical development of talabostat was discontinued 

during the trial [133]. A phase II clinical trial investigated talabostat as a single agent for 

advanced metastatic colorectal cancer. While the study identified no complete or partial 

responses, there were cases of prolonged stable disease in previously progressing tumors, 

suggesting possible anti-cancer activity. The patients enrolled in the study were heavily pre-

treated and thus the lack of clinical response could have been attributed to the refractory 

patient population. An idea that is supported by the finding that FAP exerts greater 

biological effects at earlier stages in colorectal cancers [82]. Other phase II trials 

investigated talabostat in combination with standard of care chemotherapeutics. A phase II 

trial assessing talabostat with cisplatin as second-line therapy in stage IV melanoma 

identified 8.1% of patients with partial response and 62.5% with stable disease. Of the 

patients who responded, the duration of response ranged from 62 to 287 days [134]. A phase 

II trial of talabostat and docetaxel for advanced non-small cell lung cancer yielded two 

durable complete responses and three partial responses, for an overall response rate of 9.1% 

and a stable disease rate of 54% [135].

Talabostat has also been noted to have several side effects, most of which are related to 

cytokine release. The most common adverse events that could definitely be attributed to 

talabostat was edema. In the single agent trial there was one Grade 5 adverse event, a patient 

who died seven days after treatment due to acute renal failure due to cytokine storm. In the 
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melanoma trial 56% of patients experienced grade 3 or 4 adverse events with 18% 

discontinuing talabostat due to the side effects. In the non-small cell lung cancer trial eight 

patients experienced adverse events resulting in death. However, none of these events were 

considered definitely or probably related to talabostat. The cytokine stimulation effects of 

talabostat may be clinically beneficial in cases of blood cell deficiencies. One study 

demonstrated that talabostat promoted growth of primitive hematopoietic progenitor cells by 

increasing G-CSF, IL-6, and IL-11 production from bone marrow stromal cells. Therefore, 

talabostat may be utilized to treat neutropenia or anemia [136].

Talabostat’s nonspecific targeting of FAP complicates the ability to assess the effects of FAP 

inhibition on tumor growth. There has been an ongoing effort to develop an FAP-specific 

inhibitor to allow for better understanding of FAP biology as well as potentially improve 

FAP targeting clinically. Of note, Pieter Van der Veken’s group has developed a compound, 

termed “compound 60” that selectively and completely inhibits FAP in murine models [137]. 

It should also be mentioned that DPPIV inhibitors are already an FDA approved class of 

drugs commonly utilized to treat Type II diabetes, because of their ability to enhance 

concentrations of incretins such as GLP-1.

Inhibition of FAP activity has also been attempted using antibodies. Early work on FAP− 

targeting monoclonal antibodies focused on clinical utility of the antibody originally used to 

identify FAP, F19. These studies did not investigate or expect improved clinical outcomes. 

Instead, they hoped that the elevated expression of FAP in both primary tumors and 

metastasis would mean that radioactively labeled F19 could improve imaging modalities in 

patients with hepatic metastases from colorectal carcinoma. In fact it did, with 131Iodine 

labeled F19 showing specific enrichment of the antibody in tumor areas and detection of 

metastasis. [138, 139]. These studies indicated potential diagnostic and therapeutic 

applications of FAP targeting antibodies. The first evidence that an anti-FAP antibody could 

suppress tumor growth came in 2002 from Louis Weiner’s group. In this study, rabbits were 

immunized with recombinant murine FAP to obtain anti-FAP antisera. The anti-FAP antisera 

significantly attenuated tumor growth in colorectal carcinoma cell lines xenografted into 

nude mice [31]. Since then, specific anti-FAP antibodies and single-chain variable fragments 

(scFv) targeting FAP have been developed [140, 141].

ScFv are fusion proteins consisting of the variable regions of heavy and light chains of an 

immunoglobulin. These constructs have been further modulated to form bispecific 

antibodies capable of targeting both FAP and CD3 to target effector T cells to FAP 

expressing tumor tissue. In vitro studies demonstrated this FAP-CD3 bispecific antibody had 

enhanced cytotoxic activity against FAP expressing tumor cells [142, 143].

Then, sibrotuzumab, a humanized monoclonal anti-FAP antibody was produced. In a phase I 

dose escalation study in patients with advanced or metastatic FAP+ cancer, sibrotuzumab 

was proven safe as there was only one dose limiting toxicity during this trial. Unfortunately, 

there were no clinical responses and only 2/26 patients had stable disease [59]. A phase II 

clinical trial of sibrotuzumab in metastatic colorectal cancer was suspended because of lack 

of clinical activity, although sibrotuzumab was well tolerated. [144].
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Despite the disappointing results, the study of more efficient FAP antibodies continues. 

Radiolabeled human-mouse cross-reactive anti-FAP antibodies selectively accumulated in 

FAP expressing melanoma cell lines in vitro and in vivo. The uptake of radiolabeled 

antibody led to decreased tumor growth and improved survival murine models of melanoma 

[145]. While these studies show promise, more preclinical and clinical experiments are 

needed to explore the diagnostic and therapeutic effects FAP targeting molecules.

Prodrugs Utilizing FAP Proteinase Activity

Since FAP is overexpressed in the tumor microenvironment and is generally absent from 

other tissues in a healthy adult, some groups have focused efforts on utilizing FAP protease 

activity to selectively activate prodrugs at tumor sites to enhance drug efficacy and reduce 

toxicity. So far, these prodrugs have yet to make it to clinical trials but pre-clinical trials 

show promise. In a murine model of breast carcinoma, FAP overexpressing cancers showed 

equal sensitivity to epirubicin compared to compound that was an FAP substrate conjugated 

to epirubicin. Mice receiving the conjugated compound experienced less weight loss and less 

cardiotoxicity [146]. A study of another anthracycline, doxorubicin, showed similar results 

with FAP substrate conjugated doxorubicin eliciting reduced toxicity to the heart, liver, 

kidney, spleen and peripheral white blood cells in both murine and canine models. The 

improved safety profile of this compound allowed for a two-fold increase in the dose of 

doxycycline administered in vivo [147]. This technique was also applied to vascular 

disrupting agents. Administration of a vinblastine pro-drug conjugated to an FAP substrate 

markedly reduced tumor growth in tumors derived from HepG2, A549, HeLa, CNE-2 

xenografts as well as ductal carcinoma and hepatocellular carcinoma patient-derived 

xenografts [148].

FAP Vaccination

Vaccines targeting FAP provide another therapeutic strategy that takes advantage of the 

restricted distribution of FAP in tumor sites. Prophylactic vaccination with a DNA vaccine 

directed against FAP in mice inoculated with colon or breast carcinoma cells resulted in 

decreased tumor growth, suppressed pulmonary metastasis, increased chemotherapy uptake 

and increased survival in a CD8+ T cell dependent manner [149, 150]. Another group 

engineered tumor cells to express murine FAP and then used the resulting whole cell vaccine 

with success. This FAP-expressing whole cell vaccine reduced tumor growth and improved 

survival in a CD8+ T cell dependent manner in both the prophylactic and post tumor 

inoculation settings [151]. FAP vaccination has also been attempted with dendritic cell 

vaccines. A dendritic cell vaccine was developed to co-express FAP and tumor antigen 

tyrosine-related protein 2 had potent antitumor activity in murine models of melanoma 

[152].

FAP CAR T Cells

Chimeric antigen receptor (CAR) T cells represent an exciting new class of immunotherapy 

strategies where cytotoxic T cells are engineered to recognize specific cancer antigens 

resulting in cancer cell elimination. CAR T cell therapy has already been approved by the 

FDA for some forms of leukemia and lymphoma [153]. The potential to use FAP CAR T 

cells to clear FAP expressing tumor cells was first demonstrated by Schuberth et al. In this 
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study they demonstrated FAP CAR T cells successfully killer FAP expressing malignant 

pleural mesothelioma (MPM) lines and improved overall survival in murine models of MPM 

[154]. However, expression of FAP by malignant cells is restricted to a few cancer types. 

Targeting FAP+ stromal cells with CAR Ts could greatly broaden FAP CAR T cell use. 

Further, given the pro-tumorgenic roles of FAP expressing CAFs, it is reasonable to 

hypothesize that using CAR T cells to selectively ablate FAP expressing cells could improve 

patient outcomes. Kakarla et al where the first to test if FAP CAR T cells could improve 

outcomes when used to deplete stomal cells. They showed that FAP CAR T cells effectively 

lyse FAP expressing target cell in vitro and improve mouse overall survival in murine 

models of lung adenocarcinoma [155]. Subsequent studies demonstrated FAP CAR T cells 

reduced tumor growth in murine models of lymphoma, mesothelioma and breast, colon and 

lung adenocarcinoma [156]. In this study they demonstrated FAP CAR T cells were 

ineffective in immunodeficient mice and showed FAP CAR T treatment enhanced 

endogenous tumoral T cell activity and infiltration. However, the clinical use of FAP CAR T 

cells should proceed with caution. One study showed that FAP CAR T cells failed to 

regulate tumor growth, and induced lethal bone toxicity and cachexia, potentially through 

the lysis of multipotent bone marrow stromal cells [157]. The reason for the discrepancy in 

outcomes remains unclear, however it could be related to differences in FAP construct 

design and specificity, warranting further investigation into FAP CAR T cell optimization. 

Along these lines, one study demonstrated that the costimulatory domains expressed by FAP 

CAR T cells impacted their efficacy. In this study, the Δ-CD28 (which lacks the lck binding 

moiety) costimulatory domain resulted in superior tumor clearance when combined with 

anti-PD-1 than CD28 or 4–1BB costimulatory domains [158]. They also performed the first-

in-human trial of FAP CAR T cells and demonstrated that a FAP CAR T cells therapy 

induced stable disease for one year in a patient with malignant pleural mesothelioma. Of 

note, this patient did not experience any treatment terminating toxicities. Lastly, FAP CAR T 

cells are might be efficacious in other diseases as well. Aghajanian et al demonstrated that 

FAP CAR T cells reduce cardiac fibrosis in murine models of cardiac fibrosis [159].

Conclusion

Since the discovery of FAP, great strides have been made to better understand FAP biology. 

We now appreciate that its expression is not limited to activated fibroblasts, but includes 

endothelial, malignant epithelial, embryologic and immunologic tissues. Our understanding 

of its physiological role has expanded from simple collagen degradation to functions 

including activation of tumorigenic signaling cascades, angiogenesis, EMT and even 

immunosuppression. We also have learned that its physiologic functions may be independent 

of its peptidase activity and is instead dependent upon association with other molecules such 

as integrins and uPAR. Despite the apparent lack of FAP-targeting therapeutics clinical 

success, the striking occurrence of FAP in many pathologies continues to suggest it can 

provide some clinically targetable value.
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Fig. 1. Ribbon model of FAP structure
A schematic diagram of FAP domain structure (top) and ribbon models (bottom) depicting 

the FAP dimer. The seven-bladed β-propeller domain, αβ hydroxylase domain and β-

propeller blade are highlighted. Figure created in biorender.com, PDB ID# 1Z68 [25].
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Fig. 2. 
Potential signaling pathways affected by FAP that are responsible for the tumor promoting 

phenotypes associated with FAP expression
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