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Great inroads have been made in defining the oncogenic pathways intrinsic 
to neoplastic cells and the mechanisms by which they are activated in 
tumors. Knowledge of these pathways provides numerous opportunities 
that are actively being pursued to develop targeted therapies for cancer. 
Complementary studies, focused on the non-transformed components of 
the tumor microenvironment (TME), have revealed that the extrinsic cues 
provided by the TME are also essential for tumor cells to manifest a fully 
transformed phenotype, angiogenesis and metastasis. Delineation of these 
cues and their underlying cellular and molecular pathways will thus lead to 
a new era of integrative cancer therapy based on combinatorial drug regi-
ments that act synergistically to destroy the neoplastic cells by targeting 
both the intrinsic and extrinsic pro-oncogenic pathways. Tumor-associated 
fibroblasts (TAFs) and proteases are two of the key regulators of epithelial-
derived tumors that represent potential targets of such integrative thera-
pies. Herein, we consider the potential therapeutic benefit of inhibiting the 
function of fibroblast activation protein (FAP), a cell surface serine protease 
with dipeptidyl peptidase and endopeptidase activity that is expressed on 
TAFs and pericytes, in an integrative approach to treating cancer.
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Cancer mortality remains second only to cardiovascular disease. Approximately 
40% of the population is predicted to be diagnosed with cancer at some point in 
their lifetime, and epithelial-derived solid tumors are the most prevalent form of 
cancer. Surgery, chemotherapy and radiation therapy remain the standard of care 
for the majority of solid tumor types. Although these approaches have contrib-
uted to the great inroads that have been made in the treatment of cancer, they 
each have their limitations; even collectively, the limitation of these modalities is 
evidenced by the fact that cancer remains the second most common cause of 
death, generally the result of metastatic disease. Although resection and local 
radiotherapy can be highly effective in treating primary tumors, neither surgery 
nor localized radiotherapy address the challenges of metastatic disease. 
Chemotherapy can be used to treat metastatic disease but the systemic nature and 
relative nonspecificity of chemotherapies are associated with serious adverse side 
effects. Although the abiding principle of standard radiation and chemotherapy is 
to preferentially inhibit proliferation and induce the death of tumor cells relative 
to normal cells, this ideal is difficult to achieve using current approaches. 
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Hormone-responsive tumors offer unique opportunities for 
treatment, but these can also have significant side effects 
and, as with standard radiation and chemotherapies, tumors 
can develop resistance.

Several alternatives are being pursued to overcome the 
limitations of conventional therapies. These include thera-
pies targeted to intrinsic tumor cell-specific oncogenic path-
ways. A limited number of such targeted therapies have 
been developed to date; they have proven to have an impact 
on disease progression, but less so on overall survival rates. 
The development of tumor resistance to drugs that act 
directly on tumor cell intrinsic pathways is facilitated by the 
inherent genetic instability of tumor cells and may be an 
important factor in limiting their long-term efficacy. Taken 
together with the growing appreciation of the critical role of 
extrinsic factors provided by the tumor microenvironment 
(TME) in tumor initiation and progression, the potential 
for synergistic effects of targeting both tumor cells and  
components of the TME has received increasing attention  
in recent years.

Theoretically, targeting components of the TME, has 
three potential advantages:

Non-transformed cellular components of tumors are likely to 
be more genetically stable than tumor cells, in which genetic 
instability often leads to the development of drug resistance.
The TME can promote tumorigenesis through common 
mechanisms in various tumor types. Therapies that target 
these common mechanisms therefore have the potential to 
be indicated in a broader population of cancer patients.
An integrative approach to treating cancer that combines 
tumor cell-targeted therapies with therapies that act on 
components of the TME has the potential for synergistic 
efficacy without overlapping toxicity.

There are several interdependent compartments/processes 
related to the TME that merit investigation as therapeutic 
targets: inflammation and antitumor immunity; the vascular 
(blood and lymphatic vessels) compartment; and stroma-
genesis involving mesenchymal-derived stromal cells and 
extracellular matrix (ECM) remodeling. Indeed, introduc-
tion of antiangiogenic drugs, based on this paradigm, has 
had a clinical impact in some tumor types, as have cancer 
immunotherapies [1-3]. However, the emerging complexity of 
antiangiogenic therapies suggests that this approach may 
prove to be a double-edged sword in some circumstances.

Targeting stromal cells is the least well studied of these 
approaches to date. Although neither the mechanisms involved 
in stromagenesis nor the mechanisms by which stromal cells 
promote tumorigenesis are yet fully understood, evidence is 
mounting that tumor-associated fibroblasts (TAFs) are critical 
to tumorigenesis and angiogenesis, suggesting that stromal 
cells are fertile ground for identifying novel therapeutic tar-
gets. Herein, we consider the clinical potential of inhibiting a 
stromal cell-specific protease, fibroblast activation protein 
(FAP), in epithelial-derived tumors.

Tumors are collections of heterogeneous populations of cells, 
including the transformed cancer cells themselves and a vari-
ety of non-neoplastic cells that make up the other major 
tumor compartments. These include the stroma, consisting 
of TAFs/myofibroblasts and ECM, the vasculature (blood 
and lymphatic vessels), as well as infiltrating inflammatory 
and immune cells (Figure 1). Although the prevalence of dif-
ferent cell types varies between tumors, human epithelial-
derived tumors are frequently characterized by the generation 
of fibrous connective tissue. This desmoplastic reaction 
involves the recruitment, differentiation and growth of TAFs 
and deposition and remodeling of matrix. TAFs may be 
generated through differentiation of resident tissue fibro-
blasts, bone marrow-derived fibrocytes, or mesenchymal 
stem cells. TAFs may thus be heterogeneous; but, impor-
tantly, they are phenotypically and functionally distinct from 
resident tissue fibroblasts. This is a crucial feature if we are 
to consider targeting stromal cells for therapeutic purposes.

Stromal cells are essential for tumor initiation, as well as 
tumor progression and metastasis. Indeed, recent studies have 
also established that TAFs are unique in their capacity to 
markedly enhance tumor growth, compared to normal fibro-
blasts [4]. Interestingly, stromal cells have also been shown to 
be essential for tumor angiogenesis [4-6]. Stromal cells mediate 
angiogenesis through multiple mechanisms, including matrix 
remodeling and growth factor (VEGF) and chemokine pro-
duction. In addition, the functional integrity of angiogenic 
vessels is dependent on the formation of a supporting layer of 
a subset of stromal cells, referred to as pericytes or mural cells, 
underlying the newly sprouting endothelial tubes [7]. Indeed, 
it appears that the lack of a normal layer of pericytes/mural 
cells accounts for the compromised function of angiogenic 
vessels in tumors, compared with normal tissues [7].

Stromal cells communicate among themselves, as well as 
with cancer cells, inflammatory and immune cells through 
direct cell contact and indirectly through the secretion of 
growth factors, chemokines, cytokines, reactive oxygen spe-
cies (ROS), reactive nitrogen species (RNS), lipid mediators 
and proteases, and through modulation of ECM. TAFs are 
believed to be the major source of matrix deposition, which 
includes production of matrix proteins such as collagen and 
elastin, proteoglycans such as heparin sulfate and chondroitin 
sulfate, and glycosaminoglycans (particularly hyaluronan). 
Together, stromal cells and matrix confer many of the physi-
cal properties of tumors such as tissue compliance and stiff-
ness, and the matrix composition is an important contributing 
factor in determining interstitial fluid pressure. Tissue ten-
sion regulates cell signaling, thereby regulating cell growth, 
differentiation and function. ECM can also function to 
compartmentalize tumors, regulating intercellular communi-
cation and cell behavior. Furthermore, the ECM acts as a 
local depot for growth factors, cytokines and chemokines. 
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This complex communications network is pivotal to provid-
ing the appropriate microenvironment to support tumori-
genesis and metastasis [8,9]. Considering the key role of the 
microenvironment in tumor development, the identification 
of stromal targets for cancer therapeutics is of great interest 
and could provide strategies that will complement therapies 
directed against cancer cells. Among these potential targets 
is an array of proteases [10].

Proteases are important factors in the pathophysiology of 
tumors, affecting tumor cell growth, migration, apoptosis and 
inflammation. In addition to their dependence on regulated 
matrix production, tumors depend on matrix turnover – that 
is, on proteolytic processing and degradation by a number of 
serine and threonine proteases such as urokinase plasminogen 
activator (uPA), the cathepsin cysteine proteases, aspartyl and 
MMPs including MMP1, MMP2, MMP3 and MMP11. 
Interestingly, proteolytic processing of several matrix constitu-
ents leads to the generation of biologically active fragments 
that act as endogenous inhibitors of angiogenesis. For exam-
ple, MMP-mediated cleavage of plasminogen, collagen IV 
and collagen XVIII releases angiostatin, tumstatin and 
endostatin, respectively [11]. In addition to their role in matrix 
remodeling and regulating angiogenesis, proteases release 
matrix-associated latent signaling molecules and activate 
growth factors and cytokines, mediate cell invasion and cell 
signaling, and modify cell–cell and cell–matrix interactions.

A variety of proteases have been shown to be upregulated 
in many tumors. MMPs in particular, and more recently 
cathepsin, have been investigated as potential targets for 
antitumorigenic drugs [12,13]. Based on preclinical studies, 
MMP inhibitors were advanced to a number of clinical  
trials in the mid to late 1990s in a variety of cancer types. 

As reviewed in depth by Coussens and colleagues [12], these 
trials failed to demonstrate efficacy. Several properties of 
MMPs and the various inhibitors probably account for the 
disappointing performance of the latter in the clinic in cancer 
patients. First, dose-limiting toxicities were observed. Evi-
dence suggested that the toxicities were due at least part in 
part to off-target effects, but may also reflect simply the 
adverse effects of inhibiting MMP activities. Secondly, the 
lack of fine specificity of most of these inhibitors, which 
each act on multiple MMPs, may be a limiting factor. 
Thirdly, genetic factors may impact the efficacy of MMPs. 
Finally – and this may be the most challenging obstacle to 
overcome – there is the evidence that MMPs each serve 
multiple functions, including functions in homeostatic pro-
cesses, and can have both tumor-promoting and anti-
tu morigenic effects, perhaps depending on tumor stage at 
the time of treatment [12]. In spite of these early clinical 
results, greater appreciation of the structures and functions 
of MMPs may present opportunities to develop new genera-
tions of MMP inhibitors for development in the clinic in 
the future. There are also important lessons from the experi-
ence with MMP inhibitors that should inform development 
of therapeutic strategies targeting other proteases involved in 
cancer. Another protease, FAP (also called FAP-  or sep-
rase), has recently gained attention due to the fact that in 
adults, it is selectively expressed on reactive fibroblasts asso-
ciated with tissue remodeling such as in wound healing, 
chronic inflammation and fibrosis, as well as in the vast 
majority of epithelial derived tumors [14-18]. Based on its 
restricted tightly regulated expression and its structurally 
defined enzymatic activity, FAP has recently garnered attention 
as a potential therapeutic target.
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FAP is a well-defined marker of TAFs and blood vessel- 
associated pericytes. FAP is a 95-kDa type II transmembrane 
serine protease expressed in > 90% of common human epi-
thelial cancers [19-22]. In epithelial-derived tumors, it is 
expressed by cancer-associated fibroblasts, but not by the 
cancer cells themselves. It is also expressed during embryonic 
development [23], in tissues of healing wounds [24], in chronic 
inflammatory and fibrotic conditions such as liver cirrho-
sis [25,26], and in idiopathic pulmonary fibrosis [27], as well as 
in bone and soft-tissue sarcomas [28] and some melano-
mas [29]. However, expression of FAP is not detected in 
benign tumors or normal adult tissues [29,30]. Given the highly 
regulated expression and restricted distribution of FAP, the 
lack of overt pathology in FAP-deficient mice [31], the animal 
results suggesting that over-expression of FAP promotes tumori-
genesis [32-34], and the correlation between high FAP expres-
sion and poor cancer prognosis [20,35], it has been suggested 
that FAP inhibition may be useful in cancer therapeutics.

FAP belongs to the post-proline dipeptidyl aminopeptidase 
family. The most closely related member of the family is 
dipeptidyl peptidase IV (DPPIV/CD26), which is also a cell 
surface protein, but more widely expressed in a variety of 
cell types (reviewed in [36-38]). In contrast to FAP and DPPIV, 
other members of the family, such as DPP7 (DPPII), DPP8 
and DPP9, are cytoplasmic proteins.

The catalytic domain of FAP contains a serine protease 
consensus sequence in which the catalytic triad has been 
identified (Figure 2). FAP has been shown to function as a 
homodimer or as a heterodimer with DPPIV, although the 
physiologic relevance of the latter is yet unclear as only rare 
cells have been found to express both FAP and DPPIV. 
While other members of the DPP family are only known to 
possess dipeptidyl peptidase activity, in vitro studies have 
shown that FAP has both dipeptidyl peptidase [30,39] and 
endopeptidase [16,18,40] activity, including a collagenolytic 
activity capable of degrading gelatin [41,42] and type I colla-
gen [43,44]. The in vivo substrate(s) is still not defined, 
although it has been alleged to degrade ECM components 
(collagen), thereby regulating tumor invasion [38,44,45]. Based 
on its structure, mutations of FAP have been engineered that 
compromised its protease activities, including FAPS624A, 
which lacks both the dipeptidyl peptidase and endopeptidase 
activity, as well as FAPA657S which retains its dipeptidyl 
peptidase activity but lacks endopeptidase activity [18,32]. 
These mutant forms of FAP provide important tools for 
defining the in vivo relevance of the distinct activities and 
physiologic substrates of FAP.

Much of the evidence that FAP promotes tumorigenesis to 
date has been obtained using experimental-model systems 
that fail to recapitulate many of the potentially important 

interactions between stromal, tumor, immune and inflam-
matory cells. For example, a number of these studies used 
xenografts of human tumor cells that have been engineered 
to ectopically overexpress FAP or an enzymatically inactive 
mutant [32,33], despite the fact that in primary tumors, FAP 
is expressed only by the tumor-associated fibroblasts and not 
by the tumor cells themselves. Furthermore, by necessity 
these xenografts were studied in immune-incompetent mice. 
Understanding the molecular mechanisms by which FAP 
promotes tumorigenesis requires that its function be studied 
under experimental conditions that more faithfully depict 
the typical scenario seen in cancer patients. Therefore, we 
recently studied the impact of genetic deletion of FAP, and 
pharmacologic inhibition of its enzymatic activity, on the 
growth of colon and pancreatic tumors transplanted into 
syngeneic immune-competent mice, and on the develop-
ment and progression of constitutively active K-ras 
(K-rasG12D)-driven endogenous lung tumors in immune-
competent mice [46-48]. We found that endogenous FAP 
expressed on tumor stromal cells promotes tumor progression 
in each of these models (Santos et al., submitted).

There are several ways in which to consider exploiting FAP 
in the clinic. The first is to employ FAP-specific mAb for 
imaging tumors. Indeed, initial studies in patients demon-
strated highly specific tumor targeting of the anti-FAP mAb 
F19 in colon cancer [49]. However, although humanized F19 
(sibrotuzumab) was well tolerated, it showed no efficacy in a 
Phase II trial for metastatic colorectal cancer [50,51]. This is 
perhaps not surprising, as this mAb does not inhibit FAP 
activity nor does it have direct cytotoxic or cytostatic activ-
ity. On the other hand, it has recently been reported that a 
mAb conjugated to maytansinoid, FAP5-DM1, induced 
long-lasting inhibition of tumor growth and complete regres-
sions in stroma-rich xenograft models of lung, pancreatic, 
and head and neck cancers in immune-deficient mice, with 
no evidence of toxicity [14]. Thus, future efforts to translate 
these findings with toxin-conjugated anti-FAP mAbs to the 
clinic are anticipated. Importantly, however, although these 
latter results indicate that eliminating FAP-expressing cells 
(TAFs and/or pericytes) can effectively inhibit tumor growth, 
thus formally establishing FAP-bearing cells as critical to 
tumor survival (at least in xenograft models), they do not 
address the importance of FAP itself.

There is nonetheless evidence from three different 
approaches to suggest that FAP, and more specifically its 
protease activity, contributes to the pro-tumorigenic func-
tion of stromal cells. First, as discussed above, in our recent 
studies we showed that tumorigenesis was inhibited in FAP-
null mice in the case of syngeneic colon and pancreatic 
tumor transplants, as well as endogenous K-ras-driven lung 
tumors (Santos et al., submitted). Secondly, in the same 
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study, treatment with an inhibitor of the protease activity of 
FAP and its closest homologue, DPPIV, also inhibited tumori-
genesis in these models. Finally, it has been reported that an 
antibody that inhibited the proteolytic activity of FAP inhib-
ited the growth of human tumor xenografts [32]. Collectively, 
these data provide a strong rationale for developing small-
molecule inhibitors of the protease activity of FAP and 
investigating their antitumor activity in preclinical models 
for potential translation to the clinic.

Several dipeptidyl peptidase inhibitors have been gener-
ated. A specific inhibitor of DPPIV, LAF237 (vildagliptin), 
has been developed by Novartis and approved in Europe for 
treatment for diabetes [37]. Compounds that inhibit FAP 
have also been described [15-17,52], but their potential to 
inhibit tumor activity in vivo has not yet been reported. 
PT100, or talabostat, an inhibitor of multiple members of 
the DPP family developed by Point Therapeutics, was shown 
to have antitumor and immune-regulatory activities in ani-
mal models [53]. Talabostat inhibits FAP and DPPIV, the 
two cell surface members of the DPP family, as well as sev-
eral intracellular DPPs. Through an independent mecha-
nism, talabostat also mediates immune activation. These 
studies indicated that the antitumor activity of talabostat 
was independent of DPPIV but did not define the relevant 
target. Furthermore, the antitumor activity of talabostat 
appeared to be dependent on the innate immune response, 
but it was not determined whether stromal cells played any 
role in mediating the antitumor effects. In clinical trials, 
talabostat also had significant activity in patients with non-
small-cell lung cancer and malignant melanoma growth [53], 
but again the relevant target was not defined in this case.

A ‘second-generation’ inhibitor, PT630, also developed by 
Point Therapeutics, is more specific than talabostat, effectively 
inhibiting FAP and DPPIV but not the intracellular family 
members due to its lack of cell permeability. In recent studies, 
we found PT630 to have none of the toxicities we observed 
with PT100 in mice, and that this compound has potent 
antitumor effects in several mouse models (Santos et al., sub-
mitted). Further studies will be required to determine the 
relative importance of the inhibition of FAP versus DDPIV 
to the antitumor activity of PT630. Similarly, more informa-
tion about the mechanism of action of PT630 in mouse 
models is needed in order to guide future development of 
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inhibitors of specific DPPs for clinical application. It is pos-
sible that in some tumor types, inhibition of either DPPIV or 
FAP may be efficacious, or that simultaneously inhibiting 
both DPPIV and FAP might be advantageous. However, it is 
important to keep in mind that only FAP exhibits a highly 
restricted tissue distribution. The broad expression pattern of 
DPPIV suggests that its inhibition may be associated with a 
greater risk of side effects than inhibition of FAP, making it a 
less attractive target for antitumor therapy.

Understanding the mutually dependent roles of the multiple 
components of various tumors will provide the basis for 
integrative approaches to the treatment of cancer which 
combine drugs that target both the oncogenic pathways 
intrinsic to neoplastic cells and the pathways that mediate 
the pro-tumorigenic effects of the non-transformed stromal 
components. The projected synergy of such a combinatorial 
targeting approach should provide a way forward to more 
tumor-specific, less toxic and more efficacious cancer treat-
ments. Cells of the stromal compartment, more specifically 
TAFs and pericytes, are established pillars of tumor architec-
ture and FAP is emerging as an important factor in the pro-
oncogenic function of these stromal cells, although further 
studies are required to define the mechanisms involved. 
Importantly, FAP has proven amenable to the development 
of highly specific small-molecule and peptide inhibitors, 
some of which have already been shown to have favorable 
solubility, pharmacodynamics, toxicity and pharmacokinetic 
profiles for future drug development.

However, there have also been obstacles that have stood 
between the initial description of FAP as a marker of TAFs 
in carcinomas > 20 years ago and its exploitation as a poten-
tial therapeutic target. First, many of the tools, reagents and 
mice required to study the role of the tumor microenviron-
ment were generated in the past decade. With regard to FAP 
itself, since its discovery in the 1980s some effort has been 
devoted to exploiting FAP as a target of antibody-based 
therapies. However, as discussed above, although such anti-
bodies exhibit exquisite tumor targeting, they are not cyto-
toxic; and the author is not aware of antibodies that inhibit 
the enzymatic activity of FAP being available yet for transla-
tion to the clinic. Others have focused on the development 
of small-molecule inhibitors of FAP but these pharmaco-
logic approaches have also presented challenges. First, the 
endogenous substrates of FAP have not yet been definitively 
determined. Second, as for other enzymatic targets such as 
kinases, the highly conserved structure of the catalytic 
domains of serine proteases, in particular the structural relat-
edness of FAP to other members of the DPP family pro-
teases, can defy the rationale of the highly specific 
small-molecule inhibitors required to avoid off-target effects. 
But as summarized above, significant progress has been 
made in this regard.
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Yet there are challenges to be met in the future preclinical 
studies required to pave the way to developing FAP inhibi-
tors as cancer therapies and to their clinical application. 
First, the in vivo animal model studies must be extended to 
the more specific inhibitors becoming available to determine 
the relative importance of FAP and DDPIV to the observed 
antitumorigenic activity of PT630 in different tumor types. 
It will be important in future studies to deliberately focus 
on animal models that most faithfully recapitulate the prop-
erties of human tumors. This includes endogenous tumor 
models in immune-competent mice, even though the endo-
genous tumor models currently available in mice may not 
typically exhibit the dramatic desmoplastic response seen in 
many epithelial-derived tumors in patients. The develop-
ment of additional models that recapitulate this important 
feature of human tumors is therefore also crucial.

Finally, although the expression of FAP in tumors is 
highly selective compared with normal tissue, induction of 
FAP is also a feature of wound healing and other pathologies 
associated with chronic inflammation, tissue remodeling and 
fibrosis. Thus, a deliberate effort must be made to use the 
same tools as those used to study the role of FAP in tumors, 

to define the role of FAP in other conditions such as athero-
sclerosis, pulmonary fibrosis, liver cirrhosis and arthritis, to 
determine whether or not the use of FAP inhibitors is likely 
to have beneficial or deleterious effects on these conditions. 
With this information, it will possible to define the poten-
tial risks and design clinical trials of FAP inhibitors in an 
appropriate subset of cancer patients.
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