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Abstract: Fibroblast activation protein (FAP) is a membrane protease that is highly expressed
by cancer-associated fibroblasts (CAFs). FAP can modulate the tumor microenvironment (TME)
by remodeling the extracellular matrix (ECM), and its overexpression on CAFs is associated
with poor prognosis in various cancers. The TME is in part accountable for the limited efficacy of
chimeric antigen receptor (CAR)-T cell therapy in treatment of solid tumors. Targeting FAP with
CAR-T cells is one of the strategies being researched to overcome the challenges in the TME.
This review describes the role of FAP in the TME and its potential as a target in CAR-T cell
immunotherapy, summarizes the preclinical studies and clinical trials of anti-FAP-CAR-T cells
to date, and reviews possible optimizations to augment their cytotoxic efficiency in solid tumors.
Keywords: CAR T-cells, immunotherapy, tumor microenvironment, fibroblasts, fibroblast-
activating-protein, solid tumors, stroma

Introduction

Cancer immunotherapy is increasingly recognized as the fifth pillar of cancer treat-
ment. As cancer is seen as a distorted version of our normal selves, the use of our own
immune system to recognize and target cancer may render it as the closest solution to
combatting cancer. Chimeric antigen receptor (CAR)-T cell therapy has stood out as
one of the most promising immunotherapies for cancer, following dramatic results in
treatment of hematological malignancies." However, research in treatment of solid
tumors using CAR-T cell immunotherapies still faces many challenges, the most
prominent one being overcoming the hostile tumor microenvironment (TME).

The success of CAR-T cells relies on specific tumor antigen recognition within the
TME, but given the heterogeneity of mutations that occur within cancer cells, the target
antigens can be masked by the TME and reduce the efficacy of CAR-T cell therapy.”
Targeting non-cancerous cells that modulate the TME is one of the strategies being
explored in treatment of solid tumors. Cancer-associated fibroblasts (CAFs) are ideal
candidates for this purpose. They are considered to be more genetically stable in the
TME.*° Fibroblast activation protein (FAP) is preferentially expressed on CAFs and it
is one of the biomarkers used to identify CAFs.” This review summarizes the current
literature on the role of CAFs in the TME, as well as pre-clinical and clinical studies of
FAP targeting CAR-T cells as a solution to overcome the TME restrictions.

CAR-T Cell Therapies
In 1989, Gross et al. first described a CAR, that enabled T cells to recognize
antigens independent of class II major histocompatibility complex (MHC)
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molecules. They constructed the receptor by replacing the
variable (V) antigen recognition domain of T cell receptor
with an antibody V domain, as the two shared a high
degree of homology. As a result, the re-engineered T cell
receptor consisted of antibody-like recognition domain,
T cell receptor extracellular constant C domain, transmem-
brane domain and cytoplasmic domain. It was successfully
expressed on T cell surface, and mediated antigen specific
target cell killing, having recognized target cells in a non-
MHC dependent manner. T cell activation was measured
by the release of proinflammatory cytokine interleukin-2
(IL2).® The construction of a functional CAR paved the
way for ex vivo engineering of cytotoxic T lymphocytes
for recognition of tumor or virally infected cells.

Three decades later, CAR-T cell therapy has shown
remarkable efficacy in targeting of CDI19-expressing
B cells in hematological malignancies. The first FDA
approved CAR-T cell therapy, Kymriah (tisagenlecleucel,
CTLO019), has achieved 12-month relapse-free survival
rates of 55-59% in the treatment of acute lymphoblastic
leukemia (ALL).’ Yescarta (KTE-C19 axicabtagene cilo-
leucel) was approved shortly after Kymriah to treat diffuse
large B-cell lymphoma (DLBCL) (NCT02529813). It
achieved overall response rate of 83% and complete
response rate of 58% in clinical trial.'” Tecartus (brexu-
cabtagene autoleucel, KTE-X19) is the latest FDA
approved CAR-T cell therapy for the treatment of relapsed
or refractory mantle cell Ilymphoma (MCL)
(NCT03761056). Clinical trial showed 87% of patients
responded to the therapy, with 62% achieving complete
response (NCT02601313).""!

Given the unprecedented success of CAR-T cell thera-
pies in hematological malignancies, there have been
worldwide scientific efforts to develop CAR-T cell thera-
pies against solid tumors,'> however demonstration of
their efficiency that may result in clinically approved
therapies is yet to be achieved.

CAR Construct Evolution

Since their development, CARs have evolved several gen-
erations according to the structure of their endo-domains.
First-generation CARs consist of a single-chain fragment
(scFv) for
a transmembrane domain via a spacer taken from a hinge

variable antigen recognition, joined to
region of IgG1; a hydrophobic alpha helix spans the mem-
brane making up the transmembrane domain; CD3(-chain or
FceRly form the intracellular domain."® This form of CAR

could redirect T cells and initiate proliferation in pre-

activated T cells but not in resting T cells, limiting the anti-
tumor efficacy."® T cell signaling in resting T cells is
amplified by co-stimulatory receptor, without which the
T cell becomes susceptible to a state of anergy.'> To over-
come this, second-generation CARs have incorporated multi-
ple co-stimulatory domains along with CD3(, with the most
commonly used being 41BB or CD28/B7-1,'*!" so as to
achieve full CAR-T cell activation that requires both the
stimulatory and co-stimulatory signals. Once TCR binds to
the antigen peptide-MHC complex, CD28 is recruited to
amplify TCR signaling, which then promotes secretion of
IL2, leading to enhanced proliferation, differentiation and
survival.'® 4-1BB is part of a tumor necrosis factor receptor
superfamily (TNFRSF) that also includes OX40, CD27,
CD30 and Herpesvirus entry mediator (HVEM). TCR and
CD28 signaling leads to transient induction of 4-1BB via
ERK and JNK signaling pathways, further enhancing T-cell
proliferation, increasing cytokine secretion and preventing
T-cell anergy.'” Second-generation CARs with either 41BB
or CD28 co-stimulatory domain targeting CD19 has been
reported to have complete response rate of up to 90% in
a phase I trial for treatment of B-ALL.2*?!

Third-generation CAR-T cells started to emerge when
Pule et al. developed a diasialoganflisodie (GD2)-targeting
chimeric receptor (14g2a) coupled to CD28, OX40 and
CD3E&. This combination showed enhanced proliferation of
T cells and increased cytokine release such as IFN-y and
IL2 compared with 14g2a-CD28-C or 14g2a-0X40-{
constructs.”? Efficacy of CAR-T cells was also enhanced
when a prostate-specific membrane antigen (PSMA)-
targeting CAR had combined CD28 and 41BB co-
stimulatory domains; its superior killing capacity was
suggested to have been the result of induction of
Granzyme-B, GM-CSF and IFN-y release, resembling the
outcomes of physiological T cell activation.”> The major-
ity of the ongoing clinical trials of CAR-T cell therapy use
either second- or third-generation CARs.

More recent developments focused on improving
CAR-T cell persistence and efficacy in the challenging
solid tumor microenvironment. T cells redirected for uni-
versal cytokine-mediated killing (TRUCK) utilize thera-
peutic proteins (“payload”) released upon CAR-T cell
target engagement. These CAR-T cells can be modified
to release various cytokines such as IL12, IL15 and IL18.
The inducible release of cytokines can attract and activate
innate immune cells, and eliminate target cells that have
escaped CAR-T cell recognition, thus reducing the chances
of tumor relapse.”* Experiments on CAR-T cells releasing
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inducible IL18 reported superior killing activity against
carcinoembryonic antigen (CEA) in a pancreatic tumor

model.?

As well as releasing cytokines upon recognition
of target antigen, CAR-T cells can also be engineered to
modulate cytokine functions in the TME. A PSMA
targeting second-generation CAR-T cell designed to co-
express dominant negative TGF-f receptor (dnTGF-f RII),
of which the signaling domain of the receptor was
removed to reduce TGF-B mediated immunosuppressive
effects in the TME, has shown improved proliferation,
persistence, and enhanced anti-tumor efficacy of the
CAR-T cells in vivo.”° This finding has led to an ongoing
phase I clinical trial using the PSMA targeting fourth-
generation CAR-T cells for the treatment of castrate-
resistant prostate cancer (NCT03089203).

Target Selection for CAR-T Cell Therapy
CAR-T cells have been designed to recognize antigens
independent of MHC expression, which enables recogni-
tion of a broad spectrum of antigens expressed on the cell
surface, including proteins, carbohydrates and
glycolipids.” However, there are many challenges in iden-
tifying an ideal target for treatment of solid tumors.

As cancer forms following malignant transformation, it
continuously evolves and proliferates. This continuous evo-
lution results in cancer cells constantly undergoing genetic,
epigenetic, transcriptomic and phenotypic changes, ulti-
mately resulting in highly heterogeneous populations within
a tumor site.”® This heterogeneity can be distinguished into
inter-tumoral and intra-tumoral heterogeneity. Inter-tumoral
heterogeneity exists between different patients with the same
types of cancer. Individual patient genetic profile and envir-
onmental factors are the causes of inter-tumoral heterogene-
ity. Intra-tumoral heterogeneity refers to the difference
among the tumor cells in one patient.*® Antigens selected
for CAR-T cell targeting should be overexpressed on tumor
cell surfaces, while exhibiting low or no expression in healthy
cells. Tumor-specific antigens (TSAs) are specifically
expressed on tumor cells but not on healthy tissues, however,
due to the heterogeneity, it is difficult to find an antigen
uniformly expressed across different patients with the same
cancer or even across different tumor sites of the same
patient.?” One example of TSA is epidermal growth factor
receptor variant III (EGFRvVIII). It is specifically expressed in
the majority of patients with glioblastoma, as well as breast
carcinomas, non-small cell lung carcinomas and gliomas.*”*’
One example of TSA is epidermal growth factor receptor

variant III (EGFRVIII), which is specifically expressed in

the majority of glioblastoma, breast carcinoma, non-small
cell lung carcinoma and glioma tumors.””* A number of
glioblastoma trials have used EGFRVIII targeting CAR-T
cells (NCT01454596; NCT02209376). In these, CAR-T cell
treatment resulted in recurrence of tumors, due to heteroge-
neous expression levels of EGFRvVII on tumor cells. To over-
come this issue, synNotch-CAR-T cells for the treatment of
glioblastoma were developed. The synNotch-CAR targets
multiple antigens in the TME and utilizes prime-and-kill
circuits to achieve specific and controlled killing of tumor
cells.*

Tumor-associated antigens (TAAs) are overexpressed by
tumor cells and, at low levels, by healthy cells. The three
currently approved CAR-T cell therapies, Yescarta, Kymriah
and Tecartus, target CD19 on B lymphocytes. CD19 is
a biomarker for normal and neoplastic B cells, expressed in
hematological malignancies such as acute lymphoblastic
leukemia (ALL), chronic lymphocytic leukemia (CLL), and
B cell lymphoma. Its expression is also seen in normal
plasma cells,’' targeting CD19 can therefore eliminate the
B-cell compartment in the immune system. However, this is
tolerated by the immune system because the T cell compart-
ment is spared,”” which is one of the reasons for the success
of CAR-T cell therapies in hematological malignancies. In
the case of solid tumors, the expression of TAAs on vital
organs can lead to adverse effects such as on-target off-tumor
toxicity or off-target off-tumor cross reactivity. A clinical
trial on the safety and activity of affinity enhanced autolo-
gous T cells targeting MAGE-A3, a TAA expressed on
melanoma and myeloma, resulted in two patient deaths due
to cross reactivity of antigens expressed on normal cardiac
tissue (NCT01350401; NCT01352286).%* Therefore, finding
a suitable target for CAR-T cell therapy in the treatment of
solid tumors is paramount.

Another option in choosing target antigens for CAR-T
cell therapies is targeting stromal cells that support the
TME rather than the tumor cells themselves. As stromal
cells are genetically stable compared with tumor cells,
CAR-T cells can maintain recognition, avoid tumor escape
and break down the support for the tumor cells, ultimately
reducing tumor growth. The role of stromal cells is further
discussed in the following sections.

The Challenges of the Solid Tumor

Microenvironment (TME)
The success of CAR-T cell therapy in hematological
malignancies has not been replicated in the treatment of
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solid tumors due to a number of factors. Firstly, there is
a lack of exclusive tumor-specific antigens; although most
are highly expressed on tumors, they are also expressed at
low levels on some healthy tissues, thus compromising
target recognition specificity and increasing the likelihood
of on-target off-tumor toxicity. Secondly, solid tumors dis-
play intra-tumor antigen heterogeneity, with tumor cells
showing various levels of antigen expression as well as
lack of expression resulting in the reduction of antigen
recognition by CAR-T cells. Finally, tumors develop
a highly suppressive TME that is hostile towards CAR-T
cells.

The TME is a microcosmos of physical, cellular, and
chemical factors, aiming to counteract the body’s immune
defenses and aid in the growth and progression of the
tumor. The immunosuppressive nature of the TME is
such that any immune response from infiltrated T cells is
quickly dampened. The uncontrollable proliferation of
tumors limits oxygen availability (hypoxia) and
reduces blood supply in the microenvironment,>* which
drives abnormal angiogenesis to supply nutrients and oxy-
gen to the tumor. The newly developed blood vessels have
high vascular permeability and enhanced permeation
resulting in abnormal vasculature, desmoplasia, and
inflammation, leading to tumor progression and therapeu-
tic resistance. The hypoxic environment is ideal for glyco-
lysis and lactic acid production, which results in low pH in
the environment.”> Studies have shown that acidic intra-
cellular pH in tumor cells can aid in metastasis by promot-

ing proteolytic reactions.*®

Cellular and Soluble Factors of the TME

Immune suppressive cells inhibit anti-tumor responses in
the TME. These cells include Tregs, myeloid-derived sup-
pressor cells (MDSCs) and tumor-associated macrophages
(TAMs). TAMs are derived from mononuclear cells and
they are the most common tumor infiltrating immune cells
in the TME. They can make tumor cells resistant to thera-
pies, promote tumor growth by promoting angiogenesis
and increase tumorigenesis.>’ Most importantly, various
chemokines, cytokines and enzymes secreted by TAMs
can directly inhibit CD4+ and CD8+ T cells function,
reducing the efficacy of immunotherapy.”’” MDSCs can
induce cytokine release from macrophages, they are dif-
ferentiated from TAMs and are known as potent suppres-
sors of T lymphocytes.”® MDSCs and TAMs secrete
suppressive factors and cytokines such as TGF-f and

IL10, all of which dampen the anti-tumor response.*’

TGF-B has been shown to hamper T cell proliferation
through multiple pathways,*® such as blocking IL2-
dependent proliferation of activated T cells, and promoting
SMAD3-dependent inhibition of IL-2 promoter activity.*'
TGF-f along with other tumor-derived factors such as
vascular endothelial growth factor (VEGF), stromal cell-
derived factor 1 and IL-10 have been known to induce
Tregs in the TME.** The Tregs, an immunosuppressive
subtype of CD4 T cells, can then produce adenosine and
prostaglandin E2 (PGE2), which collaborate in suppres-
sing functions of immune cells within the TME.*?

The solid TME can also downregulate T cell activation
by upregulating protein tyrosine phosphatase SHP-1 which
in turn inhibits activation of P56lck, P59fyn, and Zap-70,
molecules downstream of TCR signalling.** TGE-p-
mediated mechanisms can severely suppress T cell effector
functions that include production of perforin, granzyme
B and IFN-y, and expression of Fas ligand, which is
important in T cell-mediated apoptosis.*’

Chronic antigen stimulation and cytokine secretion upre-
gulate inhibitory receptors, which are another barrier to the
function of T cells within TME. The most prominent exam-
ples of inhibitory receptors are cytotoxic T lymphocyte anti-
gen (CTLA4) and programmed cell death (PD1). CTLA4 is
expressed at low basal levels, T cell activation increases
CTLA4 expression which then competes with CD28 for
binding to B7-1. As CD28 has a lower binding affinity,
CTLA4 can therefore interfere with CD28-B7-1 interaction,
inhibiting T cell activation and proliferation.* Furthermore,
PDLI1 expressed on antigen-presenting cells bind to PD-1 on
activated T cells, leading to inhibition of T cell proliferation
and cytokine secretion.*®

Cancer-Associated Fibroblasts (CAFs) as Physical
Barrier of the TME

The extracellular matrix (ECM) of tumor stroma creates
a physical barrier to cancer therapies by preventing infil-
tration of therapeutic agents into tumors. ECM is made up
of various structural molecules such as fibrous proteins,
glycosaminoglycans, and proteoglycans. These are pro-
duced by tumors and cancer-associated fibroblasts
(CAFs) that contribute to tumorigenesis.*’ In the TME,
the CAFs can build up and remodel the structure of ECM.
Extensive in vitro studies have been performed on CAFs
and showed that they are easy to isolate and have inherent
phenotypic plasticity, however the exact definition of
CAFs is still unclear due to their heterogeneous population

and lack of specific marker expression.*®>°
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Fibroblasts in normal tissue have a thin, elongated
spindle shape extending from front to back, and they are
generally considered to be in a resting state. Fibroblasts
are found in the interstitial stroma in-between the layers of
functional parenchyma adult tissue,”' normally activated
in response to tissue injury and stimuli such as stress,
hypoxia and cytokines. The activated fibroblasts secrete
higher levels of collagens, laminins and fibronectin, fac-
tors that constitute the ECM,>? therefore they can help
with wound repairs by remodeling the ECM. As the
wound is repaired, the activated fibroblasts decrease in
number and most likely reverse back to the resting
state.”> However in tumor fibrosis it is considered that
tumors are wounds that are in a chronic state of healing,
and fibroblasts are hyper-activated through mediating fac-
tors such as TGF-P, platelet-derived growth factor (PDGF)
and fibroblast growth factor 2 (FGF2). CAFs are therefore
considered as an irreversibly activated heterogeneous
population of fibroblasts with distinct functions.”’ They
greatly contribute to the TME’s immunosuppression by
secreting various chemokines and cytokines, including
TGF-p, IL6, IL8, IL13 and CX-chemokine ligand 12
(CXCL12),
A (VEGF).>*

and vascular endothelial growth factor

The Role of FAP in the TME

Expression of fibroblast activation protein o (FAP) is an
important characteristic of CAFs.”> Through quantitative
secretome profiling analysis, Koczorowska et al. found
that FAP activity impacts the secreted CAF proteome,
leading to reduced levels of anti-angiogenic factors
(PEDF, angiopoietin-1, VEGFC), increased levels of
TGF-B, and regulates matrix processing enzymes.’®

FAP is a type Il membrane protease that belongs to the
prolyl oligopeptidase family. It can be further classified
into the dipeptidyl peptidase (DPP) subfamily; enzymes in
this family have been shown to hydrolyze a prolyl bond
that is two amino acids from the N-terminus of a protein,
which is termed as dipeptidyl peptidase activity. In addi-
tion to this activity, FAP has also been shown to have an
endopeptidase activity, meaning that it can cleave after
a glycine-proline (Gly-Pro) bond that is more than two
amino acids away from the N-terminus of a protein.’” The
Gly-Pro bond is commonly found in collagens that popu-
late the ECM.>® FAP can therefore remodel the ECM
through the endopeptidase activity by cleaving the col-
lagen and modifying bioactive signaling peptides in
cancer.”’

During tissue remodeling, FAP is detected in activated
fibroblasts that are involved in wound healing, but not in
other healthy adult tissues.®™®' However in the disease
state, FAP expression was shown to have moderate to
strong expression on the surface of breast, lung, colorectal,
prostate, stomach, pancreatic, prostate, thyroid, cervical
and urothelial cancers.®> A representative image of FAP-
positive CAFs in a human lung tumor is shown in
Figure 1.

FAP expression in cancer is thought to be associated
with poor prognosis.® Lo et al. demonstrated that over-
expression of FAP in the TME negatively impacts both the
overall and disease-free survival of pancreatic ductal ade-
nocarcinomas (PDAs) patients.** Cohen et al. showed that
higher expression of FAP in tumor-associated myofibro-
blasts surrounding tumors, correlated with a higher chance
of lymph nodes positive for patients with PDA.®> In FAP-
depleted transgenic mice injected with Lewis lung carci-
nomas, rapid hypoxic necrosis was observed in the cancer
and stromal cells that was mediated via [FN-y and tumor
necrosis factor-o, showing that FAP-expressing cells have
an immunosuppressive role in the TME.®® The effect of
FAP depletion was tested in a PDA mouse model, and it
was found that FAP deficiency delayed the onset of PDA
in mice, and that the deletion of FAP increased the survival
of mice, highlighting that FAP plays an important role in

promoting disease progression. In FAP knock-out mice,

PDA metastasis was reduced in liver, lung, mesentery and
diaphragm.®*® These studies highlighted the potential of
using FAP as a therapeutic target in PDA.

Figure | FAP expression in cancer tissue. Strong FAP expression (red) is observed
in the stromal cells (CAFs) of a human squamous cell carcinoma stained with anti-
FAP rabbit polyclonal antibody (dilution 1:100) IHC (20X image).
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Mechanism of FAP Mediated

Immunosuppression
In a study that examined the function of FAP in vitro, it
was shown that expression of FAP enhanced tumorigenesis
of cells in ovarian cancer cell line in a dose-dependent
manner.®” To investigate the mechanism with which FAP
promotes immunosuppression, Yang et al. reported that
FAP induces inflammatory CAFs by activating the tran-
scription factor STAT2 via the Urokinase-type plasmino-
gen activator receptor (UPAR)-FAK-c-Src-JAK?2 pathway
in a uPAR-dependent manner. The FAP-STAT3 axis was
found to drive the CAFs towards mediating tumor immu-
nosuppression by recruiting myeloid-derived suppressor
cells (MDSCs) in the TME and furthermore, STAT3 was
found to control the fibroblastic expression of CCL2,
allowing for the CAFs to further promote tumor growth.®®
FAP has also been reported to have a pro-angiogenic
function. This was demonstrated in vitro using a human
breast cancer cell line that expressed FAP; the cell line
displayed a much higher growth rate compared with con-
trol cell line that did not express FAP.*” Sites of tumors are
rich in blood supply to facilitate tumor growth and its
integration into the surrounding tissue; the study also
measured micro-vessel density of a tumor from the ani-
mals by immunohistochemistry. It was found that the
average micro-vessel density for FAP-expressing cells is
three times that of the control cells, indicating a strong role
of FAP in angiogenesis.®” Researchers at Johns Hopkins
University observed that increasing the amount of FAP
in vitro increases the concentration of VEGF detected in
human prostate cancer cells (PC3), signifying the immu-
nosuppressive role of FAP in the TME.”® However, there
are also studies suggesting that FAP can act as a tumor
suppressor. Expression of FAP at physiological levels
reduces the proliferation and tumorigenicity of trans-
formed melanocytic cells.”' A similar observation was
made when the expression of FAP was found to be inver-
sely correlated with tumorigenicity in HelLa carcinoma
cells.”? The discrepancy between the function of FAP in
tumor promotion and suppression suggests that the exact
function of FAP may depend on the exact context of the
different TME.

FAP-CAR-T Cell Therapies
FAP-CAR-T Cell Preclinical Studies

FAP-targeting CAR-T cells have been engineered to target
CAFs in various solid cancers, such as mesothelioma, lung

and pancreatic cancers (Figure 2).*” A number of studies
have showed anti-tumor activity in preclinical models.”*”*

One of the important measures in these studies is on-
target off-tumor toxicity, because while FAP is highly
expressed in these cancers, it is also found to express at
low level in skeletal muscle, adipose tissue, and pancreas
in mice.”® When Roberts et al. depleted FAP+ stromal
cells in adult mice using genetic approaches, they found
that the mice had rapid weight loss, bone marrow hypo-
plasia and pancreatic activity and anemia.”® The causes of
the toxicity were explored in a study targeting FAP with
a second-generation FAP-5-scFv-CAR in various mouse
models.”” FAP5 is a mouse antibody that has high affinity
for both mouse and human FAP. The study showed that
FAP-CAR-T cells had weak anti-tumor effect in mice
bearing either melanoma or colon cancer, and minimal to
modest antitumor effect in mice with fibrosarcoma, breast
or Renca kidney tumors. The latter were reported to have
experienced severe bone marrow hypocellularity and
cachexia.”’

To explain the toxicity the study observed that FAP is
expressed by both tumor stromal fibroblasts and multi-
potent bone marrow stromal cells (BMSCs), suggesting
that BMSCs may be a source of tumor stromal cells, and
that anti-FAP-CAR-T cells can target both BMSCs and
tumor stromal cells.”” However such toxicity was not
observed when FAP was targeted by a FAP-targeting
vaccine.”>””> This could be explained by the fact that
T cell-inducing vaccines may be able to target FAP
expressed by tumor stromal cells due to the way FAP
epitopes are processed and presented by MHC molecules,
whereas CAR-T cells mediate a robust anti-tumor response
and can directly recognize cell surface FAP without MHC
molecule presentation.”’

Kakarla et al. had also developed a second-generation
FAP-CAR (CD28/CD3{) which targeted both murine and
human FAP using scFv MO36 as the antigen recognition
domain.” These CAR-T cells significantly decreased the
growth of tumors in a A549 lung cancer model and
improved the survival of these mice compared with control
mouse models. In addition to targeting the tumor stromal
cells using the MO36-FAP-CAR, they also targeted A549
tumor-associated antigen erythropoietin-producing hepato-
cellular carcinoma A2 (EphA2), using EphA2-CAR.
EphA2 is overexpressed in A549 lung cancer cells; by
targeting both the tumor stromal cells and the cancer
cells in mice, the group observed a superior anti-tumor
activity. Nevertheless, all mice had eventually relapsed,
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Figure 2 Anti-FAP CAR-T cells in the solid tumor TME. (A) The anti-FAP CAR constructs consist of an anti-FAP targeting moiety (scFv), a spacer, a transmembrane domain
(TM), and signaling domains (CD28/41BB and CD3(). These are transduced and expressed on T cells. The developed anti-FAP CAR-T cells can then bind to FAP expressed
on CAFs. (B) Binding of anti-FAP CAR-T cells to FAP on CAFs within the hostile, multicellular TME.

however the reasons remained unclear. No significant toxi-
city was observed for at least two days after the treatment
with CAR-T cells.”

Wang et al. at the
Pennsylvania, did not observe significant toxicity when
they treated mice with FAP-CAR-T cells. The researchers
developed a second-generation retroviral CAR targeting
mouse FAP, consisting of scFv FAP (mab 73.3) with
CDS8 stalk, human CD3( and 4-1BB domains. The FAP-
CAR-T cells were tested in vivo in three different estab-

Similarly, University of

lished models, with the growth of tumors significantly
reduced by 35-50% following treatment.”” The anti-
tumor effect was seen in fully immune-competent mice,
but not in immune-deficient mice, suggesting the involve-
ment of an acquired immune system in the anti-tumor
effect.”” The effect had also diminished in FAP-null
mice, proving that the anti-tumor activity was dependent
on expression of FAP in the mice.”’ In a quest to increase
the anti-tumor activity, they successfully enhanced the
efficacy of the CAR-T cell therapy by either injecting
a second dose or combining the CAR-T cell therapy with

a vaccine HPV-E7 (Ad.E7). The persistence of transduced
T cells was also increased when they transduced mouse
T cells that had depleted inhibitory enzyme diacylglycerol
kinase zeta (DGK().”’

The studies mentioned so far have demonstrated that
depletion of FAP+ cells decreases tumor growth in an
immune-dependent manner, which provides support for
combining FAP-CAR-T cell therapy with cancer vaccines
or immune check point inhibitors such as anti-CTLAS and
anti-PD-1, depleting or inhibiting immunosuppressive fac-
tors such as DGKE and TGF-.

Aiming to improve FAP-CAR-T cell efficacy, a new
FAP-targeting construct was developed that consisted of
transmembrane and cytoplasmic domains of Kkiller cell
immunoglobulin-like receptor, two Ig domains and short
cytoplasmic tail 2 (KIR2DS2) — a stimulatory killer immu-
noglobulin-like receptor (KIR), derived from natural killer
cells — instead of the conventional cytoplasmic domains
that are commonly used (CD28 and 4-1BB).*° The anti-
FAP-KIR-based CAR (FAP-KIRS2) was able to activate
T cells in a manner comparable to CAR-T cells that utilize
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intracellular signaling domains from T cell co-stimulatory
receptors. An enhanced anti-tumor effect was observed
when established human mesothelioma (EMMESO)
tumors in NSG mice were treated with FAP-KIRS2-CAR
-T cells compared with CD3({ based CAR-T cells.*
However toxicity that was not observed in CD3{ CAR-T
cells was reported with the KIR-based CAR-T cells, which
could potentially be attributed to the more robust depletion
of FAP+ cells.*

Researchers at the University of Zurich developed
another FAP targeting CAR, anti-FAP-F19-ACD28/
CD3(.®' They removed the binding site of Ick from the
CD28 signaling domain; this modification has been shown
to abolish IL2 release upon CAR-T cell engagement with
its target, and subsequently reduces Treg cell persistence.™
The CH2/CH3 domain of the CAR was also modified to
reduce binding of FcyR+ cells, reducing off-target toxici-
ties of CAR-T cells. These anti-FAP-CAR-T cells showed
efficacy both in vitro in FAP-positive mesothelioma cells,
and in vivo in an established FAP-expressing tumor
model,®' leading to initiation of a phase I clinical trial
(discussed in the clinical trials section). The same group
had explored a combination therapy of anti-FAP-CAR-T
cells and PD-1 blockade. They inoculated humanized NSG
mice with human fibrosarcoma cells expressing FAP, and
administered PD-1 blocking antibody alongside CAR-T
cells. Only the anti-FAP-F19-ACD28/CD3{-CAR-T cells
demonstrated significant anti-tumor activity, proving the
advantage of combining checkpoint inhibitors with CAR-T
cell therapy.®?

FAP CAR-T Cell Clinical Trials

Currently, only two clinical trials using anti-FAP CAR-T
cell therapies have been conducted. A phase I clinical trial
using F19 FAP-CAR-T-cells (CD8 positive CD3{/CD28
T cells) was initiated in 2012 (NCTO01722149).%4
A single dose of 1x10° transduced T cells was injected
in patients with malignant pleural mesothelioma, with
pleural effusion,® a condition that describes a build-up
of fluid in the pleural space of the lungs.®> The local
injection of CAR-T cells within the pleural effusion was
expected to help reduce systemic side effects and prevent
on-target off-tumor toxicity. A previous study had shown
that localized injection of a mesothelin targeted CAR-T
cell therapy generated longer tumor immunity compared
with systemically delivered CAR-T cells in mouse
models.®® The first patient report following localized anti-
FAP CAR-T cell treatment was recorded in 2015 and no

cytokine storm or inflammation was observed.*® In total
three patients with malignant pleural mesothelioma were
treated with the FAP-CAR-T cells and no significant toxi-
city was observed. One patient received a PD-1 blocking
antibody 8 months after the treatment with anti-FAP CAR-
T therapy cell and no toxicity was reported.®’

The most recent clinical trial aims to use a fourth-
generation CAR-T targeting Nectind/FAP in Nectin4-
positive advanced malignant solid tumors
(NCT03932565). Nectin4 is a triple-negative breast cancer
(TNBC) specific cell surface molecule, that is overex-
pressed in cancer tissues such as pancreatic, ovarian, non-
small cell lung and breast cancer.*® The CAR-T cell has
been designed to inductively release IL7 and CCL19, or
IL12 upon engagement with target antigen. This is the first
FAP-targeting fourth-generation CAR-T cell trial.

Conclusion

CAR-T cell therapy has the potential to be a versatile
treatment for various cancers and diseases. Engineering
and modifying different components of CAR can lead to
development of diverse CAR-T cell modalities, targeting
different tumor types with improved CAR-T cell efficacy.
These include fourth-generation (armored/TRUCK) CAR
T cells, which are designed to increase infiltration and
trafficking into solid tumors, prolong persistence of
CAR-T cells in the TME and enhance their killing effi-
ciency; and synNotch-CAR-T cells that can target multiple
antigens and induce precise killing of target cells via dual
receptor circuit. FAP is an ideal target for treatment of
solid tumors, as the preclinical studies presented in this
review have shown, targeting FAP using CAR-T cells can
effectively increase killing of tumor cells in vitro. More
clinical trials are necessary to ensure the safety and effi-
cacy of the therapy. Targeting FAP alone in the TME may
not provide complete solid tumor clearance; therefore,
combined therapies or targeting cancer cells as well as
fibroblasts should also be investigated.
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