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Abstract

The advent of immune checkpoint inhibition revolutionized cancer care, yet many people will fail to respond due to innate or acquired
resistance. Combination therapies with immune checkpoint inhibitors are being explored to enhance their efficacy and improve patient
outcomes. Focal adhesion kinase (FAK), known for its roles in cell adhesion and migration, has emerged as a potential therapeutic target due
to the identification of its additional functions in cancer progression, including its ability to establish a pro-tumorigenic, immunosuppressive
microenvironment. FAK has the ability to create physical barriers for immune cell infiltration and drug delivery through its regulation of
blood vessel formation and extracellular matrix in the tumor stroma. Additionally, FAK has been reported to function both within tumor and
immune cells to inhibit immune cell recruitment, stimulation, and function. Taken together, FAK functions within cancer to dampen immune
surveillance and promote immune escape. As a result, there is mounting interest in the use of FAK inhibitors in combination with immune
checkpoint inhibition for the treatment of solid tumors, and this strategy is actively being explored in the pre-clinical and clinical setting. This
article reviews the ways in which FAK alters the tumor microenvironment and the cells within it in order to assess the clinical potential of co-
targeting FAK and immune checkpoints.
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signaling. In regulatory T cells (Tregs), CTLA-4 is constitutively
expressed and is thought to suppress T cell effector function
through downregulation of B7 ligands on antigen presenting
cells (APCs). The suppresive effects of CLTA-4 on T cell effector

Introduction

The introduction of immune checkpoint inhibition has
revolutionized cancer treatment [1,2]. Immune checkpoint

inhibition works to eliminate cancer through the stimulation
of a patient’s own immune system, allowing immune cells to
effectively recognize and eliminate cancer cells. This landmark
achievement was propelled by the identification of cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), an inhibitory
protein receptor expressed by T cells. The dampening effects
of CTLA-4 onT cell function are caused predominately through
competitive binding of its ligands with the co-stimulatory
molecule CD28. When CTLA-4 outcompetes CD28 for ligand
binding, it blocks T cell activation. In effector T cells, CTLA-4
expression on the cell surfaceisinduced by T cell receptor (TCR)

function are advantageous to prevent auto-reactivity, which
leads to autoimmune disorders, but in the context of cancer it
can preventT cell recognition of cancerous cellsand limit tumor
cell clearance. Clinical success using ipilimumab, a monoclonal
antibody against CTLA-4, for the treatment of metastatic
melanoma led to the first Food and Drug Administration
(FDA) approval of an immune checkpoint inhibitor in 2011
[3]. Another major target of immune checkpoint inhibition
is programmed cell death protein 1 (PD-1). PD-1 is also an
inhibitory molecule expressed on the surface of immune cells,
and when bound to its ligand PD-L1 (programmed death-
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ligand 1), it initiates downstream signaling events that cause
decreased T cell activation, proliferation, survival, and cytokine
production. The FDA approved the use of the PD-1 inhibitors
nivolumab and pembrolizumab in 2014 [3-6]. Since 2014,
several additional immune checkpoint inhibitors (ICls) have
received FDA-approval, and their applicability has expanded
to a variety of different cancers due to their efficacy (Table
1). The utilization of ICls to treat solid tumors has significantly
improved patient outcomes. Treatment with ICls has been
associated with significant survival benefits for most cancer
types for which they have been approved [7-9]. For example,
in metastatic melanoma the 5-year overall survival rate
improved from just 5% to roughly 50% following the approval
of combined treatment with ipilimumab and nivolumab [10-
13]. Additionally, treatment with ICls is associated with a more
durable response [8,9,11,13,14]. For these reasons, ICls are
now used as the first line of treatment for numerous cancers.

Despite the great successes of immune checkpoint
inhibition, obstacles remain. Some patients do not respond
to ICls, and others develop resistance. Across all cancers for
which immune checkpoint inhibition has been approved,
it is estimated that only ~20% of patients respond to ICls
[14]. Therefore, it is crucial to understand the mechanisms
that confer both innate and acquired resistance in order
to develop new approaches to improve responsiveness to
immune checkpoint inhibition. Both tumor cell-intrinsic
and -extrinsic factors mediate resistance to ICls. Tumor cell-

intrinsic factors that lead to resistance include low tumor
mutational burden and enhanced oncogenic signaling
[15,16]. Tumor-extrinsic factors can also limit response to
ICls. The extracellular matrix (ECM) and stroma surrounding
the tumor can prevent T cell infiltration into the tumor, and
an abundance of immunosuppressive immune cells can
hinder T cell infiltration and function [17-19]. Based on this
information, ICls have also been tested in combination with
other therapies, including chemotherapy, radiotherapy, and
targeted therapies, to improve response [20]. Here, we discuss
the various roles of focal adhesion kinase (FAK) in regulating
the tumor microenvironment (TME) and the clinical potential
for combining immune checkpoint inhibition with targeted
therapies against FAK.

Focal Adhesion Kinase (FAK)
FAK structure and function

FAK, encoded by the PTK2 gene, is a ubiquitously expressed
non-receptor tyrosine kinase involved in numerous oncogenic
signaling pathways [17]. Canonically, FAK signals downstream
of integrins and growth factor receptors at focal adhesions to
stimulate cell migration and invasion. FAK consists of three
protein domains: the N-terminal 4.1 ezrin, radixin, moesin
homology (FERM) domain, the kinase domain, and the
C-terminal focal adhesion targeting (FAT) domain (Figure 1).
Proline-rich linker regions separate each domain, providing

Table 1. Current FDA-approved immune checkpoint inhibitors. Drugs@FDA: FDA-Approved Drugs.
Drug (Brand Name) | Year of Target Cancer Type
Approval

Ipilimumab 2011 CTLA-4 | Melanoma, Renal cell carcinoma (RCC), Colorectal cancer, Hepatocellular carcinoma (HCC),
Non-small cell lung cancer (NSCLC), Malignant pleural mesothelioma (MPM), Esophageal
cancer

Pembrolizumab 2014 PD-1 Melanoma, NSCLC, MPM, Head and neck squamous cell cancer (HNSCC), Classical Hodgkin
Lymphoma (cHL), Primary Mediastinal Large B-cell ymphoma (PMBCL), Urothelial cancer,
Microsatellite Instability-High or Mismatch Repair Deficient Cancer (MSI-H/dMMR), Gastric
cancer, Esophageal cancer, Cervical cancer, HCC, Biliary tract cancer (BTC), Merkel cell
carcinoma (MCC), RCC, Endometrial carcinoma, Tumor Mutational Burden-High Cancer
(TMB-H), Squamous Cell carcinoma (SCC), Triple-Negative Brest Cancer (TNBC)

Nivolumab 2014 PD-1 RCC, melanoma, NSCLC, SCC, Urothelial cancer (UC), Colorectal cancer, HCC, Esophageal
cancer, Gastric cancer

Atezolizumab 2016 PD-L1 NSCLC, Small cell lung cancer (SCLC), HCC, melanoma, Alveolar soft part sarcoma (ASPS)

Avelumab 2017 PD-L1 MCC, UC, RCC

Durvalumab 2017 PD-L1 NSCLC, SCLC, BTC, HCC, Muscle invasive bladder cancer (MIBC), Endothelial cancer

Cemiplimab 2018 PD-1 SCC, Basal cell carcinoma (BCC), NSCLC

Dostarlimab 2021 PD-1 Endometrial, dMMR recurrent or advanced solid tumors

Relatlimab 2022 LAG-3 Melanoma

Retifanlimab 2023 PD-1 SCC, MCC

CTLA-4: Cytotoxic T-lymphocyte-Associated Protein 4; dMMR: Deficient DNA Mismatch Repair; LAG-3: Lymphocyte-Activation Gene 3; PD-1:

Programmed Cell Death Protein 1; PD-L1: Programmed Death-Ligand 1
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Figure 1. FAK protein structure and key residues for activation. Schematic includes key functional domains and phosphorylation sites.
FERM: 4.1 Ezrin, Radixin, Moesin Homology; FAT: Focal Adhesion Targeting; NLS: Nuclear Localization Sequence; SH2: Src Homology 2; SH3:

binding sites for Src homology 2 (SH2) and Src homology 3
(SH3) domain-containing proteins. The FERM domain is highly
conserved and is primarily responsible for localization to
the plasma membrane and binding to lipids and membrane
proteins. The FERM domain also serves to regulate FAK
through autoinhibitory interactions with its kinase domain,
which blocks access to Y397, a FAK autophosphorylation site
critical for its activation [21-23]. External stimuli such as lipid
binding, binding to the ECM, and integrin signaling induces
a conformational change that relieves the autoinhibitory
interaction of the FERM and kinase domains, promoting
autophosphorylation of Y397 and creating a SH2-domain
binding site. Src recruitment then facilitates phosphorylation
of Y576 and Y577 within the activation loop of the kinase
domain, activating FAK for downstream signaling [18,21-25].
The FAT domain is required for localization to focal adhesions
through direct binding with other focal adhesion proteins like
talin and paxillin [18,21,22].

In addition to its roles in cell adhesion and migration, FAK
has several reported functions that contribute to cancer
progression, including promoting cell survival, proliferation,
cancer cell stemness, epithelial to mesenchymal transition
(EMT), and chemotherapeutic resistance [17-19,26-34].
Clinical data demonstrate that FAK overexpression in a
number of different cancers, including ovarian, breast,
pancreatic, lung, and colorectal cancer is correlated with
poor prognosis [18,22,26,35-38]. These numerous and well-
documented oncogenic functions of FAK have made it an
attractive therapeutic target, and multiple pharmacologic
agents have been developed and tested in the pre-clinical
and clinical setting. As a single agent, FAK inhibitors have
demonstrated acceptable safety profiles but have had limited
success [17,39-41]. It has been suggested that FAK inhibitors
as a monotherapy may primarily affect the adhesion and
migratory roles of FAK, which could be insufficient to control
cancer progression [21]. Instead, like most targeted therapies,
FAKinhibition may have greater clinical benefitin combination
with other agents. A better mechanistic understanding of
how FAK exerts its various pro-tumorigenic functions can
provide insight on the types of combinations that will be
most advantageous. Recent research on FAK has uncovered
non-canonical functions, including its regulation of the TME
warranting further investigation on co-targeting FAK to boost
ICl response.

Effects of FAK on T cell signaling within TME

As current immune checkpoint inhibition strategies rely
on releasing the “brakes” on T cell signaling to promote
tumor cell clearance, it is critical to understand how the
addition of a targeted therapy may alter T cell function. FAK is
expressed at low levels in human T cells and has been shown
to negatively regulate TCR function in activated CD4* T cells.
TCR signaling involves multiple phosphorylation events.
Upon TCR stimulation, constitutively active lymphocyte-
specific protein tyrosine kinase (LCK) is recruited to the TCR
to initiate phosphorylation of zeta-chain-associated protein
kinase 70 (ZAP-70) and adaptor proteins linker for activation
of T cells (LAT) and SH2 domain containing leukocyte protein
of 76kDa (SLP-76). LAT and SLP-76 activate effector proteins
phospholipase C-y1 (PLC-y1) and protein kinase B (AKT) to
facilitate downstream signaling [42,43]. Selective suppression
of FAK through FAK-specific miRNAs in both Jurkat and
activated human CD4* T cells enhanced phosphorylation of
LAT, SLP-76,PLC-y1 and AKT. FAK-deficient T cells also displayed
increased antigen sensitivity. When stimulated with low doses
of anti-CD3 antibody, FAK-deficient T cells produce more
interleukin (IL)-2 and interferon (IFN)-y and increase CD69
surface expression [42,43]. One way in which FAK has been
shown to suppress TCR signaling is through the recruitment of
C-terminal Src kinase (CSK), a tyrosine kinase that suppresses
Src family kinases. FAK association with CSK leads to inhibitory
phosphorylation of LCK at Y505, suppressing LCK function. In
FAK-deficient T cells, CSK membrane association is decreased
and levels of LCK Y505 phosphorylation are lower [21,42,43].
FAK can also prevent activation of naive T cells by prompting
the dissociation of dendritic cell-T cell conjugation. Prolonged
dendritic cell-T cell conjugation supports T cell fitness and
activation [21,44]. These data demonstrate the ability of FAK
to negatively regulate T cell activation, but whether FAK
regulates T cell differentiation and memory is unknown.

In preclinical models of cancer, FAK has been shown to
reduce intratumoral T cell infiltration and promote T cell
exhaustion, dampening immune responses. In late-stage
high-grade serous ovarian cancer (HGSOC), active FAK is
significantly increased and is correlated with elevated levels
of CD155, a ligand for the immune checkpoint protein TIGIT.
High FAK expression in patient samples also correlates with
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lower levels of CD3* tumor-infiltrating lymphocytes. Using
an aggressive mouse model of ovarian cancer, Ozmadenci
et al. tested pharmacological FAK inhibition and observed
a decrease in tumor burden and CD155 levels, as well as an
increase in tumor-infiltrating lymphocytes. Combining the
FAK inhibitor with TIGIT-blocking antibodies resulted in a
reduction in tumor burden and in Tregs, with an increase
in immune cell activation and prolonged survival [45]. In
triple-negative breast cancer (TNBC), FAK mRNA expression
is correlated with expression of the PD-1 ligand, PD-L1, and
FAK inhibition improved response to PD-L1-neutralizing
antibodies [17,46]. This relationship between FAK, PD-L1
expression, and response to immune checkpoint inhibition
was also observed in a model of hepatocellular carcinoma
(HCQ) [47]. While these studies suggest FAK inhibition can
boost response to ICI through upregulation of checkpoint
ligands, the specific mechanisms behind FAK-mediated
checkpoint ligand expression are unclear.

In addition to promoting immune checkpoint ligand
expression, FAK also regulates chemokine and cytokine
transcription and secretion to alter T cell recruitment and
activity. A study in squamous cell carcinoma (SCC) revealed
that active FAK recruits Tregs and inhibits cytotoxic CD8*
T cell infiltration through upregulation of chemokines and
cytokines. Specifically, FAK translocates to the nucleus to
promote gene expression of IL-33 by altering chromatin
accessibility. IL-33 is retained in the nucleus to promote
transcription of the soluble ST2 (sST2) receptor. sST2 has been
termed a “decoy” receptor for secreted IL-33, blocking CD8* T
cell recruitment and activation [48,49]. While this increase in
chemokine and cytokine transcription has been shown to be
dependent on nuclear FAK kinase activity, the key mediators
of this process and how they functionally interact with each
other is unknown.

Another nuclear function of FAK in T cell signaling is
suppression of antigen processing and presentation [50]. In
a mouse model of pancreatic ductal carcinoma (PDAC), FAK
deletion in PDAC cells through CRISPR/Cas9 gene-editing
reduced tumor growth and enhanced CD8* T cell infiltration.
This response was mediated through the elevated expression
of the immunoproteasome, causing an increase in antigen
diversity and antigen presentation on the surface of the cell
through upregulation of major histocompatibility complex-I
(MHC-I) [50]. Notably, treatment with a catalytic FAK inhibitor
did not have a significant effect on antigen processing and
presentation, suggesting this occurs through a kinase-
independent mechanism [50]. This demonstrates the need to
clearly identify which functions of FAK are kinase-dependent
or -independent to inform alternative drug designs for
targeting FAK. Taken together, the reported functions of FAK
within and on T cells in the TME suggest that the combination
of FAK inhibition with ICls may be an effective therapeutic
strategy.

Effects of FAK on the stroma of the TME

The TME is made up of more than just tumor and surrounding
immune cells. It is also comprised of stromal cells, secreted
factors, the ECM, and blood and lymphatic vessels [17,51]. Each
component can influence the immune response. For example,
the formation of new blood vessels through angiogenesis
can lead to immunosuppression. In cancer, there is often an
excessive number of blood vessels, which limit the efficacy
of immune checkpoint inhibition. These vessels are often
disorganized, lacking structural hierarchy [19]. Additionally,
they have poor cell-to-cell contacts, making them “leaky.”
These immature blood vessels leak fluid, creating high
interstitial pressure that can collapse blood vessels, limiting
the delivery of oxygen and nutrients. This dysregulation also
hinders immune cell infiltration and drug delivery [19,52,53].
Thus, anti-angiogenics have been explored as a combination
therapy with ICls. Most anti-angiogenics target vascular
endothelial growth factor (VEGF), and the use of these agents
with immune checkpoint therapy has been FDA-approved in
multiple cancer types [53,54].

Interestingly, FAK is essential for angiogenesis. In mouse
models, global FAK knockout or overexpression of kinase-dead
FAK is embryonic lethal due to impairments in endothelial cell
(EC) proliferation, survival, and polarity, which causes defects
in blood vessel formation [18,55]. EC-specific knockout of FAK
has similar effects on blood vessel formation and lethality
[18,56,57].Inadult mice, FAKinhibition decreases angiogenesis
[18,58,59]. This demonstrates that FAK plays a crucial role in
angiogenesis in normal development. In the context of cancer,
tumor-associated ECs have elevated levels of FAK mRNA and
protein [18,60,61]. In a mouse model of melanoma, depleting
EC FAK expression through tamoxifen treatment of Pdgfb-
iCreER;FAK"® mice was shown to suppress tumor growth and
prevent tumor angiogenesis by inhibiting VEGF-induced AKT
phosphorylation [59]. The ability of FAK to mediate its effects
on angiogenesis requires FAK catalytic activity. Investigators
blocked FAK activation in ECs through mutation of the Y397
autophosphorylation site in EC-CRE+;FAK"*7Y3%F-mutant
mice and challenged these mice with B16F0 melanoma cells.
The researchers observed a reduction in tumor growth and
angiogenesis [18,62]. The loss of kinase activity inhibited
VEGF-stimulated EC proliferation, survival, and migration [62].
FAK has also been demonstrated to facilitate blood vessel
formation through promoting vascular endothelial growth
factor receptor 2 (VEGFR2) expression in a kinase-dependent
manner [58].

Another hallmark of angiogenesis is increased vascular
permeability, which is controlled by cell-cell adhesions
between ECs [18,63]. FAK has a critical role in VEGF-
stimulated vascular permeability, in which it facilitates cellular
junction breakdown through binding to VE-cadherin and
phosphorylation of -catenin. Phosphorylation of B-catenin
by FAK causes VE-cadherin-B-catenin complex dissociation
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and VE-cadherin internalization [19,64]. Inhibiting FAK
either genetically or pharmacologically limits EC vascular
permeability [64]. Collectively, these data support targeting
FAK to inhibit angiogenesis, which can bolster response to
ICl treatments. FAK inhibitors have already been reported
as potent anti-angiogenic agents and have been shown to
reduce tumor angiogenesis in animal models of colon, ovarian,
and hepatocellular carcinoma [62,65,66].

Another major component of the TME is the ECM. The ECM
comprises up to 60% of the tumor mass and cancer-associated
fibroblasts (CAFs) are a major source of ECM molecules [67].
Excessive production of ECM molecules like collagen creates a
fibrotic and desmoplastic microenvironment that is correlated
with poor prognosis in cancers like breast cancer, gastric
cancer, pancreatic cancer, and lung cancer [67]. The increased
density and stiffness of the ECM can limit the efficacy of
immune checkpoint inhibition by creating a physical barrier
that limits immune cell infiltration and delivery of systemic
immunotherapy. Additionally, the fibrotic stroma reduces
diffusion of oxygen and other nutrients, causing hypoxia.
Hypoxia upregulates the expression of immunosuppressive
factors, preventing effector function. Fibrosis is correlated
with worse responses to immune checkpoint inhibition,
sparking interest in combining ECM-targeting agents with
immunotherapies [67]. FAK has been implicated in promoting
fibrosis in some contexts. In lung fibrosis patients, enhanced
activation of FAK in fibroblasts is commonly observed. In a
mouse model of lung fibrosis, fibrosis was induced through
intratracheally instilled bleomycin and mice were treated with
the catalytic FAK inhibitor PF-562,271 or with siRNAs targeting
FAK. The treatment results showed a marked reduction in
fibrosis when inhibiting FAK pharmacologically or genetically
[68].

FAK has also been shown to induce a fibrotic TME in cancer,
limiting immune cell infiltration and dampening response to
immune checkpoint inhibition. PDAC is a highly desmoplastic
cancer and responds poorly to ICls. FAK is activated in
patient-derived PDAC tumors and stromal compartments
and is correlated with high levels of fibrosis and limited CD8*
cytotoxic T cell infiltration [26,69]. In an orthotopic mouse
model of PDAC, Stokes et al. found that FAK inhibition with
the small molecule inhibitor PF-562,271 decreased total CAF
numbers and reduced tumor growth. Researchers proposed
that FAK inhibition limits tumor growth through blocking CAF
recruitment and/or proliferation [69]. Using the KPC mouse
model of PDAC, which is not responsive to immunotherapy,
Jiang et al. tested the effects of FAK inhibition alone or in
combination with ICls on tumor progression, fibrosis, and
immune cell infiltration. They found that single-agent FAK
inhibition with the small moleculeinhibitorVS-4718 decreased
fibrosis, demonstrated by a decrease in collagen deposition
and reduction in fibroblasts expressing fibroblast activation
protein a (FAPa) and a-smooth muscle actin (a-SMA) [26].
They also determined that FAK inhibition decreased fibroblast
proliferation. The reduction in fibrosis led to a decrease in

immunosuppressive cell populations such as Tregs. Using
short hairpin RNA (shRNA) against FAK, the researchers also
tested the effect of FAK-knockdown in an orthotopic model of
KPC. They observed similar results on tumor growth, fibrosis,
and immune infiltration, including a significant increase in
CD8*T cell infiltration. Combining FAK inhibition with immune
checkpoint inhibition rendered the previously unresponsive
PDAC tumors sensitive to therapy, noting elevated CD8*
T cell and reduced Treg infiltration within the tumor [26].
Similar findings have been observed in a mouse model of
non-small cell lung cancer (NSCLC), in which FAK inhibition
renders this immunologically “cold” tumor responsive to
immune checkpoint inhibition through a decrease in fibrosis
and increase in effector T cell infiltration [70]. These studies
highlight the role of FAK in promoting fibrosis to create an
immunosuppressive TME and indicate that targeting FAK
could promote immune surveillance and overcome resistance
to immune checkpoint inhibition.

Conclusions and Future Directions
Clinical potential of FAK inhibition and immunotherapy

In summary, ICls have improved cancer care but have limited
patient response. Efficacy of immune checkpoint inhibition
may be improved when combined with targeted therapies
against immunosuppressive signaling pathways. FAK has
emerged as a promising therapeutic target for this purpose,
as it is intricately involved in numerous signaling pathways
that promote a pro-tumorigenic, immunosuppressive TME.
Particularly, FAK is essential for VEGF-mediated angiogenesis, a
pathway that has already been successfully targeted clinically
with ICls [53]. Additionally, FAK promotes the establishment
of a fibrotic microenvironment, which limits responses to
immunotherapy. Further, FAK functions within T cells to
negatively regulate their activity though inhibition of TCR
signaling. FAK also functions within tumor cells to promote
immune evasion by increasing cell surface expression
of immune checkpoint ligands and decreasing antigen
presentation. Reversing these effects through FAK inhibition
may unleash a greater immune response when treated with
ICls.

Numerous pre-clinical studies have already demonstrated
enhanced response from the combination of ICls and FAK
inhibitors. Additionally, multiple FAK inhibitors demonstrate
acceptable safety profiles in early-stage clinical trials [17,39-
41]. Currently, no FAK inhibitors are FDA-approved as a single-
agenttherapy due to their modest clinical success. This modest
efficacy may be due to activation of other signaling pathways,
which is a common resistance mechanism to single-target
inhibitors. An alternative explanation is that the FAK inhibitors
currently in clinical testing only target FAK catalytic activity. As
outlined in this review, FAK possesses multiple non-catalytic
functions that contribute to cancer progression. To this end,
numerous non-catalytic FAK inhibitors have been developed
and tested pre-clinically. Proteolysis targeting chimeras
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(PROTACSs), which selectively target proteins for degradation,
are actively being explored as a way to block both FAK catalytic
and non-catalytic functions through FAK degradation. At least
three PROTAC:s targeting FAK are being studied pre-clinically
and some have displayed greater efficacy than catalytic FAK
inhibitors [71,72]. The development of new pharmacologic
agents that dually target the FAK kinase-dependent and
kinase-independent functions or facilitate FAK degradation
may yield a greater clinical response.

Although FAK inhibitors have not yet been successful
as single agent therapies, they have been effective in
combination with other treatments. Recently, the catalytic
FAK inhibitor defactinib was granted accelerated approval by
the FDA for the treatment of KRAS-mutant low grade serious
ovarian cancer (LGSOC) in combination with the RAF/MEK
clamp avutometinib [73]. Pre-clinical studies have highlighted
the potential for FAK inhibition in more complex combination
strategies with immunotherapy while maintaining tolerability.
For instance, in a mouse model of melanoma that does
not typically respond to immune checkpoint therapy,
treatment with RAF, MEK, and FAK inhibitors alongside
immune checkpoint inhibition significantly prolongs overall
survival [74]. The potential of co-targeting FAK and immune
checkpoints is gaining traction, with multiple clinical trials
testing this combination underway (Table 2). Ongoing trials
are testing the combination of FAK inhibition and immune
checkpoint inhibition primarily in pancreatic cancers, but
this strategy should be applicable to a range of cancer types,
particularly those discussed in this review. While PD-1 and
CTLA-4 have been the primary targets of immune checkpoint
inhibition, additional immune checkpoints continue to be
evaluated. Currently, immune checkpoints lymphocyte-
activation gene 3 (LAG-3), T cell immunoglobulin and mucin-
domain containing-3 (TIM-3), and V-domain Ig suppressor of T
cell activation (VISTA) are actively being pursued as targets for
immunotherapy [75]. Although their signaling mechanisms
are distinct, their pathways share a similarimmunosuppressive
effect on T cells that dampen their function. Current research
on the crosstalk between these immune checkpoints with FAK
is lacking, but the various mechanisms by which FAK inhibition
enhances response to immune checkpoint inhibition by
altering T cell function and the tumor stroma likely applies to
otherimmune checkpoint targets. Outside of its effects on the

immune system, there may be additional benefit for including
FAK inhibition in combination strategies, as it is a key mediator
of several oncogenic processes, including cancer cell survival,
proliferation, stemness, metastasis, and therapeutic resistance.

This review focuses on FAK regulation of the TME as it
relates to T cell function and stromal reprogramming to alter
response to immune checkpoint inhibition, as T cells are the
primary target of ICls and these drugs have been successfully
combined with anti-angiogenics [53]. Although our
understanding of FAK regulation on T cell-mediated antitumor
immunity is growing, large gaps remain. For example, how
does FAK mediate the expression of checkpoint ligands
such as CD155 and PD-L1? How does FAK modify chromatin
architecture to regulate gene expression of chemokines and
cytokines? How does FAK affect T cell differentiation and
memory? Is there crosstalk between FAK signaling and other
immune checkpoint signaling pathways, and can they be
co-targeted? These questions serve as a guide for continued
research as we pursue the goal of combined FAK and immune
checkpoint inhibition.

In addition to T cells, FAK also regulates other immune
cells to create an immunosuppressive TME, including
macrophages and neutrophils, and some of these functions
have been reviewed [19]. The immunosuppressive role of FAK
in multiple immune cell populations supports the strategy of
co-targeting FAK alongside ICls to stimulate a greater immune
response. More research on the functions of FAK in the various
immune cell populations of the TME may provide insight for
novel combinations of FAK inhibitors and immunomodulatory
agents. It should be noted that conflicting roles of FAK on the
TME have been reported in specific cell types. For instance,
Lechertier et al. found that FAK inhibition in pericytes can
induce angiogenesis and tumor growth by stimulating Gas6/
Axl signaling in melanoma, lung, and pancreatic models [76].
However, in an ovarian cancer model, Halder et al. reported
that FAK inhibition reduced tumor burden and suppressed
angiogenesis in part by blocking pericyte production of VEGF
and lowering pericyte coverage of the tumor [66]. This suggests
that the reported functions of FAK may be context-dependent
and highlights the importance of validating findings across
different cell and cancer types to identify which patients are
most likely to benefit from FAK inhibition.

Table 2. Clinical trials testing combined FAK inhibition and immune checkpoint inhibition. Clinicaltrials.gov.

Trial ID/Name FAK inhibitor Combination Cancer Type(s) Phase
NCT02758587 (FAK-PD1) Defactinib Pembrolizumab (anti-PD-1) Advanced solid tumors; expansions 171
in PDAC, NSCLC, mesothelioma
NCT02546531 Defactinib Pembrolizumab (anti-PD-1) + Advanced pancreatic cancer
gemcitabine
NCT03727880 Defactinib Pembrolizumab (anti-PD-1) PDAC Il

Cancer

FAK: Focal Adhesion Kinase; PD-1: Programmed Cell Death Protein 1; PDAC: Pancreatic Ductal Carcinoma; NSCLC: Non-Small Cell Lung
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The development of predictive biomarkers may also
inform patient selection. Currently, there are no established
biomarkers to predict response to FAK inhibitors. However,
copy number gains of PTK2, the gene encoding FAK, has
been shown to be a predictive marker for sensitivity to
FAK inhibition in a breast cancer cell line, and PTK2 gene
amplifications confer worse prognosis in patients with various
cancer types [35]. This suggests that PTK2 copy number could
be used as a guide for patient selection. E-cadherin has also
been proposed as a potential biomarker, as its expression has
been correlated with resistance to FAK inhibitors in Merlin-
deficient mesothelioma cells [72,77]. Future research should

seek to identify and validate potential biomarkers for response
and resistance not just for FAK inhibition but for co-targeting
FAK and immune checkpoints, to maximize patient benefit.

Finally, while not discussed at length here, FAK mediates its
effects on the TME through both cytoplasmic and nuclear
signaling, and through kinase-dependent and -independent
mechanisms (Figure 2 and Table 3). As we continue to
reveal more about FAK signaling and regulation of the TME,
delineating the precise signaling mechanisms at play will be
informative for the development of drug design and treatment
strategies.
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Table 3. FAK functions by cellular location and kinase activity.

FAK Function Kinase-dependent Kinase-independent
Elevate chemokine/cytokine gene expression X

Promote immune checkpoint ligand expression X

Suppress tumor cell antigen processing and presentation X

Reduce TCR signaling X

Promote blood vessel formation X

Increase vascular permeability X

Induce CAF proliferation and recruitment X

CAF: Cancer-Associated Fibroblast; FAK: Focal Adhesion Kinase; TCR: T cell Receptor
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