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Abstract

There has been a rapid progress in developing genetically engineered T cells in recent years both in basic and clinical cancer
studies. Chimeric antigen receptor (CAR)-T cells exert an immune response against various cancers, including the non-
small-cell lung cancer (NSCLC). As novel agents of immunotherapy, CAR-T cells show great promise for NSCLC. How-
ever, targeting specific antigens in NSCLC with engineered CAR-T cells is complicated because of a lack of tumor-specific
antigens, the immunosuppressive tumor microenvironment, low levels of infiltration of CAR-T cells into tumor tissue, and
tumor antigen escape. Meanwhile, the clinical application of CAR-T cells remains limited due to the cases of on-target/off-
tumor and neurological toxicity, as well as cytokine release syndrome. Hence, optimal CAR-T-cell design against NSCLC
is urgently needed. In this review, we describe the basic structure and generation of CAR-T cells and summarize the com-
mon tumor-associated antigens targeted in clinical trials on CAR-T-cell therapy for NSCLC, as well as point out current
challenges and novel strategies. Although many obstacles remain, the new/next generation of CARs show much promise.
Taken together, research on CAR-T cells for the treatment of NSCLC is underway and has yielded promising preliminary
results both in basic and pre-clinical medicine. More pre-clinical experiments and clinical trials are, therefore, warranted.

Keywords CAR-T-cell therapy - Non-small-cell lung cancer - Immunotherapy - Future perspective - Tumor
microenvironment
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IL-2Rp IL-2 receptor p

JAK Janus kinase

MAGE Melanoma-associated antigen

MSLN Mesothelin

MUCI Mucin 1

NCI National Cancer Institute

NFAT Nuclear factor of activated T cell

NSCLC Non-small-cell lung cancer

PD-1 Programmed cell death protein 1

PD-L1 Programmed death ligand 1

PSCA Prostate stem cell antigen

RORI1 Inactive tyrosine-protein kinase transmem-
brane receptor

scFv Single chain variable fragment

STAT Signal transducer and activator of
transcription

TAA Tumor-associated antigen

™ Transmembrane

TME Tumor microenvironment

TNBC Triple-negative breast cancer

TNF Tumor necrosis factor

TnMUCI1 Tn glycoform of MUC1

TRUCK T cells redirected for universal cytokine-
mediated killing

Introduction

Lung cancer is the most common malignancy worldwide,
as well as the leading and second greatest cause of can-
cer-related deaths in men and women, respectively [1, 2].
Owing to the typically late appearance of symptoms, most
patients present at the advanced stage, with 5-year survival
rates of 10-20% [3]. There are two main types of this dis-
ease: small-cell and non-small-cell lung cancer (NSCLC).
NSCLC accounts for approximately 85% of all diagnosed
lung cancers, causing a large proportion of lung cancer-
related deaths [4].

The most effective therapies for NSCLC are cytoreduc-
tive surgery, chemotherapy, molecular targeted therapy,
and immunotherapy [5]. Recently, novel NSCLC treat-
ments have been proposed, from indiscriminate, cytotoxic
chemotherapy to more precise therapies [6]. Hellmann
et al. [7] reported that the combination of nivolumab plus
ipilimumab yielded more favorable results than nivolumab
monotherapy in patients with advanced NSCLC expressing
programmed death-ligand 1 (PD-L1). Additionally, tyrosine
kinase inhibitors may serve as clinical therapy for metastatic
NSCLC patients harboring epidermal growth factor recep-
tor (EGFR)-enhancing mutations [8]. Despite advances in
surgical therapy, chemotherapy, and radiotherapy during
the past 20 years that resulted in the increased survival
time in NSCLC patients, the prognosis of NSCLC has not
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substantially improved, owing to the tumor mutational bur-
den and the heterogeneity of the disease [4, 9—11]. Thus, it
is imperative to explore novel strategies to prolong patient
survival time.

Recent progress in immunotherapy has been promising;
however, to improve the clinical prognosis in patients, more
immunotherapy-focused pre-clinical and clinical studies
should be performed [12, 13]. In some cases, NSCLC is
already being alleviated using immunotherapy. Modified-T-
cell therapy, particularly that using chimeric antigen receptor
(CAR)-T cells, has attracted growing interest in various solid
tumors in recent years [14, 15]. Anti-CD19 CAR-T cells are
approved by the US Food and Drug Administration for the
treatment of hematological B-cell malignancies, and clinical
trials have yielded encouraging results [16, 17]. Recent pro-
gress indicates that CAR-T-cell therapy is also a promising
strategy for the treatment of NSCLC [18, 19].

In this review, we outline the advances in CAR-T-cell
therapy for NSCLC, including the structure and generation
of CAR-T cells, as well as the antigens targeted. Particularly,
we concentrate on major challenges and future prospects of
CAR-T-cell immunotherapy to combat NSCLC.

The structure and generation of CAR-T cells
The structure of CAR-T cells

CAR-T cells are genetically engineered T cells that express
synthesized CAR vectors to specifically recognize and bind
to antigens (such as CD19) on tumor cells [16, 20]. A CAR is
an artificial fusion protein that contains an extracellular anti-
gen-binding domain, an extracellular spacer/hinge sequence
motif, a transmembrane (TM) domain, and an intracellular
signaling domain (Fig. 1a). The single-chain variable frag-
ment (scFv), which is the major element of the antigen-bind-
ing domain, can recognize tumor-associated antigens (TAAs)
(Fig. 1a). Due to the presence of the scFv, CAR can specifi-
cally engage the target and trigger downstream signaling. The
length of the spacer/hinge region can be adjusted to optimize
the distance between CAR-T cells and targeted tumor cells
for CAR signal transduction. The TM domain, along with the
spacer/hinge region, anchors the CAR to the cellular mem-
brane. The signaling domain is an intracellular T-cell activa-
tion complex consisting of a signal module CD3( (also called
CD247) and many costimulatory molecules. These trigger
antigen binding by modulating a downstream signaling cas-
cade of T-cell activation (Fig. 1b). Costimulatory molecules
include CD27, CD28, OX40 (CD134), 4-1BB (CD137),
inducible costimulator (ICOS; CD278), and glucocorticoid-
induced tumor necrosis factor (TNF) receptor-related protein
(GITR) [14]. Among these, CD28, 0X40, and 4-1BB are the
most commonly used molecules.
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Fig.1 The structure and generation of chimeric antigen receptor tions are modified. The first generation of CARs included the scFv
(CAR)-T cells. a The CAR contains an extracellular antigen-binding portion and the signaling endodomain of CD3(. The second genera-

domain, an extracellular spacer/hinge sequence motif, a transmem- tion of CARs added one costimulatory molecule (e.g., CD28, 4-1BB
brane (TM) domain, and an intracellular signaling domain. The sin- [CD137], and ICOS (inducible costimulator; CD278) to increase the
gle-chain variable fragment (scFv) recognizes tumor-associated anti- persistence. The third generation of CARs contains CD3( and two

gens (TAAs). The length of the spacer/hinge region can be adjusted costimulatory domains (e.g., CD28/ICOS and 4-1BB/OX-40/CD27).
to optimize the distance between CAR-T cells and targeted tumor The fourth generation of CARs (also called TRUCKS) contains a
cells for CAR signal transduction. The TM domain along with the nuclear factor of activated T cells (NFAT) domain, which induces a
spacer/hinge region, anchors the CAR to the cellular membrane. The large amount of cytokines (e.g., IL-12). The fifth generation of CARs
signaling domain is an intracellular T-cell activation complex consist- is based on the second generation, with the addition of a fragment of
ing of CD3( and many costimulatory molecules, which trigger anti- IL-2 receptor B (IL-2RB). The IL-2Rp fragment can induce the pro-
gen binding and modulate the downstream signaling cascade of T-cell duction of Janus kinases (JAKSs) and signal transducer and activator
activation. b In each new generation of CAR, signaling and applica- of transcription (STAT)-3/5 by mRNA transcription
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The generation of CAR-T cells

The safety and efficacy of CAR-T-cell therapy can be
improved through optimizing CAR vectors [21]. The fifth
generation of CARs is already being tested [15, 22]; the
main differences between the generations of CARs are in the
specific costimulatory molecules (Fig. 1b). The first genera-
tion of CARs includes only the CD3( signaling endodomain,
fused to the extracellular scFv to confer modification and
activation of T cells [23]. However, it had a short survival
time and did not efficaciously triggered T-cell activation.
To overcome this disadvantage, second-generation CARs
commonly have an additional costimulatory molecule
(e.g., CD28, 41BB, and ICOS) to increase the cells’ persis-
tence [24]. Third-generation CARs contain CD3({ and two
costimulatory elements (e.g., CD27, CD28, 41BB, ICOS,
and OX-40), which further increases and enhances their
capacity to kill tumor cells [14, 25]. The fourth genera-
tion of CARs (also called T cells redirected for universal
cytokine-mediated killing [TRUCKSs]), instead of OX-40/
CD27, contains a nuclear factor of activated T cells (NFAT)
domain [26]. The NFAT domain induces a formation of a
large amount of cytokines, especially interleukin (IL)-12,
IL-15, and granulocyte—macrophage colony-stimulating
factor, which modulates the anti-tumor microenvironment.
The current, fifth generation of CARs, contains a fragment
of IL-2 receptor B (IL-2Rp) instead of OX-40/CD27. The
IL-2Rf fragment can induce the production of Janus kinases
(JAKSs) and signal transducer and activator of transcription
(STAT)-3/5 [15, 27]. The fifth generation of CARs is under
investigation for its safety and efficacy.

NSCLC-associated antigens for CAR-T-cell
therapy in clinical trials

T lymphocytes have been modified by synthetic CARs to
recognize specific TAAs of numerous human malignant
tumors, including those of solid tumors [28-30]. Among
solid tumor types, a large proportion of CAR-T-cell research
is focused on NSCLC [31]. The most commonly targeted
antigens of NSCLC include EGFR, mesothelin (MSLN),
mucin 1 (MUC1), prostate stem cell antigen (PSCA), carci-
noembryonic antigen (CEA), PD-L1, CD80/CD86, inactive
tyrosine-protein kinase transmembrane receptor (ROR1),
and human epidermal growth factor receptor 2 (HER2). For
a list of targeted antigens of NSCLC in clinical trials, see
Table 1.

EGFR

EGFR, also known as human epidermal receptor 1 (HER1),
is a transmembrane glycoprotein that belongs to the ErbB
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receptor protein-tyrosine-kinase family. Its extracellular
domain forms tumor-specific epitopes, making it an excel-
lent target for immunotherapy. In NSCLC, over 60% of
EGFR mutations are associated with tumor proliferation,
neovascularization, and metastasis. Recombinant anti-EGFR
CAR-T cells have specific cytolytic activity against EGFR-
positive tumor cells. In one study, high levels of cytokines
(IL-2, IL-4, IL-10, TNF-a, and interferon [IFN]-y) were
released 24 h after in vitro co-incubation of EGFR-posi-
tive tumor cells with anti-EGFR CAR-T cells [32]. In vivo,
these CAR-T cells accounted for a high proportion of CD3*
CD8" cytotoxic T-lymphocyte populations, lending them the
ability to proliferate against NSCLC. In an ongoing phase
I clinical trial at Sun Yat-sen University, C-X-C chemokine
receptor (CXCR) type 5-modified anti-EGFR CAR-T cells
are being assessed for efficacy and safety in treating EGFR-
positive patients with advanced NSCLC (ClinicalTrials.
gov identifier: NCT04153799). Of the 11 evaluated patients
receiving three different doses, 2 exhibited a partial response
and 5 were stable for eight months. In a phase I/II clinical
study (NCT01869166) at the Chinese PLA General Hospi-
tal, advanced NSCLC patients with over 50% EGFR-positive
expression on tumor cells received anti-EGFR CAR-T-cell
therapy. CAR-T cells were generated from peripheral blood
and stimulated in vitro for 10-13 days before treatment [33].
Patients could tolerate anti-EGFR CAR-T-cell perfusion for
three to five days at a time without severe toxicity. Thus,
anti-EGFR CAR-T cells may be feasible for the treatment
of EGFR-positive NSCLC patients, although more clinical
studies are needed to confirm these results.

MSLN

MSLN is overexpressed in cancer cells, including in lung
cancer. MSLN overexpression is strongly correlated with
tumor aggressiveness, and a decreased survival rate in
patients with early-stage lung adenocarcinoma [34]. In a
clinical trial (NCT02414269) performed by a team from
the Memorial Sloan Kettering Cancer Center, anti-MSLN
inducible caspase 9-M28z (iCasp9M28z) CAR-T cells are
being tested for safety and feasibility. They remarked that
the amount of iCasp9M28z CAR-T cells may be over- or
underestimated during its formulation. The estimated time to
generate the CAR-T cells was three to six weeks. Recently,
the US National Cancer Institute (NCI) terminated a phase I/
II study of anti-MSLN CAR-T-cell therapy for patients with
MSLN-positive metastatic lung cancer, owing to slow/insuf-
ficient accrual (NCT01583686). Intravenous management
of mRNA-engineered T cells could temporarily express
anti-MSLN CAR and did not disclose metastatic tumors in
NSCLC. The above results demonstrate the rationale of anti-
MSLN CAR-T-cell therapy for NSCLC.
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MUC1 and PSCA

MUCI is a transmembrane glycoprotein, overexpressed in
many types of cancer, including NSCLC. In an ongoing
phase I/II clinical trial conducted by PersonGen BioThera-
peutics (Suzhou) Co., Ltd. (NCT02587689), anti-MUC1
CAR-T cells are being used to treat advanced refractory
solid tumors, including NSCLC. Another phase I/II clini-
cal study is being conducted to assess the safety and effi-
cacy of treatment with anti-MUC1 CAR-T cells combined
with programmed cell death protein 1 (PD-1) knockout for
patients with advanced NSCLC (NCT03525782). Further-
more, Tmunity Therapeutics Inc. recently registered a phase
I trial (NCT04025216) to test the safety, tolerability, feasibil-
ity, and preliminary efficacy of targeting the Tn glycoform of
MUCI1 (TnMUC1) using CAR-T cells in TnMUC1 -positive
advanced cancers, including NSCLC. Clinical trials using
anti-PSCA CAR-T cells for the treatment of non-lung solid
tumors are ongoing (NCT02744287) or have been com-
pleted (NCT02092948). Another team constructed a vari-
ety of third-generation CAR-T cells; two of the targets are
PSCA and MUCI. Currently, they are conducting a phase
I study to test its safety, tolerance, and preliminary efficacy
as treatment for lung cancer (NCT03198052). In a patient-
derived xenograft model, anti-MUC1 CAR-T cells could not
significantly suppress the growth of an NSCLC tumor mass
[35]. However, a third-generation anti-PSCA CAR-T cells
delayed tumor development. This indicates that PSCA-tar-
geting CAR-T cells may comprise novel therapeutic agents
for patients with NSCLC. Therefore, a combination of anti-
MUCI and anti-PSCA CAR-T cells may have a synergistic
effect in combating NSCLC.

CEA

CEA is an antigen expressed during fetal growth and devel-
opment, but not in normal adult tissues and differentiated
cells. CEA expression increases in certain cancers, including
lung cancer, which makes it a useful tumor marker to moni-
tor response to treatment. Preclinical evidence has estab-
lished a link between serum CEA concentration and brain
metastases in patients with advanced NSCLC [36]. This
provided the rationale for establishing phase I clinical trials
to evaluate the safety, efficacy, and maximum tolerated dose
of anti-CEA CAR-T-cell therapy in CEA-positive cancers,
including lung cancer (NCT02349724 and NCT04348643).

PD-L1 and CD80/CD86

The PD-1/PD-L1 complex inhibits the cytotoxic T-cell
response [37]. PD-L1 is expressed on stromal cells and
tumor cells, and antibodies against PD-L1 with CAR-T
cells represent a novel strategy for NSCLC [38]. The main

function of the PD-1/PD-L1 pathway is to induce and
maintain tolerance to self; however, tumor cells exploit
this for immune escape. Recently, PD-1 antibodies have
produced exciting results in an in vitro cell co-culture
model, in vivo in an animal model, and in clinical trials to
treat several cancers, including NSCLC [39]. Autologous
CAR-T cells targeting PD-L1 and CD80/CD86 are being
used for the treatment of recurrent or refractory NSCLC
in an early phase I study (NCT03060343) to determine
safety, tolerance, and engraftment potential. Anti-PD-L1
CAR-T-cell therapy is also being tested for safety and effi-
cacy in advanced PD-L1-positive NSCLC patients in a
phase 1 study (NCT03330834). In the latter, the T-cell
activation molecules consist of CD28/4-1BB/CD3{ and
the scFv obtained from the variable regions of a PD-L1
monoclonal antibody. Undoubtedly, anti-PD-L1 CAR-T-
cell therapy will be evaluated further for potential use in
clinical medicine.

ROR1

RORI1 is a tyrosine kinase-like orphan receptor, expressed
in both triple-negative breast cancer (TNBC) and NSCLC
[40]. ROR1-specific CAR-T-cell, engineered lentivi-
ral vectors encoding RORI1, scFv/4-1BB/CD3(, and
truncated EGFR molecules, allow for the elimination
of ROR1 CAR-T cytotoxicity. A phase I clinical study
(NCTO02706392) from Fred Hutchinson Cancer Research
Center was designed to assess the safety and anti-tumor
effects of autologous anti-ROR1 CAR-T cells transplanted
into patients with advanced, ROR1-positive, stage IV
NSCLC [41]. Recently, Wallstabe et al. [40] also revealed
that anti-ROR1 CAR-T cells were effective in eliminating
NSCLC and TNBC cells using three-dimensional (or orga-
noid) tumor models. Thus, anti-ROR1 CAR-T-cell therapy
provides a novel strategy to treat NSCLC.

HER2

HER? plays an important role in the pathogenesis of various
cancers [42]. This TAA is one of four members of the ErbB
family of kinases [43]. It has been reported that the pan-
ErbB inhibitor, afatinib, was an effective therapeutic agent in
HER2-positive NSCLC, suggesting that HER2 can be con-
sidered as a therapeutic target for NSCLC [44]. Research-
ers have developed anti-HER2 CAR-T cells with 4-1BB and
CD3C signaling domains, and initiated a phase I/II study to
demonstrate its safety and feasibility in treating HER2-posi-
tive solid tumors, including NSCLC (NCT01935843). In this
trial, anti-HER2 CAR-T cells would be infused for three days
in patients showing no unacceptable toxicity. Another phase
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I/II clinical research study of CAR-T cells targeting HER2-
positive cancers (including lung cancer) has been withdrawn
to change the CAR structure due to the safety considerations
(NCT02713984). Thus, to date, no clinical results have been
reported for anti-HER2 CAR-T-cell therapy for NSCLC.

Other targeted antigens

Other antigens (single or combined) that are being tar-
geted using CAR-T cells in clinical trials on lung cancer
patients include ganglioside GD2, melanoma-associated
antigen (MAGE)-A1, MAGE-A4, and Lewis-Y antigen
(NCT03198052 and NCT03356808). Finally, several co-
identified TAAs (such as HER2 and IL-13Ra2) are yet to
be tested as targets for CAR-T-cell treatment of NSCLC.

Current challenges and strategies
of CAR-T-cell therapy in NSCLC

The general strategy in CAR-T-cell therapy is the utiliza-
tion of gene transfer technology to reprogram patients’ T
cells to express a CAR that can bind to common antigens
[45]. After transfection of autologous or allogeneic periph-
eral blood T cells with the CAR complex, transfected cells
are injected into a patient as cytotoxic agents, attacking
cancer cells [46]. The clinical infusion process is illus-
trated in Supplementary Fig. 1. CAR-T cells recognize
TAAs through the scFv. Beneficial outcomes have been
reported in a clinical study of CAR-T-cell treatment in
B-cell malignant hematological disease [16, 17]. Unlike
in the treatment of hematologic malignancies, CAR-T-
cell treatment of solid tumors (such as NSCLC) has had
limited success thus far [47]. Barriers to success include:
(1) on-target/off-tumor toxicity; (2) neurological toxic-
ity; (3) cytokine release syndrome (CRS); (4) a paucity of
tumor-specific antigens; (5) an immunosuppressive tumor
microenvironment (TME); (6) low levels of infiltration
into tumor tissue; and (7) tumor antigen escape. See Sup-
plementary Fig. 2 for a diagram of current challenges for
CAR-T-cell therapy in NSCLC and strategies to overcome
these.

On-target/off-tumor toxicity

Although CAR-T cells provide a promising approach for
treating NSCLC, their toxicity in clinical practice remains a
concern. On-target/off-tumor toxicity is caused when CAR-T
cells bind to a targeted antigen on normal (off-tumor) cells;
this happens because many TAAs are not tumor-specific.
The extent of the on-target/off-tumor effect differs between
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patients and antigens; it may result in disorders affecting
various organ systems (including the pulmonary, hemato-
logic, and gastrointestinal systems) and even be life-threat-
ening [48]. In order to minimize these risks, CARs should
be as selective as possible. This can be achieved by select-
ing safer antigens (such as EGFR variant III and aberrantly
glycosylated antigens) [49, 50]. Such antigens still need to
be explored for use in NSCLC in upcoming clinical trials.

Neurological toxicity

Nervous system toxicity is a common adverse reaction to
CAR-T-cell treatment, and includes confusion and seizures
[51]. The NCI recommends high-dose corticosteroids for
the treatment of such grade 3 neurotoxicities persisting
for >24 h, and for all grade 4 neurotoxicities [52]. An immu-
noglobulin E-mediated clinical allergic reaction following
CAR-T-cell infusion has been reported [53]. Tumor lysis
syndrome has also been described in certain patients under-
going CAR-T-cell therapy [52]. Further understanding and
in-depth analysis of the pathophysiology of these toxicities
is needed to better define the choice of preventive measures
and to calculate better expanded treatment with regard to
neurological toxicities [54]. Thus, insight into the patho-
physiology will be a vital factor to inhibit systemic neu-
rotoxicity in future developments of CAR-T-cell treatment.

CRS

CRS is a major adverse effect of CAR-T-cell therapy, caus-
ing dangerous and even life-threatening toxicity [14, 52]. It
is characterized by the release of a variety of inflammatory
cytokines by the infused T cells upon antigen recognition,
resulting in a significant increase in the expression levels
of TNF-a, C-reactive protein, IL-2, IL-6, IL-8, and IFN-y
[55]. Downstream complications include fever, fatigue, ano-
rexia, hypotension, multi-organ dysfunction, and even sud-
den death due to the cytokine storm [46, 52]. The diagnosis
and management of CRS is crucial to patient health, and
there is a wealth of evidence supporting the use of inhibi-
tors of the IL-6 pathway, such as tocilizumab or siltuximab,
to treat CRS [56]. Infliximab is another cytokine inhibitor
that should be considered as the TNF-«a inhibitor, [57]. It
is important for clinical researchers to fully understand the
biology of the syndrome, to propose appropriate solutions
for its prevention by supplying cytokine inhibitors to reduce
inflammation. Another important issue is the identification
of CRS biomarkers. Teachey et al. [58] discovered that a
combination of three cytokines (IFN-y, soluble IL-1 receptor
agonist, and glycoprotein subunit 130) were accurate predic-
tors of CRS within one month after anti-CD19 CAR-T-cell
infusion for lymphoblastic leukemia. These results should
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be used to guide prediction, diagnosis, and management of
CRS in future research of CAR-T-cell therapy for NSCLC.

Paucity of tumor-specific antigens

Currently, the effective way to treat solid tumors with CAR-T
cells is to identify tumor-specific cell-surface antigens [59].
However, the heterogeneity in biological structure of solid
tumors is an important limiting factor [60]. Therefore, there
is an urgent need to discover new TAAs to improve clinical
utility and safety, as well as to maintain the anti-tumor activ-
ity of CAR-T cells. One approach would be to treat patients
with agents that increase expression of the target antigen. In
one pre-clinical study, this approach was followed, using all-
trans-retinoic acid to increase the expression of folate recep-
tor beta in acute myeloid leukemia [61]. Alternatively, engi-
neered CAR can be used to enhance T-cell activity against
antigens present at lower densities. The commonly attempted
modification to date has been to decrease the affinity of the
scFv for preferential identification of its target. One group
have demonstrated that reducing the affinity of anti-EGFR
CAR-T cells for their antigens causes T cells to recognize
malignant cells preferentially, as they contain higher levels
of the antigen than normal cells do [62]. However, it remains
unclear at what level this enhancement will reach a plateau.
In addition, as CAR-T-cell technology is developed to target
different TAAs in hematological and solid tumors, research
is required to uncover the mechanisms by which tumor cells
express specific antigens, which will assist in the optimiza-
tion of adoptive immunotherapy for NSCLC.

Immunosuppressive TME

The clinical efficacy of CAR-T cells in the treatment of
NSCLC is impeded by TME-related factors such as hypoxia,
lack of arginine or tryptophan, suppression of tumor-derived
cytokines, and inhibition of T cells [31]. Studies have dem-
onstrated that the rapid loss of CAR-T-cell function limits
its therapeutic role in the immunosuppressive TME [46].
Therefore, a useful avenue to explore is the optimization of
CAR-T cell therapy in combination with other NSCLC treat-
ments. The effect of CAR-T-cell therapy can be enhanced
by combining it with immune checkpoint inhibitors; the
latter reduces immunosuppression of CAR-T cells by cre-
ating a more favorable TME. Many ongoing clinical trials
are investigating the binding of CAR-T cells to checkpoint
inhibitors to reduce immunosuppression [29, 63]. CAR-T-
cell therapy can also be enhanced by expressing immune-
related factors. IL-12 is an immunomodulatory cytokine that
stimulates the immune response via natural killer cells and
T cells. Yeku et al. [64] demonstrated that IL-12-armored
CAR-T cells can exert their anti-tumor function through

overcoming the immunosuppressive TME. Zhou et al. [65]
reported that IL-7/IL-5 yielded a superior anti-tumor func-
tion through improving CAR-T-cell proliferation, reducing
CAR-T-cell apoptosis, and resisting the immunosuppressive
TME. Therefore, CAR-T-cells engineered to co-express such
immune-related factors should also be investigated for their
potential to treat NSCLC.

Low levels of infiltration into tumor tissue

NSCLC has unique histopathological features such as a high
blood vessel concentration, poor structural integrity, and
extensive leakage of blood vessels [9]. These characteristics
lead to enhanced permeability and retention of lipid particles
and macromolecular substances in NSCLC. A large num-
ber of tumor infiltrating lymphocytes and extensive infiltra-
tion have been considered as one of the main indicators for
patient diagnosis with NSCLC [66—-68]. Some studies have
revealed that infiltration of CD3" T cells, CD8"' T cells,
and B lymphocytes were closely related to the presence of
high endothelial venules. Overexpression of endothelin B
receptor and down-regulation of intercellular adhesion mol-
ecule 1 can also block the homing of T cells, which directly
reduces the efficiency of tumor immunotherapy [69]. There-
fore, attracting more CAR-T cells into tumor tissues will
increase efficiency.

Chemokines belong to a large class of cytokine subfam-
ily. Most of the chemokines have chemotactic functions
and guide cell migration by binding to their homologous
receptors [70]. Tumor, stromal, and immune cells express
chemokines [71]. At present, the chemokine system (includ-
ing chemokines and their corresponding receptors) has
become a new potential target for cancer immunotherapy
[71, 72]. A variety of methods have been developed to target
chemokine ligands for neutralization, or to modify T cells to
overexpress chemokine receptors that express homologous
ligands in the TME [73]. Some studies have confirmed this
principle of bypassing the systemic circulation, allowing
CAR-T cells to express chemokine receptors such as CXCR
2 (the receptor to CXC ligand 1) and C—C chemokine recep-
tor 4 (the receptor to CC ligand 17) [59, 74]. Therefore,
blocking tumor-derived chemokines and overexpressing
chemokine receptors is an ideal strategy for CAR-T-cell
immunotherapy in mediating cell migration to improve
CAR-T cell infiltration.

Tumor antigen escape

Normally, T cells expressing two or more independent CAR
molecules have more effective anti-tumor functions than
those of T cells expressing a single CAR molecule [75].
However, the difference is that T cells can be equipped with
two or more CARs that recognize different TAAs. Antigen
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escape remains a major mechanism of relapse and is a key
barrier for expanding the use of CAR-T cells towards solid
cancers with their more diverse surface antigen repertoires
[60]. For some malignancies, it can be difficult to determine
whether CAR-T-cell therapy against a specific combination
of TAAs is safe and effective. Recruiting or enhancing the
endogenous anti-tumor immune response may enable target-
ing of a broader range of tumors by involving many different
effector cell types. Potential methods for overcoming this
challenge include enabling CAR-T cells to specifically rec-
ognize multiple antigens and respond to lower levels of tar-
get cell antigens [75]. It is speculated that mutations in tumor
cells may produce new human leukocyte antigens (HLAS),
which may induce specific endogenous T-cell responses that
enhance the overall anti-tumor effect gained by immune
checkpoint inhibitors [76]. Nevertheless, this may not be
sufficient to prevent tumor growth, and these tumors cannot
be recognized by CARs or endogenous T cells. Sotillo and
colleagues [77] demonstrated a unique mechanism by which
tumors can mediate immune escape. Anti-CD19 CAR-T-cell
therapy caused selection of pre-existing variants of CD19 in
certain patients, thereby altering the target epitope beyond
recognition by the CAR. These findings are important for
developing strategies to overcome the risk of tumor antigen
escape in immune-based anti-tumor therapies, including for
NSCLC.

Future perspectives for CAR-T-cell therapy
in NSCLC

As a novel strategy for the treatment of NSCLC, CAR-T
cell therapy has undergone great progress and has entered
a stage of rapid development [18]. Although it has certain
side effects and potential risks [52], it exhibits a more potent
target-binding ability, longer duration of in vivo efficacy, and
exerts a more rapid therapeutic effect on NSCLC than con-
ventional treatment does. Indeed, CARs have overcome the
initial limitations of cancer therapy, such as HLA restriction
and major histocompatibility complex class I down-regu-
lation; however, they are currently limited by other tumor
escape methods [75]. Conventional CARs have also been
modified to improve their safety and efficacy in the form of
dual-target, multi-target, drug-inducible, switchable, inhibi-
tory, and universal CARs [21, 46, 78, 79]. These CARs are
being studied in both animal models and clinical trials in the
attempt to mitigate tumor antigen heterogeneity, and may
eventually constitute the next generation of CAR-T cells [22,
74]. The ultimate goal of the development of CAR-T cells is
to cure cancers such as NSCLC.
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Conclusion

Many obstacles remain in the application of CAR-T-cell
therapy in NSCLC, especially the heterogeneity of antigens
expressed by tumor cells. The mechanisms of tumor resist-
ance to such therapy need to be better understood and accu-
rate predictors of the response to immunotherapy need to be
discovered. The next steps will be to better identify patients
with a primary or acquired risk of resistance to CAR-T-cell
therapy, as well as to develop suitable combined therapies,
utilizing an increasingly evaluative and systematic bioinfor-
matics approach. This will allow for individualized patient
care based on precision medicine. Taken together, research
on CAR-T cells for the treatment of NSCLC is underway and
has yielded promising preliminary results, both in basic and
pre-clinical medicine. Therefore, more basic research and
clinical trials are warranted.
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