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The present treatments for lung cancer include surgical resection, radiation, chemotherapy,
targeted therapy, and immunotherapy. Despite advances in therapies, the prognosis of
lung cancer has not been substantially improved in recent years. Chimeric antigen receptor
(CAR)-T cell immunotherapy has attracted growing interest in the treatment of various
malignancies. Despite CAR-T cell therapy emerging as a novel potential therapeutic option
with promising results in refractory and relapsed leukemia, many challenges limit its
therapeutic efficacy in solid tumors including lung cancer. In this landscape, studies have
identified several obstacles to the effective use of CAR-T cell therapy including antigen
heterogeneity, the immunosuppressive tumor microenvironment, and tumor penetration by
CAR-T cells. Here, we review CAR-T cell design; present the results of CAR-T cell therapies
in preclinical and clinical studies in lung cancer; describe existing challenges and toxicities;
and discuss strategies to improve therapeutic efficacy of CAR-T cells.

Keywords: adaptive therapy, CAR-T cells, lung cancer, tumor-associated target antigens, toxicities

INTRODUCTION

Lung cancer is one of the most common and deadly cancer types globally (1). Lung cancer is a highly
complex, heterogeneous disease with a poor prognosis. The poor survival rate of patients with lung
cancer (5-year survival rate: 10%-20%) is a consequence of advanced stage at presentation (2, 3).
Histologically, lung cancer is classified as non-small cell lung carcinoma (NSCLC, approximately

Abbreviations: ALK, Anaplastic lymphoma kinase; CAF, Cancer-associated fibroblasts; CAR, Chimeric antigen receptor;
CEA, Carcinoembryonic antigen; CRS, Cytokine release syndrome; EGFR, Epidermal growth factor receptor; FAP, Fibroblast
activator protein; ICANS, Immune effector cell-associated neurotoxicity syndrome; KRAS, Kirsten rat sarcoma; NFAT,
Nuclear factor of activated T-cells; NSCLC, Non-small cell lung carcinoma; PSCA, Prostate stem cell antigen; SB, Sleeping
beauty; TAA, Tumor-associated antigens; TALEN, Transcription activator-like effector nucleases; TCR, T-cell receptor; TLS,
Tumor lysis syndrome;
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85% of cases) or small cell lung carcinoma (approximately 15%
of cases). NSCLC, causing a major proportion of lung cancer-
related deaths, is classified as adenocarcinoma, squamous cell
carcinoma, or large cell carcinoma (4). Furthermore, genomic
profiling studies have uncovered driver mutations in lung cancer
that support tumor growth and proliferation. The most
frequently found driver mutations in lung cancer are Kirsten
rat sarcoma viral (KRAS) oncogene homolog and epidermal
growth factor receptor (EGFR) mutations (5).

The present main treatment strategies for lung cancer include
surgery, radiotherapy, chemotherapy, targeted therapy, and
immunotherapy (6, 7). Although lung cancer is curable when
diagnosed at an early stage, it even then remains a challenge due
to relapse, and poor survival in >70% of patients (8). Over the
past two decades, cytotoxic chemotherapies used to treat lung
cancer have evolved to platinum-based chemotherapy, cisplatin-
based combination therapies, neoadjuvant therapy, and adjuvant
therapy (9). In addition, targeted therapies have also been
developed to treat patients with lung cancer harboring EGFR
or anaplastic lymphoma kinase mutations (10). Recently,
immunotherapy has complemented this arsenal with the
discovery and targeting of immune checkpoint inhibitors such
as anti-cytotoxic T lymphocyte-associated protein 4 (CTLA-4)
and anti-programmed cell death-1 (PD-1) therapies (7). Despite
the development of various therapeutic regimens for lung cancer,
such therapies only provide durable responses and efficacy in a
subset of patients. Variable responses observed under treatment
in different tumors might be attributable to disease heterogeneity
or tumor heterogeneity across patients. Therefore, it is necessary
to explore novel therapies to improve clinical outcomes for more
patients. In this setting, next-generation immunotherapeutics,
such as immunomodulators and adoptive T-cell therapies
including classical T-cell receptor (TCR) and chimeric antigen
receptor (CAR)-T-cell therapies, bear promise for treating
cancers including lung cancer (11-13).

CAR-T cell therapy has emerged as an innovative cancer
immunotherapy for lung cancer treatment (13-16). Although
CAR-T cell therapy produced remarkable clinical responses in
hematological malignancies (17), this therapy has displayed
limited anti-tumor activity in solid tumors including lung
cancer. Despite targeting a variety of antigens and tumor types,
clinical data for CAR-T cell therapy in solid tumors are
disappointing (18). While CAR-T cell therapy has shown clinical
success in hematological malignancies, severe toxicities such as
cytokine release syndrome (CRS), neurotoxicity, on-target/off-
tumor toxicity, tumor lysis syndrome (TLS), and anaphylaxis
have also been reported in CAR-T therapy (19). Also, some
concerns must be addressed including limited efficacy of CAR-T
cell therapies in solid tumors, limited persistence, antigen escape,
CAR-T cell trafficking, tumor infiltration, and the
immunosuppressive microenvironment (20, 21). Recently,
several studies proposed strategies to ameliorate efficacy of CAR-
T cell therapy and limit its toxicities (22-24). In this review, we
focus on CAR-T cell design, present existing preclinical and
clinical studies in lung cancer treatment; highlight existing
challenges and toxicities; and also discussed strategies to improve
the therapeutic efficacy of CAR-T cells in solid tumors.

THE DESIGN AND STRUCTURE OF
CAR-T CELLS

T cells genetically engineered to carry synthetic CAR bind
specifically targeted tumor antigens and kill these targeted
tumor cells. CAR are synthetic receptors composed of an
antigen-binding domain/hinge motif, transmembrane domain,
and intracellular signaling domain. The extracellular antigen-
binding domain, composed of a single-chain variable fragment
(scFv), recognizes targeted tumor-associated antigens (TAAs)
and triggers downstream signaling. The hinge/spacer region
provides flexibility to allow the antigen-binding domain to
access the targeted antigen. The hinge/spacer region can be
adjusted to its optimal length to provide a sufficient distance
between CAR-T cells and targeted tumor cells. The
transmembrane domain facilitates the distribution of CARs to
the T cell membrane, influencing CAR expression, function, and
stability. The intracellular domain or endodomain is composed
of combinations of signaling domains such as the T-cell
activation complex transducer CD3{ and several costimulatory
molecules (25) (Figures 1A, B). The design and structure of CAR
have been extensively reviewed elsewhere (26, 27).

To improve the efficacy and safety of CAR-T cell therapy,
CAR-T cells have undergone several progressive changes by
modifying the CAR structure based on its intracellular
signaling domains (Figure 1C). The first generation of CAR,
containing the antigen recognition extracellular scFv and CD3{
signaling endodomain, displayed less efficient T cell activation
and a short survival time in vivo (28-30). To improve the
persistence and efficacy of CAR-T cells, second-generation
CARs contain an additional costimulatory molecule (e.g.,
CD28, 41BB, ICOS) that enhances T cell proliferation,
prolongs T cell survival time, and improves clinical outcomes
(31-33). The design of third generation of CAR included CD3{
and two costimulatory molecules that further enhance CAR-T
cell function. The most commonly used third generation
costimulatory molecules are CD27, CD28, 41BB, ICOS, and
OX-40 (34, 35). The design of fourth-generation CAR-T cells
introduced T cells redirected for universal cytokine-mediated
killing containing nuclear factor of activated T cells. These
fourth-generation CAR-T cells can produce pro-inflammatory
cytokines (interleukin [IL]-12, IL-13, and GM-CSF) upon
activation and enhance the penetration ability of T cells to
overcome the immunosuppressive effect of the hostile tumor
microenvironment (TME) (36). The fifth generation of CAR
includes an IL-2RP fragment that induces JAK production and
activates signal transducer and activator of transcription 3/5 (37).

CAR-T CELL THERAPY APPLICATIONS
AND TUMOR-ASSOCIATED TARGET
ANTIGENS IN LUNG CANCER

CAR-T cell therapy is an individualized cell-based therapy that
involves the modification of a patient’s own T cells to express
CAR. The generation of CAR-T cells involves a complex
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engineering process featuring several steps starting with the
collection of T cells from the patients, engineering cells to express
tumor-specific antigen-targeted CAR on their surface, CAR-T cell
expansion, and purification, and the infusion of CAR-T cells back
into the patient with therapeutic intention (Figure 2).

CAR-T cell adaptive cancer immunotherapy has emerged as a
promising strategy for the treatment of solid tumors including
lung cancer. Synthetic CAR-T cells are independent of major
histocompatibility (MHC) complex targeted for TAAs on cancer
cells to establish tumor immunity. Similarly, for successful CAR-
T therapy in solid tumors, it is important to identify specific
TAAs that are highly and selectively expressed in solid tumors
but weakly expressed or absent in normal tissue. Several TAAs
have been proposed in CAR-T cell research in solid tumors
including lung cancer. TAAs currently being investigated in
clinical trials of CAR-T cells include carcinoembryonic antigen
(CEA), EGFR, human epidermal growth factor receptor 2
(HER2), mesothelin (MSLN), prostate stem cell antigen
(PSCA), mucin 1 (MUC1), tyrosine kinase-like orphan
receptor 1 (ROR1), programmed death ligand 1 (PD-L1), and
CD80/CD86 (Table 1).
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FIGURE 1 | Schematic representation of basic principle of CAR structure (A), mechanism of CAR engineered T-cells action on tumor cells (B), and progressive
evolution of CAR-T cells with modifications from 1 generation to 5™ generation (C) (Figure generated using Bio Render).

CEA is a fetal antigen that is expressed during fetal
development but is minimally expressed or absent in adult
tissues. CEA is overexpressed in various cancers, including
70% of NSCLC (38). Therefore, CEA has proven useful as a
tumor marker and for monitoring the response to CEA-targeted
CAR-T therapy. Furthermore, preclinical studies also showed the
relevance of serum CEA concentrations as an indicator of brain
metastases in patients with advanced NSCLC (39). This led to the
establishment of CEA-targeted CAR-T cells in phase I clinical
trials to evaluate the efficacy, safety, and maximum tolerated dose
of this therapy in various solid tumors including lung cancer
(NCT02349724, NCT04348643). In addition, in vivo established
human lung cancer model in immune-compromised mice
showed treatment with inducible IL8 (iIL8) and CEA-targeted
CAR-T cells completely eliminated advanced stage of lung
cancer (40).

EGFR, expressed in both epithelial cells and epithelium-
derived malignancies, is a transmembrane glycoprotein
belonging to the tyrosine kinase receptor family. In addition to
EGFR overexpression in solid tumors including NSCLC, it has
also been reported that more than 60% of EGFR mutations are
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TABLE 1 | Potential TAAs in CAR-T cell therapy clinical tails for lung cancer (ClinicalTrials.gov).

Type of CAR-T

CEA-Targeted CAR-T

CEA-Targeted CAR-T

CXCR5 modified EGFR-targeted CAR-T
CXCR5 modified EGFR-targeted CAR-T
EGFR-targeted CAR-T

HER2-targeted CAR-T

HER2-targeted CAR-T

MSLN-targeted CAR-T

PD1-MSLN-targeted CAR-T

Autologous CAR-T cells transfected with anti
MSLN mRNA

TnMUC-1-targeted CAR-T

MUC-1-targeted CAR-T
MUC-1-targeted CAR-T

P-MUC1C-ALLO1-targeted CAR-T

PSCA/MUC1/TGFB/HER2/Mesothelin/Lewis-Y/
GPC3/AXL/EGFR/B7-H3/Claudin 18.2 -CAR-T cell
ROR1-targeted CAR-T

PD-L1-targeted CAR-T
PD-L1-CD80/CD86-targeted CAR-T

MAGE-A1, MAGE-A4, Mucl, GD2, MSLN-targeted
CAR-T

AMT-253 targeted CAR-T

CD276 (B7-H3)-targeted CAR-T

CD276 (B7-H3)-targeted CAR-T
GPC3-TGF-B targeted CAR-T

Malignancies

Lung, Colorectal, Gastric, Breast, Pancreatic

Lung, Colorectal, Liver, Pancreatic, Gastric, Breast

NSCLC

NSCLC

Advanced solid tumors

Breast, Gastric, NSCLC

Breast, Ovarian, Lung, Gastric, Colorectal, Glioma, Pancreatic
Cervical, Pancreatic, Ovarian, Mesothelioma, Lung cancer

Advanced solid tumors, Lung Cancer, Mesothelioma
Mesothelioma

NSCLC, Ovarian cancer, Fallopian tube cancer, Pancreatic ductal
adenocarcinoma, multiple myeloma

Lung neoplasm malignant, NSCLC

Hepatocellular carcinoma, NSCLC, Pancreatic carcinoma, breast
carcinoma, Ovarian cancer, NSCLC, Colorectal cancer
Pancreatic cancer, Renal cell carcinoma, Nasopharyngeal
carcinoma, Head and neck squamus cell carcinoma, Gastric
cancer

Advanced lung cancer

Hematopoietic and Lymphoid Cell Neoplasm, Breast carcinoma,
Advanced NSCLC, Chronic lymphocytic leukemia

Advanced Lung cancer

NSCLC

Lung cancer

NSCLC
Osteosarcoma, Neuroblastoma, Gastric cancer, Lung cancer

Malignant melanoma, Lung cancer, Colorectal cancer
Hepatocellular, Squamous cell carcinoma

NCT number Phase Location Status
NCT02349724 | China Unknown
NCT04348643 /1l China Recruiting
NCT04153799 | China Recruiting
NCT05060796 | China Recruiting
NCT01869166 I/ China Unknown
NCT01935843 I/ China Unknown
NCT02713984 I/l China Withdrawn
NCT01583686 /1 United Terminated
States
NCT04489862 | China Recruiting
NCT01355965 | United Completed
States
NCT04025216 | United Recruiting
States
NCT03525782 /1l China Unknown
NCT02587689 I/ China Unknown
NCT05239143 | United Not yet
States recruiting
NCT03198052 | China Recruiting
NCT02706392 | United Recruiting
States
NCT03330834 | China Terminated
NCT03060343 | China Unknown
NCT03356808 /1 China Unknown
NCT05117138 I China Not yet
recruiting
NCT04864821 | China Not yet
recruiting
NCT05190185 | China Recruiting
NCT03198546 | China Recruiting
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associated in NSCLC patients (41). Therefore, EGFR has become
a possible therapeutic target in CAR-T cell therapy for NSCLC.
In vitro studies revealed that EGFR-targeted CAR-T cells exhibit
specific cytolytic activity and produce high levels of cytokine (IL-
2, IL-4, IL-10, TNF-a, and interferon-y [IFN-y]) against EGFR-
positive tumor cells (42). There are two ongoing phase I clinical
trials in lung cancer of C-X-C chemokine receptor type 5
modified EGFR-targeted CAR-T cells (NCT04153799,
NCT05060796). Furthermore, phase I/II clinical studies in
patients with advanced NSCLC revealed no severe toxicity after
3-5 days of EGFR-targeted CAR-T cell perfusion
(NCT01869166). These studies indicate the promise of EGFR-
targeted CAR-T cells in treating NSCLC.

HER2, a member of the tyrosine kinase erythroblastic
leukemia viral oncogene homolog (ERBB) family, is also a
potential CAR target antigen in lung cancer (43). Studies using
an in vivo A549 NSCLC xenograft model and in vitro NSCLC cell
lines (A549 and H1650) revealed anti-tumor effects of HER2-
targeted CAR-T cells, including decreased tumor growth but not
complete tumor elimination (44, 45). In addition, two phase I/II
clinical studies of HER2-targeted CAR-T cells in treating NSCLC
have been launched (NCT01935843, NCT02713984). However,
clinical data have not yet been reported for HER2-targeted CAR-
T cell therapy in NSCLC.

MSLN, a cell surfaced glycoprotein, is overexpressed in the
majority of cancer types including lung cancer, mesothelioma,
pancreatic cancer, and ovarian cancer (46, 47). High expression
of MSLN occurs in approximately 69% of lung adenocarcinomas,
and it carries an increased risk of recurrence with reduced overall
survival in NSCLC (48, 49); therefore, it could be a potential
target in CAR-T cell therapy. This prompted the development of
MSLN-targeted CAR-T cells, and research using in vivo
subcutaneous mouse lung cancer models and ex vivo models
revealed a slower tumor growth rate and inhibitory effects on cell
proliferation (46, 50). However, phase I/II clinical trials of
MSLN-targeted CAR-T cells in MSLN-positive metastatic lung
cancer were terminated because of poor accrual (NCT01583686).
Furthermore, the intravenous application of mRNA-engineered
T-cells expressing MSLN-targeted CARs did not exert effects on
metastatic tumors in patients with NSCLC (NCT01355965).

MUCIL is another potential candidate that is aberrantly
overexpressed in NSCLC and other cancer types (51). MUC1 is
an abnormally glycosylated extracellular transmembrane
glycoprotein that is correlated with poor survival and tumor
progression (52). Ongoing phase I clinical trial studies are
examining Tn glycoform of MUCI-targeted CAR-T cells for
the treatment in MUC-1 positive advanced cancers, including
NSCLC (NCT04025216). Additionally, phase I/II clinical studies
in various solid tumors including lung cancer using MUC-1-
targeted CAR-T cells have been launched (NCT03525782,
NCT02587689). Meanwhile, an early stage clinical trial is using
P-MUCI-ALLO1-targeted CAR-T cells in solid tumors
including lung cancer is ongoing (NCT05239143). In contrast,
studies using MUC-1-targeted CAR-T cells in patient xenograft
model did not reveal significant suppression of NSCLC tumor
growth (51).

PSCA is a glycophosphatidylinositol-anchored cell surface
protein that is aberrantly overexpressed in NSCLC (51). Using in
vivo PDX subcutaneous mouse models and in vitro models, the
combination of CAR-T cells targeting MUC-1 and PSCA
substantially inhibited tumor growth and PSCA- and MUC-1-
expressing NSCLC cell proliferation (51). Meanwhile, an
ongoing phase I study is testing safety, efficacy, and tolerance
of a combination of CAR-T cells targeting MUC-1 and PSCA in
lung cancer (NCT03198052).

RORI, a tyrosine kinase-like orphan receptor, is highly
expressed in NSCLC, breast cancer, and other solid tumors
(53, 54). Because of the toxicity of ROR1-targeted CAR-T cells
attributable to RORI expression in normal tissues, CAR-T cells
have been engineered with synthetic Notch receptors EpCAM
and B7-H3 to improve selectivity, specificity, and tumor
regression in ROR1-expressing tumor cells with less toxicity
(55). A phase I clinical study was designed to assess the safety
and anti-tumor effects of ROR1-targeted CAR-T cells in ROR-
positive NSCLC (NCT02706392). In addition, animal models
examining ROR1-targeted CAR-T cells revealed effective
elimination of ROR1-positive NSCLC cells (53).

Treatments targeting the PD-1-PD-L1 complex, which blocks
the cytotoxic T-cell activity, have made substantial progress in
NSCLC and other cancer types (56, 57). In vitro and in vivo
studies using PD-L1-targeted CAR-T cells revealed cytotoxic
effects and tumor growth inhibition in NSCLC cells (58, 59).
However, phase-1 clinical trials of PD-L1 targeted CAR-T cells in
advanced lung cancer patients were terminated because of
serious adverse effects (NCT03330834). Also, another phase I
clinical trial has been ongoing with PD-L1-MSLN targeted CAR-
T cells to determine safety and efficacy in PD-L1-positive
NSCLC patients (NCT04489862).

The expression of CD80/CD86, costimulatory molecules of
the immune system, has been detected in NSCLC (60). CD80 and
CD86 bind to CTLA-4 and downregulate T-cell function,
making them preferred targets for immune intervention (61).
Phase I clinical trial study is ongoing to assess safety and
tolerance of PD-L1 and CD80/CD86 targeting CAR-T cells in
the treatment of recurrent or refractory NSCLC patients
(NCT03060343). In addition, CD80/CD86-targeted CAR-T cell
treatment controlled tumors including NSCLC tumors by
reversing inhibitory CTLA-4-CD80/CD86 signals (62).

Fibroblast activator protein (FAP), highly expressed in
cancer-associated fibroblasts (CAFs), can modulate the tumor
microenvironment by ECM remodeling. FAP overexpression on
CAFs is associated with poor prognosis in many solid tumors
including lung cancer. Targeting FAP is also being evaluated for
CAR-T cell therapy in NSCLC. In vitro studies in A549 cells
using FAP targeted CAR-T cells showed significant reduction of
tumor growth (63, 64). Furthermore, mouse model studies using
FAP-targeted CAR-T cells showed 35-50% reduction of tumor
growth after treatment (63, 64).

Preclinical CAR-T cell therapy studies in lung cancer by
targeting several potential targets, like erythropoietin-
producing hepatocellular carcinoma A2 (EphA2), lung-specific
X protein (LUNX), variant domain 6 of CD44 gene (CD44V6),
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melanoma-associated antigen (MAGE)-A1l, exhibited significant
suppression of tumor growth (65-68). Furthermore, potential
targets like MAGE-A1 (NCT03198052 and NCT03356808),
AMT-253 (NCT05117138), CD276 [(B7-H3): NCT04864821,
NCT05190185), and GPC3-transforming growth factor beta
(TGF-B; NCT03198546), are under evaluation for CAR-T cell
therapy application in NSCLC in clinical trials.

CURRENT CHALLENGES AND TOXICITIES
IN CAR-T CELL THERAPY

Although there has been continuous improvement of CAR-T cell
therapies and their great promise in the treatment of lung cancer
and other solid tumors has been revealed, many challenges and
hurdles exist. T cell intrinsic as well as tumor-driven mechanisms
and treatment-related toxicities in CAR-T cell limit efficacy and
safety in solid tumors including lung cancer.

Challenges in Applying CAR-T Cell
Therapy in Lung Cancer

Following administration, CAR-T cells encounter considerable
challenges in treating lung cancer, such as tumor antigen escape,
TME heterogeneity, immune suppression, CAR-T cell trafficking
and infiltration into the tumor, and CAR-T cell exhaustion
(Figure 3). In this section, we further elaborated explaining
main current challenges in CAR-T cell therapies in lung cancer
and other solid tumors.

The challenges associated with CAR-T cell therapy in solid
tumors such as lung cancer include tumor antigen escape and the
emergence of multiple resistance mechanisms. Although CAR-T
cell therapy can produce high initial response rate in some
patients or diseases by overcoming HLA restriction and MHC
I downregulation, many patients subsequently experience disease
relapse because of antigen escape by cancer cells, resulting in the
partial or complete loss of target antigen expression. CD19-
targeted CAR-T cell therapy in ALL patients and BMCA-
targeted CAR-T cell treatment in patients with multiple
myeloma resulted in disease recurrence with the development

CAR-T cell exhaustion
[ Exhausted CAR-T cell
3 Less anti-tumor functions
Less cytotoxicity,

Less proliferation capacity
TAA T

Tumor cell

Trafficking and infiltration

Irregular vasculature
CAFs

Ne Dense ECM

of resistance and reduced target antigen expression in cancer
cells after treatment (69, 70). Similarly, treatment with IL-
13Ra2-targeted CAR-T cells in glioblastoma resulted in relapse
because of reduced IL-13Ra2 expression in tumors (71).
Therefore, it is important to optimize target antigen selection
to prevent antigen escape mechanisms, thereby improving anti-
tumoral effects of CAR-T cells and preventing disease relapse.

Another significant limiting factor in CAR-T cell therapy in
solid tumors including lung cancer is tumor heterogeneity.
Overall, tumor heterogeneity is a major factor in cancer
treatment efficacy, resistance, and failure (71, 72). Spatial
distribution studies in patients with NSCLC revealed high
spatial heterogeneity of the intratumoral microenvironment in
lung tumors for immune and stromal cells and their impact on
survival in lung cancer (73). For example, the heterogeneity of PD-
L1 expression in the TME influences the prognosis of lung cancer
and significantly affects immunotherapy outcomes (74). It is
important to optimize the selection of tumor-specific antigens
that are specifically expressed in tumor cells to increase anti-tumor
activity and safety of CAR-T cells (75). However, it is highly
challenging to identify specific target antigens that are expressed
homogenously and stably on tumor cells but not healthy cells.

Similarly, as other solid tumors, CAR-T cells in lung cancer
suffer the immunosuppressive effect of the TME, which hinders
their effector function and impedes clinical efficacy of CAR-T
cells (75, 76).

Many infiltrating cell types contribute to an immunosuppressive
TME, including myeloid-derived suppressor cells, CAFs, tumor-
associated macrophages, and regulatory T cells, which secrete
factors such as TGF-B, IL-10, ARG-1, inducible nitric oxide
synthase (iNOS), COX2, PGE2, FAP, and PD-L1 (77, 78). These
factors regulate metabolism, cytokine networks, and immune
checkpoints in the TME and generate an immunosuppressive
microenvironment, thereby leading to reduction or loss of CAR-T
cell function.

Unlike observations in hematological malignancies, hurdles
including effective trafficking and infiltration of CAR-T cells into
the tumor site limit efficacy of CAR-T cell therapy in solid
tumors such as lung cancer. T cell infiltration into lung tumors is
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FIGURE 3 | Major challenges in applying CAR-T cell therapy in lung cancer (Figure generated using Bio Render).
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mainly influenced by chemokines, chemokine receptors,
adhesion molecules, the irregular and extensive leakage of the
tumor vasculature, and a hypoxic and immunosuppressive TME
(79-82). Furthermore, CAFs and extracellular matrix (ECM)
establish a physical barrier that causes therapeutic resistance and
blocks the penetration of drugs into solid tumors. In lung cancer,
the dense fibrotic environment generated by abnormally dense
collagen, ECM deposition, and CAF activation impedes immune
cell infiltration and the efficacy of immunotherapy (83, 84).
Several of these factors and physical barriers in the TME in
solid tumors including lung tumors represent the first obstacles
encountered by CAR-T cells after administration, thereby
impeding trafficking and tumor penetration.

The success of CAR-T cell therapy is also hampered by the
development of a dysfunctional state called CAR-T cell
exhaustion. CAR-T cell exhaustion is one factor limiting the
efficacy of CAR-T cell therapy in solid tumors including lung
cancer. T cell exhaustion develops in the TME by persistent
antigen stimulation, increase in expression of inhibitory
receptors, and the presence of inhibitory immune cells and
cytokines (79). In solid tumors, the NR4A transcription factor
family plays an important role in T-cell exhaustion, which limits
CAR-T cell function in solid tumors (85).

CAR-T Cell Treatment Related Toxicities

A major hurdle to CAR-T cell therapy is severe toxicities. The most
common toxicities following infusion of CAR-T cells are CRS,
neurologic toxicity, tumor lysis syndrome (TLS), on-target-oft-
tumor effects, anaphylaxis, and hematologic toxicities (19, 86, 87)
(Figure 4). However, these toxicities are mainly based on clinical
observations in hematological malignancies, and the toxic effects
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FIGURE 4 | Toxicity hurdles in CAR-T cell therapy (Figure generated using
Bio Render).

and risks of CAR-T cell therapies in lung cancer and other solid
tumors must be carefully weighed to expand their clinical use.

CRS is the most prevalent adverse effect after CAR-T cell
therapy. Fever is the most common symptom of CRS after CAR-
T cell infusion can be accompanied by nausea, fatigue,
hypotension, and cardiac dysfunction (88). After CAR-T cell
therapy, high IL-6 levels in patient serum are strongly correlated
with CRS severity (89). The pathophysiology of CRS related to
CAR-T cell therapy is associated with the activation and
proliferation of CAR-T cells and release of high levels of
several cytokines and chemokines including IFN-y, IL-6, IL-8,
IL-10, granulocyte macrophage colony-stimulating factor, and
iNOS which in turn activate endogeneous myeloid cells (90-92).

Neurologic toxicity is the second major side effect reported in
patients after CD19-specific CAR-T cell infusion (93). More
recently, a CAR-T cell-related encephalopathy syndrome
termed immune effector cell-associated neurotoxicity syndrome
(ICANS) has been reported (94). The clinical features of ICANS
associated with CAR-T cell therapy include encephalopathy,
memory loss, seizures, impaired speech, tremor, headache,
language disturbance, and motor weakness (95, 96). Although
the pathogenesis of ICANS is less clear than that of CRS in CAR-
T cell therapy studies, high levels of C-reactive protein, IL-6, IL-
15, IEN-y, TNF-a, granzyme B, granulocyte macrophage colony-
stimulating factor, IL-2, and IL-8 are associated with severe
ICANS (95, 97, 98). Recently, several studies suggested that
blood-brain barrier dysfunction is the main factor in the
pathogenesis of neurotoxicity after CAR-T cell therapy (95).

Another potential adverse effect of CAR-T cell therapy is TLS.
TLS describes a group of metabolic abnormalities that may occur
because of the CAR-T cell-mediated lysis of malignant cells (99).
TLS can lead to organ damage, life-threatening arrhythmias, and
renal failure.

Further treatment-related side effects may occur if target
antigens selected for CAR T cell therapy are not specific and
shared healthy tissue and healthy cells. Recent single cell analysis
and other studies in healthy tissues studies revealed expression of
several TAAs in various non-cancerous tissues, supporting the
concern for on-target — off tumor mediated side effects (100-102)
(Table 2). On-target-oft-tumor toxicity through damage in
noncancerous normal tissues lead to life-threatening effects
(103). Carbonic anhydrase IX-specific CAR-T cell therapy in
renal carcinoma resulted in on-target-off-tumor toxicity in the
bile duct epithelium and cholestasis because of the expression of
the same antigen (29, 104).. Furthermore, CAR-T cell therapy
using HER2/neu-specific CAR-T cells resulted in on-target-off-
tumor toxicity, leading to respiratory failure, multi-organ
dysfunction, and subsequent death because of antigen
recognition on pulmonary tissue (105). Dramatic effects have
been noted in genetically modified TCRs against melanoma
through lethal cardiac toxicity attributable to off-target
reactivity (106). CAR-T cell therapy in metastatic colon cancer
induced adverse effects within 15 min as a consequence of
respiratory dysfunction (105).

As the majority of currently utilized CAR-T cells carry an
antigen recognition domain derived from murine monoclonal
antibodies (103), infusion may provoke humoral and cellular
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TABLE 2 | Expression of TAAs in healthy tissues.

Target antigen

Expression in normal tissues

in CAR-T

EGFR Fibroblasts, smooth muscle cells, pericytes, alveolar type1 and type2, ciliated cells, basal cellsrenal epithelium, liver epithelial cells, various
pancreatic cell populations

MUCAH alveolar type1 and type2, ciliated cells, basal cells, collecting duct principal cells, liver epithelial cells,ductal cells

MSLN alveolar type1 and type2, ciliated cells, basal cells, collecting duct principal cells, ductal cells

Her2 (ERBB2) Fibroblasts, smooth muscle cells, pericytes, alveolar type1 and type?2, ciliated cells, basal cells, renal epithelium, liver epithelial cells, various
pancreatic cell populations, bone marrow cells CD8 cells, NK cells

FAP Fibroblasts, smooth muscle cells, pericytes

ROR1 Fibroblasts, smooth muscle cells, pericytes, renal epithelium

EphA2 Cardiac endothelial cells, fibroblasts, smooth muscle cells, pericytes, alveolar type1 and type2, ciliated cells, basal cells, liver epithelial cells

CEA Colon epithelium

PSCA Subset of basal and secretary cells of healthy prostrate, pancreatic islets

CD80/CD86 Dendritic cells, macrophages and B cells

immune responses culminating in anaphylactic reactions (28,
107). A clinical trial identified cardiorespiratory failure after a
third infusion of MSLN-targeted CAR-T cells as a consequence
of such species mismatch. Furthermore, this study reported an
IgE-mediated anaphylactic event caused by the presence of
human anti-mouse antibodies and elevated trypsin antibodies
in patient serum (108). These adverse effects might be related to
isotype switching to IgE; inappropriate timing of treatment, and
improper treatment intervals.

FUTURE STRATEGIES TO IMPROVE
CAR-T CELL THERAPY

Despite the success of CAR-T cell therapy against hematologic
malignancies, the effects of CAR-T cell therapies on solid tumors
such as lung cancer are unsatisfactory because of antigen
heterogeneity, an immunosuppressive microenvironment, and
insufficient trafficking to tumor tissue. Furthermore, CAR-T
therapy in the treatment of solid tumors may result in adverse
cytotoxicity in healthy cells because of the presence of targeted
TAA on healthy cells. Therefore, it is utmost important to
develop strategies to improve safety and efficacy of CAR-T cell
therapies in lung cancer and other solid tumors. To overcome
these hurdles, several studies adapted genetic engineering
approaches to modulate CAR-T cells to enhance their efficacy,
functional activity in the immunosuppressive TME, and efficient
infiltration into the tumor site.

Modulating CAR Activity

Recently, several scientists attempted to improve the efficacy and
feasibility of CAR-T cell therapy in solid tumors and avoid oft-
tumor toxicity. To overcome antigen heterogeneity in solid
tumors, several approaches have been adopted to target
multiple antigens with a single CAR-T cell population. The
combination of biotinylated antibodies and avidin-conjugated
CAR has been used to control CAR-T cell activity and target
multiple antigens (109, 110). Other CAR that can potentially
target multiple antigens include split universal and programmable
(SUPRA) CAR and leucine-zipper motif CAR (ZipCAR) with free
scFv motifs (ZipFv). SUPRA CAR reduce CAR-T cell

hyperactivity, overcome tumor immune escape, and enhance
the activation of T-cells with high sensitivity for various tumor
antigens (111). SUPRA CAR also regulate various signaling
pathways in T-cells and other cells and prevent CRS. ZipCAR
with different types of ZipFv motifs can be designed to recognize
various tumor antigens and attenuate the unspecific activation of
CAR-T cells. Further strategies using tandem CAR-T cells and
dual CAR-T cells that prevent on-target/off-tumor toxicity by
targeting two different tumor surface antigens and enhance anti-
tumor activity have been reported (112, 113). Modular CAR
approaches have been extensively reviewed elsewhere (114).

Small Molecules-Based or Chemogenitic-
Based Switchable CAR-T Cells

To mitigate CAR-T cells posed challenges and complications,
further approaches such as small molecules-based or
chemogenitic-based switchable CAR-T cells have been
developed to regulate CAR activity. A variety of small
molecules such as FITC-conjugated antibodies, rapamycin,
folate, rimiducid, proteolysis-targeting chimera (PROTAC),
and dastinib have been employed to develop safety switches for
CAR-T cells (115) Switchable CAR-Ts approach in breast cancer
treatment using Her2-targeted antibody drug combination with
a T cell-redirected bsAb, and a FITC-modified antibody capable
of redirecting anti-FITC CAR-T (switchable CAR-T; sCAR-T)
cells showed improved activity against cancer cells (116). In vitro
and in vivo studies using chemically programmed antibody
fragment (ca-Fab)/CAR-system based on/off switch targeting
folate binding proteins showed specific elimination of folate
receptor expressing cancer cells (117). In addition, recent study
developed chemogenitic-based switchable CAR-T cells targeting
CD19 positive cancer cells in in vitro and in vivo using anti-CD
19 hepatitis C virus NS3 protease (HSV-NS3) between the single-
chain variable fragment (scFV) demonstrated control of CAR-T
activity in the presence and absence of HCV-NS3 inhibitor
asunaprevir in eliminating CD19 positive tumor cells (118).

Enhancing CAR-T Cell Therapy to
Overcome an Immunosuppressive TME

To improve efficacy of CAR -T-cell therapy, several strategies
modified CAR-T cells to secrete pro-inflammatory cytokines
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such as IL-12 (119) or transgenically express cytokines such as
IL-23, IL-12, and IL-15 to protect CAR-T cells in the inhibitory
TME and thereby improve their anti-tumor activity (120-124).
To reduce cytokine secretion in CAR-T cell therapy, internal
ribosome entry site-based approaches can be used in CAR-T cell
construction when a cytokine gene is placed 3’ prime of internal
ribosome entry site (125). Another study suggested that
constructing a constitutive signaling of cytokine receptor C7R,
which potentially triggers IL7 stimulation, increase CAR-T cell
persistence and antitumor activity (126). Another approach to
target PD-1-PD-L1 interaction is programming CAR-T cells to
secrete blocking agents for checkpoint inhibitor PD-1. CAR-T
cells secreting scFv targeting PD-1 provided a better outcome in
PD-L1-positive xenograft mouse models (127). Also, to
overcome an immunosuppressive TME, several studies
suggested that the combination of monoclonal antibodies
inhibiting immune checkpoints such as PD-1 or CTLA-4 and
CAR-T cell therapy might result in improved anti-tumor activity
(128, 129). In addition, several other approaches developed
CRISPR/Cas9-mediated PD1-disrupted CAR-T cells and
CTLA-4-specific CAR-T cells to improve effector function of
CAR-T cells and enhance their anti-tumor activity (130). In
addition to CRISPR/Cas9, several gene-editing tools including
zinc finger nucleases, mega nucleases, and transcription
activator-like effector nucleases have been applied to engineer
CAR-T cells (131, 132).

Enhancement of Infiltration of CAR-T Cells
Into Solid Tumors

To enhance the penetration of CAR-T cells into solid tumors by
overcoming physical barriers in the TME, different approaches
have been explored to design CAR-T cells targeting the tumor-
associated stromal fibroblast protease FAP or ECM-modifying
enzymes or to use distinct chemokine gradients to recruit CAR-T
cells to solid tumor tissues. Several studies also reported that
solid tumor-associated chemokine release characteristics can be
utilized to enhance the trafficking of therapeutic T-cells using
chemokine receptors (133-135). One study of FAP-targeted
CARs in immunocompetent models reported bone toxicity in
FAP-positive stromal cells in bone marrow, whereas another
study observed reduced tumor growth without toxicities (136).
Thus, FAP-targeted CAR-T cell strategies require further deep
investigation to explore their efficacy and toxicity. Another
approach to enable the expression of heparanase in ECM is
targeting heparin sulfate proteoglycans by combining this
enzyme with anti-GD2 CAR-T cells. This approach resulted in
the increased infiltration of CAR-T cells and prolonged survival
in a mouse xenograft tumor model (137). However, these
approaches require further research because of the complicated
and unpredictable effects of ECM-modifying enzymes.

Improving Metabolic Functions of CAR-T
Cells in TME

Nutrient depletion, hypoxia and toxic metabolites in TME affects
biological properties of infiltrating immune cells in solid tumors.
These toxic metabolites harbors reactive oxygen species in TME

and thereby impairs T cell function (138-140). The efficacy of
CAR-T therapy is closely associated with T cell metabolism
fitness. Several strategies have been explored to modulate
metabolic function of adoptively transferred CAR-T cells
including manipulating ROS levels balance, relieving
unfavorable metabolic TME, and blocking inhibitory effects of
toxic metabolites. To protect CAR-T cell from ROS damage,
investigators developed genetically modified T cells which secrete
ROS scavenger catalase (141). In order to improve arginine re-
synthesis in adoptively transferred T cells, several studies
developed either ex vivo loading of CAR-T cells with arginine
(142) or genetic manipulation of CAR-T cells with arginine
synthesizing enzymes to re-synthesize arginine (143). In
addition, several other approaches also explored to manipulate
glutamine metabolism in the TME to increase T cell effector
function (144, 145). Potential strategies to modulate metabolic
properties of CAR-T cells have been extensively reviewed
elsewhere (146).

Combinatorial Therapy Approaches

In order to enhance effector function of CAR-T cells, numerous
studies are approaching CAR-T cell therapy by combining other
therapeutic methods to improve outcomes. These CAR-T cell
combinatorial therapies which are being pursued include
chemotherapy, radiotherapy, cytokine therapies, checkpoint
blockades, and oncolytic viruses (147-150). Combining
checkpoint blockade and CAR-T cell therapy may produce a
synergic effect and provide infiltration of immune cells into
tumors (151).

CONCLUSION

Over the last decade, CAR-T cell therapy has revolutionized the
treatment of hematological malignancies. The clinical
application of CAR-T cell therapy and the identification of
novel potential target antigens in lung cancer are the subjects
of ongoing research. However, the successful use of CAR-T cell
therapy against solid tumors including lung cancer is hampered
by several hurdles including antigen targeting, tumor
heterogeneity, the immunosuppressive TME, CAR-T cell
trafficking, associated toxicities, and on-target-off-tumor effects.
Several new strategies are being developed to overcome these
obstacles and improve the efficacy and scope of CAR-T cell
therapies to permit their more widespread use in cancer
treatment. In summary, novel strategies of CAR-T cell design
with reduced toxicity that efficiently direct CAR-T cells to
tumors may provide a path for their safer and more effective
use against different cancer types including lung cancer.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it
for publication.

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 903562


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kandra et al.

CAR-T Cell Therapy in Lung Cancer

FUNDING

This work was supported by the Max Planck Society, Cardio-
Pulmonary Institute (CPI), the German Center for Lung
Research (DZL) and DFG, SFB 1213 (Project A10* to RS).
This study also supported by the international doctoral
program “i-Target: immunotargeting of cancer” (funded by the
Elite Network of Bavaria), Melanoma Research Alliance (grant
number 409510 to SK), Marie Sklodowaska-Curie Training
Netwrok for Optimizing Adoptive T cell Therapy of Cancer
(funded by the Horizon 2020 Program of the European Union:
grant 955575), Else Kroner Fresenius-Stiftung, German Cancer
Aid, Ernst Jung Stiftung, Institutional Strategy LMU excellent of

REFERENCES

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA Cancer
J Clin (2021) 71(1):7-33. doi: 10.3322/caac.21654

2. Lu T, Yang X, Huang Y, Zhao M, Li M, Ma K, et al. Trends in the
Incidence, Treatment, and Survival of Patients With Lung Cancer in the Last
Four Decades. Cancer Manag Res (2019) 11:943-53. doi: 10.2147/
CMARS187317

. Allemani C, Matsuda T, Di Carlo V, Harewood R, Matz M, Niksi¢ M, et al.
Global Surveillance of Trends in Cancer Survival 2000-14 (CONCORD-3):
Analysis of Individual Records for 37 513 025 Patients Diagnosed With One
of 18 Cancers From 322 Population-Based Registries in 71 Countries. Lancet
(2018) 391(10125):1023-75. doi: 10.1016/S0140-6736(17)33326-3

4. Fujimoto J, Wistuba II. Current Concepts on the Molecular Pathology of
non-Small Cell Lung Carcinoma. Semin Diagn Pathol (2014) 31(4):306-13.
doi: 10.1053/j.semdp.2014.06.008

. Sholl LM, Aisner DL, Varella-Garcia M, Berry LD, Dias-Santagata D,
Wistuba II, et al. Multi-Institutional Oncogenic Driver Mutation Analysis
in Lung Adenocarcinoma: The Lung Cancer Mutation Consortium
Experience. J Thorac Oncol (2015) 10(5):768-77. doi: 10.1097/
JT0.0000000000000516

. Lemjabbar-Alaoui H, Hassan OU, Yang YW, Buchanan P. Lung Cancer:
Biology and Treatment Options. Biochim Biophys Acta (2015) 1856(2):189-
210. doi: 10.1016/j.bbcan.2015.08.002

. Steven A, Fisher SA, Robinson BW. Immunotherapy for Lung Cancer.
Respirology (2016) 21(5):821-33. doi: 10.1111/resp.12789

. Blandin Knight S, Crosbie PA, Balata H, Chudziak J, Hussell T, Dive C.
Progress and Prospects of Early Detection in Lung Cancer. Open Biol (2017)
7(9):170070. doi: 10.1098/rsob.170070

. Thatcher N, Ranson M, Lee SM, Niven R, Anderson H. Chemotherapy in
non-Small Cell Lung Cancer. Ann Oncol (1995) 6(Suppl 1):83-94. doi:
10.1093/annonc/6.suppl_1.S83
Svaton M. Targeted Therapy of non-Small Cell Lung Cancer. Klin Onkol
(2021) 34(Supplementum 1):48-52. doi: 10.48095/ccko2021548
Gaissmaier L, Christopoulos P. Immune Modulation in Lung Cancer:
Current Concepts and Future Strategies. Respiration (2020) 99:903-29.
doi: 10.1159/000510385
Gaissmaier L, Elshiaty M, Christopoulos P. Breaking Bottlenecks for the
TCR Therapy of Cancer. Cells (2020) 9(9):2095. doi: 10.3390/cells9092095
Xiao BF, Zhang JT, Zhu YG, Cui XR, Lu ZM, Yu BT, et al. Chimeric Antigen
Receptor T-Cell Therapy in Lung Cancer: Potential and Challenges. Front
Immunol (2021) 12:782775. doi: 10.3389/fimmu.2021.782775
Qu J, Mei Q, Chen L, Zhou J. Chimeric Antigen Receptor (CAR)-T-Cell
Therapy in non-Small-Cell Lung Cancer (NSCLC): Current Status and
Future Perspectives. Cancer Immunol Immunother (2021) 70(3):619-31.
doi: 10.1007/s00262-020-02735-0
Zeltsman M, Dozier ], McGee E, Ngai D, Adusumilli PS. CAR T-Cell
Therapy for Lung Cancer and Malignant Pleural Mesothelioma. Transl
Res (2017) 187:1-10. doi: 10.1016/j.trs1.2017.04.004

w

v

[=2}

~

o

o

10.

11.

12.

13.

14.

15.

LMU Munich (within the framework of the German Excellence
Intiative), Bunderministerium fir Bildung Und Forschung,
European Research Council (Starting Grant 756017), Deutsche
Forschungsgemeinschaft (DFG), by the SFB-TRR 338/1 2021-
452881907, FritzBender Foundation, Jose Carreras Foundation
and Hector Foundation.

ACKNOWLEDGMENTS

The authors have used BioRender.com (accessed on 23" March
2022) to prepare the figure illustrations.

16. Zhong S, Cui Y, Liu Q, Chen S. CAR-T Cell Therapy for Lung Cancer: A
Promising But Challenging Future. J Thorac Dis (2020) 12(8):4516-21. doi:
10.21037/jtd.2020.03.118

Park JH, Geyer MB, Brentjens RJ. CD19-Targeted CAR T-Cell Therapeutics
for Hematologic Malignancies: Interpreting Clinical Outcomes to Date.
Blood (2016) 127(26):3312-20. doi: 10.1182/blood-2016-02-629063

Liu B, Yan L, Zhou M. Target Selection of CAR T Cell Therapy in
Accordance With the TME for Solid Tumors. Am ] Cancer Res (2019) 9
(2):228-41.

Bonifant CL, Jackson HJ, Brentjens R]J, Curran KJ. Toxicity and
Management in CAR T-Cell Therapy. Mol Ther Oncolytics (2016)
3:16011. doi: 10.1038/mt0.2016.11

Newick K, O'Brien S, Moon E, Albelda SM. CAR T Cell Therapy for Solid
Tumors. Annu Rev Med (2017) 68:139-52. doi: 10.1146/annurev-med-
062315-120245

Lesch S, Benmebarek MR, Cadilha BL, Stoiber S, Subklewe M, Endres S, et al.
Determinants of Response and Resistance to CAR T Cell Therapy. Semin
Cancer Biol (2020) 65:80-90. doi: 10.1016/j.semcancer.2019.11.004
Martinez M, Moon EK. CAR T Cells for Solid Tumors: New Strategies for
Finding, Infiltrating, and Surviving in the Tumor Microenvironment. Front
Immunol (2019) 10:128. doi: 10.3389/fimmu.2019.00128

Tahmasebi S, Elahi R, Esmaeilzadeh A. Solid Tumors Challenges and New
Insights of CAR T Cell Engineering. Stem Cell Rev Rep (2019) 15(5):619-36.
doi: 10.1007/s12015-019-09901-7

Rafiq S, Hackett CS, Brentjens RJ. Engineering Strategies to Overcome the
Current Roadblocks in CAR T Cell Therapy. Nat Rev Clin Oncol (2020) 17
(3):147-67. doi: 10.1038/s41571-019-0297-y

Sadelain M, Brentjens R, Riviére I. The Basic Principles of Chimeric Antigen
Receptor Design. Cancer Discovery (2013) 3(4):388-98. doi: 10.1158/2159-
8290.CD-12-0548

Stoiber S, Cadilha BL, Benmebarek MR, Lesch S, Endres S, Kobold S.
Limitations in the Design of Chimeric Antigen Receptors for Cancer
Therapy. Cells (2019) 8(5):472. doi: 10.3390/cells8050472

Tokarew N, Ogonek J, Endres S, von Bergwelt-Baildon M, Kobold S.
Teaching an Old Dog New Tricks: Next-Generation CAR T Cells. Br |
Cancer (2019) 120(1):26-37. doi: 10.1038/s41416-018-0325-1

Jensen MC, Popplewell L, Cooper L], DiGiusto D, Kalos M, Ostberg JR, et al.
Antitransgene Rejection Responses Contribute to Attenuated Persistence of
Adoptively Transferred CD20/CD19-Specific Chimeric Antigen Receptor
Redirected T Cells in Humans. Biol Blood Marrow Transplant (2010) 16
(9):1245-56. doi: 10.1016/j.bbmt.2010.03.014

Lamers CH, Sleijfer S, Vulto AG, Kruit WH, Kliffen M, Debets R, et al.
Treatment of Metastatic Renal Cell Carcinoma With Autologous T-
Lymphocytes Genetically Retargeted Against Carbonic Anhydrase IX: First
Clinical Experience. J Clin Oncol (2006) 24(13):€20-2. doi: 10.1200/
JCO.2006.05.9964

Till BG, Jensen MC, Wang J, Chen EY, Wood BL, Greisman HA, et al.
Adoptive Immunotherapy for Indolent non-Hodgkin Lymphoma and
Mantle Cell Lymphoma Using Genetically Modified Autologous CD20-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 903562


https://doi.org/10.3322/caac.21654
https://doi.org/10.2147/CMAR.S187317
https://doi.org/10.2147/CMAR.S187317
https://doi.org/10.1016/S0140-6736(17)33326-3
https://doi.org/10.1053/j.semdp.2014.06.008
https://doi.org/10.1097/JTO.0000000000000516
https://doi.org/10.1097/JTO.0000000000000516
https://doi.org/10.1016/j.bbcan.2015.08.002
https://doi.org/10.1111/resp.12789
https://doi.org/10.1098/rsob.170070
https://doi.org/10.1093/annonc/6.suppl_1.S83
https://doi.org/10.48095/ccko2021S48
https://doi.org/10.1159/000510385
https://doi.org/10.3390/cells9092095
https://doi.org/10.3389/fimmu.2021.782775
https://doi.org/10.1007/s00262-020-02735-0
https://doi.org/10.1016/j.trsl.2017.04.004
https://doi.org/10.21037/jtd.2020.03.118
https://doi.org/10.1182/blood-2016-02-629063
https://doi.org/10.1038/mto.2016.11
https://doi.org/10.1146/annurev-med-062315-120245
https://doi.org/10.1146/annurev-med-062315-120245
https://doi.org/10.1016/j.semcancer.2019.11.004
https://doi.org/10.3389/fimmu.2019.00128
https://doi.org/10.1007/s12015-019-09901-7
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.3390/cells8050472
https://doi.org/10.1038/s41416-018-0325-1
https://doi.org/10.1016/j.bbmt.2010.03.014
https://doi.org/10.1200/JCO.2006.05.9964
https://doi.org/10.1200/JCO.2006.05.9964
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kandra et al.

CAR-T Cell Therapy in Lung Cancer

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Specific T Cells. Blood (2008) 112(6):2261-71. doi: 10.1182/blood-2007-12-
128843

van der Stegen SJ, Hamieh M, Sadelain M. The Pharmacology of Second-
Generation Chimeric Antigen Receptors. Nat Rev Drug Discovery (2015) 14
(7):499-509. doi: 10.1038/nrd4597

Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, Bunin NJ, et al.
Chimeric Antigen Receptor T Cells for Sustained Remissions in Leukemia.
N Engl ] Med (2014) 371(16):1507-17. doi: 10.1056/NEJMoa1407222

Lee DW, Kochenderfer JN, Stetler-Stevenson M, Cui YK, Delbrook C,
Feldman SA, et al. T Cells Expressing CD19 Chimeric Antigen Receptors
for Acute Lymphoblastic Leukaemia in Children and Young Adults: A Phase
1 Dose-Escalation Trial. Lancet (2015) 385(9967):517-28. doi: 10.1016/
S0140-6736(14)61403-3

Carpenito C, Milone MC, Hassan R, Simonet JC, Lakhal M, Suhoski MM,
et al. Control of Large, Established Tumor Xenografts With Genetically
Retargeted Human T Cells Containing CD28 and CD137 Domains. Proc
Natl Acad Sci USA (2009) 106(9):3360-5. doi: 10.1073/pnas.0813101106
Zhong XS, Matsushita M, Plotkin J, Riviere I, Sadelain M. Chimeric Antigen
Receptors Combining 4-1BB and CD28 Signaling Domains Augment
PI3kinase/ AKT/Bcl-XL Activation and CD8+ T Cell-Mediated Tumor
Eradication. Mol Ther (2010) 18(2):413-20. doi: 10.1038/mt.2009.210
Chmielewski M, Abken H. TRUCKSs: The Fourth Generation of CARs. Expert
Opin Biol Ther (2015) 15(8):1145-54. doi: 10.1517/14712598.2015.1046430
Zhao L, Cao YJ. Engineered T Cell Therapy for Cancer in the Clinic. Front
Immunol (2019) 10:2250. doi: 10.3389/fimmu.2019.02250

Grunnet M, Sorensen JB. Carcinoembryonic Antigen (CEA) as Tumor
Marker in Lung Cancer. Lung Cancer (2012) 76(2):138-43. doi: 10.1016/
jlungcan.2011.11.012

Lee DS, Kim YS, Jung SL, Lee KY, Kang JH, Park §, et al. The Relevance of
Serum Carcinoembryonic Antigen as an Indicator of Brain Metastasis
Detection in Advanced non-Small Cell Lung Cancer. Tumour Biol (2012)
33(4):1065-73. doi: 10.1007/s13277-012-0344-0

Chmielewski M, Abken H. CAR T Cells Releasing IL-18 Convert to T-Bet
(high) FoxOl(low) Effectors That Exhibit Augmented Activity Against
Advanced Solid Tumors. Cell Rep (2017) 21(11):3205-19. doi: 10.1016/
j.celrep.2017.11.063

Bethune G, Bethune D, Ridgway N, Xu Z. Epidermal Growth Factor
Receptor (EGFR) in Lung Cancer: An Overview and Update. ] Thorac Dis
(2010) 2(1):48-51.

Li H, Huang Y, Jiang DQ, Cui LZ, He Z, Wang C, et al. Antitumor Activity of
EGFR-Specific CAR T Cells Against non-Small-Cell Lung Cancer Cells Inn Vitro
and in Mice. Cell Death Dis (2018) 9(2):177. doi: 10.1038/s41419-017-0238-6
Hirsh V. Next-Generation Covalent Irreversible Kinase Inhibitors in
NSCLC: Focus on Afatinib. BioDrugs (2015) 29(3):167-83. doi: 10.1007/
540259-015-0130-9

McKenna MK, Englisch A, Brenner B, Smith T, Hoyos V, Suzuki M, et al.
Mesenchymal Stromal Cell Delivery of Oncolytic Inmunotherapy Improves
CAR-T Cell Antitumor Activity. Mol Ther (2021) 29(12):3529-33. doi:
10.1016/j.ymthe.2021.10.007

Gao Q, Wang S, Chen X, Cheng S, Zhang Z, Li F, et al. Cancer-Cell-Secreted
CXCL11 Promoted CD8(+) T Cells Infiltration Through Docetaxel-
Induced-Release of HMGBI1 in NSCLC. J Immunother Cancer (2019) 7
(1):42. doi: 10.1186/s40425-019-0511-6

Morello A, Sadelain M, Adusumilli PS. Mesothelin-Targeted CARs: Driving
T Cells to Solid Tumors. Cancer Discovery (2016) 6(2):133-46. doi: 10.1158/
2159-8290.CD-15-0583

Villena-Vargas J, Adusumilli PS. Mesothelin-Targeted Immunotherapies for
Malignant Pleural Mesothelioma. Ann Cardiothorac Surg (2012) 1(4):466-
71. doi: 10.3978/j.issn.2225-319X.2012.10.03

Kachala SS, Bograd AJ, Villena-Vargas J, Suzuki K, Servais EL, Kadota K,
et al. Mesothelin Overexpression is a Marker of Tumor Aggressiveness and is
Associated With Reduced Recurrence-Free and Overall Survival in Early-
Stage Lung Adenocarcinoma. Clin Cancer Res (2014) 20(4):1020-8.
doi: 10.1158/1078-0432.CCR-13-1862

Thomas A, Chen Y, Steinberg SM, Luo J, Pack S, Raffeld M, et al. High
Mesothelin Expression in Advanced Lung Adenocarcinoma is Associated
With KRAS Mutations and a Poor Prognosis. Oncotarget (2015) 6
(13):11694-703. doi: 10.18632/oncotarget.3429

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ye L, Lou Y, Lu L, Fan X. Mesothelin-Targeted Second Generation CAR-T
Cells Inhibit Growth of Mesothelin-Expressing Tumors In Vivo. Exp Ther
Med (2019) 17(1):739-47. doi: 10.3892/etm.2018.7015

Wei X, Lai Y, Li J, Qin L, Xu Y, Zhao R, et al. PSCA and MUCI in
Non-Small-Cell Lung Cancer as Targets of Chimeric Antigen Receptor T
Cells. Oncoimmunology (2017) 6(3):e1284722. doi: 10.1080/2162402X.2017.
1284722

Wilkie S, Picco G, Foster J, Davies DM, Julien S, Cooper L, et al. Retargeting
of Human T Cells to Tumor-Associated MUCI: The Evolution of a
Chimeric Antigen Receptor. J Immunol (2008) 180(7):4901-9.
doi: 10.4049/jimmunol.180.7.4901

Wallstabe L, Géttlich C, Nelke LC, Kithnemundt J, Schwarz T, Nerreter T,
et al. ROR1-CAR T Cells are Effective Against Lung and Breast Cancer in
Advanced Microphysiologic 3D Tumor Models. JCI Insight (2019) 4(18):
€126345. doi: 10.1172/jci.insight.126345

Balakrishnan A, Goodpaster T, Randolph-Habecker J, Hoffstrom BG, Jalikis
FG, Koch LK, et al. Analysis of ROR1 Protein Expression in Human Cancer
and Normal Tissues. Clin Cancer Res (2017) 23(12):3061-71. doi: 10.1158/
1078-0432.CCR-16-2083

Srivastava S, Salter Al, Liggitt D, Yechan-Gunja S, Sarvothama M, Cooper K,
et al. Logic-Gated ROR1 Chimeric Antigen Receptor Expression Rescues T
Cell-Mediated Toxicity to Normal Tissues and Enables Selective Tumor
Targeting. Cancer Cell (2019) 35(3):489-503.e8. doi: 10.1016/
j.ccell.2019.02.003

Johnson RMG, Wen T, Dong H. Bidirectional Signals of PD-L1 in T Cells
That Fraternize With Cancer Cells. Nat Immunol (2020) 21(4):365-6. doi:
10.1038/541590-020-0599-3

Takamori S, Toyokawa G, Takada K, Shoji F, Okamoto T, Maehara Y.
Combination Therapy of Radiotherapy and Anti-PD-1/PD-L1 Treatment in
Non-Small-Cell Lung Cancer: A Mini-Review. Clin Lung Cancer (2018) 19
(1):12-6. doi: 10.1016/j.cllc.2017.06.015

Liu M, Wang X, Li W, Yu X, Flores-Villanueva P, Xu-Monette ZY, et al.
Targeting PD-L1 in non-Small Cell Lung Cancer Using CAR T Cells.
Oncogenesis (2020) 9(8):72. doi: 10.1038/s41389-020-00257-z

Qin L, Zhao R, Chen D, Wei X, Wu Q, Long Y, et al. Chimeric Antigen
Receptor T Cells Targeting PD-L1 Suppress Tumor Growth. biomark Res
(2020) 8:19. doi: 10.1186/s40364-020-00198-0

Wroblewski JM, Bixby DL, Borowski C, Yannelli JR. Characterization of
Human non-Small Cell Lung Cancer (NSCLC) Cell Lines for Expression of
MHC, Co-Stimulatory Molecules and Tumor-Associated Antigens. Lung
Cancer (2001) 33(2-3):181-94. doi: 10.1016/S0169-5002(01)00210-0

Egen JG, Kuhns MS, Allison JP. CTLA-4: New Insights Into its Biological
Function and Use in Tumor Immunotherapy. Nat Immunol (2002) 3
(7):611-8. doi: 10.1038/ni0702-611

Lin S, Cheng L, Ye W, Li S, Zheng D, Qin L, et al. Chimeric CTLA4-CD28-
CD3z T Cells Potentiate Antitumor Activity Against CD80/CD86-Positive B
Cell Malignancies. Front Immunol (2021) 12:642528. doi: 10.3389/
fimmu.2021.642528

Kakarla S, Chow KK, Mata M, Shafter DR, Song XT, Wu MEF, et al.
Antitumor Effects of Chimeric Receptor Engineered Human T Cells
Directed to Tumor Stroma. Mol Ther (2013) 21(8):1611-20. doi: 10.1038/
mt.2013.110

Wang LC, Lo A, Scholler ], Sun J, Majumdar RS, Kapoor V, et al. Targeting
Fibroblast Activation Protein in Tumor Stroma With Chimeric Antigen
Receptor T Cells can Inhibit Tumor Growth and Augment Host Immunity
Without Severe Toxicity. Cancer Immunol Res (2014) 2(2):154-66. doi:
10.1158/2326-6066.CIR-13-0027

Li N, Liu S, Sun M, Chen W, Xu X, Zeng Z, et al. Chimeric Antigen
Receptor-Modified T Cells Redirected to EphA2 for the Immunotherapy of
Non-Small Cell Lung Cancer. Transl Oncol (2018) 11(1):11-7. doi: 10.1016/
j.tranon.2017.10.009

Hu Z, Zheng X, Jiao D, Zhou Y, Sun R, Wang B, et al. LunX-CAR T Cells as a
Targeted Therapy for Non-Small Cell Lung Cancer. Mol Ther Oncolytics
(2020) 17:361-70. doi: 10.1016/j.0mt0.2020.04.008

Porecellini S, Asperti C, Corna S, Cicoria E, Valtolina V, Stornaiuolo A, et al.
CAR T Cells Redirected to CD44v6 Control Tumor Growth in Lung and
Ovary Adenocarcinoma Bearing Mice. Front Immunol (2020) 11:99. doi:
10.3389/fimmu.2020.00099

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 903562


https://doi.org/10.1182/blood-2007-12-128843
https://doi.org/10.1182/blood-2007-12-128843
https://doi.org/10.1038/nrd4597
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1073/pnas.0813101106
https://doi.org/10.1038/mt.2009.210
https://doi.org/10.1517/14712598.2015.1046430
https://doi.org/10.3389/fimmu.2019.02250
https://doi.org/10.1016/j.lungcan.2011.11.012
https://doi.org/10.1016/j.lungcan.2011.11.012
https://doi.org/10.1007/s13277-012-0344-0
https://doi.org/10.1016/j.celrep.2017.11.063
https://doi.org/10.1016/j.celrep.2017.11.063
https://doi.org/10.1038/s41419-017-0238-6
https://doi.org/10.1007/s40259-015-0130-9
https://doi.org/10.1007/s40259-015-0130-9
https://doi.org/10.1016/j.ymthe.2021.10.007
https://doi.org/10.1186/s40425-019-0511-6
https://doi.org/10.1158/2159-8290.CD-15-0583
https://doi.org/10.1158/2159-8290.CD-15-0583
https://doi.org/10.3978/j.issn.2225-319X.2012.10.03
https://doi.org/10.1158/1078-0432.CCR-13-1862
https://doi.org/10.18632/oncotarget.3429
https://doi.org/10.3892/etm.2018.7015
https://doi.org/10.1080/2162402X.2017.1284722
https://doi.org/10.1080/2162402X.2017.1284722
https://doi.org/10.4049/jimmunol.180.7.4901
https://doi.org/10.1172/jci.insight.126345
https://doi.org/10.1158/1078-0432.CCR-16-2083
https://doi.org/10.1158/1078-0432.CCR-16-2083
https://doi.org/10.1016/j.ccell.2019.02.003
https://doi.org/10.1016/j.ccell.2019.02.003
https://doi.org/10.1038/s41590-020-0599-3
https://doi.org/10.1016/j.cllc.2017.06.015
https://doi.org/10.1038/s41389-020-00257-z
https://doi.org/10.1186/s40364-020-00198-0
https://doi.org/10.1016/S0169-5002(01)00210-0
https://doi.org/10.1038/ni0702-611
https://doi.org/10.3389/fimmu.2021.642528
https://doi.org/10.3389/fimmu.2021.642528
https://doi.org/10.1038/mt.2013.110
https://doi.org/10.1038/mt.2013.110
https://doi.org/10.1158/2326-6066.CIR-13-0027
https://doi.org/10.1016/j.tranon.2017.10.009
https://doi.org/10.1016/j.tranon.2017.10.009
https://doi.org/10.1016/j.omto.2020.04.008
https://doi.org/10.3389/fimmu.2020.00099
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kandra et al.

CAR-T Cell Therapy in Lung Cancer

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Mao Y, Fan W, Hu H, Zhang L, Michel ], Wu Y, et al. MAGE-A1 in Lung
Adenocarcinoma as a Promising Target of Chimeric Antigen Receptor T
Cells. ] Hematol Oncol (2019) 12(1):106. doi: 10.1186/s13045-019-0793-7
Majzner RG, Mackall CL. Tumor Antigen Escape From CAR T-Cell
Therapy. Cancer Discovery (2018) 8(10):1219-26. doi: 10.1158/2159-
8290.CD-18-0442

Maude SL, Teachey DT, Porter DL, Grupp SA. CD19-Targeted Chimeric
Antigen Receptor T-Cell Therapy for Acute Lymphoblastic Leukemia. Blood
(2015) 125(26):4017-23. doi: 10.1182/blood-2014-12-580068

Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al.
Regression of Glioblastoma After Chimeric Antigen Receptor T-Cell Therapy.
N Engl ] Med (2016) 375(26):2561-9. doi: 10.1056/NEJMoal610497
Dagogo-Jack I, Shaw AT. Tumour Heterogeneity and Resistance to Cancer
Therapies. Nat Rev Clin Oncol (2018) 15(2):81-94. doi: 10.1038/
nrclinonc.2017.166

Zheng X, Weigert A, Reu S, Guenther S, Mansouri S, Bassaly B, et al. Spatial
Density and Distribution of Tumor-Associated Macrophages Predict
Survival in Non-Small Cell Lung Carcinoma. Cancer Res (2020) 80
(20):4414-25. doi: 10.1158/0008-5472.CAN-20-0069

Eichhorn F, Kriegsmann M, Klotz LV, Kriegsmann K, Muley T, Zgorzelski
C, et al. Prognostic Impact of PD-L1 Expression in Pnl NSCLC: A
Retrospective Single-Center Analysis. Cancers (Basel) (2021) 13(9):2046.
doi: 10.3390/cancers13092046

Zhang E, Gu ], Xu H. Prospects for Chimeric Antigen Receptor-Modified T
Cell Therapy for Solid Tumors. Mol Cancer (2018) 17(1):7. doi: 10.1186/
$12943-018-0759-3

Kiesgen S, Chicaybam L, Chintala NK, Adusumilli PS. Chimeric Antigen
Receptor (CAR) T-Cell Therapy for Thoracic Malignancies. ] Thorac Oncol
(2018) 13(1):16-26. doi: 10.1016/j.jtho.2017.10.001

Swartz MA, Iida N, Roberts EW, Sangaletti S, Wong MH, Yull FE, et al.
Tumor Microenvironment Complexity: Emerging Roles in Cancer Therapy.
Cancer Res (2012) 72(10):2473-80. doi: 10.1158/0008-5472.CAN-12-0122
Mittal V, El Rayes T, Narula N, McGraw TE, Altorki NK, Barcellos-Hoff
MH. The Microenvironment of Lung Cancer and Therapeutic Implications.
Adv Exp Med Biol (2016) 890:75-110. doi: 10.1007/978-3-319-24932-2_5
Kasakovski D, Xu L, Li Y. T Cell Senescence and CAR-T Cell Exhaustion in
Hematological Malignancies. ] Hematol Oncol (2018) 11(1):91. doi: 10.1186/
$13045-018-0629-x

van der Woude LL, Gorris MAJ, Halilovic A, Figdor CG, de Vries IJM.
Migrating Into the Tumor: A Roadmap for T Cells. Trends Cancer (2017) 3
(11):797-808. doi: 10.1016/j.trecan.2017.09.006

Lanitis E, Dangaj D, Irving M, Coukos G. Mechanisms Regulating T-Cell
Infiltration and Activity in Solid Tumors. Ann Oncol (2017) 28(suppl_12):
xii18-32. doi: 10.1093/annonc/mdx238

Vilgelm AE, Richmond A. Chemokines Modulate Immune Surveillance in
Tumorigenesis, Metastasis, and Response to Immunotherapy. Front
Immunol (2019) 10:333. doi: 10.3389/fimmu.2019.00333

Valkenburg KC, de Groot AE, Pienta KJ. Targeting the Tumour Stroma to
Improve Cancer Therapy. Nat Rev Clin Oncol (2018) 15(6):366-81. doi:
10.1038/s41571-018-0007-1

Salmon H, Franciszkiewicz K, Damotte D, Dieu-Nosjean MC, Validire P,
Trautmann A, et al. Matrix Architecture Defines the Preferential
Localization and Migration of T Cells Into the Stroma of Human Lung
Tumors. ] Clin Invest (2012) 122(3):899-910. doi: 10.1172/JCI45817

Chen J, Lopez-Moyado IF, Seo H, Lio CJ, Hempleman L], Sekiya T, et al.
NR4A Transcription Factors Limit CAR T Cell Function in Solid Tumours.
Nature (2019) 567(7749):530-4. doi: 10.1038/541586-019-0985-x

Neelapu SS, Tummala S, Kebriaei P, Wierda W, Gutierrez C, Locke FL, et al.
Chimeric Antigen Receptor T-Cell Therapy - Assessment and Management
of Toxicities. Nat Rev Clin Oncol (2018) 15(1):47-62. doi: 10.1038/
nrclinonc.2017.148

Howard SC, Trifilio S, Gregory TK, Baxter N, McBride A. Tumor Lysis
Syndrome in the Era of Novel and Targeted Agents in Patients With
Hematologic Malignancies: A Systematic Review. Ann Hematol (2016) 95
(4):563-73. doi: 10.1007/s00277-015-2585-7

Lee DW, Gardner R, Porter DL, Louis CU, Ahmed N, Jensen M, et al.
Current Concepts in the Diagnosis and Management of Cytokine Release
Syndrome. Blood (2014) 124(2):188-95. doi: 10.1182/blood-2014-05-552729

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Brentjens RJ, Davila ML, Riviere I, Park J, Wang X, Cowell LG, et al. CD19-
Targeted T Cells Rapidly Induce Molecular Remissions in Adults With
Chemotherapy-Refractory Acute Lymphoblastic Leukemia. Sci Transl Med
(2013) 5(177):177ra38. doi: 10.1126/scitranslmed.3005930
Teachey DT, Lacey SF, Shaw PA, Melenhorst JJ, Maude SL, Frey N, et al.
Identification of Predictive Biomarkers for Cytokine Release Syndrome After
Chimeric Antigen Receptor T-Cell Therapy for Acute Lymphoblastic
Leukemia. Cancer Discovery (2016) 6(6):664-79. doi: 10.1158/2159-
8290.CD-16-0040
Shimabukuro-Vornhagen A, Gédel P, Subklewe M, Stemmler HJ, Schlofler
HA, Schlaak M, et al. Cytokine Release Syndrome. J Immunother Cancer
(2018) 6(1):56. doi: 10.1186/s40425-018-0343-9
Giavridis T, van der Stegen SJC, Eyquem J, Hamieh M, Piersigilli A, Sadelain
M. CAR T Cell-Induced Cytokine Release Syndrome is Mediated by
Macrophages and Abated by IL-1 Blockade. Nat Med (2018) 24(6):731-8.
doi: 10.1038/s41591-018-0041-7
Davila ML, Riviere I, Wang X, Bartido S, Park ], Curran K, et al. Efficacy and
Toxicity Management of 19-28z CAR T Cell Therapy in B Cell Acute
Lymphoblastic Leukemia. Sci Transl Med (2014) 6(224):224ra25. doi:
10.1126/scitranslmed.3008226
Lee DW, Santomasso BD, Locke FL, Ghobadi A, Turtle CJ, Brudno JN, et al.
ASTCT Consensus Grading for Cytokine Release Syndrome and Neurologic
Toxicity Associated With Immune Effector Cells. Biol Blood Marrow
Transplant (2019) 25(4):625-38. doi: 10.1016/.bbmt.2018.12.758
Gust J, Hay KA, Hanafi LA, Li D, Myerson D, Gonzalez-Cuyar LF, et al.
Endothelial Activation and Blood-Brain Barrier Disruption in Neurotoxicity
After Adoptive Immunotherapy With CD19 CAR-T Cells. Cancer Discovery
(2017) 7(12):1404-19. doi: 10.1158/2159-8290.CD-17-0698
HuY, SunJ, Wu Z, YuJ, Cui Q, Pu C, et al. Predominant Cerebral Cytokine
Release Syndrome in CD19-Directed Chimeric Antigen Receptor-Modified T
Cell Therapy. ] Hematol Oncol (2016) 9(1):70. doi: 10.1186/s13045-016-0299-5
Neelapu SS, Locke FL, Bartlett NL, Lekakis L], Miklos DB, Jacobson CA,
et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-
Cell Lymphoma. N Engl ] Med (2017) 377(26):2531-44. doi: 10.1056/
NEJMoal707447
Santomasso BD, Park JH, Salloum D, Riviere I, Flynn J, Mead E, et al.
Clinical and Biological Correlates of Neurotoxicity Associated With CAR T-
Cell Therapy in Patients With B-Cell Acute Lymphoblastic Leukemia.
Cancer Discovery (2018) 8(8):958-71. doi: 10.1158/2159-8290.CD-17-1319
Wilson FP, Berns JS. Tumor Lysis Syndrome: New Challenges and Recent
Advances. Adv Chronic Kidney Dis (2014) 21(1):18-26. doi: 10.1053/
j.ackd.2013.07.001
Zhang Y, Li Y, Cao W, Wang F, Xie X, Li Y, et al. Single-Cell Analysis of
Target Antigens of CAR-T Reveals a Potential Landscape of "On-Target, Off-
Tumor Toxicity". Front Immunol (2021) 12:799206. doi: 10.3389/
fimmu.2021.799206
Ogura E, Senzaki H, Yoshizawa K, Hioki K, Tsubura A.
Immunohistochemical Localization of Epithelial Glycoprotein EGP-2 and
Carcinoembryonic Antigen in Normal Colonic Mucosa and Colorectal
Tumors. Anticancer Res (1998) 18(5b):3669-75.
Ross S, Spencer SD, Holcomb I, Tan C, Hongo J, Devaux B, et al. Prostate
Stem Cell Antigen as Therapy Target: Tissue Expression and In Vivo Efficacy
of an Immunoconjugate. Cancer Res (2002) 62(9):2546-53.
Curran KJ, Pegram H]J, Brentjens RJ. Chimeric Antigen Receptors for T Cell
Immunotherapy: Current Understanding and Future Directions. ] Gene Med
(2012) 14(6):405-15. doi: 10.1002/jgm.2604
Lamers CH, Sleijfer S, van Steenbergen S, van Elzakker P, van Krimpen B,
Groot C, et al. Treatment of Metastatic Renal Cell Carcinoma With CAIX
CAR-Engineered T Cells: Clinical Evaluation and Management of on-Target
Toxicity. Mol Ther (2013) 21(4):904-12. doi: 10.1038/mt.2013.17
Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM, Rosenberg SA.
Case Report of a Serious Adverse Event Following the Administration of T
Cells Transduced With a Chimeric Antigen Receptor Recognizing ERBB2.
Mol Ther (2010) 18(4):843-51. doi: 10.1038/mt.2010.24
Linette GP, Stadtmauer EA, Maus MV, Rapoport AP, Levine BL, Emery L,
et al. Cardiovascular Toxicity and Titin Cross-Reactivity of Affinity-Enhanced
T Cells in Myeloma and Melanoma. Blood (2013) 122(6):863-71. doi: 10.1182/
blood-2013-03-490565

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 903562


https://doi.org/10.1186/s13045-019-0793-7
https://doi.org/10.1158/2159-8290.CD-18-0442
https://doi.org/10.1158/2159-8290.CD-18-0442
https://doi.org/10.1182/blood-2014-12-580068
https://doi.org/10.1056/NEJMoa1610497
https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1158/0008-5472.CAN-20-0069
https://doi.org/10.3390/cancers13092046
https://doi.org/10.1186/s12943-018-0759-3
https://doi.org/10.1186/s12943-018-0759-3
https://doi.org/10.1016/j.jtho.2017.10.001
https://doi.org/10.1158/0008-5472.CAN-12-0122
https://doi.org/10.1007/978-3-319-24932-2_5
https://doi.org/10.1186/s13045-018-0629-x
https://doi.org/10.1186/s13045-018-0629-x
https://doi.org/10.1016/j.trecan.2017.09.006
https://doi.org/10.1093/annonc/mdx238
https://doi.org/10.3389/fimmu.2019.00333
https://doi.org/10.1038/s41571-018-0007-1
https://doi.org/10.1172/JCI45817
https://doi.org/10.1038/s41586-019-0985-x
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1007/s00277-015-2585-7
https://doi.org/10.1182/blood-2014-05-552729
https://doi.org/10.1126/scitranslmed.3005930
https://doi.org/10.1158/2159-8290.CD-16-0040
https://doi.org/10.1158/2159-8290.CD-16-0040
https://doi.org/10.1186/s40425-018-0343-9
https://doi.org/10.1038/s41591-018-0041-7
https://doi.org/10.1126/scitranslmed.3008226
https://doi.org/10.1016/j.bbmt.2018.12.758
https://doi.org/10.1158/2159-8290.CD-17-0698
https://doi.org/10.1186/s13045-016-0299-5
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1158/2159-8290.CD-17-1319
https://doi.org/10.1053/j.ackd.2013.07.001
https://doi.org/10.1053/j.ackd.2013.07.001
https://doi.org/10.3389/fimmu.2021.799206
https://doi.org/10.3389/fimmu.2021.799206
https://doi.org/10.1002/jgm.2604
https://doi.org/10.1038/mt.2013.17
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.1182/blood-2013-03-490565
https://doi.org/10.1182/blood-2013-03-490565
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kandra et al.

CAR-T Cell Therapy in Lung Cancer

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Lamers CH, Willemsen R, van Elzakker P, van Steenbergen-Langeveld S,
Broertjes M, Oosterwijk-Wakka J, et al. Immune Responses to Transgene
and Retroviral Vector in Patients Treated With Ex Vivo-Engineered T Cells.
Blood (2011) 117(1):72-82. doi: 10.1182/blood-2010-07-294520

Maus MV, Haas AR, Beatty GL, Albelda SM, Levine BL, Liu X, et al. T Cells
Expressing Chimeric Antigen Receptors can Cause Anaphylaxis in Humans.
Cancer Immunol Res (2013) 1:26-31. doi: 10.1158/2326-6066.CIR-13-0006
Urbanska K, Lanitis E, Poussin M, Lynn RC, Gavin BP, Kelderman S, et al. A
Universal Strategy for Adoptive Immunotherapy of Cancer Through Use of a
Novel T-Cell Antigen Receptor. Cancer Res (2012) 72(7):1844-52. doi:
10.1158/0008-5472.CAN-11-3890

Lohmueller JJ, Ham JD, Kvorjak M, Finn OJ. Msa2 Affinity-Enhanced Biotin-
Binding CAR T Cells for Universal Tumor Targeting. Oncoimmunology
(2017) 7(1):e1368604. doi: 10.1080/2162402X.2017.1368604

Cho JH, Collins JJ, Wong WW. Universal Chimeric Antigen Receptors for
Multiplexed and Logical Control of T Cell Responses. Cell (2018) 173
(6):1426-1438.e11. doi: 10.1016/j.cell.2018.03.038

Grada Z, Hegde M, Byrd T, Shaffer DR, Ghazi A, Brawley VS, et al. TanCAR:
A Novel Bispecific Chimeric Antigen Receptor for Cancer Immunotherapy.
Mol Ther Nucleic Acids (2013) 2(7):e105. doi: 10.1038/mtna.2013.32

Wilkie S, van Schalkwyk MC, Hobbs S, Davies DM, van der Stegen SJ, Pereira
AC, et al. Dual Targeting of ErbB2 and MUCI in Breast Cancer Using Chimeric
Antigen Receptors Engineered to Provide Complementary Signaling. J Clin
Immunol (2012) 32(5):1059-70. doi: 10.1007/s10875-012-9689-9

Darowski D, Kobold S, Jost C, Klein C. Combining the Best of Two Worlds:
Highly Flexible Chimeric Antigen Receptor Adaptor Molecules (CAR-
Adaptors) for the Recruitment of Chimeric Antigen Receptor T Cells.
MAbs (2019) 11(4):621-31. doi: 10.1080/19420862.2019.1596511

Zheng Y, Nandakumar KS, Cheng K. Optimization of CAR-T Cell-Based
Therapies Using Small-Molecule-Based Safety Switches. ] Med Chem (2021)
64(14):9577-91. doi: 10.1021/acs.jmedchem.0c02054

Cao YJ, Wang X, Wang Z, Zhao L, Li S, Zhang Z, et al. Switchable CAR-T
Cells Outperformed Traditional Antibody-Redirected Therapeutics
Targeting Breast Cancers. ACS Synth Biol (2021) 10(5):1176-83. doi:
10.1021/acssynbio.1c00007

Qi J, Tsuji K, Hymel D, Burke TR]r., Hudecek M, Rader C, et al. Chemically
Programmable and Switchable CAR-T Therapy. Angew Chem Int Ed Engl
(2020) 59(29):12178-85. doi: 10.1002/anie.202005432

Cao W, Geng ZZ, Wang N, Pan Q, Guo S, Xu S, et al. A Reversible
Chemogenetic Switch for Chimeric Antigen Receptor T Cells. Angew
Chem Int Ed Engl (2022) 61(10):e202109550. doi: 10.1002/anie.202109550

Chmielewski M, Kopecky C, Hombach AA, Abken H. IL-12 Release by
Engineered T Cells Expressing Chimeric Antigen Receptors can Effectively
Muster an Antigen-Independent Macrophage Response on Tumor Cells
That Have Shut Down Tumor Antigen Expression. Cancer Res (2011) 71
(17):5697-706. doi: 10.1158/0008-5472.CAN-11-0103

Ma X, Shou P, Smith C, Chen Y, Du H, Sun C, et al. Interleukin-23
Engineering Improves CAR T Cell Function in Solid Tumors. Nat
Biotechnol (2020) 38(4):448-59. doi: 10.1038/s41587-019-0398-2

Liu Y, Di S, Shi B, Zhang H, Wang Y, Wu X, et al. Armored Inducible
Expression of IL-12 Enhances Antitumor Activity of Glypican-3-Targeted
Chimeric Antigen Receptor-Engineered T Cells in Hepatocellular Carcinoma.
J Immunol (2019) 203(1):198-207. doi: 10.4049/jimmunol.1800033

Pegram HJ, Lee JC, Hayman EG, Imperato GH, Tedder TF, Sadelain M, et al.
Tumor-Targeted T Cells Modified to Secrete IL-12 Eradicate Systemic
Tumors Without Need for Prior Conditioning. Blood (2012) 119
(18):4133-41. doi: 10.1182/blood-2011-12-400044

Hurton LV, Singh H, Najjar AM, Switzer KC, Mi T, Maiti S, et al. Tethered
IL-15 Augments Antitumor Activity and Promotes a Stem-Cell Memory
Subset in Tumor-Specific T Cells. Proc Natl Acad Sci U S A (2016) 113(48):
E7788-e7797. doi: 10.1073/pnas.1610544113

Krenciute G, Prinzing BL, Yi Z, Wu MF, Liu H, Dotti G, et al. Transgenic
Expression of IL15 Improves Antiglioma Activity of ILI3Ro2-CAR T Cells
But Results in Antigen Loss Variants. Cancer Immunol Res (2017) 5(7):571-
81. doi: 10.1158/2326-6066.CIR-16-0376

Renaud-Gabardos E, Hantelys F, Morfoisse F, Chaufour X, Garmy-Susini B,
Prats AC. Internal Ribosome Entry Site-Based Vectors for Combined Gene
Therapy. World ] Exp Med (2015) 5(1):11-20. doi: 10.5493/wjem.v5.i1.11

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Shum T, Omer B, Tashiro H, Kruse RL, Wagner DL, Parikh K, et al
Constitutive Signaling From an Engineered IL7 Receptor Promotes Durable
Tumor Elimination by Tumor-Redirected T Cells. Cancer Discovery (2017) 7
(11):1238-47. doi: 10.1158/2159-8290.CD-17-0538

Rafiq S, Yeku OO, Jackson HJ, Purdon TJ, van Leeuwen DG, Drakes DJ, et al.
Targeted Delivery of a PD-1-Blocking scFv by CAR-T Cells Enhances Anti-
Tumor Efficacy In Vivo. Nat Biotechnol (2018) 36(9):847-56. doi: 10.1038/
nbt.4195

Gargett T, Yu W, Dotti G, Yvon ES, Christo SN, Hayball JD, et al. GD2-
Specific CAR T Cells Undergo Potent Activation and Deletion Following
Antigen Encounter But can be Protected From Activation-Induced Cell Death
by PD-1 Blockade. Mol Ther (2016) 24(6):1135-49. doi: 10.1038/mt.2016.63
John LB, Devaud C, Duong CP, Yong CS, Beavis PA, Haynes NM, et al. Anti-
PD-1 Antibody Therapy Potently Enhances the Eradication of Established
Tumors by Gene-Modified T Cells. Clin Cancer Res (2013) 19(20):5636-46.
doi: 10.1158/1078-0432.CCR-13-0458

Rupp LJ, Schumann K, Roybal KT, Gate RE, Ye CJ, Lim WA, et al. CRISPR/
Cas9-Mediated PD-1 Disruption Enhances Anti-Tumor Efficacy of Human
Chimeric Antigen Receptor T Cells. Sci Rep (2017) 7(1):737. doi: 10.1038/
541598-017-00462-8

Torikai H, Reik A, Liu PQ, Zhou Y, Zhang L, Maiti S, et al. A Foundation for
Universal T-Cell Based Immunotherapy: T Cells Engineered to Express a CD19-
Specific Chimeric-Antigen-Receptor and Eliminate Expression of Endogenous
TCR. Blood (2012) 119(24):5697-705. doi: 10.1182/blood-2012-01-405365
Qasim W, Zhan H, Samarasinghe S, Adams S, Amrolia P, Stafford S, et al.
Molecular Remission of Infant B-ALL After Infusion of Universal TALEN
Gene-Edited CAR T Cells. Sci Transl Med (2017) 9(374):eaaj2013. doi:
10.1126/scitranslmed.aaj2013

Lesch S, Blumenberg V, Stoiber S, Gottschlich A, Ogonek J, Cadilha BL, et al.
T Cells Armed With C-X-C Chemokine Receptor Type 6 Enhance Adoptive
Cell Therapy for Pancreatic Tumours. Nat BioMed Eng (2021) 5(11):1246-
60. doi: 10.1038/s41551-021-00737-6

Cadilha BL, Benmebarek MR, Dorman K, Oner A, Lorenzini T, Obeck H,
et al. Combined Tumor-Directed Recruitment and Protection From Immune
Suppression Enable CAR T Cell Efficacy in Solid Tumors. Sci Adv (2021) 7
(24):eabi5781. doi: 10.1126/sciadv.abi5781

Garetto S, Sardi C, Martini E, Roselli G, Morone D, Angioni R, et al. Tailored
Chemokine Receptor Modification Improves Homing of Adoptive Therapy
T Cells in a Spontaneous Tumor Model. Oncotarget (2016) 7(28):43010-26.
doi: 10.18632/oncotarget.9280

Tran E, Chinnasamy D, Yu Z, Morgan RA, Lee CC, Restifo NP, et al.
Immune Targeting of Fibroblast Activation Protein Triggers Recognition of
Multipotent Bone Marrow Stromal Cells and Cachexia. J Exp Med (2013) 210
(6):1125-35. doi: 10.1084/jem.20130110

Caruana I, Savoldo B, Hoyos V, Weber G, Liu H, Kim ES, et al. Heparanase
Promotes Tumor Infiltration and Antitumor Activity of CAR-Redirected T
Lymphocytes. Nat Med (2015) 21(5):524-9. doi: 10.1038/nm.3833
DeBerardinis RJ. Tumor Microenvironment, Metabolism, and
Immunotherapy. N Engl ] Med (2020) 382(9):869-71. doi: 10.1056/
NEJMcibr1914890

Huang J, Yu J, Tu L, Huang N, Li H, Luo Y. Isocitrate Dehydrogenase
Mutations in Glioma: From Basic Discovery to Therapeutics Development.
Front Oncol (2019) 9:506. doi: 10.3389/fonc.2019.00506

Reiter-Brennan C, Semmler L, Klein A. The Effects of 2-Hydroxyglutarate on
the Tumorigenesis of Gliomas. Contemp Oncol (Pozn) (2018) 22(4):215-22.
doi: 10.5114/w0.2018.82642

Ligtenberg MA, Mougiakakos D, Mukhopadhyay M, Witt K, Lladser A,
Chmielewski M, et al. Coexpressed Catalase Protects Chimeric Antigen
Receptor-Redirected T Cells as Well as Bystander Cells From Oxidative
Stress-Induced Loss of Antitumor Activity. ] Immunol (2016) 196(2):759-66.
doi: 10.4049/jimmunol.1401710

Geiger R, Rieckmann JC, Wolf T, Basso C, Feng Y, Fuhrer T, et al. L-Arginine
Modulates T Cell Metabolism and Enhances Survival and Anti-Tumor
Activity. Cell (2016) 167(3):829-42.e13. doi: 10.1016/j.cell.2016.09.031
Fultang L, Booth S, Yogev O, Martins da Costa B, Tubb V, Panetti S, et al.
Metabolic Engineering Against the Arginine Microenvironment Enhances
CAR-T Cell Proliferation and Therapeutic Activity. Blood (2020) 136
(10):1155-60. doi: 10.1182/blood.2019004500

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 903562


https://doi.org/10.1182/blood-2010-07-294520
https://doi.org/10.1158/2326-6066.CIR-13-0006
https://doi.org/10.1158/0008-5472.CAN-11-3890
https://doi.org/10.1080/2162402X.2017.1368604
https://doi.org/10.1016/j.cell.2018.03.038
https://doi.org/10.1038/mtna.2013.32
https://doi.org/10.1007/s10875-012-9689-9
https://doi.org/10.1080/19420862.2019.1596511
https://doi.org/10.1021/acs.jmedchem.0c02054
https://doi.org/10.1021/acssynbio.1c00007
https://doi.org/10.1002/anie.202005432
https://doi.org/10.1002/anie.202109550
https://doi.org/10.1158/0008-5472.CAN-11-0103
https://doi.org/10.1038/s41587-019-0398-2
https://doi.org/10.4049/jimmunol.1800033
https://doi.org/10.1182/blood-2011-12-400044
https://doi.org/10.1073/pnas.1610544113
https://doi.org/10.1158/2326-6066.CIR-16-0376
https://doi.org/10.5493/wjem.v5.i1.11
https://doi.org/10.1158/2159-8290.CD-17-0538
https://doi.org/10.1038/nbt.4195
https://doi.org/10.1038/nbt.4195
https://doi.org/10.1038/mt.2016.63
https://doi.org/10.1158/1078-0432.CCR-13-0458
https://doi.org/10.1038/s41598-017-00462-8
https://doi.org/10.1038/s41598-017-00462-8
https://doi.org/10.1182/blood-2012-01-405365
https://doi.org/10.1126/scitranslmed.aaj2013
https://doi.org/10.1038/s41551-021-00737-6
https://doi.org/10.1126/sciadv.abi5781
https://doi.org/10.18632/oncotarget.9280
https://doi.org/10.1084/jem.20130110
https://doi.org/10.1038/nm.3833
https://doi.org/10.1056/NEJMcibr1914890
https://doi.org/10.1056/NEJMcibr1914890
https://doi.org/10.3389/fonc.2019.00506
https://doi.org/10.5114/wo.2018.82642
https://doi.org/10.4049/jimmunol.1401710
https://doi.org/10.1016/j.cell.2016.09.031
https://doi.org/10.1182/blood.2019004500
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kandra et al.

CAR-T Cell Therapy in Lung Cancer

144.

145.

146.

147.

148.

149.

150.

151.

Oh MH, Sun IH, Zhao L, Leone RD, Sun IM, Xu W, et al. Targeting
Glutamine Metabolism Enhances Tumor-Specific Immunity by Modulating
Suppressive Myeloid Cells. J Clin Invest (2020) 130(7):3865-84. doi: 10.1172/
JCI131859

Leone RD, Zhao L, Englert JM, Sun IM, Oh MH, Sun IH, et al. Glutamine
Blockade Induces Divergent Metabolic Programs to Overcome Tumor
Immune Evasion. Science (2019) 366(6468):1013-21. doi: 10.1126/
science.aav2588

Shen L, Xiao Y, Tian J, Lu Z. Remodeling Metabolic Fitness: Strategies for
Improving the Efficacy of Chimeric Antigen Receptor T Cell Therapy.
Cancer Lett (2022) 529:139-52. doi: 10.1016/j.canlet.2022.01.006

Aranda F, Buqué A, Bloy N, Castoldi F, Eggermont A, Cremer 1, et al. Trial
Watch: Adoptive Cell Transfer for Oncological Indications. Oncoimmunology
(2015) 4(11):e1046673. doi: 10.1080/2162402X.2015.1046673

Trapani JA, Sutton VR, Thia KY, Li YQ, Froelich CJ, Jans DA, et al. A
Clathrin/Dynamin- and Mannose-6-Phosphate Receptor-Independent
Pathway for Granzyme B-Induced Cell Death. J Cell Biol (2003) 160
(2):223-33. doi: 10.1083/jcb.200210150

Senovilla L, Vitale I, Martins I, Tailler M, Pailleret C, Michaud M, et al. An
Immunosurveillance Mechanism Controls Cancer Cell Ploidy. Science (2012)
337(6102):1678-84. doi: 10.1126/science.1224922

Martins I, Tesniere A, Kepp O, Michaud M, Schlemmer F, Senovilla L, et al.
Chemotherapy Induces ATP Release From Tumor Cells. Cell Cycle (2009) 8
(22):3723-8. doi: 10.4161/cc.8.22.10026

Grosser R, Cherkassky L, Chintala N, Adusumilli PS. Combination
Immunotherapy With CAR T Cells and Checkpoint Blockade for the

Treatment of Solid Tumors. Cancer Cell (2019) 36(5):471-82. doi:
10.1016/j.ccell.2019.09.006

Conflict of Interest: SK has received honoraria from TCR2 Inc, Novartis, BMS
and GSK. SK is an inventor of several patents in the field of immune-oncology. SK
received license fees from TCR2 Inc and Carina Biotech. SK received research
support from TCR2 Inc. and Arcus Bioscience for work unrelated to the
manuscript.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
contflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kandra, Nandigama, Eul, Huber, Kobold, Seeger, Grimminger and
Savai. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 903562


https://doi.org/10.1172/JCI131859
https://doi.org/10.1172/JCI131859
https://doi.org/10.1126/science.aav2588
https://doi.org/10.1126/science.aav2588
https://doi.org/10.1016/j.canlet.2022.01.006
https://doi.org/10.1080/2162402X.2015.1046673
https://doi.org/10.1083/jcb.200210150
https://doi.org/10.1126/science.1224922
https://doi.org/10.4161/cc.8.22.10026
https://doi.org/10.1016/j.ccell.2019.09.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Utility and Drawbacks of Chimeric Antigen Receptor T Cell (CAR-T) Therapy in Lung Cancer
	Introduction
	The Design and Structure of CAR-T Cells
	CAR-T Cell Therapy Applications and Tumor-Associated Target Antigens in Lung Cancer
	Current Challenges and Toxicities in CAR-T Cell Therapy
	Challenges in Applying CAR-T Cell Therapy in Lung Cancer
	CAR-T Cell Treatment Related Toxicities

	Future Strategies to Improve CAR-T Cell Therapy
	Modulating CAR Activity
	Small Molecules-Based or Chemogenitic-Based Switchable CAR-T Cells
	Enhancing CAR-T Cell Therapy to Overcome an Immunosuppressive TME
	Enhancement of Infiltration of CAR-T Cells Into Solid Tumors
	Improving Metabolic Functions of CAR-T Cells in TME
	Combinatorial Therapy Approaches

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


