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Introduction

Despite the numerous modern-day treatments, therapies, and 
procedures, lung cancer continues to claim more lives than any other 
cancer, accounting for 23% (72,500/year) and 22% (63,220/year) of 
all cancer deaths in males and females, respectively, in the United 
States [1]. Additionally, while other forms of cancer, such as Ewing 
tumor, transformed from a 0% to a 90% 5-year survival rate between 
1970 and 1994, lung cancer, from 1973-2000, only saw a 10.7% to 
17.0% increase in 5-year survival rate despite the addition of several 
modalities of treatment to the physician’s arsenal [2-4]. Indeed, lung 
cancer, in particular non-small cell lung cancer (NSCLC), which 
comprises 85% of all lung cancer cases, has long eluded therapeutic 
interventions largely due to the lack of identified and targetable tumor-
specific motifs that allow for sparing of host tissue from simultaneous 
destruction in addition to adequate tumor stroma penetration, 
solid tumor T-cell infiltration, and generation of an immune 
response capable of overcoming the tumor’s immunosuppressive 
microenvironment [5].

With the advancement of immunotherapeutic techniques and 
approaches, however, NSCLC treatment began to dramatically 
evolve and, from 2000-2014, 5-year survival rate had increased from 
17.0% to 21.2%, or at a rate that is 29% faster than that generated 
through progress between 1973 and 2000 [2-4]. These new-age 
immunotherapeutic techniques and approaches, namely adoptive 
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cell therapy (ACT, mainly referring to chimeric antigen receptor 
T-cell therapy, CAR T-cells), general/nonspecific immunotherapeutic 
approaches (e.g complement system-targeted approaches), 
monoclonal antibodies, oncolytic cancer viruses, and cancer vaccines, 
have all made significant progress since their introduction with 
CAR T-cells of the ACT subtype recently making very significant 
advancements for the first time in solid tumor therapy since they were 
first developed by Kuwana et al. in 1987 [6].

Indeed, although CAR T-cells were first produced in 1987 by 
Kuwana et al., it was not until 2013 that Feng et al. conducted the 
first clinical trial to study the safety and possibility of using CAR 
T-cells as immunotherapy for patients with NSCLC in which 2 out 
of 11 patients displayed partial response (PR) and 5 out of 11 patients 
had stable diseases (SD) [7]. Feng et al. used an endothelial growth 
factor receptor-binding (EGFR) single chain fragment variable (scFV) 
sequence to generate an anti-EGFR scFv-CD137-CD3ζ CAR which 
was then cloned into the lentiviral backbone pWPT which produced 
a plasmid that was subsequently transfected into patient CAR T cells 
[7]. In addition to the aforementioned results, this study also paved 
the way for establishing acceptable safety and toxicity outcomes of 
CAR T-cell therapy in that the most common adverse reactions were 
grades 1-2 skin irritation, nausea, vomiting, dyspnea, serum amylase 
elevation, and hypotension with one patient experiencing a cytokine 
level fluctuation-independent transient grade 3-4 serum lipase 
elevation [7].
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Since Feng et al. conducted their study, numerous other groups 
have taken on to not only developing their own CAR T-cells, but also 
to modifying the molecular components of the CAR such that the cells 
demonstrate higher potency while simultaneously inducing fewer 
and less severe toxic effects [8]. In this review, we aim to summarize 
the current status of CAR T-cell immunotherapy and its modified 
derivative approaches with respect to NSCLC treatment. Although the 
use of CAR T-cells has yet to mature into a first line NSCLC treatment, 
recent developments have greatly increased the potential to effectively 
implement CAR T-cells in the targeting of tumor antigens and 
subsequent cytotoxic tumor eradication. Following is a description 
of newly developed CAR T-cell approaches and modifications along 
with a curation of newly identified, NSCLC-specific target antigens 
and their adoption into CAR T-cells.

Novel Targeting of NSCLC Tumor-Specific Antigens

Selectively targeting a tumor-specific antigen is one of the largest 
hurdles CAR T-cell therapy must overcome in order to effectively 
causes solid tumor regression, such as is the case in NSCLC, thus, 
until the recent surge in both antigen identification and antigen-
specific targeting molecular candidates, development of CAR 
T-cells for the use in NSCLC had been largely stagnant [9-11]. For 
example, K1, the first monoclonal antibody isolated with affinity for 
mesothelin, was isolated in 1992, however, the potential to utilize it as 
an immunotherapeutic or diagnostic tool did not present until 2007 
when Ho et al. both quantitatively and qualitatively characterized its 
expression in both healthy and NSCLC tissue through a combination 
of reverse transcription-polymerase chain reaction (RT-PCR), 
immunoblotting, immunohistochemistry, and flow cytometry [12-
14]. In characterizing its expression, Ho et al. determined mesothelin 
to be a therapeutic target candidate as its expression was significantly 
elevated in NSCLC with the mesothelin precursor protein presenting 
in 82% of lung adenocarcinomas and the mature form in 55% [13].

These advancements catalyzed the field’s understanding of 
mesothelin expression as further studies, such as Kachala et al.’s, found 
an association between mesothelin expression and reduced overall 
survival (OS) and recurrence free survival (RFS) rates, indicating a 
significant potential for mesothelin to be targeted by a CAR T-cell [15]. 
Multivariate analysis following adjustment for previously identified 
risk factors revealed an association between mesothelin expression 
and both reduced OS and RFS (HR = 1.78; 95% CI, 1.26-2.50; P < 
0.01 and HR = 1.67; 95% CI, 1.21-2.27; P < 0.01, respectively) which 
presented in vitro in the form of increased cell proliferation, invasion, 
and migration [15]. Furthermore, their cohort study (n = 1,209) 
analyzing tissue microarrays of tumors and normal lung tissue found 
mesothelin expression in 69% of lung adenocarcinomas with 20% of 
patients expressing high levels while normal lung tissue showed no 
mesothelin expression, thus further implicating mesothelin as a CAR 
T-cell target with potential for reduced off-target toxicity [15].

In a similar manner, the membranous-bound prostate stem cell 
antigen (PSCA) and mucin-1 (MUC1) proteins were also found 
to be associated with NSCLC through protein expression studies. 
In the case of PSCA, Kawaguchi et al. investigated its expression 
in NSCLC through the analysis of primary tumors (n = 97) and 

metastatic lymph nodes (n = 21) using immunohistochemistry and 
found elevated PSCA expression in 94 out of 97 primary tumors 
and in all metastatic lymph nodes [16]. In addition, Kawaguchi 
et al. found a positive correlation between PSCA expression level 
and advanced pathological T-factor and stage (T1 vs. T2-T4, P = 
0.014; Stage 1 vs. Stage II-IV, P = 0.029) along with a significantly 
higher disease-free survival (DFS) rate for patients with low PSCA 
expression, overall insinuating a potentially pathological function of 
PSCA in NSCLC and its viability as a CAR T-cell target [16]. Situ et 
al. conducted a similar study with MUC1 through the analysis of 178 
NSCLC specimens via immunohistochemistry and found elevated 
MUC1 expression, as defined via immunohistochemical scoring and 
subsequent receiver operating characteristic curve analysis, in 74.1% 
of NSCLCs along with associated worse OS and DFS (P = 0.011 and P 
= 0.008, respectively) [17]. Through multivariate analysis, MUC1 was 
confirmed as an independent prognostic factor for NSCLC in terms 
of both OS and DFS (P = 0.008 and P = 0.004, respectively), further 
suggesting MUC1’s role as an adverse indicator of NSCLC and thus as 
a potential target antigen [17].

Less than a decade later, Wei et al. investigated the significance 
of MUC1 and PSCA’s elevated levels in NSCLC and made second 
generation MUC1-specific CAR T-cells and PSCA-specific CAR 
T-cells consisting of short-chain variable fragments (scFv) derived 
from humanized 1G8 anti-PSCA and anti-MUC1 HFMG2 antibodies 
coupled with signaling domains from CD28 and CD3ζ [18]. Lentiviral 
vectors encoding the CARs were transfected into pre-activated human 
T cells and final expression of anti-MUC1 and anti-PSCA CAR in 
T cells was confirmed via RTPCR analysis of the scFv sequences. 
Preliminary in vitro data showed significant killing of both PSCA+ 
and MUC1+ cell lines and confirmed PSCA-CAR and MUC1-CAR T 
cell specificity [18]. In vivo data generated using a PDX mouse model 
originating from a PSCA+, MUC1- patient tumor demonstrated 
significant suppression of NSCLC tumor mass growth following 
PRCA-CAR T-cell therapy and no significant effect in mice treated 
with MUC1-CAR T cells alone [18]. When MUC1 and PSCA-CAR 
T-cells were used to treat a PDX mouse model generated from a 
PSCA+, MUC1+ NSCLC patient tumor, both treatments resulted 
in dramatically inhibited tumor growth [18]. Furthermore, when 
both MUC1 and PSCA-CAR T-cells were co-administered, tumor 
inhibition, in the form of mass, was reduced significantly more than 
either MUC1 or PSCA-CAR T-cell treatment (P = 0.001 and P = 0.01, 
respectively) [18].

Vascular endothelial growth factor (VEGF), an angiogenic factor, 
has also been identified as a potential CAR T-cell target and underwent 
initial investigation based on the successful application of platinum-
based chemotherapeutics in combination with a VEGF-A-specific 
mAb in providing an overall survival benefit for advanced disease 
NSCLC patients [19,20]. In their retrospective study, Bonnesen et 
al. conducted immunohistochemical studies on 102 NSCLC patient 
tissue samples by incubating the tissues in monoclonal antibodies 
to both VEGF-A and its receptor, vascular endothelial growth factor 
receptor 2 (VEGFR2), and assessed semi-quantitatively via intensity-
percentage estimation and through Kaplan-Meier survival curves for 
evaluation of the proteins’ expression-prognosis relationship [20]. 
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Analysis showed 98 out of 102 samples expressing VEGF-A and 95 out 
of 102 samples expressing VEGFR2 with overall indication for poor 
prognosis in co-expression as shown by Seto et al. and Koukourakis et 
al but not according to Bonnesen et al.’s analysis [20-22].

Throughout their studies, Chinnasamy et al. utilized the ubiquitous 
appearance of VEGFR2 in tumor vasculature and to develop a 
VEGFR2-CAR T-cell line that showed the ability to produce CAR T 
cells with not only the capacity to traffic to solid tumors, but also to 
operate in concert with exogenous interleukin 2 (IL-2) to enhance the 
immune system’s ability to overcome the immunosuppression caused 
by the tumor microenvironment (TME) [23]. Building off of these 
results, Zhang et al. devised a method to engineer a CAR T-cell with 
inducible protein expression via IL-12 composite promoter-containing 
binding motif mediated through a TCR-activated nuclear factor [24]. 
IL-12 was chosen due to its ability to act as a proinflammatory cytokine 
that mediates both adaptive and innate immune responses [25]. In a 
subsequent study, the group tested their VEGFR2-CAR T-cells on a 
five different solid tumors and found that, when the tumors expressed 
VEGFR2, only those treated with the IL-12-producing VEGFR2-CAR 
T-cells were effective in mediating tumor regression and could do so 
without the need for any exogenous IL-2 administration as previously 
required [25].

Zhang et al. also focused on growth factors, however, they instead 
investigated EGFR variant III (EGFRvIII), a tumor-specific, mutated 
version of EGFR which was first documented to greatly enhance 
tumorigenic capacity by Nishikawa et al. in 1994 [26,27]. Zhang et 
al. utilized a third-generation CAR designed by subcloning EGFRvIII 
single chain antibody, CD8α hinge, CD28 and 4-1BB costimulatory 
molecules, and CD3ζ glycoprotein into a pMSCV plasmid and 
subsequent transfection of the virus-packaging cell line [27]. Anti-
tumor activity of the EGFRvIII-CART T-cell line was evaluated in vitro 
which revealed EGFRvIII-CAR T-cells co-cultured with EGFRvIII-
expressing A549 cells proliferate at a much higher rate than the control 
group, suggesting a greater ability of the cell line to express and secrete 
its cytotoxic factors such as perforin, granzyme B, IFNγ, and TNFα 
[27]. Subsequent in vivo testing in a human A549 metastatic mouse 
model of lung cancer revealed that, 90 days following treatment, 
EGFRvIII-CAR T-cell treatment significantly reduced the number of 
metastatic lesions formed and increased the OS to 62.5% from 0% as 
observed in the control group [27].

Bispecific and Physiological Chimeric Antigen Receptor T-cells

While advancements in antigen identification and modulation 
allowed for multiple expressed proteins to become CAR T-cell targets 
in the treatment of NSCLC, the risk of on-target toxicity persists as 
the aforementioned tumor-associated antigens (TAA) are rarely 
completely exclusive to malignant tissue and can frequently be found 
in lower numbers as a part of normal tissue. For example, with the 
advent of second generation CAR T-cells came an increased potency, 
and thus, even antigens expressed at low levels outside of the tumor 
were present in sufficient levels to cause an autoimmune-induced 
on-target toxic effect in the form of a cytokine storm such as was 
the case in a patient undergoing anti-ERBB2 CAR T-cell therapy for 
metastatic colon cancer [28]. In order to mitigate the potential for 

on-target toxicity, some groups, such as Lanitis et al., have turned to 
engineering bispecific tandem CAR T-cells in which the activating 
CAR component is dissociated from the costimulatory signal 
CAR component with the intention of requiring both undergoing 
independent stimulation reactions prior to any cytotoxic effect from 
the CAR T-cell occurring [29]. The concept behind this approach is 
such that the two antigens required to stimulate both the activating 
component and costimulatory component can be selected to both 
primarily reside on tumor tissue and as two targeted tumor antigens 
are an exceedingly rare occurrence on normal tissue, requiring 
the same CAR T-cell to interact with both dramatically relieves the 
on-target toxic burden [29]. Lanitis et al. developed one of the first 
bispecific tandem CAR T-cell line, opting to target mesothelin and 
a-folate receptor (FRα) as the group had previously constructed 
applicable lentiviral vector backbone constructs [30]. The anti-
mesothelin CAR was composed of a P4 scFv linked to a CD8α hinge 
with transmembrane domain and connected solely via CD3ζ signaling 
component while the costimulatory anti-FRα CAR was composed of 
the MOv-19 scFv, a CD8α hinge, and a CD28 transmembrane region 
and intracellular motif [30]. In vivo mouse studies demonstrated 
significantly more potent inhibition of tumor growth in the bispecific 
tandem CAR T-cell treatment group than anti-mesothelin CAR alone 
on tumors that coexpressed the two TAAs of interest (P = 0.028) while 
simultaneously displaying much lower activity against cells displaying 
only one TAA of interest (P = 0.0045) [30].

Kloss et al. employed a similar approach using prostate-specific 
membrane antigen (PSMA) and PSCA and encountered similar 
phenomena as Lanitis et al.; treatment with bispecific cells in tissues 
expressing both TAAs of interest resulted in significantly more potent 
inhibition of tumor growth than single TAA-targeting CAR T-cells 
(P = 0.01), however, their anti-PSMA and anti-PSCA bispecific 
CAR T-cell did not spare tissues expressing single TAAs of interest 
[31]. This was attributed to utilizing two highly efficient CARs, thus, 
upon switching to a less specific scFv for PSCA, Lz1, Kloss et al. 
demonstrated simultaneous eradication of tumors coexpressing both 
TAAs and sparing of cells expressing a single TAA of interest (P = 0.05 
and P = 0.05) [31].

One of the first groups to apply bi-specific physiologic CAR 
T-cells to NSCLC, Chu et al., did so by developing an anti-fluorescein-
5-isothiocyanate (FITC) CAR to indirectly target FRα and FRb 
through the direct targeting of a bispecific ligand composed of 
FITC bound to folate to function as a bridge between the anti-FITC 
CAR and FR/β, acting as a “switch” that induces the formation of a 
pseudoimmunological synapse [8]. Chu et al. tested the efficacy of 
their anti-FITC CAR T-cells in combination with folate-FITC ligand 
to determine whether it can redirect the anti-FITC CAR T cells to 
an FRα-expression A549 cell line and, through the measurement of 
lactate dehydrogenase (LDH) released into culture media, determined 
a highly potent, cytolytic reaction had taken place (EC50 = 0.094 
+- 0.116 nM) against the A549-FRα cells while the same cells in the 
presence of control CAR T-cells failed to present any signs of cytolytic 
activity [8]. Additionally, Che et al.’s bispecific ligand also showed a 
dose-titratable, highly potent cytolytic activity towards FRβ-positive 
cells, thus suggesting that a single CAR T-cell can not only target tumor 



Cancer Stud Ther J, Volume 5(4): 4–5, 2020 

Wickii T Vigneswaran (2020) Current Utility of Chimeric Antigen Receptor T-Cell Therapy in Non-Small Cell Lung Cancer

cells, but also the FRβ-expression tumor-associated macrophages in 
NSCLC [8].

Next Generation CAR T-Cells: Inhibitory Chimeric Antigen 
Receptors

A younger modality of CAR T-cell modification and effect 
modulation revolves around altering the endogenous T-cell 
inhibitory pathways in order to reduce potential CAR toxicity or 
broaden cell applicability and enhance anti-tumor efficacy [32]. 
An application of iCARs with strong prospects for the treatment of 
NSCLC constructed by Riese et al. in which a negative regulator of 
the T-cell receptor (TCR) signaling pathway was deleted with the 
intention of inhibiting an inhibitor to increase signaling efficiency 
[33]. Riese et al. focused on two highly expressed isoforms of 
diacylglycerol kinase (dgk), dgkα and dgkζ, which function to 
metabolize diacyl glycerol (DAG) such that downstream RAS and 
extracellular signal-regulated kinase (ERK) are limited in activation 
and reduce the stimulation of nuclear transcription factors [33,34]. 
The augmentation of TCR signal transduction is hypothesized to play 
a major role in overcoming CD8+ T-cell inhibition by the TME and 
potentially lead to a more robust anti-tumoral response [33]. Dgkζ 
deficient mice were challenged with Listeria-ova in order to generate 
activated dgkζ-deficient CD8+ T-Cells which were subsequently 
transferred to tumor-bearing mice and showed significantly 
reduced tumor size (P = 0.05) and increased persistence of effector 
cells, however, tumors were not fully eradicated, thus indicating 
treatment via dgkζ knockout is not sufficient individually [33]. As a 
result, additional modification resulted in an anti-mesothelin CAR 
transduction into the activated CD8+ T-cells which demonstrated 
enhanced cytotoxicity in dgkζ single knock-out T cells [33]. These 
effects were profoundly increased in dgkζ, dgkα double knock-out 
(DKO), anti-mesothelin CAR transduced CD8+ T-cells (P = 0.0001) 
along with augmentation of ERK signaling, CD 69 expression, FASL 
and TRAIL expression, and TGFβ resistance [33]. Lastly, DKO 
anti-mesothelin CAR T-cells were subcutaneously coinfected with 
mesothelin-expressing TC1 cells, a murine NSCLC, with tumors 
excised following a 10-day incubation period, the results of which 
suggested significant DKO anti-mesothelin CAR T-cell efficacy 
against the mesothelin-expressing TC1 NSCLC cell line [33].

Conclusion

The application of CAR T-cells for the treatment of solid tumors, 
in particular NSCLC, is a quickly developing paradigm and its many 
recent successes indicate it to be an increasingly promising field. As 
discussed, CAR T-cells, in a very short duration of time, have made 
tremendous progress in a field that merely a decade ago seemed 
utterly out of reach through the development and evolution of novel 
tumor-specific antigen targeting, bispecific and physiological CARs, 
and iCARs. While progress has been extraordinarily fast-paced 
and widespread, novel and ongoing investigations must continue 
not only in the form of developing CAR T-cells, but also bettering 
our understanding of the tumor microenvironment in NSCLC and 
the underlying mechanisms so as to develop survival prolonging 
techniques via a multi-faceted approach.
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