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Abstract:
CAR-T cell therapy has emerged as a significant advancement in cancer immunotherapy, particularly in treating 
hematologic malignancies with notable success. Yet, its efficacy in addressing complex solid tumors remains 
constrained. A principal challenge in the deployment of chimeric antigen receptor T-cell therapy for solid tumors 
lies in the limited availability of tumor-specific target antigens. Presently, the field of CAR-T cell research is marked 
by the limited availability of antigens that are genuinely specific to tumors. Even if tumor-specific antigens with 
high specificity can be identified, the heterogeneity of their expression in tumor tissues often further complicates the 
treatment. This review aims to delve into the issue of tumor-specific antigens and, based on current research progress, 
propose strategies for improving the search for new tumor antigens and CAR structural design to provide reasonable 
theoretical support and practical guidance for the safe and effective targeting of solid tumors by CART cells. By 
continuously optimizing the treatment strategies of CAR-T cell therapy, we aim to offer solid tumor patients more 
precise and efficient immunotherapy.
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1. Introduction
In previous decades, the field of cancer treatment has un-
dergone a profound revolution, shifting from traditional 
nonspecific therapies to more precise and efficient anti-
body-based immunotherapies. Among the various branch-
es of immunotherapy, CAR-T-cell therapy has garnered 
widespread attention due to its highly specific tumor rec-
ognition and killing capabilities. While CAR-T cell ther-
apy has shown significant success in treating hematologic 
malignancies1, developing effective CAR-T therapies for 
solid tumors remains challenging. Overcoming obstacles 
such as T-cell migration and tumor infiltration, along with 
the immunosuppressive tumor microenvironment, to im-
prove the effectiveness of CAR-T cell treatments targeting 
solid tumors2. Identifying the optimal target surface anti-
gen is a pressing issue in addressing the challenges posed 
by solid tumors. Clinical trial reports on CAR-T cell treat-
ments targeting solid tumors reveal that most therapies 
remain in the preliminary “targeting” phase, with precise 
tumor targeting yet to be fully realized. A META-analysis 
combining 42 hematologic and 18 solid tumor clinical 
trials involving 913 subjects in 2019 revealed a signifi-
cant difference in efficacy between hematologic and solid 
tumor patients receiving CD19 CAR-T therapy. While 
54.4% of hematologic patients experienced complete 
symptom relief, this proportion dropped significantly to 

4.1% in solid tumor patients, highlighting the differential 
effects of CD19 CAR-T therapy between hematologic and 
solid tumors3. Presently, CAR-T cell treatments confront 
several challenges in addressing solid tumors, accompa-
nied by the development of potential strategies. Analyzing 
and exploring these challenges and strategies enhances 
comprehension of CAR-T therapy for solid tumors and 
offers important perspectives for future studies.

2. Challenge of Tumor-Specific Anti-
gens in Solid Tumors
Tumor antigens devoid of viral origins are categorized 
into two types based on their characteristics: (1) Tu-
mor-specific antigens (TSA), originate from mutations.; 
(2) tumor-associated antigens (TAA), arising from the 
overexpression or aberrant expression of non-mutated 
proteins. TSAs, expressed exclusively by cancer cells and 
often playing a crucial role in tumorigenesis, are consid-
ered ideal targets for cancer therapy.
Ideal tumor-associated antigens (TAAs) should exhibit 
specific expression on tumor cells while being absent or 
minimally present in healthy cells. For example, such as 
CD123 or CD33 antigens demonstrate high expression 
levels in tumor cells while also being present in critical 
bone marrow stem cells4. Therefore, identifying a thera-
peutic window that allows targeted recognition of malig-
nant cells with high CD123 expression without targeting 
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normal cells expressing moderate levels of CD123 is cru-
cial. Conversely, if anti-CD123 CAR-T cells are adminis-
tered directly, there is a risk that these cells may inadver-
tently target normal tissues with low-level expression of 
the target antigen while primarily recognizing tumor cells. 
This occurrence could result in unintended detrimental ef-
fects, potentially leading to widespread disruption of bone 
marrow function, known as panmyelosis5. For example, in 
2010, in a case of ERBB2-targeted CAR-T therapy for co-
lon cancer, CAR-T cells targeted cells lining the lungs that 
showed reduced levels of ERBB2 expression, resulting 
in progressive hypotension and bradycardia in the patient 
receiving CAR-T, ultimately leading to cardiac arrest6 . 
Additionally, The majority of tumor cells employ mech-
anisms to remove immunogenic epitopes associated with 
tumor-associated antigens (TAAs) in order to evade rec-
ognition and attack by the host immune system7, 8. Hence, 
the identification of tumor antigens that are both specific 
and immunogenic is crucial for the effective treatment of 
solid tumors. Consequently, novel tumor recognition strat-
egies are often required in CAR-T therapy to overcome 
challenges related to specificity and heterogeneity, with 
the aim of maximizing the therapeutic efficacy of CAR-T 
cells against solid tumors.

3. Feasible Strategies for CAR-T Tar-
geting Tumor-Specific Antigens
3.1 Selection of Target Antigens
The identification of target antigens is paramount to the 
efficacy of chimeric antigen receptor T-cell (CAR-T) ther-
apy in oncological treatments, as it dictates the ability of 
CAR-T cells to precisely recognize and eradicate tumor 
cells while sparing healthy cells. Ideally, target antigens 
should exhibit high expression levels on tumor cells while 
demonstrating minimal or no expression in normal cells. 
Currently, specific target antigens for solid tumors are 
gaining significant attention in clinical research projects 
involving CAR-T therapy.
3.1.1 CEA

CEA, as a sensitive tumor biomarker, plays a significant 
role in gastrointestinal cancers, particularly in tissues and 
serum of colorectal cancer (CRC) where its expression is 
prominent. Although CEA is expressed to some extent in 
the gastrointestinal tract, this expression is mainly limited 
to the apical surface of epithelial cells facing the lumen, 
and its expression is hardly detectable in most normal 
adult tissues. Importantly, immune cells do not recognize 
CEA expression, making CEA a highly promising thera-
peutic target in CAR-T therapy9. This innovative therapy 
not only demonstrates potential therapeutic effects but 

also shows preliminary safety through local delivery. In a 
study involving 10 gastrointestinal cancer patients, 7 pa-
tients who had disease progression prior to CAR-T treat-
ment achieved stable disease control. Evaluation of treat-
ment effects utilized advanced imaging techniques such 
as PET/CT and MRI. Results showed significant tumor 
volume reduction in two patients. Long-term observation 
data also indicated a significant decrease in serum CEA 
levels in most patients10.
3.1.2 Mesothelin

Mesothelin is a membrane glycoprotein linked to sug-
ar-phosphatidylinositol and exhibits elevated expression 
in most cases of malignant pleural mesothelioma, ovarian, 
pancreatic and certain lung cancers11. Its expression is 
limited in the normal tissues of the pericardium, pleura, 
and peritoneum. Mesothelin serves as a focal point for 
innate immune responses in cases of malignant pleural 
mesothelioma (MPM), ovarian, and pancreatic cancers12. 
Preclinical studies have shown CAR T cells can specifi-
cally recognize mesothelin13. In November 2021, MSKCC 
released the results of a study on CAR-T therapy for ma-
lignant pleural mesothelioma targeting MSLN, showing 
significant efficacy with a median survival of 17.7 months 
in 23 patients and a one-year survival rate of 74%. No 
severe adverse reactions or “off-target effects” were ob-
served during treatment, providing a new therapeutic 
strategy for this disease.14.
3.1.3 Claudin 18.2

In their research, Sahin and collaborators determined that 
Claudin 18.2, a subtype of Claudin 18, is an exceedingly 
precise biomarker for cells in the differentiated gastric 
epithelium. This marker is involved in various signifi-
cant neoplasms, including those affecting the stomach, 
esophagus, pancreas, lungs, and ovaries, and it responds 
to targeting via specific monoclonal antibodies15. Owing 
to its distinct expression pattern and cellular surface lo-
calization, Claudin 18.2 represents an optimal candidate 
for targeted therapeutic strategies. In May 2022, The in-
augural clinical investigation of CAR-T therapy CT041, 
targeting CLDN18.2, was commenced in China. This trial 
yielded significant objective response and disease control 
rates among 37 patients with severe gastrointestinal can-
cers, with notably strong results in cases of gastric cancer. 
The therapy was well-tolerated and demonstrated a man-
ageable safety profile, devoid of serious adverse reactions, 
thus presenting a new therapeutic approach for patients 
with gastrointestinal cancers16.
Furthermore, clinical trials for CAR-T therapy targeting 
HER2, EGFR, PSMA, GD2, CD133, and CEA are active-
ly progressing to potentially meet broader clinical needs 
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for solid tumors, bringing hope to more patients.

3.2 CAR Molecule Modification
Precise cell targeting poses challenges due to the lack of a 
single surface marker that distinguishes most mammalian 
cell types from others. Advances in cell immunotherapy 
and synthetic biology have significantly altered the way 
we target cancer cells. Targeted therapy is no longer lim-
ited to a single biomarker; by modifying CAR-T cells to 
utilize multiple synthetic receptors or a specific receptor, 
and based on the specific combination of proteins present 
on the cell surface, multiple target antigens can be simul-
taneously bound to enhance the specificity in recognizing 
tumor antigens17.
3.2.1 Co-LOCKR

Co-LOCKR is a novel design of AND gate and NOT 
gate for CAR. It involves a receptor and a protein logic 
circuit designed through computation to perform logical 
operations outside the cell. Building upon the previously 
developed LOCKR switch by Lajoie et al., the system was 
further optimized into a co-localization-dependent (Co-
LOCKR) mode18. This advanced Co-LOCKR AND gate 
circuit comprises two proteins, referred to as “cage” and 
“key”. These proteins are equipped with a domain that 
specifically binds to antigens. Notably,
The cage protein includes a peptide segment designed 
to interact specifically with chimeric antigen receptor 
(CAR) T cells; however, under normal circumstances, 
this peptide segment is obscured by the locking structure 
domain of the cage protein. The association of the key 
protein with the cage protein catalyzes a conformational 
alteration in the latter, which results in the exposure of a 
specific peptide segment. This segment is then capable of 
engaging with the chimeric antigen receptor (CAR), there-
by initiating its activation. Importantly, the design of the 
cage and key proteins ensures they remain non-interactive 
in solution, maintaining their functional integrity. Upon 
their co-localization on the cellular surface, where their 
antigen-binding regions align, this proximity facilitates 
the formation of functional cage-key complexes, which is 
critical for the activation process. This strategic interac-
tion underscores the sophisticated engineering behind the 
protein design, enhancing the efficacy of the therapeutic 
mechanism19.
3.2.2 Tandem CAR T-cell

Researchers have successfully developed a novel tandem 
CAR molecule, where the extracellular binding domain 
ingeniously fuses two single-chain antibody fragments 
(scFv) targeting different tumor-associated antigens 
(TAA). This design strategy extends beyond mere linkage 
to the CD3ζ chain by incorporating additional co-stimula-

tory signaling domains like CD28 or 4-1BB. This strategic 
enhancement markedly improves the activation milieu for 
CAR-T cells. Notably, this modification enables tandem 
CAR-T cells to achieve optimal activation solely upon the 
concurrent recognition of two distinct tumor-associated 
antigens (TAAs). This sophisticated approach not only el-
evates the specificity and potency of CAR-T cell therapy 
but also underscores its potential as a robust strategy in 
cancer treatment. This feature greatly enhances the spec-
ificity and safety of CAR-T therapy, as CAR-T cells are 
triggered only when both antigens are expressed on the 
target cell surface and recognized20. Moreover, researchers 
have also explored a similar CAR design strategy where 
one CAR structure also includes two scFVs. One scFv is 
linked to the intracellular CD3ζ chain, providing the first 
signal, while the other scFv is linked to the co-stimula-
tory signaling domain, providing the second signal. This 
design also requires both antigens to be expressed and 
recognized on the target cell simultaneously to activate 
these two signals, thereby triggering the activation and 
anti-tumor effects of CAR-T cells21.
3.3.3 SynNotch-CAR-T

A research team from the University of California cleverly 
applied the SynNotch receptor to CAR-T cells22. This Syn-
Notch-CAR T cell has a unique dual recognition mecha-
nism; it must simultaneously recognize the SynNotch an-
tigen and the CAR antigen. Importantly, only after being 
initiated by the SynNotch ligand, can the SynNotch-CAR 
T cell execute the CAR-induced cytotoxic function23. This 
design effectively prevents healthy cells from being mis-
takenly targeted by CAR-T cells, significantly reducing 
the occurrence of off-target effects, and further enhancing 
the safety and precision of CAR-T therapy.

4. Summary
Chimeric antigen receptor T-cell therapy represents a 
significant breakthrough in the treatment of solid tumors, 
noted for its precision in targeting specific antigens within 
these cancers. The effectiveness of checkpoint blockade 
therapies has underscored the value of immunotherapeu-
tic strategies in the management of solid tumors, further 
supporting the potential of this innovative approach as 
an effective “living drug” in oncological treatment. How-
ever, despite these advancements, the application of this 
therapy in solid tumors encounters numerous obstacles. 
Clinical trials often report response rates that are below 
anticipated levels, prompting a need for introspection and 
the pursuit of new methodologies. To overcome these 
challenges, researchers are actively engaged in identifying 
more relevant target antigens and improving the delivery 
and persistence of these therapeutic cells within the tumor 
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microenvironment. With ongoing advancements and en-
hancements, there is optimism for achieving groundbreak-
ing progress in the use of this therapy for solid tumor 
treatment, potentially offering better outcomes and hope 
to a broader range of patients.
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