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Abstract

Introduction: In recent years, immunotherapy has revolutionized therapeutic approaches to cancer treatment.
Chimeric Antigen Receptor T-cell (CAR-T) immunotherapy has achieved significant success in the treatment of
hematological cancers; however, its effectiveness in solid tumors remains limited.

Aim of Study: To analyze and summarize the current knowledge on the effectiveness, limitations, development
prospects, and improvements of CAR-T cells in the treatment of solid tumors.

Brief Description of the State of Knowledge: Despite promising results in hematologic malignancies, the
application of CAR-T in solid tumors faces numerous challenges. Key obstacles include the lack of tumor-
specific antigens, ineffective targeting and infiltration of CAR-T cells into tumor sites, the immunosuppressive
tumor microenvironment (TME), treatment-related toxicity, and antigen escape. The future directions for CAR-T
therapy development in solid tumors are the identification of new antigens, optimization of CAR constructs,
modification of the TME, and potential combination therapies.

Conclusions: CAR-T therapy represents a promising and personalized approach to cancer treatment, with the
potential for durable responses and applications in solid tumors, although further improvements are necessary to
overcome existing limitations and enhance the effectiveness and safety of this therapy.

Keywords: CAR-T cells, solid tumors, tumor microenvironment, cancer immunotherapy.

1. Introduction

In recent years, immunotherapy has revolutionized therapeutic approaches to cancer treatment, currently
constituting the fourth pillar of oncological therapy alongside surgery, radiotherapy, and chemotherapy.
Particularly promising have been strategies utilizing modified T lymphocytes, including Chimeric Antigen
Receptor T (CAR-T) cell therapy. CAR-T therapy, which involves the genetic reprogramming of a patient’s T
lymphocytes to recognize and destroy cancer cells, has yielded unprecedented results in the treatment of
treatment-resistant and relapsed hematologic cancers [1]. A prime example of this is therapies targeting the CD19
antigen in various types of B-cell leukemias and lymphomas, where high remission rates have been achieved,
reaching up to 85% in acute lymphoblastic leukemia (ALL) [2] and up to 100% in patients with refractory or
relapsed B-cell acute lymphoblastic leukemia (B-ALL) [3]. Similarly, CAR-T therapies targeting the BCMA
antigen have shown efficacy in the treatment of multiple myeloma, with complete remission rates ranging from

29 to 60% in patients with relapsed/refractory multiple myeloma [4].

Despite these spectacular successes in hematologic oncology, the application of CAR-T therapy in the treatment
of solid tumors faces several significant challenges. Major limitations include difficulties in tumor infiltration by
T lymphocytes, insufficient recruitment of T cells to the tumor site due to abnormal chemokines secreted by solid
tumor cells, and the immunosuppressive tumor microenvironment (TME) [5]. Moreover, in solid tumors, there is

limited availability of suitable antigens, tumor heterogeneity, and physical barriers such as desmoplastic stroma



and abnormal vasculature, leading to hypoxia and impaired nutrient availability. Therefore, intensive research is

being conducted to improve the efficacy and safety of CAR-T therapy with regard to solid tumors [6].

This scientific article aims to analyze and summarize the current knowledge regarding the effectiveness,
limitations, and prospects of CAR-T therapy in the treatment of solid tumors. Both the promising clinical
outcomes to date and the main challenges that must be overcome to fully exploit the potential of this innovative
immunotherapy method in the fight against solid tumors will be discussed. Additionally, future research
directions and strategies aimed at increasing the efficacy, safety, and durability of therapeutic responses in this

patient group will be presented.

2. Materials and Methods

A search of the PubMed and Google Scholar databases was conducted using relevant keywords to find available
studies published up to March 18, 2025. Only articles written in English were included. A preliminary selection

of titles and abstracts was made, followed by a full-text review of the relevant publications.

3. Results

3.1. Studies on the Effectiveness of CAR-T Cell Therapy in Solid Tumor Treatment

3.1.1. Colorectal Cancer (CRC)

Various targets have been studied for CAR-T therapy in colorectal cancer (CRC). The carcinoembryonic antigen
(CEA) is one of the main targets, and clinical trials using CAR-T cells targeting CEA have shown some
effectiveness [7]. In a phase I study, one of three CRC patients had a partial response, although all patients
experienced adverse events, such as severe colitis [8]. Another phase I dose-escalation study of CAR-T therapy
targeting CEA in metastatic CRC showed disease stabilization in 7 of 10 patients and tumor reduction in 2
patients [9]. Other targets are also being investigated, such as CD133, which in clinical trials for pancreatic
cancer and hepatocellular carcinoma has demonstrated an inhibitory effect on the metastatic potential of tumors

[10].

3.1.2. Sarcomas

A phase I/II clinical trial (NCT00902044) using CAR-T cells targeting the human epidermal growth factor
receptor-2 (HER2) in 19 patients with HER2-positive sarcomas (mainly osteosarcomas) showed disease
stabilization in 4 of 17 evaluable patients for 3 to 14 months, with one patient having >90% tumor necrosis after
tumor resection. The median overall survival in this group was 10.3 months. No serious adverse events were
observed other than high fever in one patient [11]. A phase II study (SPEARHEAD-1) with TCR-T cells
targeting MAGE-A4 showed promising results. In the evaluated population of 33 patients with synovial sarcoma
and 4 with myxoid/round-cell liposarcoma, the overall response rate (ORR) was 39.4%, and the disease control

rate was 84.8%. Two complete responses were observed in patients with synovial sarcoma [12,13].



3.1.3. Glioblastoma (GBM)

Several targets have been studied for CAR-T therapy in glioblastoma multiforme (GBM). HER2-targeted CAR-
T cells in a phase I study (NCT01109095) in 17 GBM patients were well tolerated, and the median overall
survival for 8 patients after treatment was 11.1 months (24.5 months from diagnosis), with 3 patients remaining
progression-free at the last follow-up [14]. Another phase I study (NCT03500991) with local CAR-T
administration targeting HER2 in central nervous system (CNS) tumors in children showed increased chemokine
secretion without CAR-T dose-related toxicity. [IL-13Ra2 is a promising target [15], and a study (NCT02208362)
with multiple administrations of CAR-T cells targeting IL-13Ro2 resulted in complete tumor regression in a
patient with disseminated GBM for nearly 8 months [16]. Another study (NCT00730613) with the same target
showed good tolerance of therapy with controlled encephalitis, and one patient had a short-term remission [17].
GD2 is also being considered as a target in GBM, and a phase I study (NCT04196413) showed clinical and
radiological improvement in patients with H3K27M-mutant DIPG or spinal DMG treated with GD2-targeted
CAR-T cells [18]. CAR-T cells targeting EGFRVIII in recurrent GBM (NCT02209376) showed anti-tumor
effects, with a median overall survival of approximately 8 months in all patients [19]. Other antigens, such as

EphA2 (NCT02575261) and MUC1 (NCT02839954, NCT02617134), are also being investigated [20].

3.1.4. Pancreatic Cancer and Advanced Biliary Tract Cancers (BTC)

In a phase I study (NCT01935843) of CAR-T cells targeting HER2 in patients with pancreatic cancer (PC) and
advanced biliary tract cancers (BTC), the median overall survival was 4.8 months (range 1.5-8.3 months), with
minimal and reversible toxic effects observed [21]. In pancreatic cancer, other targets, such as CD133 [22],
MUC-1 [23], PSCA [24], mesothelin [25], and FAP [26], are also being studied. CAR-T cells with CXCR2

expression may migrate more effectively towards IL-8 in animal models of pancreatic cancer [27].

3.1.5. Neuroblastoma

In a phase I study (NCT00085930) evaluating the effect of CAR-T cells targeting GD2 in 11 patients with
neuroblastoma, complete remission was observed in 3 patients [18]. Another study (NCT02107963) with GD2
CAR-T cells showed that they were well tolerated, and in 16.7% of evaluated patients, disease progression was

noted after 28 days, while 83.3% had disease stabilization [28].

3.1.6. Metastatic Melanoma

The GD2 ligand was also targeted in a phase I study (ACTRN12613000198729) for patients with GD2-positive
metastatic melanoma treated with CAR-T cells. The data showed increased expression of LAG-3 and PD-1 in
the administered CAR-T cells. Therefore, combining CAR-T cells with PD-1 checkpoint blockade may enhance
the effectiveness of CAR-T therapy [29]. CAR-T cells targeting MART-1 and gpl00 were also studied in
melanoma. MART-1 studies showed an objective response rate (ORR) not exceeding 12% in one trial [30].
TCRs recognizing MART-1 in other studies showed a slightly better clinical response in one of the studies (ORR
30%), but were associated with skin, eye, and auditory toxicities. Similarly, CAR-T cells targeting gp100 showed



an ORR of 16% in melanoma, but also with skin, eye, and auditory side effects [31]. CAR-T cells targeting NY-
ESO-1 showed promising results in clinical trials, with a mean response rate of 47% (ORR ranging from 20 to

67%), 8 complete remissions, and 40 partial remissions, without severe toxicities [32].

3.1.7. Lung Cancer and Breast Cancer

In a phase I study (NCT02706392) evaluating CAR-T cells targeting the receptor tyrosine kinase ROR1 found in
lung and breast cancers, 4 out of 5 patients experienced a mixed response with tumor mass reduction in some
metastatic sites [33]. In non-small cell lung cancer (NSCLC), CAR-T cells targeting EGFR were studied
(NCTO01869166), showing partial response in 2 patients and disease stabilization in 5 patients without severe
toxicity [34]. EGFR-CAR-T therapy with the piggyBac transposon system in NSCLC (NCT03182816) showed a
durable response in 1 patient (over 13 months) and disease stabilization in 6 patients [20]. CEA is also a target in
lung and breast cancer. A phase I study of P-MUCIC-ALLO1 (allogenic CAR-T therapy) in advanced or
metastatic solid tumors (including breast cancer) showed partial response in a patient with HR+, Her2- breast

cancer [35].

3.1.8. Ovarian Cancer

In ovarian cancer, CAR-T cells targeting various antigens, including MUC-1, mucin-16 (MUC-16) [36], and
TAG72 [37], have been studied. Cytotoxicity of CAR-T cells targeting these antigens has been demonstrated
both in vitro and in vivo. 5T4, an oncofetal TAA, is also considered as a target, with preclinical studies showing
its potential [38]. Clinical studies have evaluated CAR-T cells targeting mesothelin (MSLN) in ovarian cancer.
One phase I/II study showed partial remission in a patient with recurrent epithelial ovarian cancer treated with

MSLN-targeted CAR-T cells and PD-1 blockade combined with an angiogenesis inhibitor [39].

3.1.9. Pleural Mesothelioma

CAR-T cells targeting mesothelin were administered to patients with pleural mesothelioma in a phase I study,
showing good expansion but limited durability. Preliminary results from a study with CAR-T cells targeting
mesothelin in combination with anti-PD-1 antibody in patients with pleural mesothelioma showed a 72%

response rate [40].

3.1.10. Thyroid Cancer

CAR-T cells targeting ICAM-1 are being studied in advanced thyroid cancer [41]. However, challenges exist
related to potential targeting of activated T lymphocytes and neutralization by soluble ICAM-1 [42]. Medullary
thyroid cancer (MTC) may be a good target due to the expression of CEA and GFRA4, and CAR-T strategies
targeting GFRA4 are in the preclinical phase [43].



3.2. Limitations of CAR-T Cell Therapy in Solid Tumors

3.2.1. Difficulties in Tumor Trafficking and Infiltration: This is one of the biggest challenges because, unlike
hematologic tumors, T cells must overcome multiple barriers to reach their target site in solid tumors [44]. These

barriers include:

1. Immunosuppressive tumor microenvironment (TME), which inhibits T cell activity [45].

2. Physical barriers in the tumor, such as the tumor stroma, which limits the diffusion and mobility of
CAR-T cells. The stroma mainly consists of the extracellular matrix, with heparan sulfate proteoglycan
(HSPG) being a major component that impedes CAR-T cell infiltration [46].

3. Abnormal tumor vasculature, including distorted high endothelial venules, which normally facilitate T
cell entry [47].

4. Lack of an appropriate chemotactic gradient, where T cells may not reach the target if they do not

express the correct chemokine receptor [48].

3.2.2. Antigen Heterogeneity and Antigen Loss (Tumor-Antigen Escape): Solid tumors often exhibit
heterogeneous expression of tumor-associated antigens (TAAs), and tumor cells may lose expression of the
targeted antigen over time, leading to escape from CAR-T therapy. Antigen escape is a significant limitation of
CAR-T therapy, especially when targeting a single antigen. Tumor cells can evolve under the immune pressure
exerted by CAR-T cells, leading to a reduction or complete loss of target antigen expression. This allows them to
evade recognition and destruction by CAR-T cells, resulting in disease relapse. Antigen heterogeneity in solid

tumors further complicates this issue, as not all cancer cells within the tumor may express the target antigen. [49].

3.2.3. "On-target, off-tumor" Toxicity: Target antigens for CAR-T cells are not always unique to tumor cells and
may also be expressed on normal tissues, leading to attacks on healthy cells and organs. An example is the attack

on healthy plasma cells in BCMA CAR-T therapy [50].

3.2.4. Immunosuppressive Tumor Microenvironment: The TME in solid tumors contains various
immunosuppressive cells, such as myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages
(TAMs), and regulatory T cells (Tregs), which inhibit CAR-T cell activity. These cells secrete factors that inhibit
T cell activity and promote tumor growth. TAMs can exhibit an M2 phenotype, which has a pro-inflammatory
role. The TME contains soluble immunosuppressive factors such as transforming growth factor B (TGF-p),
prostaglandin E2 (PGE2), reactive oxygen species (ROS), interleukin-6 (IL-6), interleukin-10 (IL-10), and
vascular endothelial growth factor (VEGF). These factors can suppress the proliferation and effector functions of
CAR-T cells and promote T cell exhaustion. For example, TGF-B can drive T cell differentiation into Tregs,
while PGE2 and adenosine can inhibit T cell signaling and activation. Upregulation of immune checkpoint
ligands, such as PD-L1 on tumor cells and other TME cells, can lead to CAR-T cell exhaustion and weaken the
antitumor response by interacting with receptors like PD-1 on CAR-T cells. Additionally, factors like low
oxygen levels (hypoxia) and high levels of reactive oxygen species (ROS) within the TME negatively impact
CAR-T cell proliferation and survival [45].



3.2.5. Heterogeneity of CAR-T Cells: Like unmodified T lymphocytes, CAR-T cells exhibit significant
heterogeneity, which can be linked to the CAR construct or intrinsic cell features. This heterogeneity impacts the
effectiveness and safety of the treatment. CAR-T cells may become exhausted after repeated antigen stimulation

[51].

3.2.6. Toxicities Associated with CAR-T Therapy: Despite promising results, CAR-T therapy is associated with
the risk of severe toxicities, such as cytokine release syndrome (CRS) [52] and immune effector cell-associated

neurotoxicity syndrome (ICANS) [53].

CRS is a common and potentially life-threatening inflammatory syndrome resulting from excessive activation of
the immune system. Activation of CAR-T cells upon recognizing the target antigen leads to their proliferation
and the release of large amounts of pro-inflammatory cytokines, such as interferon-y (IFN-y), IL-1, IL-6, and IL-
10. These cytokines can activate other immune cells, including monocytes and macrophages, which further
amplify the inflammatory response by producing IL-6 and IL-1. Mild CRS symptoms include fever, fatigue,
muscle and joint pain, low blood pressure, nausea, headaches, and skin rashes. In more severe cases, it can lead
to hypotension, cardiac dysfunction, shock, respiratory failure, kidney failure, multiple organ failure, and even
death. CRS treatment strategies include the administration of cytokine-blocking drugs such as tocilizumab (IL-6
receptor blocker), siltuximab, and sarilumab, as well as corticosteroids. IL-1 receptor antagonists (anakinra) are

also used for CRS prevention [52].

ICANS is a serious adverse effect that can occur within days or weeks after CAR-T cell infusion. The exact
etiology of ICANS is not fully understood, but it is believed to result from excessive release of cytokines and
other pro-inflammatory molecules by CAR-T cells in the central nervous system. This leads to an immune
response in the brain and potentially disrupts the blood-brain barrier. ICANS symptoms can vary and include
disorientation, agitation, delirium, and, in severe cases, seizures, brain edema, and encephalopathy. ICANS
management involves neurological monitoring, supportive care, and the administration of anticonvulsants and
anti-inflammatory drugs (corticosteroids). IL-6 inhibitors are often ineffective in treating CAR-T-related

neurotoxicity [53].

3.2.7. High Cost, Duration, and Complexity of Implementation: The implementation of CAR-T therapy presents

logistical and financial challenges [54].

3.2.8. Limited Effectiveness Compared to Hematologic Tumors: Meta-analyses have shown a lower response

rate to CAR-T therapy in solid tumors compared to hematologic cancers [55].

3.2.9. Risk of Inducing Resistance: The mechanisms of resistance in solid tumors to CAR-T therapy are not fully
understood. It is important to note that researchers are actively working on various strategies to overcome these

limitations and improve the effectiveness and safety of CAR-T therapy for solid tumors [56].



3.3. Perspectives for CAR-T Therapy in Solid Tumors

3.3.1. Improving Targeting of Tumor Antigens

1. Targeting Multiple Antigens: Utilizing combined CAR-T strategies, involving the simultaneous use of
two or more CAR-T cells, each targeting a single antigen, may reduce the risk of tumor resistance
associated with antigen loss. An example is the combination of CAR-T targeting EGFR and CD133 in
the treatment of cholangiocarcinoma [57].

2. Bispecific CAR-T (biCAR-T): BiCAR-T cells are designed to simultaneously recognize two different
antigens on the surface of cancer cells. This strategy aims to overcome antigenic heterogeneity in
tumors and prevent antigen escape, a common resistance mechanism in CAR-T therapy targeting a
single antigen.

There are several approaches to constructing biCAR-T cells:

» Co-expression of two separate CAR receptors within a single T cell, each recognizing a different
antigen. This strategy follows the "OR logic," where binding to either antigen induces T cell activation.

» Tandem bispecific CAR constructs (TanCAR), in which two single-chain variable fragments (scFvs)
targeting different antigens are linked within a single receptor chain. Studies have shown that this
strategy is functionally superior to co-expressing two separate CARs. Examples include CAR-T cells
targeting CD19/CD20 and CD19/CD22 for treating B-cell malignancies.

* Bispecific CAR-T cells with split signaling pathways, where the activation and co-stimulatory signals
are divided between two separate CARs, each recognizing a different antigen. T cell activation occurs
optimally only when both antigens are recognized simultaneously, implementing "AND logic" to
potentially enhance therapy specificity and safety [58].

Advantages of Bispecific CAR-T Cells:

* Enhanced Antitumor Efficacy: By targeting cancer cells expressing either of the selected antigens,
bispecific CAR-T therapy is particularly beneficial in addressing antigenic heterogeneity in both solid
and hematologic tumors.

* Reduced Risk of Antigen Escape: Since tumor cells would need to lose the expression of both target
antigens to evade recognition and destruction, bispecific CAR-T cells help mitigate one of the major
resistance mechanisms in CAR-T therapy.

* Potentially Greater Specificity: Certain designs, such as those using "AND logic," may improve
specificity and reduce on-target off-tumor toxicity, thereby enhancing the safety profile of the therapy
[58].

Examples of Bispecific CAR-T Cells Reported in Studies:

* CD19/CD20 and CD19/CD22 TanCAR in the treatment of B-cell malignancies, currently in clinical
trials for lymphomas and acute lymphoblastic leukemia (ALL).

* Bispecific CAR-T targeting IL13R0o2 and HER2 demonstrated significant potential in eliminating

solid tumor cells and reducing antigen escape in a glioblastoma model.



* biCAR-T targeting ErbB2 and MUC1 showed effective antitumor activity in vitro against breast
cancer.

* Preclinical studies tested tandem CARs targeting HER2/IL13Ra2 in glioblastoma and HER2/MUC1
in breast cancer, showing improved antitumor responses compared to single-antigen therapies [58].

3. Switch-controlled CAR-T: Developing systems that allow the precise activation and deactivation of
CAR-T cells to control toxicity. An example is the use of small molecule "switches" or suicide genes,
like iCasp9, which induces apoptosis in CAR-T cells after administration of a specific drug [59].

4. Targeting Glycosylated Antigens: Employing CAR-T cells that target glycosylated antigens present on
cancer cells as a means of bypassing immune evasion [60].

5. Selection of More Specific Tumor-Specific Antigens (TSA): Identifying and targeting tumor-specific
antigens (TSA), which are ideal targets but rarely present in solid tumors. Most antigens in solid tumor

therapies are tumor-associated antigens (TAA) that are also found in normal tissues [61].

3.3.2. Improving Migration and Infiltration of CAR-T Cells into Tumors

1. Chemokine Receptor Expression: Engineering CAR-T cells to express appropriate chemokine receptors
(CCR) that bind to chemokines secreted by tumor cells, promoting their infiltration into the tumor
microenvironment. For example, T cells with the CXCR2 receptor showed more efficient targeting of
melanoma [62].

2. Local Administration of CAR-T: Direct injection of CAR-T cells into the tumor (intra-tumoral) or body
cavities (e.g., peritoneal, pleural, or intraventricular) increases their local concentration and reduces
systemic toxicity. Delivery systems such as transdermal porous microneedles are also being developed
[63].

3. Targeting Tumor Vasculature: Designing CAR-T cells to target antigens associated with tumor blood
vessels, such as VEGFR-2 [64], VEGFR-1 [65], or integrins avB3 and avf6, to improve infiltration and
reduce tumor growth [66].

4. Overcoming Physical Barriers: Engineering CAR-T cells to secrete enzymes that degrade the
extracellular matrix (ECM), such as heparanase (HPSE), or targeting fibroblast-activating proteins (FAP)
to remove stromal cells [67].

5. Armored CAR-T: Equipping CAR-T cells with additional functions, such as chemokine secretion (e.g.,
CXCLI11), to recruit other immune cells [68].

3.3.3. Modulating the Immunosuppressive Tumor Microenvironment (TME)

1. Checkpoint Inhibition: Combining CAR-T therapy with immune checkpoint inhibitors (e.g., anti-PD-1,
anti-CTLA-4) to overcome immune suppression within the TME. It is also possible to engineer CAR-T
cells to secrete checkpoint inhibitors [69].

2. Engineering CAR-T Cells Resistant to the TME: Modifying CAR-T cells to be less susceptible to
immunosuppressive factors in the TME, such as TGF-f§ (through the expression of dominant-negative

TGF-p receptors) or ROS (through the expression of catalase) [70].
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3. Reprogramming the TME: Engineering CAR-T cells to secrete cytokines (e.g., [L-12, IL-18) or other
factors that can convert the immunosuppressive TME into a more immunogenic one, such as altering

macrophage polarization from M2 to M1 and reducing the number of MDSCs and Tregs [71].

3.3.4. Reducing Toxicity

1. Designing CARs with Optimized Affinity: Adjusting the binding strength of the antigen-recognition
domain in CAR to achieve therapeutic efficacy with minimal toxicity [72].

2. Incorporating Co-stimulatory Domains Influencing Toxicity: Selecting appropriate co-stimulatory
domains (e.g., CD28 vs. 4-1BB) can affect the cytokine profile and the risk of cytokine release
syndrome (CRS) [73].

3. Utilizing Suicide Genes and "Switches": As previously mentioned, systems such as iCasp9 or tyrosine
kinase inhibitors (e.g., dasatinib) allow for controlled deactivation of CAR-T activity in case of toxicity
[59].

4. Blocking Pro-inflammatory Cytokines: Using drugs to block cytokines involved in CRS (e.g.,
tocilizumab blocking IL-6) [74]. CAR-T cells that secrete antagonists of cytokine receptors (e.g., IL-1R
antagonist) are also being developed. Neutralizing GM-CSF may be another approach to managing

CRS and neurotoxicity [75].

3.3.5. Utilizing Other Effector Cells

1. CAR-Macrophages (CAR-M): CAR-M cells are genetically modified macrophages engineered to
express a chimeric antigen receptor (CAR) on their surface. The CAR recognizes tumor-associated
antigens (TAA) in an MHC-independent manner. Upon binding to TAA, CAR-M cells become activated,
leading to the phagocytosis of cancer cells, the release of pro-inflammatory cytokines (such as IL-8, IL-
6, and TNF-a), and the activation of T cell-dependent antitumor immunity. M1 macrophages, which are
promoted by CAR-M modifications, contribute to tumor cell killing through phagocytosis and the
release of reactive oxygen and nitrogen species (ROS/iNOS). They can also present tumor antigens,
inducing an adaptive immune response.CAR-M cells have unique properties such as phagocytosis,
migration, and infiltration of the tumor microenvironment (TME), along with a low risk of graft-versus-
host disease (GvHD), making them an attractive allogeneic option. Clinical trials are ongoing with
CAR-M cells targeting various antigens in solid tumors [76, 77].

2. CAR-Natural Killer (NK) Cells: CAR-NK cells are genetically modified natural killer (NK) cells
engineered to express a chimeric antigen receptor (CAR). Similar to CAR-T cells, the CAR on NK cells
recognizes tumor-associated antigens (TAA) in an MHC-independent manner. CAR-NK activation
leads to the release of cytotoxic proteins such as perforins and granzymes, which induce apoptosis and
necrosis of cancer cells. NK cells also possess natural cytotoxic mechanisms, including target cell
recognition through activating and inhibitory receptors (KIR) and antibody-dependent cellular
cytotoxicity (ADCC) via the CD16 receptor. Additionally, activated CAR-NK cells secrete cytokines
such as IFN-y and TNF-0, which enhance their own activation and stimulate other immune cells. NK

cells modified with CAR are a promising alternative to CAR-T due to their lower risk of CRS and
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neurotoxicity, potential for "off-the-shelf" products, and their ability to act both in a CAR-dependent
and CAR-independent manner [78].

3.3.6. Utilizing Artificial Intelligence (AI) and Biomarkers

1. Identification of Predictive Biomarkers: Using Al to analyze data (e.g., tumor mutations, signaling
pathways, gene expression, radiological imaging) to identify biomarkers that predict response to CAR-T
therapy, disease progression, and survival [79].

2. Radiomics: The analysis of medical imaging patterns using Al to predict therapy outcomes:

* Identification of Predictive Biomarkers: Al-based prognostic tools can utilize radiomic data (from CT,
PET, and MRI scans) to identify biomarkers or signatures that predict the outcomes of CAR-T therapy.
Al algorithms are capable of analyzing subtle and complex image patterns that are imperceptible to the
naked eye, distinguishing patients who will respond to therapy from those who will not.

* Improvement of Therapeutic Interventions: Accurate prediction of aggressive imaging features
through non-invasive methods can be used to refine CAR-T cell-based therapeutic interventions,
allowing for better treatment planning.

* Building Predictive Models: Advanced AI models that predict CAR-T therapy response, disease
progression, and survival can be built using radiomic data along with other multi-omics and clinical
data.

* Identification of Imaging Signatures: There is a need to generate radiomic data and other tumor
imaging data to predict imaging signatures associated with response to CAR-T therapy using various
machine learning techniques.

* Prediction of New Antigens and Molecules: Radiomics could potentially be used to predict new
cancer-associated antigens and novel molecules in immune cells, providing insights for the

development of future therapies. [80].

3.3.7. Combination Therapy

Combining CAR-T therapy with other treatment modalities such as chemotherapy (at low doses with
immunomodulatory effects), radiotherapy (local tumor ablation releasing antigens), and other immunotherapies

(e.g., checkpoint inhibitors, cancer vaccines) to synergistically enhance efficacy [81].

4. Discussion

CAR-T therapy has already shown promising results in some solid tumors, including cancers that poorly respond
to current immunotherapies, such as sarcomas. However, compared to the significant progress made in the
treatment of hematologic cancers, the application of CAR-T therapy in solid tumors faces considerable

challenges.

The main limitations include: the lack of specific tumor antigens, low efficiency in targeting and migration of
CAR-T cells to tumor sites, the immunosuppressive tumor microenvironment (TME), and the toxicity associated

with CAR-T cells themselves, such as "on-target, off-tumor" toxicity, cytokine release syndrome (CRS), and
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neurotoxicity. Furthermore, tumor cells can develop escape mechanisms by downregulating antigen expression.

The process of manufacturing CAR-T cells is complex, time-consuming, and costly.

Despite these challenges, there has been an intense clinical development of CAR-T therapy against solid tumors,
with numerous strategies aimed at improving its efficacy and safety. Prospects include: better selection of tumor-
specific antigens (TSA) and optimization of T cell engineering to reduce toxicity and enhance anti-tumor
effectiveness. Combining CAR-T therapy with other methods, such as oncolytic viruses and radiotherapy
(improving T cell targeting), as well as immune checkpoint inhibitors, cytokines, and cancer vaccines (enhancing

T cell activity and survival), is also under consideration.

Alternative strategies are also being explored, such as CAR-NK cells and CAR-macrophages, which show
certain advantages over CAR-T therapy, particularly regarding toxicity and the potential for "off-the-shelf"
product production. Additionally, combining different therapies based on modified cells, such as CAR-M with
CAR-NK or CAR-T, may enhance anti-tumor effects by engaging both the innate and adaptive immune systems

and targeting different antigens simultaneously.

The future also lies in the use of artificial intelligence (Al) to overcome many obstacles associated with CAR-T
therapy, including predicting new antigens, analyzing safety and efficacy, and automating the production process.
The development of fourth- and fifth-generation CAR receptors and the use of CRISPR/Cas9 gene-editing
technology are also promising directions for development. There is also the potential for the development of

more cost-effective methods, such as universal CAR-T cells derived from healthy donors.

5. Conclusions

In summary, CAR-T cell therapy is revolutionizing cancer treatment, demonstrating remarkable efficacy in
hematologic malignancies. However, its application in treating solid tumors faces significant challenges that
limit its effectiveness. Key obstacles include limited penetration and migration of CAR-T cells into the tumor,
the immunosuppressive tumor microenvironment, lack of specific tumor antigens, antigen escape, and therapy-
related toxicities. Future research directions focus on developing innovative CAR-T cell engineering strategies to
enhance their antitumor activity and reduce toxicity, identifying reliable tumor-associated antigens, overcoming
tumor microenvironment barriers, and exploring alternative CAR-based therapies, such as CAR-NK and CAR-
macrophages. The use of combination therapy and artificial intelligence may contribute to optimizing the clinical

applications of CAR-T therapy in solid tumors.
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