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Abstract

CAR-T cell therapy, an ascending star in the immunotherapy landscape, harnesses the
patient’'s innate immune defenses to confront cancer and a spectrum of hematologic
disorders, while also exhibiting promising avenues for application in other maladies.
This comprehensive review delves into the fundamental mechanisms of CAR-T cell
therapy, the evolution and design strategies of successive generations of CAR-T cells, as
well as the advancements and clinical implementations achieved in treating a diverse
array of diseases.
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1. Introduction

The pioneering concept of CAR-T cell therapy, initially envisioned by Dr. Zelig Eshhar during
the late 1980s and early 1990s at the prestigious Weizmann Institute of Science in Israel,
represented a significant leap in biomedicine.[1] Dr. Eshhar's innovative idea of
reprogramming the immune system's T cells to fight cancer laid the foundational framework
for subsequent developments in the field[2]. This theoretical construct was later brought to
fruition through the pivotal work of Dr. Carl June and his team at University. Their efforts in the
early 2000s transformed Dr. Eshhar's vision into a clinically applicable and highly effective
treatment modality for multiple cancer types, showcasing remarkable therapeutic outcomes
that heralded a new era in cancer therapy. At its core, CAR-T cell therapy capitalizes on the
patient's innate immune system to combat malignancies that pose challenges to conventional
therapeutic strategies, such as chemotherapy and radiation. These achievements can be
credited to the evolution of CAR-T cells across multiple generations, each iteration
incorporating design enhancements and functional improvements to amplify their therapeutic
prowess. The introduction of co-stimulatory domains, optimization of the CAR construct, and
advances in cell manufacturing processes have each contributed to improved efficacy and
safety profiles, enabling broader clinical applications and transforming the prognosis for many
patients with previously intractable diseases.

One view points out that although CAR-T therapy is effective, the cytokine release syndrome
(CRS) and neurotoxicity induced by it are serious side effects; Another view emphasizes that
the risk of these side effects can be reduced through improved CAR design and the use of
combination drug strategies. In addition, scholars such as Maus et al. also explained from the
perspective of immune regulation. Nevertheless, existing research has shown some
shortcomings. First, from a study design point of view, most research has focused on treating
blood tumors, while relatively little research has been done on solid tumors. Secondly, from the
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perspective of data analysis methods, existing studies tend to use traditional biostatistical
methods, and pay insufficient attention to deep learning analysis methods for complex data.
Finally, from an argumentative point of view, the existing literature focuses more on a single
outcome measure, and the long-term impact on patients' quality of life is not discussed enough.
The literature review outlined above will provide theoretical basis and research direction for
this paper to further explore the application and challenges of CAR-T cell therapy in future
cancer treatment.

The present study endeavors to delve into the core principles underlying CAR-T cell therapy,
tracing the progression of CAR-T cell designs across multiple generations, and examining the
breadth of applications as well as the challenges encountered in treating diverse diseases with
this approach. Our focus encompasses a comprehensive analysis of clinical advancements and
research milestones achieved in the realms of hematologic malignancies, solid tumors, and
autoimmune disorders. Furthermore, we will embark on a discourse on the economic viability
and ethical implications of CAR-T cell therapy, while simultaneously outlining potential
avenues for future research aimed at refining and enhancing this promising therapeutic
modality.

As CAR-T cell therapy progresses relentlessly, it harbors profound potential to revolutionize the
panorama of cancer management and extend its reach, instilling fresh optimism among patients
battling recalcitrant and recurrent diseases. By meticulously examining contemporary advancements
and the prevailing obstacles, this study endeavors to furnish a nuanced comprehension of the current
status and future trajectories of CAR-T cell therapy within the realm of medical science.

2. Basic Principles of CAR-T Cell Therapy

The essence of CAR-T cell therapy encompasses the extraction of T cells from a patient's own
body, subsequent genetic manipulation to incorporate synthetic chimeric antigen receptors
(CARs)[1], and subsequent expansion of these genetically altered T cells under laboratory
conditions prior to their reintroduction into the patient's system[2]. The CAR architecture
comprises three integral segments: the antigen recognition module, the transmembrane anchor,
and the intracellular signaling cascade. This orchestrated interplay of components ensures the
CAR-T cells' proficiency in identifying and eliminating designated target cells.

3. Applications of CAR-T Cell Therapy in Hematologic Malignancies

3.1. B-cell lymphomas

CAR-T cell therapy is primarily focused on targeting the CD19 antigen, a protein ubiquitously
expressed on the surface of B-cells. The engagement of this antigen by CAR-T cells leads to
significant therapeutic responses and the potential for durable remissions in patients. Such
outcomes are not only promising but also indicative of the profound impact this therapy can
have on the course of the disease.[5] Extensive clinical trials and evaluations have consistently
highlighted the high efficacy of CD19-directed CAR-T cells. In patients suffering from recurrent
or treatment-resistant ALL, these specialized cells have been shown to achieve complete
remission rates that impressively range from 70 to 90%.[6] These findings not only validate the
effectiveness of this approach but also mark CAR-T cell therapy as a potentially groundbreaking
treatment in the field of hematologic cancers.

3.2. Chronic lymphocytic leukemia (CLL)

The CAR gene was then introduced into these T cells through a retrovirus-mediated
transduction process. Although the treatment of CLL faces complex challenges, such as
individual differences in the inhibitory tumor microenvironment and patient response, clinical
studies have shown encouraging results.[7] These studies mark significant overall response
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rates, further highlighting the potential of CAR-T cell therapy in this setting. In addition, these
therapeutic results not only offer new hope for disease control, but also demonstrate the
possibility of improving therapeutic outcomes through precision targeting and cell engineering
techniques. However, despite this remarkable achievement, the therapy still needs to address
issues including long-term safety, cost-effectiveness, and how to optimize the treatment
regimen to suit the specific needs of different patients.

3.3. Multiple Myeloma (MM)

The development of CAR-T cell therapies targeting B-cell maturation antigen (BCMA) has
significantly contributed to the management of MM][3]. Given BCMA's robust expression on
myeloma cells, CAR-T cells designed to recognize this antigen have exhibited remarkable
therapeutic potency, particularly among patients with relapsed or refractory MM. Rigorous
clinical assessments have showcased exceptional overall response rates, with numerous
patients attaining profound and long-lasting remissions[4].

3.4. Other non-Hodgkin lymphomas (NHL)

Beyond CD19, researchers are exploring the design of CAR-T cells targeting alternative antigens,
including CD20 and CD22, to tackle diverse subtypes of NHL. To mitigate the risk of antigen
escape, wherein tumor cells circumvent immune surveillance by downregulating the targeted
antigen, dual- or multi-targeted CAR-T cells are under development. By concurrently targeting
multiple antigens, this approach enhances the therapeutic efficacy of CAR-T cell therapy against
these malignancies, thereby optimizing treatment outcomes and fostering more
comprehensive immune responses[5]. The key to the selection of alternative antigens is their
ability to provide higher tumor specificity while having low or no expression in normal tissues,
thus reducing damage to healthy cells. Researchers have identified some tumor-specific or
tumor-associated antigens (such as CD19, BCMA, etc.) In addition, in order to enhance the
safety and effectiveness of CAR-T cells, several innovative technologies are being investigated,
such as the use of dual-target CAR-T cells, which recognize two antigens at the same time,
thereby improving their specificity to tumor cells and reducing their attack on normal cells.
Another strategy is to develop switchable CAR T cells that control their activity with drugs so
that they can be quickly turned off if serious side effects are detected.

4. Applications of CAR-T Cell Therapy in Solid Tumors.

4.1. CAR-T cell therapy in Gastric cancer

Researchers have developed a trio of CAR-T cell constructs specifically designed to target
CLDN18.2, including second- and third-generation designs. The third-generation construct
innovatively incorporates a synthetic PD1/CD28 chimeric switch receptor (CSR). Recent
clinical trials have demonstrated that CAR-T cell therapy targeting CLDN18.2 shows significant
efficacy in treating gastric cancer. For example, some patients in one study experienced
substantial tumor shrinkage or complete tumor disappearance after receiving the therapy.
Additionally, this treatment may have fewer side effects than traditional chemotherapy and
radiation. By precisely targeting cancer cells and minimizing damage to normal cells, CAR-T cell
therapy offers a more targeted approach. However, the therapy still faces several challenges,
including immune-related side effects, variability in individual patient responses, and high
treatment costs. Furthermore, the specificity of CLDN18.2 targeting and its long-term safety
require further validation through additional studies. CAR-T cell therapy targeting CLDN18.2
holds promise as an effective treatment for gastric cancer, with the potential for fewer side
effects compared to traditional therapies. Continued research is essential to address the
existing challenges and confirm the long-term safety and efficacy of this innovative approach.
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4.2. CAR-T cell therapy in Liver Cancer

In the context of liver cancer, specifically hepatocellular carcinoma (HCC), Glypican-3 (GPC3)
has emerged as a promising target for CAR-T cell therapy. Following modification, these CAR-T
cells were administered back into patients, where they underwent in vivo expansion, effectively
navigating to tumor sites and initiating potent antitumor responses. Notably, this therapeutic
approach led to a marked decrease in tumor burden among treated individuals. Remarkably,
one patient experienced durable disease control, maintaining their survival status beyond the
data cutoff point, with an extended lifespan exceeding 44.2 months, underscoring the clinical
potential of CAR-T cell therapy targeting GPC3 in HCC[6].

4.3. CAR-T cell therapy in Ovarian cancer

Within the framework of CAR-T cell therapy for ovarian cancer, a multitude of targets are
routinely employed to guide CAR-T cells towards their designated locations within patients[7].
Furthermore, the incorporation of additional targets, such as Trophoblast Glycoprotein (TPBG),
commonly referred to as 5T4, into the design of diverse CAR constructs has been pursued to
enhance the recognition and binding specificity towards ovarian cancer-associated antigens.
This carefully designed process first triggers the activation of T cells and subsequently leads to
the release of cytokines. These cytokines further strengthen the ability of T cells to attack cancer
cells, and ultimately achieve the precise elimination of tumor cells. This process not only shows
the great potential of CAR-T cell therapy in the treatment of ovarian cancer, but also highlights
its high specificity and efficiency in targeted Kkilling of cancer cells. In this way, CAR T cells are
able to recognize and destroy cancer cells that are difficult to remove with traditional therapies,
providing a new and potentially more effective treatment option for ovarian cancer patients.
The successful application of this therapy has further promoted the research and development
of its potential in the treatment of other types of cancer. [16]

4.4. CAR-T cell therapy in Lung cancer:

In the exploration of CAR-T cell therapy for lung cancer, a broad spectrum of targets has
emerged as potential avenues for effective therapeutic intervention [8]. MSLN, a cell surface
glycoprotein, has shown potential in serving as a target for antibody-drug conjugates and CAR-
T cell therapies due to its limited expression in normal tissues and high prevalence in certain
types of lung cancer. HER2, widely known for its role in breast cancer, is also implicated in non-
small cell lung cancer (NSCLC), where its overexpression can be targeted with specific
monoclonal antibodies and tyrosine kinase inhibitors, improving treatment outcomes. GPC3,
another cell surface protein, has been identified as a potential marker and therapeutic target in
several malignancies, including lung cancer, offering new avenues for targeted therapy. Lastly,
EGFR, frequently mutated in NSCLC, is targeted by a range of EGFR inhibitors, which have
substantially improved the prognosis for patients with EGFR-mutant lung cancer. Collectively,
these targets further diversify the arsenal of treatments available for lung cancer, promising
more personalized and effective therapeutic approaches [9].

4.5. CAR-T cell therapy in Pancreatic cancer

In the field of pancreatic cancer therapy, a specific subtype of Claudin 18, Claudin 18.2
(CLDN18.2), has emerged as a promising target due to its high expression in this aggressive
disease. The identification of CLDN18.2 as a target has opened new avenues for the
development of targeted therapies, including CAR-T cell therapy. CAR-T cell therapy specifically
recognize CLDN18.2 on pancreatic cancer cells. Once these engineered CAR-T cells seek out and
destroy cancer cells expressing CLDN18.2, offering a targeted and potent therapeutic approach.
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5. Applications of CAR-T Cell Therapy other Diseases.

5.1. CAR-T cell therapy in head and neck tumors

The application of CAR-T cell therapy has been explored as a therapeutic option for head and
neck tumors, particularly nasopharyngeal carcinoma (NPC), where Epstein-Barr virus (EBV)
serves as a pivotal etiological contributor. The reactivation of the EBV lytic cycle fosters
genomic instability, inflammatory responses, and tumorigenesis within NPC, thereby
expediting cancer progression. For NPC patients who exhibit resistance to conventional
therapies, survival prospects remain bleak. Notably, EBV gp350, an envelope protein
discernible both within and on the surface of malignant cells in NPC specimens, emerges as a
promising viral antigen for T cell-mediated immunotherapy. Research endeavors have
validated the capacity of gp350-targeted CAR-T cells to precisely identify and eliminate gp350-
expressing tumor cells, exhibiting robust antitumor efficacy in both preclinical and in vivo
models[10]. This groundbreaking discovery underscores the immense potential of CAR-T
therapy in the treatment landscape of nasopharyngeal carcinoma.

5.2. CAR-T cell therapy in autoimmune diseases

These conditions are characterized by an aberrant immune system that erroneously targets
healthy tissues, prompting research into CAR-T cells as modulators of this excessive immune
reactivity. In a pioneering move, China initiated the first application of BCMA-targeted CAR-T
cells (CT103A) in April 2022 to treat two refractory myasthenia gravis patients. Notably, post-
infusion, the autoantibody titers associated with myasthenia gravis in both individuals
underwent swift and sustained reduction, accompanied by a remodeling of the B cell landscape,
marked by the elimination of abnormal antibody-producing B cells and the resurgence of
healthy B cell populations, thereby fostering an improved immune milieu[11]. Expanding its
scope, CAR-T cell therapy has also ventured into the treatment of severe SLE. In a study, five
female-dominated (80%) patients with refractory SLE and renal involvement, averaging 22
years of age, underwent CD19 CAR-T cell therapy. Encouragingly, all participants experienced
symptomatic amelioration within three months post-therapy. In addition, during a follow-up
period of up to 17 months, none of the treated patients experienced relapse and all achieved
drug-free remission, underscoring the great therapeutic potential of CAR T cells in the
management of systemic lupus erythematosus (SLE). This long-lasting effect not only
demonstrates the ability of CAR-T cell therapy for long-term control of SLE, but also provides a
strong scientific basis for further clinical research and treatment program development. By
analyzing immune cell activity and biomarkers in these patients in detail, the researchers were
able to gain a deeper understanding of how CAR T cells modulate the immune system and
inhibit the recurrence of the condition. The results of this study offer new hope for SLE patients
and indicate that long-term outcomes may be achieved through one-off treatment in the
future[12].

5.3. CAR-T cell therapy in infectious diseases

The therapeutic potential of CAR-T cell therapy has been delved into for the mitigation of
certain viral infections, notably hepatitis B virus (HBV). The liver, in its healthy state, harbors a
diverse array of CD4+ cells with immunoregulatory roles alongside cytotoxic CD8+ cells.
However, the detrimental effects of HBV on the liver can compromise T cell functionality.
Consequently, CAR-T cell-based immunotherapy emerges as a compensatory strategy, aimed at
addressing T cell deficiencies and exhaustion, thereby achieving effective eradication of HBV
infections. Recent investigations have affirmed the efficacy and safety of CAR-T therapy for
HBV-infected r/r DLBCL patients, contingent upon rigorous monitoring and antiviral
prophylactic measures[13]. Analogously, in the context of hepatitis C virus (HCV) treatment,
tailored anti-HCV CAR-T cells have been developed, showcasing robust antiviral prowess and

78



Frontiers in Science and Engineering Volume 4 Issue 10, 2024
ISSN: 2710-0588

the capacity to target and lyse both HCV/E2-transfected and naturally infected cells, thereby
underscoring their promising application in HCV therapy[14].

6. Prospects of CAR-T Cell Therapy

6.1. Optimizing CAR structures

Ongoing advancements in the design of chimeric antigen receptors (CARs) emphasize the need
to amplify T cell specificity and efficacy, while concurrently mitigating off-target reactions and
bolstering their longevity within the host.

Synergistic Therapeutic Approaches: To elevate the comprehensive therapeutic outcome, there
is a growing trend towards the integration of CAR-T cell therapy with complementary
treatment modalities. These include, but are not limited to, checkpoint blockade agents, small
molecule therapeutics, and radiotherapy, which collectively aim to potentiate the efficacy of the
overall treatment regimen.

6.2. Personalized medicine

The pursuit of individualized CAR-T cell therapies, meticulously crafted to align with the unique
genetic landscapes and antigenic signatures of each patient, underscores a commitment to
enhancing treatment precision and efficacy.

6.3. New targets

The identification and validation of novel tumor-associated antigens represent a pivotal step in
broadening the applicability of CAR-T cell therapy, particularly in the realm of solid tumors and
rare diseases, thereby extending its reach and potential impact.

6.4. Overcoming the tumor microenvironment

Innovative approaches aimed at reshaping the tumor microenvironment are being actively
explored, with the goal of fostering a milieu that fosters CAR-T cell function and simultaneously
hinders tumor growth and immune evasion strategies.

7. Conclusion

The advent of CAR-T cell therapy has ushered in a paradigm shift within the realm of
immunotherapy, promising groundbreaking treatments for a myriad of hematologic
malignancies, while also exhibiting potential for application in solid tumors and autoimmune
disorders. The evolution from initial to sophisticated generations, including the fourth-
generation TRUCKs and experimental fifth-generation CAR-T cells, has significantly fortified
their therapeutic prowess and longevity. Clinical endeavors and practical applications have
showcased remarkable efficacy, particularly in recalcitrant B-cell lymphomas and chronic
lymphocytic leukemia, underscoring the transformative potential of this technology in
improving patient outcomes.

In order to expand the application of CAR-T cell therapy to solid tumors and ensure sustained
therapeutic effects, the complexity of the tumor microenvironment must be addressed and the
mechanism of tumor antigen escape effectively addressed. The solution of these problems not
only requires innovative scientific research strategies, but also needs to actively explore more
accurate and safe treatment methods in clinical practice.

In this paper, we review in detail the current applications and future directions of CAR-T cell
therapy, highlighting important achievements and challenges within this field. From the clinical
outcomes of CAR T cell therapy to the management of side effects, to the innovation and
optimization of the technology, the research community has spared no effort to advance the
development of this revolutionary treatment. However, while significant progress has been
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made, we also point out the shortcomings of existing research, especially in the application of
solid tumors, the control of side effects, and the long-term effects of treatment. Looking ahead,
we believe that through interdisciplinary collaboration, combining the power of advanced
bioengineering, immunology and data science, we can overcome existing challenges and further
expand the efficacy and safety of CAR T cell therapy." At the same time, continued clinical trials
and in-depth mechanism research will be the key to ensuring and improving the success rate
of clinical application of CAR-T therapy. In summary, CAR T-cell therapy represents a frontier
in the fight against cancer, and we look forward to seeing this strategy bring hope and cure to
many more patients in the near future.
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