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Abstract

Chimeric antigen receptor (CAR) immunotherapy has made significant strides, particularly in
hematological malignancies, with five CAR T therapies gaining FDA approval. However, its
application in solid tumors remains challenging due to issues like poor CAR T cell trafficking, an
immunosuppressive tumor microenvironment (TME), and therapy-related toxicity. CAR Natural
Killer (NK) cells present an alternative with advantages such as multiple mechanisms for targeting
cancer and reduced side effects. Additionally, macrophages, which naturally infiltrate tumors, are
under investigation for CAR therapy to overcome the limitations seen in CAR T and CAR NK
approaches. In this review, our primary focus will be on solid tumors, as they present unique
challenges in CAR T cell therapy, such as poor trafficking and the immunosuppressive tumor
microenvironment. However, we will also address some hematological malignancies, particularly
those with poor prognoses, where similar issues of CAR T cell dysfunction and lack of persistence
are observed. By covering both solid tumors and certain blood cancers, we aim to provide a
comprehensive understanding of the barriers and potential strategies for improving CAR T cell
therapies across different malignancies.

Keywords: CAR-T cell therapy; solid tumors; yd0 CAR-T cells; immunosuppressive tumor
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1. Introduction

CAR-T cell therapy has revolutionized cancer treatment by harnessing the immune system to
target and destroy cancer cells. Initially focused on hematologic malignancies like B-cell acute
lymphocytic leukemia (B-ALL), non-Hodgkin lymphoma (NHL), and multiple myeloma (MM), this
approach has shown remarkable results [1-3]. Six CAR-T cell products have received FDA approval
for treating relapsed/refractory B-cell malignancies, including Tisagenlecleucel (Kymriah),
Axicabtagene ciloleucel (Yescarta), and Ciltacabtagene autoleucel (Carvykti), among others [4-16].

Future CAR-T therapy developments aim to enhance efficacy through multi-targeting. By
designing CAR-T cells that recognize multiple antigens, researchers hope to overcome tumor
heterogeneity and reduce relapse risks, leading to more durable responses [17,18]. Additionally,
efforts to improve CAR-T cell persistence and longevity are underway, focusing on strategies such
as incorporating co-stimulatory domains and cytokine modulation to prolong anti-tumor activity
[19].

Expanding CAR-T therapy to solid tumors presents challenges like the immunosuppressive
tumor microenvironment and tumor heterogeneity. However, novel CAR constructs with enhanced
targeting capabilities, along with combinatorial approaches using checkpoint inhibitors, are being
explored to overcome these obstacles [20,21].

Addressing safety concerns, including cytokine release syndrome (CRS) and neurotoxicity,
remains a critical focus. Future research will refine protocols, optimize dosing, and develop
predictive biomarkers to minimize toxicities while maintaining efficacy [20,21].
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CD19 is a vital target in B-cell malignancies, with several FDA-approved CAR-T therapies
targeting this antigen [22-24]. However, CD19 antigen loss has prompted the exploration of
alternative targets like CD20 and CD22, showing promising results in preventing antigen escape and
improving outcomes [25-30].

2. Preparation of CAR-T Cells

CAR-T cell therapy involves several key steps. T cells are first collected from the patient's
peripheral blood or from healthy donors [1,31]. These T cells are then genetically engineered to
express CARs, which include an extracellular domain (scFv) for antigen recognition, a
transmembrane domain for anchoring, and an intracellular signaling domain to activate T cells upon
antigen detection [32,33]. CAR-T cells can recognize tumor antigens independently of MHC
presentation, allowing them to target cancer cells directly [34]. CAR-T cells have evolved through
several generations to enhance their effectiveness: first-generation CARs have limited capacity due
to the lack of co-stimulatory signals, second-generation CARs incorporate co-stimulatory domains to
improve proliferation and cytokine release, and third-generation CARs combine multiple co-
stimulatory molecules to further boost T cell activity [35,36]. The modified T cells undergo extensive
in vitro expansion before being re-infused into the patient following lymphodepletion chemotherapy
[1,37,38]. Once in the patient, CAR-T cells recognize specific tumor antigens and rapidly proliferate
to mount an anti-tumor response [4].

3. Generations of CAR-T Cells

CAR-T cells have evolved through multiple generations to enhance their efficacy in cancer
treatment. First-generation CARs consist of a single-chain variable fragment (scFv) linked to the
CD3C intracellular signaling domain, providing the essential signal for T cell activation. However,
these CARs lack costimulatory molecules, resulting in reduced activation and antitumor efficacy in
vivo [39]. Second-generation CARs improve upon this by incorporating costimulatory domains such
as CD28, 4-1BB, OX-40, ICOS, and CD134, which prevent T cell exhaustion, promote sustained
proliferation, and enhance cytokine secretion, significantly boosting their effectiveness in targeting
and eliminating cancer cells [40—42]. Third-generation CARs further enhance T cell survival and
cytokine production by incorporating multiple costimulatory domains, though they carry risks of off-
target effects and excessive cytokine production, with limited clinical data available [43,44]. Fourth-
generation CARs, derived from second-generation designs, add domains that regulate cytokine
expression, such as IL-12, IL-18, or IL-21, improving CAR-T cell cytotoxicity, proliferation, and
memory T cell differentiation, leading to more effective and sustained antitumor responses in
preclinical models [45-47].

4. Toxicities in CAR-T Cell Therapy

CAR-T cell therapy can lead to several toxicities. Cytokine release syndrome (CRS) is a common
and potentially severe complication, driven by the release of pro-inflammatory cytokines like IL-6
[48-50]. Management of CRS includes the use of tocilizumab and corticosteroids, particularly in
severe cases [51-53]. CAR-T cell therapy may also cause T and B lymphocyte aplasia, increasing the
risk of infections, which are particularly prevalent within the first 30 days post-infusion [1,55,56].
Prophylactic measures, including immunoglobulin supplementation and antiviral drugs, are critical
to managing these risks [57,62]. CRS-related coagulopathy, characterized by abnormal coagulation
and hyperfibrinolysis, is another complication that requires early management to mitigate risks like
disseminated intravascular coagulation [63-65]. Cytopenias, including anemia and
thrombocytopenia, can persist for months after CAR-T therapy and are often managed with
transfusions and growth factors [4,66,67]. Antigen mutation and loss pose challenges in treatment
efficacy, with innovative strategies like dual-targeting CARs and y0 T cells being explored to address
these issues [35,68-76]. Neurotoxicity, including encephalopathy and seizures, is another significant
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concern, often linked to CRS, and requires strategies for prediction and management [80-84]. Graft-
versus-host disease (GVHD), particularly in allogeneic CAR-T therapy, remains a critical area of
ongoing research to improve the safety profile of CAR-T treatments [81,85].

5. Management of Toxicities in CAR-T Cell Therapy
5.1. Management of Cytokine-Release Syndrome (CRS)

CRS management involves multiple strategies to control symptoms and prevent complications.
Tocilizumab, an IL-6 receptor antagonist, is the primary treatment [36]. Corticosteroids are added for
severe cases to reduce inflammation [88]. Anakinra, an IL-1 receptor antagonist, shows promise for
managing both CRS and CRES [88]. GM-CSF inhibition may alleviate CRS and enhance CAR-T
efficacy [89]. Reducing tumor burden with chemotherapy or radiotherapy before CAR-T infusion can
decrease CRS severity [36]. Understanding the mechanisms of CRS, including CAR-T activation and
cytokine release, aids in developing targeted therapies [87].

5.2. Management of CRS-Related Coagulopathy:

Coagulopathy in CRS requires regular monitoring of coagulation parameters like PT, aPTT,
fibrinogen, and D-dimer levels [59]. Risk stratification helps identify patients at higher risk for
coagulopathy, tailoring monitoring and treatment [81]. Individualized treatment, including
anticoagulants, replacement therapy, and supportive care, is crucial [90]. Managing underlying
conditions, such as infections, and multidisciplinary collaboration are essential for optimal care
[82,91].

5.3. Management of T and B Lymphocytes Aplasia and Infections

Immunoglobulin supplementation is vital to restore humoral immunity after B cell depletion
[92-94]. Infection monitoring and prophylaxis, especially for herpesvirus, are necessary [81].
Differentiating CRS from infections is critical, with IL-6 levels helping in the diagnosis [81]. Antiviral
prophylaxis prevents HBV reactivation in patients with resolved infections [81]. Dose-escalation
regimens may reduce infection risk during high-dose CAR-T therapy [86].

5.4. Management of Cytopenias

Cytopenias post-CAR-T therapy are managed with cytokine support (e.g., IL-6, G-CSF) [88],
blood transfusions [95], and growth factors like G-CSF and erythropoietin [96]. Supportive care,
including hydration and nutrition, is essential for recovery [97]. Adjusting CAR-T dose and
conditioning regimens may help reduce cytopenia severity [98].

5.5. Management of GVHD

GVHD is managed with immunosuppressive medications like corticosteroids and calcineurin
inhibitors [99-102]. Anti-thymocyte globulin (ATG) may be used in conditioning regimens to prevent
GVHD [99]. T-cell depletion techniques and photopheresis are also used to manage the condition
[100]. Supportive care, including nutrition and infection prevention, is crucial.

6. CAR-T Cells and Targeted Antigens in Cancer Treatments: Importance, Future
Insights, Strengths, and Weaknesses

Chimeric antigen receptor (CAR) T-cell therapy has revolutionized cancer treatment,
particularly for hematologic malignancies. By engineering T cells to express receptors that specifically
target antigens on cancer cells, CAR-T therapy enables the immune system to recognize and eliminate
cancerous cells. The success of CAR-T cells largely depends on selecting the appropriate target
antigens, which vary across different types of cancer. This study explores the importance of targeted
antigens in CAR-T therapy, future insights, and the strengths and weaknesses of this approach.
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6.1. Importance of Targeted Antigens

Target antigens are crucial in determining the specificity and efficacy of CAR-T cells. These
antigens are typically proteins expressed on the surface of cancer cells but not on normal cells,
minimizing the risk of off-target effects. For instance, CD19 is a well-established target in B-cell
malignancies like acute lymphoblastic leukemia (ALL) and chronic lymphocytic leukemia (CLL).
Targeting CD19 has resulted in high response rates and durable remissions in these diseases [101].
Similarly, B-cell maturation antigen (BCMA) is targeted in multiple myeloma, demonstrating
significant efficacy [102]. The choice of antigen directly impacts the success of the therapy, as it
determines the ability of CAR-T cells to recognize and destroy cancer cells while sparing healthy
tissues.

6.2. Future Insights

The future of CAR-T therapy lies in expanding its application beyond hematologic malignancies
to solid tumors, which present unique challenges. Solid tumors often have a heterogeneous
expression of antigens and an immunosuppressive microenvironment that hinders CAR-T cell
efficacy. Researchers are exploring the development of CAR-T cells targeting multiple antigens
simultaneously to overcome tumor heterogeneity and reduce the likelihood of antigen escape.
Another promising area is the engineering of CAR-T cells with enhanced persistence and resistance
to the immunosuppressive tumor microenvironment. Additionally, there is growing interest in using
allogeneic CAR-T cells derived from healthy donors, which could make the therapy more accessible
and reduce costs [103].

6.3. Strengths of CAR-T Therapy

One of the primary strengths of CAR-T therapy is its ability to provide personalized and highly
specific treatment. By targeting antigens unique to cancer cells, CAR-T cells can effectively eliminate
malignant cells with minimal impact on normal tissues. The durability of the responses seen in
hematologic malignancies, particularly in cases where patients have failed other therapies, highlights
the potential of CAR-T therapy to achieve long-term remissions. Furthermore, advancements in
genetic engineering and cell manufacturing processes continue to improve the safety and efficacy of
CAR-T products. Table 1 CAR-T cells and the targeted antigens for different types of cancer
treatments [104,105].

6.4. Weaknesses of CAR-T Therapy

Despite its success, CAR-T therapy has limitations. One significant challenge is the management
of toxicities, such as cytokine release syndrome (CRS) and neurotoxicity, which can be life-
threatening. The selection of appropriate antigens is also critical, as targeting antigens that are not
entirely specific to cancer cells can lead to off-target effects and damage to healthy tissues. Another
weakness is the limited effectiveness of CAR-T therapy in solid tumors due to factors like antigen
heterogeneity, physical barriers within the tumor microenvironment, and immune evasion
mechanisms. Moreover, the high cost and complex manufacturing process of CAR-T cells limit their
accessibility to patients.

Table 1. CAR-T cells and the targeted antigens for different types of cancer treatments [104,105].

CAR-T cell Therapy Targeted Cancer Type Notes
antigen
bb21217 BCMA Multiple myeloma Enhanced persistence CAR-T

therapy; in clinical trials

CTL019 CD19 B-cell malignancies Early version of Kymriah; basis
for FDA-approved therapy
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CART-PSMA PSMA Prostate cancer Investigational CAR-T therapy;
in early-phase trials
CAR-EGFRVIII EGFRvIII Glioblastoma Investigational CAR-T therapy

targeting specific EGFR mutation

Mesothelin-CAR-T Mesothelin Mesothelioma, Experimental CAR-T therapy
ovarian cancer targeting mesothelin

MUCI1-CAR-T MuUC1 Various solid Investigational CAR-T therapy
tumours for multiple epithelial cancers

ALLO-501 (Allogeneic) D19 Non-Hodgkin Allogeneic CAR-T therapy under
lymphoma investigation; uses

donor-derived cells

JCARH125 BCMA Multiple myeloma Experimental CAR-T therapy;

in clinical trials

CT053 BCMA Multiple myeloma Investigational CAR-T therapy;

in clinical trials

This table highlights some of the key CAR-T cell therapies, their targeted antigens, the cancer
types they treat, and any relevant notes regarding their approval status or investigational stage.

6.5. bb21217 CAR-T Cell Therapy

Bb21217 CAR-T cell therapy represents an innovative treatment for multiple myeloma, targeting
the B-cell maturation antigen (BCMA) on myeloma cells. This therapy involves engineering T cells to
express a chimeric antigen receptor (CAR) that binds to BCMA, enabling the targeted destruction of
cancerous cells. A key feature of bb21217 is the gene-editing step that enhances the CAR-T cells with
a memory-like phenotype, improving their persistence and long-term effectiveness. Early clinical
trials have shown promising outcomes, with significant response rates in patients with relapsed or
refractory multiple myeloma. However, further studies are needed to fully assess the long-term
efficacy, persistence of the memory-like CAR-T cells, and safety profile, particularly concerning side
effects like cytokine release syndrome and neurotoxicity. Bb21217 offers hope for patients with
limited treatment options, but ongoing research is crucial for its broader clinical application [106].

6.6. CART-PSMA Therapy

CART-PSMA (Chimeric Antigen Receptor T cells targeting Prostate-Specific Membrane
Antigen) represents a promising and innovative therapy for advanced or treatment-resistant prostate
cancer. This approach leverages the patient’s immune system by engineering T cells to express a
chimeric antigen receptor (CAR) that targets PSMA, a protein highly expressed on prostate cancer
cells. Early clinical trials have shown significant tumor regression, with some patients achieving
partial or complete remission. CART-PSMA offers a favorable side effect profile compared to
traditional therapies, though challenges remain, particularly in managing treatment-related toxicities
such as cytokine release syndrome (CRS) and neurotoxicity. Additionally, the long-term effectiveness
and potential for tumor escape mechanisms are still under investigation. Despite these challenges,
CART-PSMA therapy provides hope for patients with advanced prostate cancer and demonstrates
the potential of CAR-T cell therapies in treating solid tumors, which have been more difficult to
address with this approach [107].

Ongoing and future clinical trials are crucial in several areas to optimize CART-PSMA therapy,
improve its safety and efficacy, and explore its potential in combination with other therapies. Here
are some key focus areas for these trials:
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1. Safety and Toxicity Management: Current and future trials are focused on developing
strategies to manage and mitigate the toxicities associated with CART-PSMA therapy, such as
cytokine release syndrome (CRS) and neurotoxicity. These studies are investigating different dosing
regimens, preconditioning treatments, and the use of adjunct therapies to reduce the incidence and
severity of these side effects [108].

2. Enhancing Durability of Response: Trials are also exploring methods to enhance the durability
of the response to CART-PSMA therapy. This includes research into the persistence of CAR-T cells
in the body, and strategies to prevent tumor escape mechanisms, where cancer cells lose or alter
PSMA expression to evade detection by CAR-T cells. Modifying the CAR-T cells to have memory-
like properties or combining them with checkpoint inhibitors may improve long-term outcomes
[109].

3. Combination Therapies: Combining CART-PSMA with other therapies is a major area of
research. Trials are investigating the combination of CART-PSMA with immune checkpoint
inhibitors (like PD-1/PD-L1 inhibitors) to enhance the anti-tumor response and overcome the
immunosuppressive tumor microenvironment. Other combinations being explored include CART-
PSMA with traditional therapies such as chemotherapy, radiation, and androgen deprivation therapy
(ADT), as well as novel agents targeting other aspects of tumor biology [110].

4. Targeting Tumor Heterogeneity: Another focus is on addressing tumor heterogeneity, where
different populations of cancer cells within the same tumor express varying levels of PSMA or other
antigens. Trials are exploring the use of multi-targeted CAR-T cells that can recognize and attack
multiple tumor antigens simultaneously, reducing the likelihood of tumor escape and relapse [111].

These ongoing and future clinical trials will be critical in refining CART-PSMA therapy, making
it safer, more effective, and potentially applicable to a broader range of cancers. The outcomes of
these studies will help determine the optimal use of CART-PSMA in clinical practice and may lead
to new standards of care for patients with advanced prostate cancer and other PSMA-expressing
tumors.

6.7. CAR-EGFRulII Therapy

CAR-EGFRVIII is a promising CAR-T therapy targeting the epidermal growth factor receptor
variant III (EGFRVIII), a mutation commonly found in glioblastoma, an aggressive brain tumor.
EGFRvIII is selectively expressed on tumor cells, reducing the risk of off-target effects. By genetically
engineering T cells to recognize and attack EGFRvIII-expressing cells, CAR-EGFRVIII aims to destroy
the tumor. Early clinical studies have shown the therapy’s ability to infiltrate brain tumors,
generating optimism for treating glioblastoma. However, its efficacy has been limited due to tumor
heterogeneity and adaptive resistance, where not all tumor cells express EGFRVIII, allowing some to
evade destruction. To overcome these challenges, researchers are exploring combination therapies,
such as pairing CAR-EGFRVIII with immune checkpoint inhibitors, and developing CAR-T cells that
target multiple antigens. Modifying CAR-T cells to resist the tumor microenvironment or
incorporating cytokine engineering are also being investigated. Ongoing research aims to enhance
CAR-EGEFRVIII's effectiveness, offering hope for glioblastoma treatment [112,113].

Researchers are exploring several combination therapies and strategies to enhance the
effectiveness of CAR-EGFRVIII therapy, particularly for challenging cancers like glioblastoma. Some
examples include:

1. Checkpoint Inhibitors: Combining CAR-EGFRVIII with immune checkpoint inhibitors, such
as PD-1 or CTLA-4 inhibitors, can help overcome the immunosuppressive tumour microenvironment
and prevent the tumour from evading the immune response [113].

2. Radiation Therapy: Radiation can upregulate the expression of EGFRVIII and other tumour
antigens, potentially increasing the effectiveness of CAR-T cells. It can also alter the tumour
microenvironment, making it more conducive to CAR-T cell activity [113].

3. Targeting Multiple Antigens: Developing CAR-T cells that target multiple tumour-specific
antigens simultaneously can reduce the likelihood of tumour escape due to antigen loss or
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heterogeneity. For instance, dual-targeted CAR-T cells could simultaneously target EGFRVIII and
another glioblastoma-associated antigen [113].

4. Gene Editing and Cytokine Engineering: Enhancing CAR-T cells with additional genetic
modifications, such as the incorporation of cytokine genes (e.g., IL-12) or using CRISPR technology
to enhance T cell persistence and reduce exhaustion, is another promising approach. These strategies
aim to improve the durability of responses and overcome the adaptive resistance that can occur with
CAR-EGFRVIII monotherapy [113].

6.8. MUC1-CAR-T Cell Therapy

MUCI1-CAR-T cell therapy is a promising advancement in cancer treatment, targeting the
overexpressed and aberrantly glycosylated MUC1 antigen found in cancers such as breast, ovarian,
pancreatic, and non-small cell lung cancers (NSCLC). Preclinical studies have shown significant
tumor regression in breast cancer models and improved survival in pancreatic cancer models,
attributed to the specific targeting of MUC1 with minimal off-target effects. MUC1-CAR-T therapy
has also demonstrated efficacy in challenging malignancies like ovarian cancer and NSCLC.
However, translating this therapy to clinical practice faces challenges, including the
immunosuppressive tumor microenvironment and the potential for tumor antigen escape.
Researchers are exploring combination therapies, including checkpoint inhibitors and cytokine
engineering, to enhance the effectiveness and persistence of MUC1-CAR-T cells in overcoming these
obstacles and providing a new therapeutic option for patients with advanced cancers [114].

MUCI1-CAR-T cell therapy is a cutting-edge treatment for epithelial-derived solid tumors,
particularly targeting triple-negative breast cancer (TNBC), where the MUC1 antigen is present in
95% of cases. Despite challenges in distinguishing between tumor-associated MUC1 (tMUC1) and its
normal counterpart, significant progress has been made. Notably, second-generation MUC28z CAR-
T cells, derived from the TAB004 antibody, have shown success in eliminating TNBC cells in
preclinical studies. These cells maintain strong tumor-killing abilities even when expressing
inhibitory markers like PD1. In animal models, a single dose led to significant tumor reduction,
suggesting potential for repeated dosing. MUC28z CAR-T cells also show promise for treating other
tMUCl1-expressing cancers, such as pancreatic ductal adenocarcinoma, with ongoing research
focusing on enhancing their effectiveness [115].

6.9. Mesothelin-CAR-T Cell Therapy

Mesothelin-CAR-T cell therapy is a promising approach for treating mesothelin-expressing
cancers, including mesothelioma, pancreatic, and ovarian cancers. Mesothelin is overexpressed in
several malignancies, making it an ideal target for CAR-T therapy. Initial studies have shown
significant tumor regression in preclinical models and early-phase clinical trials, with promising
results in patients with advanced, treatment-resistant cancers. The therapy's specificity for
mesothelin-expressing tumors has resulted in a favorable safety profile. However, challenges like the
immunosuppressive tumor microenvironment and the potential for antigen escape remain.
Researchers are exploring combination therapies, multi-targeted CAR-T cells, and gene editing to
enhance efficacy. Future developments may include “armored” CAR-T cells and off-the-shelf CAR-
T products, potentially improving accessibility and scalability. As clinical trials progress, Mesothelin-
CAR-T therapy could offer new hope for patients with hard-to-treat cancers [116,117].

6.10. ALLO-501 Therapy

ALLO-501 is a pioneering allogeneic CAR-T cell therapy targeting CD19-expressing
malignancies, initially developed for relapsed or refractory non-Hodgkin lymphoma (NHL). Its
application is also being explored in other B-cell malignancies like B-cell acute lymphoblastic
leukemia (B-ALL) and chronic lymphocytic leukemia (CLL), where CD19 is overexpressed on
malignant B cells. ALLO-501"s off-the-shelf availability offers a significant advantage, providing an
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immediate treatment option for patients, particularly those with rapidly progressing B-ALL or
difficult-to-treat CLL relapses. Early clinical trials have shown promising remission rates, leading to
further research in both pediatric and adult populations. Additionally, ALLO-501 is being studied in
other CD19-positive lymphomas, such as mantle cell lymphoma and follicular lymphoma. Future
research is anticipated to explore combination therapies to enhance its efficacy, potentially
overcoming resistance mechanisms and expanding its use across various hematologic malignancies
[118-120].

6.11. ALLO-501A Therapy

The ALPHAZ2 study explores ALLO-501A, an allogeneic anti-CD19 CAR T cell therapy, in non-
HLA matched patients with relapsed/refractory large B-cell lymphoma (LBCL) who have undergone
at least two prior treatments. The therapy incorporates Cellectis technologies, including disrupted
TCRa and edited CD52 genes, to mitigate graft-versus-host disease (GvHD) and enable selective
depletion of host T cells with ALLO-647. Of the 11 patients enrolled, 10 were treated with ALLO-
501A following lymphodepletion. The study observed manageable safety, with common adverse
events being hematologic, and no GVHD or immune cell-associated neurotoxicity syndrome (ICANS)
reported. Two patients achieved complete remission (CR), demonstrating early signs of efficacy. The
study continues to enroll for further evaluation of safety, clinical activity, and biomarker data [121].

6.12. JCARH125 Therapy

JCARH125 is a chimeric antigen receptor (CAR) T-cell therapy designed to target B cell
maturation antigen (BCMA), which is highly expressed on multiple myeloma cells. This innovative
therapy offers new hope for patients with relapsed or refractory multiple myeloma, particularly those
who have exhausted other treatment options. The EVOLVE study, a Phase 1/2 clinical trial, was
initiated to evaluate the safety, tolerability, and preliminary efficacy of JCARH125 in such patients.
Early results were promising, showing significant anti-tumor activity with many patients achieving
partial or complete responses, despite their heavily pretreated status. While some side effects like
cytokine release syndrome (CRS) and neurotoxicity were observed, they were manageable and did
not overshadow the overall positive outcomes. JCARH125’s specificity for BCMA minimizes off-
target effects, enhancing its safety and efficacy. The ongoing study focuses on optimizing dosing,
managing side effects, and exploring long-term response durability. Researchers are also
investigating potential combination therapies to boost efficacy and overcome resistance mechanisms.
JCARHI125 represents a significant advancement in treating relapsed or refractory multiple myeloma,
with continued research poised to refine and expand its use [122-124].

6.13. CT053 Therapy

CT053 is an advanced CAR T-cell therapy targeting BCMA for relapsed/refractory multiple
myeloma (RRMM). In a Phase 1 study conducted in China with 24 heavily pretreated RRMM patients,
CT053 showed a promising overall response rate (ORR) of 87.5%, with 79.2% achieving complete or
stringent complete responses (CR/sCR). The median duration of response was 21.8 months, and
median progression-free survival (PFS) was 18.8 months, with six-month and 12-month PFS rates of
87% and 60.9%, respectively. Although 13 patients experienced disease progression, nine maintained
persistent CR/sCR, indicating potential long-lasting responses. The safety profile was manageable,
with the most common severe adverse events being hematological toxicities. Cytokine release
syndrome (CRS) occurred in 62.5% of patients, all low-grade and self-limiting. CAR-BCMA T-cell
expansion peaked between days 7 and 21 and persisted up to 341 days. CT053 offers significant
efficacy, durable responses, and the potential for long-term disease control in heavily pretreated
RRMM patients, positioning it as a valuable treatment option [125].
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7. Other Cells That Belong to the Arsenal of CAR-T Cells
7.1. CD22 CAR-T Cell Therapy

CD22 CAR-T cells are an innovative approach in cancer immunotherapy, particularly for B-cell
malignancies like acute lymphoblastic leukemia (ALL) and non-Hodgkin lymphoma (NHL). These
engineered T cells target CD22, a protein on B cells, including those that have lost CD19 expression,
which often leads to relapse after CD19-directed CAR-T therapy. By focusing on CD22, this therapy
provides an alternative or complementary strategy to maintain remission. Clinical trials have shown
significant response rates in relapsed or refractory B-cell malignancies. However, challenges like
antigen escape, where cancer cells reduce CD22 expression, remain a concern. Researchers are
exploring combination therapies, dual-targeted CAR-T cells (targeting both CD19 and CD22), and
optimizing CAR constructs to improve outcomes. CD22 CAR-T cells offer a valuable addition to
CAR-T therapy, especially for patients with limited options after CD19-targeted treatments [126-128].

7.2. CD20 CAR-T Cell Therapy

CD20 CAR-T cell therapy is an innovative cancer immunotherapy targeting CD20, a protein on
B cells found in malignancies like non-Hodgkin lymphoma (NHL) and chronic lymphocytic leukemia
(CLL). Traditionally targeted by monoclonal antibodies like rituximab, CD20 is now a focus of CAR-
T cell technology, offering a potent and sustained anti-tumor response. CD20 CAR-T cells are
engineered by modifying a patient’s T cells to specifically bind to the CD20 antigen on cancer cells,
enabling them to locate and destroy these cells. This therapy is particularly beneficial for patients
who have relapsed or are refractory to standard treatments, including those resistant to CD19-
targeted CAR-T therapies. Clinical trials have shown high response rates, with many patients
achieving complete or partial remissions. However, challenges like antigen escape, where cancer cells
downregulate CD20, persist. Research is ongoing to enhance efficacy through combination therapies
and multi-targeted CAR-T cells. CD20 CAR-T therapy offers hope for improved outcomes in
challenging cases [129,130].

7.3. HER2 CAR-T Cell Therapy

HER2 CAR-T cell therapy is a novel immunotherapy targeting the human epidermal growth
factor receptor 2 (HER2), overexpressed in cancers like breast, gastric, ovarian, and lung cancers.
HER? is a key oncogenic driver, making it an ideal target for therapies aiming to eradicate tumor
cells. In this approach, a patient’s T cells are genetically engineered to express a CAR that specifically
binds to HER2 on cancer cells, allowing effective recognition and destruction of these cells. This
therapy shows promise, particularly for patients who have relapsed or are refractory to standard
treatments, including those unresponsive to HER2-targeted monoclonal antibodies like trastuzumab.
Clinical trials have shown significant anti-tumor responses, especially in solid tumors, with some
patients achieving partial or complete remissions. However, challenges like on-target, off-tumor
toxicity due to HER2 expression in normal tissues pose risks of severe side effects. Research focuses
on improving the therapy's specificity and safety through strategies like dose optimization, local
delivery, and combination therapies to minimize these risks while enhancing efficacy. Additionally,
ongoing studies are exploring the potential of integrating HER2 CAR-T cells with other emerging
immunotherapies, such as checkpoint inhibitors, to further boost their effectiveness. HER2 CAR-T
therapy represents a significant advancement in cancer treatment, offering new hope for patients
with limited options and paving the way for future innovations in solid tumor immunotherapy [131-
133]. Figure 1 [133] shows the molecular docking simulation of anti-HER2 mAbs with homology
model of human HER2.
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Figure 1. “Molecular docking simulation of anti-HER2 mAbs with homology model of human HER2. (A) The

docking model of the antibody and antigen. The four domains of Her2 are presented in different colors. The
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variable regions of heavy and light chains of trastuzumab and AbS8 are represented in violet and orange,
respectively. The different domains of HER2 are labelled. (B) The predominant residues in the interaction
between Ab8 and HER2.” Taken and modified from [133].

7.4. GD2 CAR-T Cell Therapy

GD2 CAR-T cell therapy is a promising approach for treating cancers expressing the
disialoganglioside GD2, particularly neuroblastoma, a common pediatric cancer. GD2 is a surface
glycolipid found on malignancies such as neuroblastoma, osteosarcoma, and small cell lung cancer,
while being minimally present in normal tissues, making it an ideal target for CAR-T therapy. In this
treatment, a patient’s T cells are genetically engineered to express a chimeric antigen receptor (CAR)
that targets GD2 on cancer cells. Once infused, these modified CAR-T cells attack GD2-expressing
tumor cells. Early clinical trials have shown potential in inducing tumor regression, especially in
neuroblastoma, where traditional treatments often fail. However, challenges include on-target, off-
tumor effects like neuropathic pain and neurotoxicity due to GD2’s presence on peripheral nerves.
Researchers are working on strategies to reduce these side effects, such as dose adjustments and
combination therapies. Despite these hurdles, GD2 CAR-T therapy represents a significant
advancement, offering new hope for patients with GD2-expressing cancers who have limited
treatment options [134-136].

7.5. GPC3 CAR-T Cell Therapy

GPC3 CAR-T cell therapy is a promising immunotherapy targeting glypican-3 (GPC3), a protein
overexpressed in hepatocellular carcinoma (HCC) and other solid tumors, while being absent in most
normal adult tissues. This selective expression makes GPC3 an ideal target for CAR-T therapy. In this
approach, a patient’s T cells are genetically engineered to express a CAR that specifically recognizes
GPC3 on cancer cells. Once reintroduced, these CAR-T cells target and destroy GPC3-expressing
tumors with high precision. Preclinical studies have demonstrated significant tumor regression, and
early-phase clinical trials in advanced HCC patients have shown promising results, with some
patients responding to the therapy after exhausting other options. However, challenges include
potential on-target, off-tumor toxicity due to low GPC3 expression in some normal tissues and the
immunosuppressive tumor microenvironment in HCC, which may limit CAR-T effectiveness.
Ongoing research aims to improve safety and efficacy, explore combination therapies, and enhance
CAR-T cell engineering, offering hope for patients with limited treatment options and potential
applications in other GPC3-expressing cancers [137-140].
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7.6. ROR1 (Receptor Tyrosine Kinase-like Orphan Receptor 1) CAR-T Cell Therapy

ROR1 CAR-T cell therapy is an emerging cancer immunotherapy targeting the ROR1 protein,
an oncofetal antigen expressed during fetal development and aberrantly in several cancers, including
chronic lymphocytic leukemia (CLL), mantle cell lymphoma, and solid tumors like breast cancer and
lung adenocarcinoma. This therapy involves harvesting and genetically modifying a patient’s T cells
to express a CAR specific to ROR]1, allowing them to recognize and destroy ROR1-expressing cancer
cells. Preclinical studies have shown potent anti-tumor activity, leading to early-phase clinical trials
evaluating its safety and efficacy in humans. ROR1 CAR-T therapy’s potential lies in its ability to
target a wide range of malignancies due to ROR1’s broad expression across different cancer types.
However, challenges such as the immunosuppressive tumor microenvironment, potential resistance
mechanisms, and the risk of on-target, off-tumor effects remain. Researchers are exploring strategies
to enhance the durability, specificity, and persistence of ROR1 CAR-T cells, aiming to mitigate risks
and improve patient outcomes. This therapy holds significant promise for treating various ROR1-
expressing cancers, offering new hope for patients with limited treatment options and possibly
expanding into other malignancies [141-143].

7.7. NY-ESO-1 CAR-T Cell Therapy

NY-ESO-1 CAR-T cell therapy is a promising cancer immunotherapy targeting the cancer-testis
antigen NY-ESO-1, which is highly expressed in cancers like melanoma, synovial sarcoma, multiple
myeloma, and certain lung cancers. This therapy involves genetically modifying a patient’s T cells to
target NY-ESO-1, allowing them to specifically attack and kill cancer cells while minimizing harm to
healthy tissues. Early clinical trials have shown success, particularly in treating synovial sarcoma,
with some patients achieving durable responses and significant tumor regression. However,
challenges include potential on-target, off-tumor toxicity and the immunosuppressive tumor
microenvironment, which can limit the therapy’s effectiveness. Ongoing research aims to enhance
the efficacy, persistence, and safety of NY-ESO-1 CAR-T therapy through combination treatments
and improved CAR designs, offering hope for patients with limited treatment options and potentially
expanding its application to other NY-ESO-1-expressing cancers [144,145].

7.8. NKG2D CAR-T Cell Therapy

NKG2D CAR-T cell therapy is an innovative cancer immunotherapy that leverages the natural
killer (NK) cell receptor, NKG2D, to enhance T cells' ability to recognize and destroy cancer cells.
Unlike traditional CAR-T therapies, which target a single tumor-associated antigen, NKG2D CAR-T
cells are engineered to target multiple stress-induced ligands (such as MICA, MICB, and ULBPs)
overexpressed on a variety of tumor cells. This multi-target approach is particularly effective against
cancers with high heterogeneity, where different cells within the same tumor express different
antigens, reducing the likelihood of immune evasion. NKG2D CAR-T cells have shown promising
results in preclinical studies, demonstrating the ability to induce tumor regression and improve
survival in animal models of cancers like leukemia, lymphoma, multiple myeloma, and solid tumors,
including ovarian, pancreatic, and colorectal cancers. However, challenges such as potential on-
target, off-tumor effects, where normal cells expressing NKG2D ligands may be damaged, and the
immunosuppressive tumor microenvironment could limit their effectiveness. Researchers are
exploring combination therapies and genetic modifications to enhance the persistence and function
of NKG2D CAR-T cells. Ongoing clinical trials aim to validate their safety and efficacy in patients,
offering hope for a versatile and potent cancer treatment [146-150].
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8. Methods for Studying the Binding of CAR-T Cells to Antigens and Their
Importance

8.1. Methods for Studying the Binding of CAR-T Cells to Antigens and Their Importance

CAR-T cell therapy has emerged as a revolutionary approach to cancer treatment, particularly
for hematologic malignancies. These therapies rely on the precise interaction between CAR-T cells
and their target antigens, which are typically expressed on the surface of cancer cells. Understanding
and studying the binding of CAR-T cells to these antigens is crucial for improving the efficacy and
safety of CAR-T therapies. This essay explores the current methods used to study CAR-T cell binding
to antigens, their significance, and the need for future advancements in this field [1-3].

Current Methods for Studying CAR-T Cell Binding

1. Surface Plasmon Resonance (SPR):

Surface plasmon resonance is a widely used technique for studying the binding kinetics of CAR-
T cells to their target antigens. SPR measures the interaction in real-time by detecting changes in the
refractive index near the surface of a sensor chip. CAR-T cells or their receptors are immobilized on
the chip, and the antigen is flowed over the surface. SPR provides valuable data on the binding
affinity, association, and dissociation rates, which are critical for understanding the strength and
duration of the CAR-T cell's engagement with its target [151].

2. Flow Cytometry:

Flow cytometry is another essential tool for analyzing CAR-T cell binding. This technique
involves labeling CAR-T cells and target cells (or antigens) with fluorescent markers. By passing the
cells through a laser, researchers can quantify the binding interactions between CAR-T cells and
antigens based on fluorescence intensity. Flow cytometry allows for the assessment of binding
efficiency and specificity, providing insights into how well CAR-T cells recognize and bind to their
targets [152].

3. Enzyme-Linked Immunosorbent Assay (ELISA):

ELISA is a biochemical technique used to detect and quantify the binding of CAR-T cells to their
antigens. In this method, the target antigen is immobilized on a plate, and CAR-T cells or their
receptors are introduced. After washing away non-bound components, an enzyme-linked secondary
antibody is added, which produces a detectable signal proportional to the amount of binding. ELISA
is useful for screening and comparing different CAR constructs based on their binding abilities [153].

4. Microscopy-Based Techniques:

Advanced microscopy techniques, such as confocal and fluorescence microscopy, allow for the
visualization of CAR-T cell binding to antigens at the cellular level. These methods enable the study
of spatial distribution, clustering, and dynamics of CAR-antigen interactions within the context of
the cellular environment. High-resolution microscopy can reveal details about the formation of the
immunological synapse between CAR-T cells and target cells, which is crucial for effective cytotoxic
activity [154].

8.2. Importance of Studying CAR-T Cell Binding

Understanding the binding interactions between CAR-T cells and their target antigens is
fundamental for several reasons:

1. Optimization of CAR Design:

The binding affinity and specificity of CAR-T cells are critical determinants of therapeutic
efficacy and safety. High-affinity binding may enhance the effectiveness of CAR-T cells, but it could
also increase the risk of off-target effects and toxicity. Conversely, low-affinity binding might reduce
the therapeutic impact. By studying these interactions, researchers can optimize CAR constructs to
achieve the desired balance between efficacy and safety [155].
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2. Predicting Clinical Outcomes:

The strength and stability of CAR-T cell binding can influence clinical outcomes, such as
response rates and durability of remission. By correlating binding characteristics with patient
outcomes, researchers can identify biomarkers of success or failure, aiding in the selection of the most
promising CAR-T candidates for clinical use [156].

3. Understanding Resistance Mechanisms:

Tumor cells can develop resistance to CAR-T cell therapy through various mechanisms,
including antigen loss or modification. Studying the binding interactions helps researchers
understand how tumors evade CAR-T cell recognition and can guide the development of strategies
to overcome resistance, such as dual-targeting CARs or combination therapies [157].

8.3. Future Directions: The Need for New Methods

While current methods provide valuable insights into CAR-T cell binding, there is a growing
need for more advanced and precise techniques. Future methods should address several key
challenges:

1. Single-Cell Analysis:

Heterogeneity among CAR-T cells and tumor cells is a significant challenge in understanding
binding interactions. New methods that allow for single-cell analysis could provide more detailed
information about the variability in binding affinities and their impact on therapeutic outcomes [158].

2. In Vivo Imaging:

Most current methods study CAR-T cell binding in vitro, which may not fully capture the
complexity of interactions within the tumor microenvironment. Developing in vivo imaging
techniques that can monitor CAR-T cell binding and activity in real-time within a living organism
would greatly enhance our understanding of therapy dynamics and efficacy [159].

3. Artificial Intelligence (AI) and Machine Learning:

Integrating Al and machine learning with existing methods could help analyze large datasets
from binding studies more effectively. These technologies could identify patterns and correlations
that are not immediately apparent, leading to better predictions of clinical outcomes and the design
of more effective CAR-T therapies [160].

10. Advancements in NK CAR Cells for Cancer Inmunotherapy

Natural Killer (NK) cells are a critical component of the innate immune system, recognized for
their ability to target and destroy malignant cells without prior sensitization. Recent advancements
in immunotherapy have led to the development of Chimeric Antigen Receptor (CAR) technology,
originally applied to T cells but now being explored with NK cells. The potential of NK CAR cells in
cancer treatment is immense, combining the innate cytotoxic abilities of NK cells with the specificity
and adaptability of CAR technology.

10.1. Introduction to NK Cells and CAR Technology

NK cells are unique in their ability to recognize and eliminate cancer cells through both direct
cytotoxicity and the production of cytokines that stimulate other immune cells [161,162]. Unlike T
cells, NK cells do not require antigen presentation via the major histocompatibility complex (MHC),
allowing them to target a broader range of tumor cells, including those that evade T cell detection
[163]. The introduction of CAR technology to NK cells aims to enhance their natural tumor-targeting
capabilities by equipping them with engineered receptors that recognize specific tumor antigens
[164]. Figure 2 shows soluble factors in the bi-directional crosstalk between NK cells and immune
cells in the tumor microenvironment (TME).
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Figure 2. Soluble Factors in the Bi-Directional Crosstalk between NK Cells and Immune Cells in the Tumor
Microenvironment (TME). Taken and modified from [161].

NK cells' anti-tumor activities are influenced by a range of cytokines and soluble factors
produced by immune cells within the TME, which can either enhance or suppress their functions.

(A) Neutrophils: Neutrophils can inhibit NK cell function by downregulating NKp46 expression
through the release of Cathepsin G and reactive oxygen species (ROS). They also hinder NK cell
activity by depleting arginine and releasing neutrophil extracellular traps (NETs), which block IFN-
Y production and cytotoxicity. On the other hand, neutrophil-derived elastase, lactoferrin, and
interleukin (IL)-12 boost NK cell functions. Additionally, IFN-y produced by NK cells can suppress
the angiogenic potential of tumor-associated neutrophils.

(B) Macrophages: M1-polarized macrophages in the tumor microenvironment activate NK cells
by secreting cytokines such as IL-12, IL-15, IL-18, and TNF-a. In contrast, M2-polarized macrophages
inhibit NK cell activation through the release of TGF-p. NK cells, in turn, can modulate macrophage
activity by releasing IFN-y, TNF-a, GM-CSF, and IL-10.

(C) T Cells: NK cell-derived IFN-y promotes the polarization of CD4+ T cells towards a Thl
response and enhances the cytotoxic functions of CD8+ T cells. In response, T cells produce IL-2 and
IL-15, which are essential for NK cell survival and activation.

(D) Regulatory T Cells (Treg): NK cell-mediated tumor killing and IFN-y production are
negatively impacted by immunosuppressive molecules like TGF-3 and adenosine, which are released
by Tregs. Tregs also suppress NK cell functions by competing for IL-2 and can directly kill NK cells
through granzyme B.

(E) Monocytes: Patrolling monocytes contribute to NK cell-mediated anti-metastatic activity by
releasing IL-15.

(F) Dendritic Cells (DCs): NK cell interaction with dendritic cells leads to mutual activation.
Mature DCs secrete cytokines such as IL-12, IL-15, IL-18, CXCL9, and CXCL10, which promote NK
cell activation and recruitment. Furthermore, NK cells help optimize DC-driven immune responses
by eliminating immature DCs. In return, NK cells facilitate the activation and recruitment of DCs
within the tumor bed by releasing IFN-y, TNF-a, CCL5, XCL1, and XCL2. This content was partly
created using BioRender.com.
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CAR technology involves genetically modifying immune cells to express receptors that bind to
antigens on tumor cells, leading to their destruction. Initially developed for T cells, CAR-T cell
therapy has shown remarkable success in treating hematological malignancies [165]. However, the
use of CAR technology with NK cells offers several advantages, including reduced risk of graft-
versus-host disease (GVHD) and the ability to target a broader range of tumor cells [166].

10.2. Development of NK CAR Cells

The first generation of NK CAR cells was developed by transducing NK cells with CAR
constructs similar to those used in T cells. These constructs typically consist of an extracellular antigen
recognition domain, a hinge region, a transmembrane domain, and an intracellular signaling domain
[167]. The most common target for these NK CAR cells has been CD19, a B cell antigen widely
expressed in B cell malignancies [168]. Early studies demonstrated that NK CAR cells could
effectively target and eliminate CD19-positive tumor cells, leading to tumor regression in preclinical
models [169].

Further advancements have focused on optimizing the CAR constructs specifically for NK cells.
For example, researchers have explored the use of NK cell-specific signaling domains, such as those
derived from the NKG2D receptor, which enhance the cytotoxic activity of NK CAR cells [170].
Additionally, the inclusion of cytokines, such as IL-15, in the CAR constructs has been shown to
improve the proliferation and persistence of NK CAR cells in vivo, leading to more sustained anti-
tumor responses [171].

10.3. Challenges in the Development of NK CAR Cells

Despite the promising potential of NK CAR cells, several challenges remain in their
development and clinical application. One of the primary challenges is the efficient transduction of
NK cells with CAR constructs. Unlike T cells, NK cells are more resistant to genetic modification,
which can limit the efficiency of CAR expression [172]. To address this, researchers have explored
various viral and non-viral transduction methods, as well as the use of transposon-based systems, to
improve the transduction efficiency of NK cells [173].

Another significant challenge is the persistence of NK CAR cells in vivo. Unlike T cells, which
can persist for extended periods and provide long-term protection against cancer recurrence, NK cells
have a shorter lifespan and may require repeated infusions to maintain therapeutic efficacy [174].
Strategies to enhance the persistence of NK CAR cells include the use of cytokines, such as IL-2 and
IL-15, and the co-administration of other immune-modulating agents [175].

The tumor microenvironment (TME) also poses a significant challenge to the efficacy of NK CAR
cells. Tumors can create an immunosuppressive environment that inhibits the activity of immune
cells, including NK cells. This can be mediated by various factors, such as the expression of
checkpoint molecules (e.g., PD-L1) and the presence of regulatory cells (e.g., Tregs, MDSCs) that
suppress NK cell activity [176]. Researchers are exploring combination therapies that target these
immunosuppressive mechanisms, such as the use of checkpoint inhibitors alongside NK CAR cells,
to enhance their anti-tumor efficacy [177].

10.4. Clinical Applications of NK CAR Cells

The clinical application of NK CAR cells is still in its early stages, but initial results from clinical
trials have been promising. One of the most significant advantages of NK CAR cells is their potential
to be used as an “off-the-shelf” therapy. Unlike T cells, which must be derived from the patient
(autologous therapy), NK cells can be derived from healthy donors or cell lines and used in multiple
patients (allogeneic therapy) [178]. This reduces the time and cost associated with generating CAR-T
cells and makes NK CAR cell therapy more accessible to a broader range of patients [179].

Several clinical trials are currently underway to evaluate the safety and efficacy of NK CAR cells
in various cancers. For example, a phase I clinical trial is evaluating the use of NK CAR cells targeting
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CD19 in patients with relapsed or refractory B cell malignancies [180]. Preliminary results have
shown that NK CAR cells are well-tolerated and can induce complete remissions in some patients,
even those who have failed previous CAR-T cell therapy [181].

Other trials are exploring the use of NK CAR cells targeting different antigens, such as GD2 in
neuroblastoma and HER?2 in solid tumors [182,183]. These studies are crucial in determining the
broader applicability of NK CAR cells across different cancer types and will provide valuable insights
into their safety and efficacy in a clinical setting [184].

10.5. Future Directions

The future of NK CAR cell therapy lies in overcoming the current challenges and optimizing
their use in clinical practice. One promising area of research is the development of multi-specific
CAREs that target multiple tumor antigens simultaneously. This approach could reduce the likelihood
of tumor escape, where cancer cells lose the targeted antigen and evade immune detection [185].
Additionally, researchers are exploring the combination of NK CAR cells with other
immunotherapies, such as checkpoint inhibitors and immune-modulating agents, to enhance their
efficacy and overcome resistance mechanisms [186].

11. The Potential of yd T Cells in Mitigating GVHD

To address these challenges, researchers are increasingly exploring the potential of Y0 T cells in
combination with CAR-T therapy. yd T cells are known for their unique ability to recognise stressed
or transformed cells without the need for antigen presentation via MHC molecules, reducing the
likelihood of triggering adverse immune responses such as GVHD [187,188]. Their intrinsic
properties, including their capacity to produce anti-inflammatory cytokines and their ability to home
in on tumour sites, make them an attractive candidate for enhancing the safety and efficacy of CAR-
T cell therapy [189].

The incorporation of Y0 T cells into CAR-T therapy represents a novel approach that could not
only mitigate the risks associated with CAR-T therapy but also improve its therapeutic outcomes. By
leveraging the strengths of both cell types, this strategy holds the potential to revolutionize cancer
immunotherapy, offering more effective and safer treatment options for patients [190].

12. Exploration of Other Important Cell Types That Also Hold Promise as
Sources for Universal CAR-T Therapies

In the quest to develop universal CAR-T cell therapies, various cell types are being explored for
their potential to overcome the limitations of current patient-specific approaches. Among these, TCR
knockout conventional T cells, natural killer T (NKT) cells, and double-negative (CD4- CD8-) T cells
have shown promise as potential sources [191].

TCR knockout conventional T cells are engineered to lack the T-cell receptor, preventing them
from recognizing and attacking host tissues, thus reducing the risk of Graft-versus-Host Disease
(GVHD) [192]. Their strength lies in their ability to be universally applicable, as they do not require
extensive donor-recipient matching. However, their main weakness is the complexity of the gene-
editing process required to produce them, which can increase production costs and introduce
potential off-target effects [193].

Natural Killer T (NKT) cells combine features of both T cells and natural killer (NK) cells,
allowing them to recognize glycolipid antigens presented by the CD1d molecule. Their unique ability
to produce a rapid and potent immune response against tumors makes them a strong candidate for
CAR-T therapy. Additionally, NKT cells have a natural resistance to GVHD, further supporting their
use in an allogeneic setting. However, the rarity of NKT cells in peripheral blood and the challenges
in expanding them to sufficient numbers for therapeutic use are significant drawbacks [194].

Double-negative (CD4- CD8-) T cells are a subset of T cells that do not express the CD4 or CD8
co-receptors, reducing the risk of GVHD. Their inherent resistance to inducing GVHD and their
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ability to target a broad range of tumors make them attractive for universal CAR-T therapies.
However, their limited understanding and the challenges in isolating and expanding these cells pose
hurdles to their widespread use [195].

Each of these cell types, TCR knockout T cells, NKT cells, and double-negative T cells, offers
unique strengths and faces specific challenges in the development of universal CAR-T therapies.
Their potential to minimize GVHD while maintaining anti-tumor efficacy positions them as
promising candidates in the evolution of CAR-T therapy.

12.1. TCR Knockout T Cells

The current generation of CAR-T therapies faces significant challenges, including patient-
specific production, high costs, and potential adverse effects such as Graft-versus-Host Disease
(GVHD). To address these issues, researchers are exploring alternative cell types that could serve as
universal sources for CAR-T therapies. One such promising avenue is the use of T-cell receptor (TCR)
knockout conventional T cells.

TCR knockout T cells are engineered to lack the T-cell receptor, which is responsible for
recognizing antigens presented by the major histocompatibility complex (MHC) on the surface of
cells. By eliminating the TCR, these T cells are rendered incapable of recognizing and attacking host
tissues, thereby reducing the risk of GVHD when used in an allogeneic (donor-derived) setting. This
makes them an attractive candidate for the development of universal CAR-T therapies, as they could
potentially be used in any patient without the need for extensive matching or individualization
[196,197].

The creation of TCR knockout T cells involves advanced gene-editing techniques, such as
CRISPR/Cas9, to precisely delete the genes encoding the TCR [198,199]. Once the TCR is knocked out,
these cells can be engineered to express a chimeric antigen receptor, allowing them to target and
destroy cancer cells with high specificity [197]. Studies have shown that these modified T cells retain
their functionality and potency in attacking cancer cells, while their universal applicability could
significantly reduce the cost and complexity of CAR-T therapy production. TCR knockout
conventional T cells represent a promising source for the development of universal CAR-T therapies
[196]. Their potential to minimize GVHD, combined with their effectiveness in targeting cancer cells,
positions them as a key innovation in the quest to make CAR-T therapy more accessible and broadly
applicable [200].

12.2. Natural Killer T (NKT) Cells

Natural Killer T (NKT) cells have emerged as a promising candidate for universal CAR-T cell
therapy due to their unique characteristics, which combine the properties of both T cells and natural
killer (NK) cells. NKT cells can recognize glycolipid antigens presented by the CD1d molecule,
allowing them to respond rapidly and robustly to a broad range of tumor cells. This ability makes
them particularly effective in targeting cancers that may be resistant to conventional T cell-based
therapies [200].

One of the key advantages of using NKT cells in CAR-T therapy is their natural resistance to
inducing Graft-versus-Host Disease (GVHD). This resistance makes NKT cells an attractive option
for allogeneic CAR-T therapies, where cells from a donor are used to treat a patient without the need
for strict donor-recipient matching. Additionally, NKT cells can be readily engineered to express
chimeric antigen receptors, enhancing their ability to target and destroy tumor cells with precision
[201].

Randomized controlled trials (RCTs) exploring NKT-based CAR-T therapies have shown
encouraging results, demonstrating significant anti-tumor activity with reduced incidences of GVHD
compared to conventional CAR-T approaches [188]. These trials also highlight the potential for NKT
cells to be expanded ex vivo to sufficient numbers for therapeutic use, addressing one of the primary
challenges of this approach [202]. Despite these advances, further research and larger RCTs are
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needed to fully establish the safety and efficacy of NKT cells as a universal CAR-T therapy, but the
early results are promising, offering a new avenue for effective cancer treatment.

12.3. Invariant Natural Killer T (iNKT) Cells

Invariant natural killer T (iNKT) cells are rare yet highly versatile immune cells with significant
antitumor capabilities. These cells not only directly kill tumor cells but also enhance antitumor
responses through adjuvant effects, superior tumor infiltration, and the inhibition of tumor-
associated macrophages. Due to their potent immunoregulatory functions, iNKT cells are
increasingly being viewed as a promising platform for CAR-based cancer immunotherapy. Unlike
other immune cells, allogeneic iNKT cells do not cause graft-versus-host disease (GvHD), making
them an ideal candidate for developing universal CAR-T cell therapies. The potential to create a
universally applicable therapeutic product from CAR-iNKT cells opens new avenues for more
effective and broadly applicable cancer treatments [203,204].

12.4. Double-Negative (CD4- CD8-) T Cells

Double-negative (CD4- CD8-) T cells, a unique subset of T cells lacking both CD4 and CDS8 co-
receptors, are gaining attention as a potential source for universal CAR-T cell therapy. These cells
exhibit several advantageous characteristics that make them promising candidates for allogeneic
applications, where cells from a donor are used to treat a patient [196, 197, 205- 207]. Double-negative
(CD4- CD8-) T cells offer significant potential for CAR-T cell therapy due to their resistance to causing
Graft-versus-Host Disease (GVHD), a serious complication in allogeneic therapies [208]. Their lack
of CD4 and CD8 markers, which are typically involved in recognizing and attacking host tissues,
reduces the risk of harmful immune responses [206]. This makes them ideal candidates for universal
CAR-T therapies, allowing broader patient application without strict donor-recipient matching [209].
In addition to their safety profile, double-negative T cells exhibit strong anti-tumor activity. They can
be engineered with chimeric antigen receptors (CARs) to effectively target and eliminate cancer cells
[205,209]. Despite challenges in isolating and expanding these cells to therapeutic levels, they
represent a promising avenue for safer and more accessible CAR-T therapies.

12.5. CAR Macrophages Cells

CAR macrophages (CAR-Ms) represent an emerging frontier in cancer immunotherapy,
designed to overcome the limitations associated with CAR T and CAR NK cells, particularly in solid
tumors [210]. Macrophages naturally infiltrate tumor sites and play a critical role in modulating the
tumor microenvironment (TME). CAR-Ms are engineered to express chimeric antigen receptors
(CARs), enabling them to specifically target and eliminate cancer cells while also enhancing their
inherent immune functions [211,212]. Unlike CAR T cells, which often struggle with trafficking to
and persisting within solid tumors, CAR-Ms are adept at navigating the complex TME and can exert
sustained anti-tumor effects [213].

One of the key advantages of CAR-Ms is their dual functionality. They not only phagocytose
and kill cancer cells directly but also act as antigen-presenting cells, stimulating a broader immune
response against the tumor. Moreover, CAR-Ms can be engineered to shift the TME from an
immunosuppressive to an immunostimulatory state, thereby enhancing the efficacy of other immune
cells. Despite these promising features, CAR-Ms face challenges such as ensuring sustained activation
and avoiding the induction of an overly aggressive immune response that could lead to toxicity [214-
217]. Ongoing research focuses on optimizing CAR-M design, improving manufacturing processes,
and evaluating safety and efficacy in preclinical models, with the goal of advancing CAR-Ms into
clinical trials for solid tumors and select hematological malignancies [217].
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12.6. CAR Neutrophils Cells

CAR-neutrophils, engineered from human pluripotent stem cells using CRISPR/Cas9, are
designed to target glioblastoma (GBM) by crossing the blood-brain barrier. These cells are modified
to express anti-GBM CAR constructs, enabling them to deliver tumor-responsive nanodrugs without
inducing additional inflammation. This innovative approach demonstrates strong anti-tumor
activity, reduced off-target effects, and prolonged lifespan in tumor-bearing mice, offering a
promising GBM treatment strategy [218].

A chemically-defined protocol enables large-scale production of neutrophils from human
pluripotent stem cells (hPSCs). CAR constructs significantly boost the antitumor activity of these
hPSC-derived neutrophils without altering their phenotype. Notably, anti-PSMA CAR-neutrophils
demonstrate superior effectiveness against prostate cancer, highlighting their potential in targeted
cancer therapies [219].

Neutrophils, though naturally cytotoxic against cancer, face limitations due to their short
lifespan and resistance to genetic modification. By engineering human pluripotent stem cells with
synthetic CARs, researchers created CAR neutrophils with enhanced tumor-targeting abilities,
offering a promising new platform for myeloid cell-based cancer therapies [220].

12.7. CD5 Knockout on CAR T Cells

Most patients treated with FDA-approved CAR T cells eventually experience disease
progression, and the therapy is not curative for solid cancers or some hematological malignancies
like T cell lymphomas. A key barrier is CAR T cell dysfunction and lack of persistence after infusion.
This study demonstrates that knocking out CD5 using CRISPR-Cas9 enhances CAR T cell activation,
leading to improved antitumor effects, increased cytotoxicity, and better in vivo expansion and
persistence, suggesting CD5 as a potential target for improving T cell therapies [221].

T cell malignancies have high recurrence and mortality rates, with CD5 expressed in about 85%
of cases. However, CD5 expression on CAR-T cells causes fratricide. To address this, researchers
developed a biepitopic CAR (FHVH3/VHI) targeting CD5 using novel human heavy-chain variable
domains. By employing CRISPR-Cas9 for CD5 knockout (CD5KO), they optimized CAR-T cell
production, resulting in enhanced and longer-lasting efficacy in preclinical models, with reduced
cytokine release and high specificity, making it promising for further development [222].

12.8. Mucosal-Associated Invariant T (MAIT) Cells

MAIT cells, a conserved T cell subpopulation, are mostly CD161+CD8+ and possess a semi-
constant TCR combining TRAV1 with TRAJ33, TRAJ12, or TRAJ20 [223]. They recognize vitamin B2
derivatives via MR1 on APCs, promoting cytokine secretion and cytotoxic activity. In antitumor
immunity, MAIT cells kill tumor cells through TCR or NK receptors and modulate immune responses
by interacting with DC, Tumor-Associated Macrophages (TAM), and Myeloid-Derived Suppressor
Cells (MDSC) [224].

CAR (Chimeric Antigen Receptor) therapy, which is commonly used to modify T cells to target
cancer cells, is theoretically possible for MAIT (Mucosal-Associated Invariant T) cells. MAIT cells
have unique properties, such as their ability to recognize microbial metabolites presented by MR1
molecules, and they exhibit both innate and adaptive immune features [225,226].

12.9. CAR MAIT Cells

Dogan et al, 2022 explore using MAIT (Mucosal-Associated Invariant T) cells in CAR-T therapy
for targeting B cell lymphoma and breast cancer. Researchers engineered MAIT cells with anti-CD19
and anti-Her2 CARs, showing high cytotoxicity against tumor cells, comparable to CD8+ CAR-T cells,
though with lower IFN-y expression. Additionally, when activated by the vitamin B2 metabolite 5-
ARU through the MR1 protein, MAIT cells effectively killed MR1-expressing tumor cells in a dose-
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dependent manner. This approach highlights the potential for developing novel, off-the-shelf cancer
immunotherapy strategies using MAIT cells that could rival conventional methods [227].

12.10. Fibroblast Activation Protein (FAP) CAR-T Cells

Fibroblast Activation Protein (FAP) CAR-T cells represent a cutting-edge approach to cancer
therapy by targeting the tumor stroma rather than the cancer cells directly. FAP. CAR-T cells are
specifically designed to target the FAP, a surface protein, predominantly expressed on cancer-
associated fibroblasts (CAFs) within the tumor microenvironment [228,229]. Research is ongoing to
optimize FAP CAR-T cells, with efforts focused on improving their specificity, enhancing their
persistence in the tumor microenvironment, and combining them with other therapeutic modalities
[228,229]. Approaches such as dual-targeting CAR-T cells, which target both FAP and a tumor-specific
antigen, are also being explored to increase efficacy while minimizing off-tumor effects [228-230].

Stage | Stage Il
Immunosuppressive TME Stimulated TME after infusion with both types of CAR-T cells
] FAP-mbbz CLDN18.2-mbbz
T8l @ '@ |CLON1B2mbbz &
6% o 8
" o A o’ (® .
g B N ® ) (@, ° ®
i o - CD8 + T cells ¥ 2 ® [y CAR + T cells
‘9 P oy ® CAFs 1 g . [ Py CLDN18.2-mbbz ~ CAFs 4
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Figure 3. “Sequential Therapy enhances the antitumor ability of CAR-T by suppressing the infiltration of
MDSCs. Left: CAFs are crucial in TME, forming an immune surveillance barrier and perpetuating tumor-
promoting. The CAFs could also promote recruit monocytes from the bone marrow, such as MDSCs, to form a
tumor-suppressing microenvironment, suppressing CAR-T cell function. Right: FAP-targeted CAR-T cells
eliminate CAFs via specific recognition of FAP on CAFs in the tumor microenvironment. Further, CLDN18.2-
targeted CAR-T cells could also increase cytotoxic T cells and inhibit the recruiting of MDSCs. With an improved
immune suppressive microenvironment, the antitumor effect of the sequential infusion of CLDN18.2-targeted
CAR-T cells were enhanced”. Modified originally from [229].

12.10. Is There Any Probability of the Creations of CAR TAM Cells

CAR (Chimeric Antigen Receptor) therapy, primarily used to modify T cells to target cancer cells
[1], is theoretically possible for TAMs, but it presents unique challenges and considerations:
1. TAMs:

e  CAR-TAMs: It is possible to engineer macrophages to express CARs targeting specific tumor
antigens [210-212]. This approach could help reprogram TAMs to act against the tumor rather
than supporting it. For example, CAR-TAMs could be designed to recognize tumor antigens,
enabling them to phagocytose tumor cells or modulate the tumor microenvironment to inhibit
tumor growth and promote anti-tumor immunity. However, engineering macrophages is more
complex than T cells due to their different biology and the challenges in efficiently transducing
macrophages with viral vectors used in CAR therapy [210,231].

Challenges:

e Target Selection: Identifying specific and suitable targets on TAMs that are distinct from normal
macrophages is challenging [232,233]

e  Cell Plasticity: TAMs are highly plastic and can change their phenotype based on environmental
signals [233], which might complicate CAR design and functionality.
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¢ Immunosuppresive nature: The mechanisms of immunosuppresion employed by TAMs are
targeted towards inhibiting the activity of the adaptive immune system, including NK cells and

T cells [233].

Current Research:

While the concept of CAR-modified TAMs is intriguing, most CAR research currently focuses
on T cells and, to a lesser extent, NK cells [128,130,131,134,137,141,146,192-194]. Research into
macrophage is still in early stages, but it holds promise for developing novel immunotherapies that
target the tumor microenvironment more effectively. TAMs help tumors grow by using various
strategies. These cells naturally suppress the immune system, which allows the tumor to evade
immune attacks. They also support the formation of new blood vessels (neoangiogenesis) that supply
the tumor with nutrients and oxygen. Additionally, they contribute to the process of epithelial-
mesenchymal transition (EMT), where cancer cells become more mobile and invasive. TAMs can also
change the way cells metabolize energy, further supporting tumor survival and growth. The
interaction between these cell types strengthens their pro-tumor activities, making them attractive
targets for developing new cancer therapies [234,235].

13. Clinical Trials of CAR-T Cell Therapy of Solid Tumors
13.1. Clinical Trials

The development of CAR-T cell therapies has marked a significant advancement in the field of
cancer treatment, particularly in hematologic malignancies [1,2]. However, the translation of this
success to solid tumors has been met with considerable challenges [222]. First-generation CAR-T cells
targeting antigens such as carbonic anhydrase IX (CAIX), neuronal cell adhesion molecule L1
(NCAM-L1)/CD171, folate receptor alpha (FR-«), and GD2, despite demonstrating feasibility, have
largely failed to produce significant clinical benefits. The limited activity and frequent toxicity
observed with these therapies have led to disappointing outcomes. This lack of success can be
attributed to several factors, including the inherent quality of the CAR-T cells and the
immunosuppressive nature of the tumor microenvironment (TME), which acts as a significant barrier
to effective treatment [236].

To overcome these challenges, research has shifted towards the development of more advanced
CAR-T cell generations. Fourth-generation CAR-T cells, also known as TRUCKSs (T cells Redirected
for Universal Cytokine Killing), have been engineered to secrete transgenic cytokines such as IL-7,
IL-12, IL-15, and IL-18 [165]. These cytokines enhance T-cell activation and stimulate the recruitment
of innate immune cells, which are crucial for eliminating antigen-negative cancer cells within the
tumor. For example, 4H11-28z/IL-12 CAR-T cells, which are specific for the MUC-16ecto antigen,
have shown promising results in preclinical trials [237]. This antigen is highly expressed on ovarian
tumor cells, and the engineered CAR-T cells that target it have demonstrated enhanced antitumor
efficacy in Scid-Beige mice with human ovarian cancer xenografts [238]. The success was marked by
increased survival rates, prolonged T-cell persistence in the TME, and elevated systemic levels of
IFN-vy, which are all indicators of a robust antitumor response.

Furthermore, to mitigate the risk of systemic toxicity, some CAR-T cells have been designed with
inducible cytokine expression. These CAR-T cells use an expression cassette driven by the NFAT/IL-
2 promoter, which releases IL-12 upon CAR binding to the target antigen. This inducible system
ensures that IL-12 production occurs only at the tumor site, providing high local cytokine levels while
minimizing systemic exposure. Once the CAR-T cells disengage from the target antigen, IL-12
production ceases, effectively providing a “shutdown” mechanism to prevent off-target effects [239].

In addition to TRUCKS, several other innovative CAR-T cell types are under investigation. These
include universal CARs, which lack endogenous TCR or MHC, self-destructive CARs that can be
deactivated through external signals, and methotrexate (MTX)-conditional CAR-T cells, which offer
the ability to modulate the antitumor effect through the administration of MTX. These advancements
represent the next frontier in CAR-T cell therapy, offering hope for more effective and safer
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treatments for solid tumors. Clinical trials are actively exploring the potential of second-, third-, and
fourth-generation autologous CAR-T cells targeting EGFR, mesothelin, GD2, and other markers in
the treatment of various cancers [240,241].

These advanced CAR-T therapies are designed to improve efficacy and safety in combating
tumors. Additionally, allogeneic CAR-T cells, specifically P-MUC1C-ALLO1, are undergoing Phase
I clinical trials (NCT05239143) for patients with advanced or metastatic solid tumors. This allogeneic
approach aims to provide off-the-shelf solutions, potentially overcoming limitations associated with
autologous CAR-T therapies and broadening the accessibility of these innovative treatments [242].
Figure 4 shows clinical trials of CAR-T cell therapy of solid tumors.

P Y Clinical trials of CAR-T cell therapy in solid tumors
NCT Number | CAR-T Product Target Antigen Generation of CAR-T  Cancer Trial Phase Status
Cell Structure
NCT05745454 | HER2-E-CART cells HER-2 2nd-generation HER-2-positive and refractory | Not yet
advanced solid tumors recruiting
NCT05779917 | Mesothelin/GPC3/ Mesothelin 2nd-generation Pancreatic cancer | Recruiting
GUCY2C-CAR-T Cells (secreting a fusion
protein of IL21 and
scFv against PD1)
NCT04025216 | CART-TnMUCH1 cells; TnMUC1 2nd-generation Advanced TnMUC1-positive solid | Terminated
Cyclophosphamide; tumors (triple negative breast
Fludarabine cancer, epithelial ovarian cancer,

pancreatic cancer, and non-small
cell lung cancer), and advanced
TnMUC1-positive multiple myeloma

NCT03851146 | LeY-CAR-T Lewis Y 2nd-generation LeY antigen-expressing advanced | Completed
Antigen (LeY) solid tumors
NCT03198052 | GPC3/Mesothelin/ GPC3, Mesothelin, 3rd-generation Lung cancer | Recruiting
Claudin18.2/GUCY2C/ Claudin18.2, GUCY2C,

B7-H3/PSCA/PSMA/MUC1/  B7-H3, PSCA, PSMA,
TGFB/HER2/Lewis-Y/AXL/  MUC1, TGFB, HER2,

EGFR-CAR-T Cells Lewis-Y, AXL, or EGFR
NCT05672459 | Anti-HLA-G CAR-T cells Human leukocyte antigen  3rd-generation Previously treated, locally 1Ma Recruiting
(IVS-3001); Fludarabine (HLA-G) advanced, or metastatic solid
phosphate; tumors that are HLA-G positive
Cyclophosphamide

NCT03542799 | EGFR-IL12-CART Cells EGFR 4th ion N ic colorectal cancer 1] Unknown
(IL12 expressing) status

NCT03182816 | anti-CTLA-4/PD-1 EGFR 4th-generation EGFR-positive advanced I Unknown

expressing EGFR-CAR-T (CTLA-4 and PD-1 solid tumor status
antibodies expressing)

NCT02992210 | 4SCAR-GD2 T-cells GD2 4th-generation Solid tumor n Unknown
(with an inducible status
caspase 9 suicide gene)

NCT03635632 | C7R-GD2.CART Cells GD2 4th-generation Relapsed or refractory I Active, not

(IL7 expressing) neuroblastoma and other GD2 recruiting

positive cancers (sarcoma, uveal
melanoma, phyllodes breast tumor,

or another cancer)
NCT03932565 | CAR-T therapy Nectin4/FAP 4th-generation Nectind-positive solid tumors such | Unknown
(IL7 and CCL19, as non-small cell lung cancer, status
or IL12 expressing) breast cancer, ovarian cancer,

bladder cancer, or pancreatic
cancer, and FAP-positive CAFs
in the tumor-associated stroma

NCT03198546 | GPC3/TGFB-CART cells GPC3/ 3rd/4th-generation Hepatocellular carcinoma with | Unknown
soluble TGFB GPC3 expression, status
squamous cell lung cancer

Figure 4. Clinical trials of CAR-T cell therapy of solid tumors. Modified from [242].

13. Conclusion

CAR-T therapy for solid tumors is in its early clinical development stages, but preclinical studies
and early-phase trials have shown promise. CAR-T cells targeting antigens like HER2, EGFRVIII, and
mesothelin have demonstrated potential in treating breast cancer, glioblastoma, and mesothelioma,
respectively. Ongoing research aims to refine these strategies, with the hope that CAR-T therapy will
eventually offer effective treatment options for solid tumors, particularly for cancers that are difficult
to treat [242,243]. Despite significant challenges, advancements in target selection, CAR design, and
combination therapies are paving the way for CAR-T cell therapy to become a powerful tool in
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oncology. In studying CAR-T cell binding to antigens, conventional methods such as flow cytometry,
ELISA, and immunohistochemistry are widely used due to their established protocols and
accessibility. While these techniques provide valuable insights, they may lack the sensitivity and
throughput required for more detailed analyses. Advanced methods like surface plasmon resonance
(SPR), single-cell RNA sequencing (scRNA-seq), and CRISPR screening offer higher resolution data,
enabling deeper understanding of CAR-T cell interactions with target antigens. NK CAR cells,
combining the innate cytotoxicity of NK cells with CAR technology, represent a promising
advancement in cancer immunotherapy, potentially targeting a broad range of tumor cells with
minimal adverse effects. Ongoing research and clinical trials are crucial to overcoming challenges in
their development and expanding their clinical application. Universal CAR-T cells offer a
transformative approach by overcoming the limitations of patient-specific therapies. Using TCR
knockout T cells, NKT cells, and double-negative T cells, these universal CAR-T cells promise broader
applicability, reduced risk of GVHD, and lower production costs. As research advances, universal
CAR-T cells could revolutionize cancer treatment by making it more effective, accessible, and scalable
for a wider patient population.
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