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The synergistic
immunotherapeutic impact
of engineered CAR-T cells with
PD-1 blockade in lymphomas
and solid tumors: a
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Dewan Chettri 1†, Dhruba Sonowal1,
Chinmayee Priyadarsini Dash1, Prachi Dhaka1, Vivek Uttam1,
Ritu Yadav1, Manju Jain2* and Aklank Jain1*

1Department of Zoology, Non-Coding RNA and Cancer Biology Laboratory, Central University of
Punjab, Bathinda, Punjab, India, 2Department of Biochemistry, School of Basic Sciences, Central
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Currently, therapies such as chimeric antigen receptor-T Cell (CAR-T) and

immune checkpoint inhibitors like programmed cell death protein-1 (PD-1)

blockers are showing promising results for numerous cancer patients.

However, significant advancements are required before CAR-T therapies

become readily available as off-the-shelf treatments, particularly for solid

tumors and lymphomas. In this review, we have systematically analyzed the

combination therapy involving engineered CAR-T cells and anti PD-1 agents. This

approach aims at overcoming the limitations of current treatments and offers

potential advantages such as enhanced tumor inhibition, alleviated T-cell

exhaustion, heightened T-cell activation, and minimized toxicity. The

integration of CAR-T therapy, which targets tumor-associated antigens, with

PD-1 blockade augments T-cell function and mitigates immune suppression

within the tumor microenvironment. To assess the impact of combination

therapy on various tumors and lymphomas, we categorized them based on six

major tumor-associated antigens: mesothelin, disialoganglioside GD-2, CD-19,

CD-22, CD-133, and CD-30, which are present in different tumor types. We

evaluated the efficacy, complete and partial responses, and progression-free

survival in both pre-clinical and clinical models. Additionally, we discussed

potent ia l impl icat ions , inc luding the feas ib i l i ty of combinat ion

immunotherapies, emphasizing the importance of ongoing research to

optimize treatment strategies and improve outcomes for cancer patients.

Overall, we believe combining CAR-T therapy with PD-1 blockade holds

promise for the next generation of cancer immunotherapy.
KEYWORDS

engineered CAR-T cells, PD-1, solid tumor, lymphoma, immunotherapy, combination
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1 Introduction

Despite recent breakthroughs in cancer diagnostics and

therapeutics, cancer still remains the second biggest cause of

death worldwide, with lung and colorectal cancer being two of

the leading causes of death (1–3). There are plenty of substantial

drawbacks to traditional treatment options, including surgery,

radiation therapy, and chemotherapy, and many patients with

metastatic or recurring ailments continue to witness poor

outcomes (4). However, immunotherapies, particularly in the

treatment of hematological malignancies, have demonstrated

clinical success on a global scale (5). As a novel approach to

cancer treatment, immunotherapy has heralded a new era of

cancer therapy strategies (6). In contrast to traditional techniques,

immunotherapy concentrates on using the body’s immune system

to fight cancer. Immunotherapy helps to withstand and eliminate

tumor cells by triggering the body’s natural defenses (7, 8). One

such novel immunotherapeutic approach is adoptive cellular

therapy (ACT) which majorly comprises T cell receptor (TCR) T

cells, tumor-infiltrating lymphocytes (TILs), and chimeric antigen

receptor T cells (CAR-T cells) (9, 10). Recently in 2023, FDA

approved Lifileucel a type of TIL as a therapeutic option against

unresectable or metastatic melanoma but its long-term efficacy

needs to be studied (11). However, among all the available

adoptive cellular therapies CAR-T cells have been widely studied

over last decade and have shown promising results in various

hematological and non-hematological malignancies (12–14).

Chimeric antigen receptor (CAR) T Cell therapy utilizes T-cells

that have been genetically modified to possess unique tumor-killing

abilities using CAR (15). This intriguing treatment strategy involves

genetically modifying T-cells to produce distinct CARs, which enable

the T-cell to identify and target a specifically selected and explored

tumor antigen (16). In this regard, CD19, a particular antigen found in

B cells, has been considered and applied in CAR-T cell therapy to treat

lymphoma and leukemia (17). Some of the U.S. FDA approved CAR-T

cell therapies are Yescarta (NCT02348216, NCT03105336), Kymriah

(NCT02435849), Tecartus (NCT04880434), Breyanzi (NCT02631044),

Abecma (NCT03361748), Carvykti (NCT03548207) under the generic

name axicabtagene ciloleucel, tisagenlecleucel, brexucabtagene

autoleucel, liscobtagene maraleucel, idecabtagene vicleucel and

clitacabtagene autoleucel respectively. Of all these approved CAR-T

cell therapies, axicabtagene ciloleucel, and tisagenlecleucel are approved

for diffuse large B-cell lymphoma (DLBCL).

Although CAR-T cell therapy effectively treats recurrent or

resistant hematological malignancies, treating solid tumors remains

difficult. The complex tumor microenvironment (TME), aberrant

vasculature, trafficking, tumor infiltration, and lack of reliable

Tumor-Associated Antigens (TAAs) are some of the major

problems with using CAR-T cells in solid tumors (18). To get

around these challenges, various approaches have been utilized,

such as giving CAR-T cells the ability to secrete cytokines or

chemokines or to knock off PD-1 expression and utilizing CAR-T

cells in combination with other therapies (19, 20). One of the

potential problems with CAR-T cells is their exhaustion in the case

of solid tumors, which refers to loss of effector function and

persistent inhibitory receptor expression due to chronic antigen
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exposure and the immunosuppressive tumor microenvironment

and immune checkpoint programmed death -1 (PD-1) is closely

linked with CAR-T cell exhaustion (21–24).

PD-1 is a signaling receptor present on the surface of T-cells

that regulates the activation of T-cells (25). Tumor cells can evade

the immune system by preventing T-cell activation through

upregulation of PD-L1/PD-L2 molecules, the ligand of PD-1.

Therefore, some effective therapy is required to overcome this

problem of CAR-T cell exhaustion in the case of solid tumors.

Anti PD-1 therapy, along with CAR-T cell therapy, can help reverse

exhaustion and increase the efficacy of CAR-T cells in case of solid

tumors (26).

This review thoroughly explores the details of CAR-T cell

structure, how it has evolved over different generations, and the

involvement of the immune checkpoint PD-1, especially its

signaling within solid tumors and lymphomas. The individual

efficacy and impacts of CAR-T cell therapy and anti PD-1 drugs

has been discussed. We present how the combination of these

treatments performs, particularly when addressing solid tumors and

lymphomas, adding depth to our understanding of their combined

impact. To see the impact of combination therapy on different

tumors and lymphomas, we categorized them based on six major

tumor-associated antigens: mesothelin, disialoganglioside GD-2,

CD-19, CD-22, CD-133, and CD-30, which are present in various

tumors (27–32). In our opinion co-administration of both CAR-T

cell and PD-1 inhibitor therapies simultaneously may lead to better

outcomes, including enhanced progression-free survival, and

improved overall survival rates.
2 Search strategy

The preferred reporting items for systematic reviews and meta-

analysis (PRISMA) were used for the systematic analysis of literature

we obtained after searching databases. For searching out the literature

for our review, we considered authenticated databases such as Google

Scholar and PubMed. No period constraint was applied during the

search. We used the string “CAR-T CELL THERAPY” AND “PD-1

THERAPY IN CANCER”. After our primary research as of date 10/

01/2024, we got 46440 papers, but after identification, we excluded

duplicate records (n=440), reviews and book chapters (n=17154), and

titles that did not consider combination therapy (n=28760). The

records were reduced to 86 after identification and subjected to

scientific screening. During the scientific screening, we removed 50

out of 86 records we obtained after identification based on the type of

cancer we included in our review, and the records were reduced to 36.

The human cell line-based studies (n=12) and human cell line plus

mouse model-based studies (n=6) were also excluded after detailed

screening. After the screening, the papers we had at the end were 16.

As shown in Figure 1, these 16 papers were specifically chosen for

inclusion in our review due to their focus on patient-based studies

that were given a combination of CAR-T cell and PD-1 therapy. This

detailed and systematic approach ensures that the literature

synthesized in our review is not only substantial but also directly

relevant to the clinical context of CAR-T cell therapy and PD-1

therapy in the context of cancer treatment.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1389971
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Satapathy et al. 10.3389/fimmu.2024.1389971
3 CAR-T cell

CAR-T cells are genetically engineered T-cells that code and

express customized receptors known as chimeric antigen receptors

(CAR). These CARs are designed to efficiently recognize target

tumor-associated antigens present in tumor cells (33, 34).

Physiological T-cell typically require two signals for their

activation; the first signal is provided by the interaction of MHC-

bound antigen with T-cell receptor (TCR) and the second one is

provided by the binding of costimulatory molecules such as CD28

(present on helper T-cells) and CD80 or CD86 (present on antigen-

presenting cells) (35). In contrast to conventional T-cells, CAR-T

cells possess the distinctive capability to recognize antigens

independently of Major Histocompatibility Complex (MHC)

molecules (35) which leads to potent T-cell activation and

produces a strong, immediate, and long-term antitumor response

(36). Moreover, CAR-T cells can persist in the body for several

years, which contributes to its efficacy in eliminating cancer cells
Frontiers in Immunology 03
upon relapse. Melenhorst, et al. (2022) investigated the long-term

persistence of CD-19-directed CAR-T cells in two chronic

lymphocytic leukemia patients who achieved remission over ten

years ago. They found that CAR T cells were still detectable after a

decade with both patients while maintaining complete remission

(37). This extraordinary efficacy has been particularly evident in

treating leukemia and lymphoma. However, despite their success in

hematological malignancies, CAR-T cells have faced many

challenges in achieving satisfactory results in treating solid

tumors (38). Thus, ongoing research endeavors are directed

towards enhancing the therapeutic efficacy of CAR-T cells for

solid tumors.
3.1 Structure of CAR-T

Chimeric antigen receptor (CAR) comprises four domains: an

extracellular domain, a hinge domain, a trans-membrane, and an
FIGURE 1

PRISMA flow chart describing the process of literature search and study selection related CAR-T cell therapy and PD-1 therapy in cancer.
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intracellular signaling domain (39, 40). The structure and function

of each of these domains are described below:

3.1.1 Extracellular domain
The extracellular domain of a CAR is constructed by combining

the variable regions of heavy (VH) and light chain (VL) of

antibodies (Ab) through a flexible linker, forming a single-chain

variable fragment (scFv) (40, 41). Since CAR is composed of the

antibody’s variable portion, it retains the antigen-binding properties

and binds specifically to a target antigen. Notably, the scFv can

recognize and bind to an antigen in a major histocompatibility

complex (MHC)-independent manner, leading to the activation of

CAR-T cells and the induction of potent antitumor activity (41).

Extracellular domain determines the CAR’s affinity for the target

tumor-associated antigen; studies have shown that a higher affinity

of the scFv for the target antigen can reduce on-tumor off-target

effects. However, excessively higher affinity may compromise the

tumor penetration ability and trigger unwanted toxicity (42). Thus,

while designing a CAR, careful consideration of the affinity of the

extracellular domain toward the target tumor antigen is essential to

optimize its therapeutic efficacy while minimizing potential

adverse effects.

3.1.2 Hinge domain
The hinge domain is part of an extracellular region that links the

transmembrane domain and the extracellular antigen-binding

domain in a CAR. This region is usually derived from CD8,

CD28, IgG1, or IgG4 (43, 44) and provides flexibility and helps to

overcome steric hindrance, which is required to enhance the

binding affinity of scFv with the target antigen (40, 43–45).

The extracellular region derived from IgG1, of the CAR bears a

resemblance to the Fc region of antibodies. Consequently, immune

cells with Fc gamma receptors (FcgR) can bind to the CAR’s

extracellular region through Fc-FcgR interaction (46). This

interaction has been observed to accelerate the aging process of

CAR-T cells, resulting in a negative impact on CAR-T cell

persistence and function (46). To mitigate this Fc-FcgR
interaction, increasing the flexibility of the hinge domain becomes

crucial. Therefore, when designing a CAR, careful consideration of

the hinge region’s flexibility is essential to optimize CAR-T cell

performance and longevity.

3.1.3 Transmembrane domain
The transmembrane domain facilitates the connection between

the intracellular and the extracellular domain through the hinge

domain and transmembrane region is usually derived from proteins

such as CD3z, CD28, CD4 and CD8a (41). CAR-T cells containing

transmembrane domains derived from each of these proteins are

known to release different levels and types of cytokines. Leah et al.

(2017) evaluated the CD8a and CD28 transmembrane and hinge

domain containing CAR-T cells, and they found that CAR-T cells

containing CD8a released fewer cytokines (such as IFN-g and TNF)
as compared to CD28 containing CAR-T cells. They also found that

the CAR containing transmembrane domain derived from CD8a
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showed lower activation induced cell death (AICD) as compared to

a CAR containing the same regions derived from CD28 (47).

Therefore, the choice of transmembrane domain plays an

important role in determining the persistence of CAR-T cells.

3.1.4 Intracellular signaling domain
The intracellular signaling domain is composed of the

activation and costimulatory domains. The intracellular domain

tries to replicate the typical sequence of events that triggers T-cell

activation. The activation domain of CAR is usually derived from

CD3z, which can activate CAR-T cells to some extent, but full

activation requires extra costimulatory domains (48). These

costimulatory domains are usually derived from CD28 or 4-1BB

(CD137) (41, 43). CAR-T cells having either of these domains will

have different distinct functions, CAR-T cells containing CD28 will

differentiate into effector memory cells, while CAR-T cells

containing 4-1BB (CD137) will differentiate into central memory

T-cells (49). In general, upon binding with the target antigen, CAR-

T cells containing activation and costimulatory domain produce IL-

2, which helps in its proliferation and persistence (43, 50).
3.2 Generations of CAR-T cells

The initial concept of the Chimeric Antigenic Receptor (CAR)

was first articulated in 1987 by Yoshihisa Kuwana and his

colleagues at Fujita Health University and Kyowa Hakko Kogyo

(51). Concurrently, Gideon Gross and Zelig Eshhar independently

described the same concept in 1989 at the Weizmann Institute (52).

The pioneering clinical application of CAR-T cell therapy was

carried out at the University of Pennsylvania and the Children’s

Hospital of Philadelphia under the leadership of Carl June. Their

team successfully treated a five-year-old girl who was suffering from

Acute Lymphoblastic Leukemia (53). Since then, various

enhancements have been made to increase the efficacy of CAR-T

cells. Mostly these enhancements are done by modifying the

endodomains. Based on the structure and composition of the

endodomain, CAR-T cells can be classified into five generations.

We have shown the evolution of CAR-T cell generations in

Figure 2 (54).

3.2.1 First generation
The first-generation CAR-T had a single intracellular signaling

domain, such as CD3z or FcϵRIg, but lacked costimulatory domains,

such as CD27, CD28, CD134, and CD137 (55). These intracellular

domains were responsible for transmitting signals from T-cell

receptors, but CAR-T cells containing only intracellular domains had

some limitations. The primary limitations were low cytotoxicity and

proliferative responses. Thus, to overcome this limitation, exogenous

IL-2 had to be supplemented to enhance their proliferative and

cytotoxic capabilities. However, even after exogenous administration

of IL-2, CAR-T showed limited proliferation and cytotoxicity,

necessitating the development of second-generation CAR-T with

additional costimulatory domains (55, 56).
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3.2.2 Second generation
The development of second-generation CAR-T cells aimed to

overcome the limitations of first-generation, such as insufficient

cytokine production such as IL-2 and a short lifespan. These

challenges were effectively addressed by incorporating a dual

signaling domain that promotes robust T-cell proliferation and

differentiation into effector cells.

This achievement involved two types of signals. The first signal

occurs when a foreign peptide binds to an MHC protein on the

surface of an antigen-presenting cell, triggering recognition by a T-

cell receptor and downstream signaling through CD3z. The second
signal is initiated by the interaction between the CD28 co-receptor

protein on the T-cell and the CD80/86 costimulatory protein on the

antigen-presenting cell (57). Together, these signal 1 and signal 2

events stimulate T-cells to release IL2, which, in an autocrine

manner, promotes their proliferation and differentiation (56–59).

Notably, a CAR with only CD3z is insufficient for full T-cell

activation; the inclusion of a costimulatory domain is also required.

Therefore, second-generation CARs incorporated CD28, 4-1BB, or

OX-40 costimulatory domains. This design has been associated with

improved T-cell proliferation, enhanced cytotoxicity, sustained

response, and increased survivability of CAR-T cells (56, 60).

3.2.3 Third generation
Third-generation CAR-T cells were developed by incorporating

multiple costimulatory signaling domains along with the

endodomain. Commonly utilized configurations included CD3z-
CD28-OX40 or CD3z-CD28-41BB (61, 62). In a pilot clinical trial

conducted by Brain et al. (2012) to assess the effectiveness of third-
Frontiers in Immunology 05
generation CAR-T cells containing CD28 and 4-1BB costimulatory

domains, the study revealed improved persistence, proliferation,

and safety (63). However, there were no significant enhancements

in efficacy observed.

3.2.4 Fourth generation
The development of fourth-generation CAR-T cells aimed to

enhance the antitumor response of CAR-T by delivering transgenic

products to the tumor site, thereby recruiting other immune cells

(64). This advancement involved re-engineering third-generation

CAR-T cells by incorporating an additional nuclear factor of the

activated T-cell (NFAT) responsive cassette (65). This cassette

allowed for the inducible expression of a transgenic cytokine,

such as IL12. Commonly referred to as T-cell redirected for

universal cytokine-mediated killing (TRUCK), the fourth-

generation CAR-T exhibited improved activation and

persistence (65).

3.2.5 Fifth generations
To address challenges associated with fourth-generation CAR-T

cells, the fifth-generation CAR-T cells were developed. Along with

conventional CD3z domain fifth generation CAR-T has additional

IL-2Rb and STAT3 domain (46, 62, 66). These supplementary

domains provide fifth-generation CAR-T cells with enhanced T-

cell activation, proliferation, and improved properties for

infiltrating solid tumors. Notably, unlike conventional

monovalent CAR-T cells, fifth-generation CAR-T cells are

designed to be multivalent, enabling them to recognize a broader

range of tumor-associated antigens (62).
FIGURE 2

Generations of CAR-T cells. First generation of CAR-T cell has single cytoplasmic CD3z domain, second generation CAR-T includes CD3z along with
costimulatory domain (CD28). Third generation CAR-T cell has multiple costimulatory domains, such CD3z, OXO40 or 4-1BB, and CD28. Fourth
generation CAR-T contains additionally cytokine inducer domain and fifth generation CAR-T cell contains IL2R domain.
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3.3 Clinical efficacy of CAR-T cell therapy

Various clinical studies have been done to determine the efficacy of

CAR-T monotherapy, and it was found that CAR-T cell treatment

against hematologic malignancies showed remarkable success. In

contrast, in the case of solid tumors, the clinical efficacies were less

than optimal (67). Some of the primary clinical trials are shown in

Table 1. One of the reasons for low efficacy is the heterogeneous nature

of the Tumor Microenvironment (TME) of solid tumors that presents

unique challenges such as inadequate CAR-T cell infiltration, limited

persistence, and suboptimal trafficking (68). It is well-documented that

the PD-1/PD-L1 axis significantly limits the effector function of CAR-T

cells (69). Therefore, blocking the PD-1/PD-L1 axis represents a

promising approach to enhance the antitumor activity of CAR-T

cells (70). The PD-1/PD-L1 interaction mechanism and how to

target this axis to increase the effectiveness of CAR-T cell therapy

have been covered in the subsequent sections.
4 Immune checkpoint PD-1 and its
role in T cell regulation

Immune system checkpoints are molecules that regulate

immunological responses, such as T-cell activation, its inhibition

and preventing autoimmunity (71). In recent decades, several

inhibitory immunoreceptors, such as programmed cell death
Frontiers in Immunology 06
protein 1 (PD-1; CD279), PD-L1 (CD274; B7-H1), cytotoxic T-

lymphocyte associated protein 4 (CTLA-4; CD154), T cell

immunoglobulin and mucin domain-containing protein 3

(TIM3), and lymphocyte-activation gene 3 (LAG3; CD223), T-cell

immunoreceptor with Ig and ITIM domains (TIGIT), and B and T

lymphocyte attenuator (BTLA; CD272), have been identified and

are being investigated in relation to cancer (72, 73). Among all

these, anti PD-1/PD-L1 therapy is one of the most studied immune

checkpoint blockade therapies in cancer, and it has been approved

to treat a wide range of cancer types, including blood, skin, lung,

liver, bladder, and kidney cancers (74). CAR-T cell treatment is

effective against hematologic malignancies but encounters

limitations in treating solid tumors due to the expression of

checkpoint PD-1/PD-L1 within the tumor microenvironment

(TME), which directly limits T-cell responses (75, 76).
4.1 PD-1

Programmed cell death protein 1 (PD-1) or CD279 is a cell

surface receptor protein known to act as a crucial immunosuppressive

molecule. When stimulated, PD-1 is expressed by Natural killer T-

cells, helper T-cells, Cytotoxic T-cells, B-cells, and activated

monocytes (77). Immune checkpoint receptor PD-1 has two

ligands, PD-L1 (B7- H1) and PD-L2 (B7-DC), which help in

immune tolerance (78). PD-L1 (programmed cell death ligand 1)

binds to PD-1 and checks the downstream signaling of T cell
TABLE 1 List of clinical trials on standalone CAR-T cell therapy conducted by various institutes or companies for solid tumor and lymphoma.

NCT
Number

Company/Institute Cancer type CAR-T type Trial
stage

Started
date

Status

NCT02107963 National Institutes of Health Clinical
Center, US

refractory neuroblastoma Anti GD2 CAR-T Phase 1 02-02-2014 Completed

NCT04483778 Seattle Children’s Hospital, US relapsed or refractory non-CNS
solid tumors

B7H3 CAR-T cell Phase 1 13-07-2020 Undergoing

NCT04377932 Texas Children’s Hospital, US pediatric solid tumors Glypican specific
CAR-T

Phase 1 08-12-2021 Undergoing

NCT05274451 University of California, US relapsed or refractory triple negative
breast cancer

ROR1-targeted,
CAR-T

Phase 1 29-03-2022 Undergoing

NCT03618381 Seattle Children’s Hospital, US relapsed or refractory non-CNS
solid tumors

EGFR specific
CAR-T

Phase 1 18-06-2019 Undergoing

NCT02706392 University of Washington Cancer
Consortium, US

Acute Lymphoblastic Leukemia,
Triple negative Breast Cancer.

ROR1 specific
CAR-T

Phase 1 16-03-2016 Completed

NCT01822652 Houston Methodist Hospital and Texas
Children Hospital, US

relapsed or refractory neuroblastoma GD2 specific
CAR-T

Phase 1 08-2013 Undergoing

NCT05035407 National institute of Health Clinical
Center, US

Gastric, Cervical, Lung, Breast and
other KK-LC-1 positive Cancer

KK-LC-1 Specific
CAR-T

Phase 1 08-03-2022 Undergoing

NCT02274584 University of Florida and Peking University
Cancer Hospital, Beijing, China

Lymphoma Anti-CD30
CAR T

Phase 1
and
Phase 2

03-2014 NA

NCT02917083 Houston Methodist Hospital, Texas, United
State and Texas Children’s Hospital

Lymphomas Anti-CD30
CAR T

Phase 1 08-05-2017 Undergoing

NCT04260932 Hebei Yanda Ludaopei Hospital, China refractory and relapsed B-
Cell Lymphoma

CD19/CD20
Dual- CAR-
T Cells

Phase 1 01-03-2020 Completed
fr
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receptors. PD-1 also prevents T cells from activating and proliferating

andmakes it possible for tumor cells to evade the immune system (79,

80). Activated T-cells express PD-1 on their surface and are also

responsible for the secretion of interferon g, which stimulates tumor

cells to express PD-L1 (81). The binding of PD-1 to its ligand restricts

T-cell activation (82). PD-1 encourages immune tolerance when

activated by PD-L1, which is mostly expressed in tumor

microenvironments (83). Upregulating surface PD-L1 allows tumor

cells to adjust PD-1-mediated inhibitory signaling (84).
4.2 Structure of PD-1

In humans, PD-1 is encoded by PDCD1 gene which is located

on chromosome 2 (85). PD-1 receptor is a 55 kDa transmembrane

glycoprotein of 288 amino acids, which consists of an extracellular

immunoglobulin variable-type amino-terminal domain (147 amino

acids), a stalk of around 20 amino acids that acts as a spacer between

extracellular domain and the cell’s plasma membrane (86, 87).

There is a transmembrane region which consists of 27 amino acids.

The cytoplasmic signaling domain consists of 94 amino acids that

contain an immunoreceptor tyrosine-based inhibitory motif (ITIM)

and an immunoreceptor tyrosine-based switch motif (ITSM),

necessary for the inhibitory function of TCR signaling (88, 89).
4.3 Anti PD-1 therapy in solid tumors

PD-1 expression is elevated in T-cell within the tumor

microenvironment than those found in healthy tissues (90).

Therapies that involved inhibition of immune regulatory

checkpoints, i.e., PD-1, PD-ligands (PD-L1, PD-L2), and CTLA-4

have shown remarkable success in a broad range of hematological

malignancies and solid tumors, leading to a substantial

enhancement in overall survival rates. Immune checkpoint

inhibitors have become primary therapies for various types of

cancers, including metastatic melanoma and non-small cell lung

cancer (91, 92). Approximately 30% of solid tumor types and

hematologic malignancies exhibit overexpression of PD-L1 to

block antitumor immune responses and enhance tumor growth,

proliferation, and survival (87). Many human cancers have PD-L1

overexpression, including melanoma (40%-100%), NSCLC (35%-

95%), and nasopharyngeal carcinoma (68%-100%). urothelial

carcinoma (28%-100%) lymphomas (17%-94%), and others (87).

Blackburn et al. (2009) demonstrated that colon cancer patients

with mismatch repair (MMR) deficiency accumulate a higher tumor

mutational burden, leading to increased neoantigen production and

enhanced recognition by the immune system. These colon cancer

patients respond better to anti PD-1 therapy. These findings suggest

that immune checkpoint inhibitors may be useful for various

cancers (87). Malignant melanoma, a challenging skin cancer to

treat, responds favourably to immunotherapy treatments such as

PD-1/PD-L1 inhibitors (93). A significant proportion of melanoma

malignancies, roughly 38% of all cases, have positive tests for PD-L1

and TILs, making them prime candidates for blockade by PD-1/PD-

L1 inhibitor (94). Breast cancer treatment using mAbs against PD-
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1/PD-L1 is showing promising results. PD-L1 expression rates are

high in triple negative breast cancer (TNBC), estrogen-negative,

and progesterone-negative tumors. PD-1/PD-L1 inhibitors have

been found to exhibit a response rate of 19% in patients with

triple-negative breast cancer (TNBC) (95–97).
4.4 Molecular mechanism of PD-1
blockade in T-cells

T-cell activation and its effector function are regulated by

multiple positive and negative signals alongside co-stimulatory

and co-inhibitory signals. The positive signal is provided by the

interaction of CD80 with CD28, and the negative signal is provided

by the interaction of immune checkpoint inhibitors such as CTLA4

and PD-1 (98). During T-cell activation, downstream signaling is

initiated by recruiting and activation of src-like tyrosine kinases,

mostly LCK. LCK phosphorylates the intracellular domain of CD3

and TCR, which leads to the recruitment of ZAP-70 and PI3K to

CD3 and CD28 (99). Once ZAP-70 is recruited and activated, it

goes on to activate PLCg. This causes IP3 mediated release of Ca2+

from the endoplasmic reticulum and this also causes translocations

of NFAT and CREB into nucleus. These transcription factors cause

transcription of genes involved in T-cell differentiation (100). Full

activation and differentiation of T-cells require an additional co-

stimulatory signal, which is provided by the CD80-CD28

association. This causes the production of PIP3, which is required

for AKT and PKC-q activation (101); this leads to strong activation

and proliferation of T-cell as illustrated through Figure 3A.

Moreover, T-cell activation, proliferation, and differentiation can

be inhibited by PD-1/PD-L1 interaction (102).

The expression of PD-1/PD-L1 in cancer cells is influenced by

various pathways such as PI3K/AKT, MAPK, JAK/STAT, Wnt, NF-

kB, and Hedgehog (Hh). The phosphoinositide 3-kinase (PI3K)/

Akt pathway, vital for cellular metabolism control, is a major target

of PD-1-mediated inhibition in T-cells (87, 103).

Understanding the complex nature of the PD-1/PD-L1 pathway

has led to revolutionary advancements in oncology and

immunology, revolutionizing the treatment of various cancers

and autoimmune conditions (104). This pathway’s association is

crucial for regulating immune responses to prevent excessive

activation, thereby averting autoimmunity and inflammation.

However, certain diseases exploit this mechanism to evade

immune detection. For instance, cancer cells increase PD-L1

expression, which binds to PD-1 on T-cell and dampens their

ability to combat tumors (91).

The cytoplasmic tail of PD-1 contains two tyrosine residues, one

within an ITIM motif near the cell membrane and another in ITSM

(105). When PD-1 is activated by either of its natural ligands, PD-

L1 or PD-L2, Src kinases phosphorylate PD-1 at two tyrosine-

containing motifs, ITIM and ITSM (106), which recruit and activate

phosphatase such SHP1 and SHP2, removing phosphate groups

from nearby effector proteins CD3z, ZAP70, and PI3K kinases

(107). This leads to the suppression of phosphoinositide 3-kinase

(PI3K)–Akt pathway promoting T-cell exhaustion (108). Usually, in

the absence of PD-1 activation, TCR leads to increased expression
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of CK2, which phosphorylates and inactivates PTEN. This

inactivated PTEN can no longer dephosphorylate PIP3, which is

produced by PI3K. These allow TCR signal transduction to proceed

and activate T-cells (109). Meanwhile, if the PD-1 is engaged with

PD-L1, CK2 kinase expression is down-regulated. When the CK2

level is downregulated, PTEN gets activated; thus, PIP3 gets

dephosphorylated, blocking downstream signaling (110). Thus, by

indirectly inhibiting T-cell activation, PD-1 influences T-cell

proliferation as demonstrated in Figure 3B. The development of

immunotherapies like immune checkpoint inhibitors targeting PD-

1 or PD-L1 has significantly improved T-cell proliferation, tumor

infiltration, survival, and efficacy against specific cancers (83).
5 CAR-T cell and anti PD-1
combination therapy

Previous research has shown that CAR-T and PD-1 blockade

therapies have individually shown clinical success and the FDA has
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approved a few drugs, their efficacy against solid tumors is still limited

and needs further study and improvement (111). They are also

showing good results against certain lymphomas but there are risks

of resistance, recurrence, cytokine release syndrome, and neurotoxicity

(112, 113). Tumor escape mechanism, a hallmark of cancer, are often

facilitated by the expression of checkpoint ligands on tumor surfaces

(114). Activated T-cells naturally upregulate co-inhibitory receptors

such as PD-1 and CTLA-4 upon activation (41). The solid tumor

shows higher expression of co inhibitory ligands such as PD-L1 (114)

that bind to T-cell inhibitory receptors (115). Under normal

physiological conditions, the PD-1/PD-L1 pathway maintains

peripheral immune tolerance and prevents excessive tissue

inflammation and autoimmune diseases (116). However, within the

tumormicroenvironment, these receptors compromise the host’s anti-

tumor immunity by inducing immune suppression by inhibiting

tumor-infiltrating Lymphocytes (TIL) activation, cytotoxic T

lymphocyte (CTL) production, cytokine secretion, and thus

promote tumor progression and metastasis (116). These ligands also

limit the efficacy and persistence of CAR-T cell therapy (71, 115, 117).
A B

FIGURE 3

PD-1 blockade mechanism. (A) Mechanism of normal T cell activation which is achieved by interaction of T cell receptor with MHC bound antigens
and CD80-CD28 costimulatory interaction. This normal T cell activation leads to upregulation of CK2 which phosphorylates PTEN inhibiting its
phosphatase activity. This allows the PI3K-Akt pathway to activate T cells. (B) Inhibitory mechanisms of PD-1, which depend on the recruitment of
SHP1 and SHP2 phosphatases. These phosphatases inhibit ZAP70 and PI3K activities. Terminating downstream intracellular signaling pathways. Also,
PD-1 indirectly regulates T cell proliferation by targeting PTEN and inhibiting PI3K-Akt pathway. When CK2 is downregulated PTEN is no longer
phosphorylated and shows phosphatase activity and dephosphorylate PIP3. This inhibits PI3K-Akt pathway and leads to T cell exhaustion.
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To overcome this limitation, combination therapy of CAR-T cells

along with anti PD-1 has the potential to be the next generation of

cancer immunotherapy for the treatment of solid tumors.
5.1 Types of combination therapy: extrinsic
and intrinsic

The combination therapy can be of two types: Cell extrinsic and

cell intrinsic combination therapy.

5.1.1 Cell extrinsic combination therapy
In the extrinsic method, the PD-1 blocking agents are

administered separately before or after the CAR-T cell treatment.

Currently, at least three such anti PD-1 monoclonal antibodies

(mAb) are approved by FDA. Namely, Nivolumab (Opdivo),

Pembrolizumab (Keytruda), and Cemiplimab (Libtayo), several

anti PD-1 agents are under trial (118). PD-1 mAbs tend to

promote the secretion of IL-2 and IFN-g (119, 120). IL-2 acts as a

T-cel l growth factor ; thus , i t was amongst the first

immunotherapeutic drugs to get FDA approval nearly three

decades ago for cancer treatment (121). IFN-g has shown to

reduce the immune suppression that occurs at times and reduce

tumor burden (122). Thus, combining these anti PD-1 agents with

CAR-T cells can significantly increase the persistence and anti-

tumor effect of CAR-T cells. In an in vivo study by John, L.B. et al.

(2013) in an HER-2+ mice model, CAR-T cells combined with an

anti PD-1 antibody were administered. PD-1 antibody significantly

increased the level of IFN-g, granzyme-B, and a proliferation

marker of T-cell that is Ki-67; the CAR-T cell combined with anti

PD-1 showed significantly higher anti-tumor response compared to

only CAR-T cells and isotype control antibody (123). However, the

optimal doses and frequencies of administration of anti PD-1 may

not be generalized as different targets for immunotherapy

and different agents show different dose response characteristics

(124). Thus, in the case of cell extrinsic combination therapy, the

doses of PD-1 blocking agents vary based on tumor type and

grading, and there may be a need for repeated administration of

anti PD-1 antibodies at a regular interval. For example, in a phase I

study, Adusumilli et al. (2021) used Pembrolizumab as an extrinsic

PD-1 blockade along with mesothelin-specific CAR-T cells in a

group of 16 patients with malignant pleural mesothelioma (MPM).

They observed a higher persistence of CAR-T cells in the

combination group than in the group that received standalone

CAR-T cell therapy. They have administered multiple

Pembrolizumab doses, which varied from 1 to as high as 30 doses

(125). Although extrinsic combination therapy shows promising

results, there are some drawbacks associated with it. Kuah et al.

(2023) suggested optimizing the doses of anti PD-1 drugs as

current administration regimens may result in overtreatment with

potentially important implications for cost, quality of life, and

toxicity (124).

5.1.2 Cell Intrinsic combination therapy
In the cell intrinsic method of combination therapy, the CAR-T

cells are genetically engineered to have anti PD-1 activity. One of
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the methods to create cell intrinsic CAR-T cells is by knocking out

genes that are responsible for PD-1 expression, such as PDCD1 on

CAR-T cells using various genome editing tools such as CRISPR-

Cas9 or TALEN and then the recombinant DNA is transduced

using viral vectors (126) or electroporation (127) into the

autologous T-cell. PD-1/PDL-1 axis is responsible for the

modulation of immune tolerance (128). Genetic disruption of

PD-1 may pose a chance of potential autoimmune response and

higher chances of immune related adverse events. Wang, et al.

(2021) studied the efficacy of intrinsic CAR-T cells by knocking out

PDCD-1. To reduce the chances of GVHD, they also knocked out

the T-cell receptor alpha constant (TRAC) using CRISPR-Cas9 and

produced MSLN-directed 28z CAR-T cells with PD-1 and TCR

disruption (MPTK-CAR-T cells). From the study it was found that

using CRISPR-edited CAR-T cells with PD-1 disruption was viable

and secure to be used.

Nonetheless, the enhanced endurance of CAR-T cells did not

exhibit substantial improvement, even when combined with the

natural T-cell receptor and lymphodepletion. They suggested that

TCR may play a role in CAR-T cell activity (126). In an in vitro

study by Guo, X. et al. (2018), they demonstrated that PD-1

disrupted GPC3-CAR-T cells showed stronger anti-tumor

immune response compared to wild-type GPC3-CAR-T cells

against PD-L1 Positive HCC cells; additionally, the disruption of

PD-1 protected the CAR-T cells from exhaustion compared to wild

type CAR-T cells while co-culturing (129). Another possible

method of intrinsic combination is generating anti PD-1 CAR-T

cells by inserting sequences that encode and secrete full-length

antibodies or scFv against the PD-1 receptor (130). In a study by

Fang et al. (2021) they modified autologous T-cells that contained

sequences encoding scFv specific for MSLN and full-length

antibody for PD-1, administered it along with small daily doses of

Aptinib against advanced ovarian serous adenocarcinoma at stage

IIIc and observed shrinkage in metastatic nodules, patient had

progression-free survival (PFS) for five months and survived for

17 months. They found the combination therapy to be a feasible and

promising treatment for advanced refractory ovarian cancer (130).

Recently a novel method of cell intrinsic combination therapy is

being studied that is expression of dominant negative receptor

(DNR). The dominant negative receptor (DNR) has an extracellular

domain of PD-1 but lacks the intracellular signaling domain of the

PD-1 receptor; it acts like a decoy receptor. PD-1 DNR are prepared

by inserting a sequence by viral transduction that lacks the signaling

domain. CAR-T cells with PD-1 DNR show statistically significant

higher proliferation rates and enhanced cytotoxicity (115).

Figure 4A shows standalone CAR-T cell therapy Figure 4B shows

the mechanism of cell extrinsic combination therapy and Figure 4C

shows various types of cell intrinsic combination therapy of CAR-T

cell and anti PD-1 agents.

Both types of combination therapy demonstrate encouraging

efficacy, making it challenging to determine a definitive superior

option. In the case of cell extrinsic combination therapy, as the anti

PD-1 drugs are FDA approved, this can simplify logistics. Also, the

efficacy of cell extrinsic combination therapy is encouraging. Despite

this, there is a need for repeated administration of anti PD-1 drugs,

and the doses and frequencies of doses still need to be generalized. In
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the cell intrinsic model, though, there is no need for separate dosing.

However, a study found that the complete absence of PD-1 may

produce terminally differentiated T-cell and can cause exhaustion of

CD-8+ T-cell (131). CRISPR-Cas9 can also cause off-target mutations
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in Modified T-cell (132). In our opinion, using both intrinsic and

extrinsic combination therapy simultaneously can show promising

results, but further research and individual patient assessment are

necessary to make informed treatment decisions.
FIGURE 4

Types of CAR-T cell therapies. (A) Interaction of PD-1 and PDL-1 in standalone CAR-T cell in tumor microenvironment leads to low proliferation, low
survival, and less cytotoxicity (B) In extrinsic combination therapy along with CAR-T cell anti PD-1 mAb are administered that bind to PD-1 receptor
on CAR-T cell thus prevents the binding of PDL-1 with PD-1. (C) In intrinsic combination therapy CAR-T cells are genetically modified to prevent the
activation of PD-1 downstream action. It is of three types. (i) PDCD1 gene locus is knocked out from CAR-T cell so that it does not express PD-1
receptor. (ii) CAR-T cells are modified to secrete anti PD-1 single chain variable fragments (scFvs). (iii) PD-1 dominant negative receptor (DNR)
transduced virally into the CAR-T cells, DNR lacks intracellular signaling domain.
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5.2 Efficacy of anti PD-1 and CAR-T
combination therapy against different types
of solid tumor

Surface markers play a vital role in targeted cancer

immunotherapy, and they are even more crucial in the case of

solid tumors. These markers are proteins or antigens that are

differentially expressed on the surface of tumor cells; thus, they

have diagnostic/prognostic and therapeutic value. There are various

surface markers identified to date, and they are considered a target

for CAR-T cell therapy, such as mesothelin (MSLN), GD-2, CD-19,

CD-30, CD-22, CD-133 (133, 134). Henceforth, we are going to

discuss individual surface markers targeting combination therapy.

All the studies of combination therapy discussed in this review have

been summarized in Table 2 along with clinical outcomes.

5.2.1 Mesothelin specific CAR-T cell based
combination therapy

Mesothelin, a glycoprotein with a molecular weight of 40 kDa, is

encoded by the MSLN gene (141). Its expression in normal cells is

considerably lower compared to specific cancer cells such as
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pancreatic cancer, mesothelioma, ovarian and extra bile duct

tumors, lung adenocarcinomas, and stomach cancers (27) This

differential mesothelin expression in healthy tissues makes it an

attractive target for cancer immunotherapy specific to these tumors

(142). Moreover, trace amounts of mesothelin can be detected in the

bloodstream of patients with mesothelin-positive cancers, making it

a valuable tool for diagnosis and monitoring (143). In mesothelin-

positive patients, soluble mesothelin-related peptide (SMRP), a 42–

44 kDa protein, is also detected (144).

Adusumilli et al. (2021) conducted a phase I trial combining

Pembrolizumab, an anti PD-1 agent, with regional mesothelin-

targeted CAR-T cell therapy against patients with malignant pleural

disease, including metastatic breast, lung, and malignant pleural

mesothelioma (MPM) (145). In this study involving twenty-seven

patients from the US, out of twenty-seven patients, twenty four had

received cyclophosphamide earlier. They administered CAR-T cells

intrapleurally at a dose of 0.3M - 60M CAR-T cells/kg body weight

to all the patients. A significant median overall survival of 23.9

months was observed, with an average one-year survival rate of

83%. This combination therapy showed better results than the

FDA-approved combination of nivolumab and ipilimumab. The
TABLE 2 Anti PD-1 and CAR-T combination therapy against different types of solid tumor.

Serial
Number

Tumor type Tumor-
associated
antigen

Anti PD-1
mechanism

Response References

1 Mesothelin positive (breast cancer, lung cancer, and
malignant pleural mesothelioma)

Mesothelin Extrinsic
Pembrolizumab
administration

PR: 12.5%
SD: 50%
PD: 31.25%
OS:
23.9 months

(125)

2 Mesothelin positive (pancreatic cancer, biliary tract cancer,
gastric cancer, tubal cancer, esophageal cancer, ovarian
cancer, cervical cancer, and triple-negative breast cancer)

Mesothelin Intrinsic PD-1 gene disruption SD: 46.6%
OS: 3 months
(4.9 months
for
SD patients)

(126)

3 Mesothelin positive (ovarian serous adenocarcinoma) Mesothelin Intrinsic PD-1 antibodies
secreted by the CAR-T cells

PR: 100%
PFS: 5 months

(130)

4 GD2 positive (neuroblastoma) GD2 Extrinsic
pembrolizumab administration

CR: 66.6%
PR: 33.3%

(135)

5 CD19 positive (Diffuse large B-cell lymphoma, mantle cell
lymphoma, transformed follicular lymphoma)

CD19 Intrinsic Chimeric switch
receptor (CSR) with
extracellular domain of PD-1
and signaling domain of CD28

CR: 41.2%
PR: 17.6%
PFS:
18 months

(136)

6 CD19/20 positive (Diffuse large B-cell lymphoma) CD19
and CD20

Extrinsic sintilimab
or camrelizumab

CR: 40%
PR: 20%

(126)

7 CD-19 positive (Diffuse large B-cell lymphoma) CD19 Extrinsic Tislelizumab CR: 100%
PFS:
18 months

(137)

8 CD19 positive (Diffuse large B-cell lymphoma) CD19 Extrinsic sintilimab CR: 42.3%
PR: 23%

(138)

9 CD22 positive (PCNSL) CD19
and CD22

Extrinsic camrelizumab CR: 100% (139)

10 CD30 positive (Hodgkin lymphoma, gray zone lymphoma,
and angioimmunoblastic T-cell lymphoma)

CD30 Extrinsic anti PD-1 antibody CR: 83.3% (140)
CR, Complete response, PR, Partial response, SD, Stable disease, OS, Overall survival, PFS, Progression free survival.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1389971
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Satapathy et al. 10.3389/fimmu.2024.1389971
combination immunotherapy also enhanced the persistence and

function of CAR-T cells in peripheral blood and tumor tissue and

induced new IgG responses (>3.5 fold than baseline) against tumor

antigens. Sixteen patients of combination immunotherapy had

measurable disease by mRECIST. The radiologic evaluation of

these patients revealed partial response (PR) in two out of sixteen,

stable disease (SD) in eight out of sixteen, and partial disease (PD)

in five out of sixteen. The SD or better was sustained for more than

six months in 8 patients; they were functionally well and did not

require the subsequent treatment for a prolonged duration. They

found this combination therapy safe, feasible, and effective. The

study also noted reductions in serum SMRP levels post-treatment,

enhanced CAR-T cell persistence and function, and induced IgG

responses against tumor antigens (125).

In another phase I study led by Wang et al. (2021), PD-1 and

TCR gene-disrupted CAR-T cells were assessed for their effectiveness

against various solid tumors. The study included fifteen patients who

underwent mesothelin-directed CAR-T cell therapy. Specifically, a

mesothelin-directed 28z CAR-T cell was chosen, and its PDCD-1

gene and TRAC gene were knocked out using CRISPR Cas9 genome

editing tools. Among the fifteen patients, six had pancreatic cancer,

three had biliary tract cancer, and one each had gastric cancer, tubal

cancer, esophageal cancer, ovarian cancer, cervical cancer, and triple-

negative breast cancer. The treatment was found to be safe, with no

observed neurotoxicity or autoimmune reactions. However, out of

the fifteen patients, only seven exhibited stable disease (SD) three to

four weeks after the infusion. Unfortunately, this response was

sustained in only two patients until the subsequent follow-up after

eight to twelve weeks. The median overall survival for all fifteen

patients was 3.0 months, while for the seven patients showing stable

disease at weeks 3–4 post-infusion, it was 4.9 months. The study

attributed the relatively poor outcome to the disruption of the TCR,

which had a negative impact on CAR-T cell proliferation (126).

Furthermore, Fang J et al. presented a case study involving a 54-

year-old female diagnosed with advanced ovarian serous

adenocarcinoma. The immunohistochemical staining revealed

increased mesothelin expression in tumor cells (MSLN +++84%).

To address advanced ovarian serous adenocarcinoma, T-cells were

co-cultured with mesothelin antigen, anti-CD28, and recombinant

human IL-2 to prepare aPD-1-meso CAR-T cells. These cells were

then administered to the patient via intravenous drip on day 0 and

day 26. Additionally, the patient received daily aptinib at a dose of

250 mg, known for its antiangiogenic properties and ability to

enhance the efficacy of immune checkpoint inhibitors (ICI).

Flow cytometry analysis showed no change in total leukocyte

count but a shift in lymphocyte count. Specifically, CD8+ T-cell count

increased to 522 and 612 cells/µl at months one and three,

respectively, compared to 352 cells/µl before CAR-T therapy.

Conversely, CD4+ T-cell count decreased to 512 and 522 cells/µl at

months one and three, respectively, compared to 800 cells/µl before

CAR-T therapy. These findings suggested that aPD-1-meso CAR-T

cells contributed to the activation of CD8+ T-cells. Notably, one

tumor nodule decreased in size from 51.9 mm to 39.1 mm, while

another nodule became undetectable. Based on Response Evaluation

Criteria in Solid Tumors V.1.1, the patient exhibited partial response

(PR) and showed shrinkage of nodules and progression-free survival
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for five months, demonstrating the effectiveness and feasibility of this

immunotherapy against mesothelin-positive refractory breast

cancer (130).

5.2.2 GD-2 specific CAR-T cell based
combination therapy

GD-2, also referred to as disialoganglioside GD2, is a type of

glycosphingolipid found abundantly on the surfaces of tumor cells

but with limited expression in normal cells. This characteristic

makes it an appealing target for cancer immunotherapy (28),

particularly in the treatment of neuroblastoma (NB), a prevalent

extracranial solid tumor in children (146). Monoclonal antibodies

designed to target GD2 have become part of standard care for high-

risk neuroblastoma patients, despite the significant toxicities they

may cause (135). As an alternative approach, researchers are

exploring GD2-targeted CAR-T cell therapy.

Heczey et al. (2017) conducted a Phase I trial involving eleven

patients with relapsed or refractory neuroblastoma, with a median

age of 6.5 years. All patients received third-generation GD2-CAR-T

cells incorporating CD28 and OX40 costimulatory endodomains.

Ten out of eleven patients had stage 4 (metastatic) NB, while one

had stage 3 NB located in the pelvis region; all patients had active

disease at the time of CAR-T infusions. The patients were divided

into three cohorts for comparison.

In Cohort 1, four patients received only GD-2 CAR3-T. Cohort 2

comprised four patients who received GD-2 CAR3-T along with

cyclophosphamide and fludarabine (Cy/Flu) preconditioning to

enhance CAR-T expansion and persistence. In Cohort 3, three

patients received both Cy/Flu and GD-2 CAR3-T, along with

pembrolizumab, an anti PD-1 agent. The doses of GD2-CAR3-T

Cells were calculated based on body surface area according to the

INSS International Neuroblastoma Staging System. Cyclophosphamide

was administered at 500 mg/m2/dose on days -4, −3, and −2, and

fludarabine at 30 mg/m2/dose on days −4 and −3 intravenously, while

pembrolizumab was given at 2 mg/kg/dose intravenously on the -1st

and 21st day of CAR-T administration. Among the eleven patients,

only one patient in Cohort 1 experienced cytokine release syndrome,

which did not exceed grade 2.

While there was no significant difference observed between Cy/

Flu, GD-2 CAR3-T patients and anti PD-1, Cy/Flu, GD-2 CAR3-T

patients in terms of T-cell persistence and expansion, the best

response was noted in Cohort 3. In this cohort, which involved

anti PD-1 administration, two out of three patients exhibited

complete response, while one showed partial disease response. In

Cohort 1, out of four patients, two had stable disease, and two showed

progressive disease. In Cohort 2, out of four patients, three had partial

disease, and only one showed stable disease. These findings suggest

that combining checkpoint inhibitors with CAR-T cells might result

in improved patient responses, although further studies with larger

patient cohorts are warranted to validate these observations (135).

5.2.3 CD-19 directed CAR-T cell based
combination immunotherapy

CD-19, a protein weighing 95 kDa, is part of the immunoglobulin

superfamily and is primarily located on the surface of B lymphocytes.

It acts as a co-receptor for the B cell antigen receptor (BCR) and plays
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a crucial role in B-cell signaling by enhancing cell proliferation,

mitogen-activated protein kinase activity, and calcium release

synergistically in B-cells when co-ligated with the BCR (147).B-cell

lymphoma, cancer affecting lymphocytes, can present as a solid

tumor in lymph nodes or other tissues, involving the bone marrow

and circulating in the blood (29).

In a phase Ib study by Liu et al. (2021), six PD-L1 positive B-cell

R/R DLBCL lymphoma patients were treated with CD19-PD-1/

CD28-CAR-T cells derived from autologous blood via leukapheresis

(148). Among these patients, three achieved complete response

(CR), one had stable disease, while two succumbed to progressive

disease by day 60. Of the three patients with CR, two maintained

remissions up to the cutoff date, and one showed remission after 12

months. Although anti-CD19-CAR-T cell therapy showed

promising results, the main contributor to CAR-T remission

against DLBCL was found to be the expression of PD-L1 on

tumor cells. Consequently, in subsequent research, authors

incorporated a chimeric switch-receptor (CSR) where the

truncated extracellular domain of PD-1 binds to cytoplasmic

signaling domains of CD28, facilitating T-cell activation. When

PD-L1 binds to the PD-1 of CSR, it activates downstream CD28

signaling (149).

This study involved seventeen Chinese patients with a median

age of 55, including thirteen with DLBCL, two with mantle cell

lymphoma (MCL), and two with transformed follicular lymphoma

(tFL). All patients received chemotherapy as conditioning before

administration of CD19-PD-1/CD28-CAR-T cells at doses ranging

from 0.5 to 4.0 × 10^6 CAR-T cells/kg. During the initial four

weeks, all patients experienced one or more adverse events (AE) of

grade 3 or 4, with leukopenia (88.23%), thrombocytopenia

(35.29%), anemia (23.53%), and pyrexia (23.53%) being the most

frequent. Thirteen patients (88.24%) had moderate CRS symptoms,

managed with supportive therapy. Seven patients (41.17%)

experienced hypotension, and one patient (5.88%) had hypoxia,

all treated with appropriate measures.

Despite patient 17’s unfortunate death due to lymphoma

progression on day 30, without severe CRS or CAR-T related

neurotoxicity, the study found no significant correlation between

the degree of adverse events and PD-L1 tumor expression. Ten of

seventeen patients (58.8%) achieved an objective response (CR or

PR) at three months, with seven (41.2%) reaching CR, including one

patient each with MCL and tFL. Among those with CR or PR at

three months, 80% had progression-free survival (PFS) at eighteen

months. While these findings are promising, further research is

necessary to mitigate adverse events (136).

Wang et al. (2021) investigated a study involving five patients

with relapsed/refractory (R/R) DLBCL, with a median age of 41

years, who had previously undergone CD19/20-CAR-T therapy but

experienced disease progression afterward (126). In an effort to

enhance efficacy, a combination therapy of CD19/20-CAR-T and

PD-1 blockade therapy was administered to these patients.

Participants received 200 mg of PD-1-blocking antibodies, such

as sintilimab or camrelizumab, every two weeks until disease

progression or intolerable toxicity occurred. The anti-tumor

response was monitored using PET/CT imaging. Notably, no CRS

or toxicities ≥ grade 3 were observed. Among the five patients, three
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achieved objective responses following PD-1 therapy, with two

achieving complete response (CR) and one achieving partial

response (PR). Unfortunately, the remaining two patients

experienced disease progression and succumbed to their

conditions between 15.6 and 16.2 months after treatment. Patient

4 maintained CR up to the cutoff date, which was 21.3 months post-

treatment, with a progression-free survival (PFS) of 21.8 months.

Additionally, one patient exhibited complete elimination of the

baseline tumor, although a new lesion emerged ten months later.

The study suggests that PD-1 blockade therapy may be effective for

patients with relapsed or refractory DLBCL who did not respond

adequately to CAR-T cell therapy and who exhibit high levels of

PD-1 in T-cells infiltrated by tumors (126).

A case report by Zhang et al. (2022) examined a 38-year-old

female patient with relapsed DLBCL of the CNS and TP53

mutation. Initially diagnosed with stage IIIA GCB-DLBCL, the

patient underwent chemotherapy alongside antiviral therapy due

to a history of hepatitis B and detectable HBV DNA levels. Four

months into chemotherapy, the patient experienced her first

relapse, diagnosed as stage IVA GCB-DLBCL, prompting

immediate chemotherapy. However, after two months, the disease

relapsed again. Given the circumstances, the patient was enrolled

for CD19 CAR-T therapy, receiving lymphodepleting therapy in

addition to CAR-T therapy.

Following infusion, monitoring of CD-19 CAR-T cell DNA

copy levels revealed counts of 4.6×10 copies/µg on day 0 and

5.65×10 copies/µg on day 7. On day 8, due to the patient’s

symptoms, a Bruton Tyrosine Kinase (BTK) inhibitor,

Zanubrutinib (160 mg), was administered alongside CAR-T

therapy. Additionally, on day 15, the PD-1 inhibitor Tislelizumab

(200 mg) was introduced to improve the patient’s condition.

However, the patient experienced menorrhagia and severe

anemia, necessitating an RBC transfusion.

One month later, further complications arose as the patient was

diagnosed with stage II endometrial carcinoma. Subsequent

radiation treatment for endometrial cancer was delayed due to

the Covid-19 pandemic. Nonetheless, follow-up examinations

indicated no recurrence of symptoms, and complete remission

(CR) was achieved approximately 18 months following CD19

CAR-T cell treatment (137).

Mu et al. (2022) conducted a study involving forty-four patients

with relapsed/refractory (R/R) DLBCL to assess the safety and

efficacy of combining PD-1 inhibitors with anti-CD19 CAR-T cell

therapy, followed by PD-1 inhibitor maintenance therapy in

DLBCL patients with high tumor burden (138). These patients

were divided into two groups: a combination group of twenty-six

patients and a control group of eighteen patients. Lymphodepleting

chemotherapy was administered to all patients, consisting of

fludarabine (30 mg/m2/day) and cyclophosphamide (400 mg/m2/

day) between days 4 and 2. On day 1, patients in the combination

group received PD-1 inhibitors (Sintilimab, 200 mg). The anti-

CD19 CAR-T cell infusion dose on day 0 for all forty-four patients

with R/R DLBCL was 2 × 10^6 cells/kg. The efficacy of these

therapies was evaluated at one- and two-months post-infusion.

In the combination group, eleven out of twenty-six patients

achieved complete response (CR) (42.31%), while six achieved
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partial response (PR) (23.08%), resulting in an objective response

rate (ORR) of 65.39%. In comparison, in the control group, seven

patients (38.89%) achieved CR, four (22.22%) had PR, four

(22.22%) had stable disease (SD), and three (16.67%) had

progressive disease (PD). The ORR in the control group was

61.11%. The study suggests that combination therapy yields

promising results; however, it may entail some side effects,

particularly in the case of lymphomas (138).
5.2.4 CD-22 specific CAR-T cell based
combination immunotherapy

CD-22 is a transmembrane protein weighing 140 kDa, primarily

found in mature B-cell lineages, where it acts as a coreceptor of the

B cell receptor (BCR) (30). The CD-22 gene, located on q13.1 of

chromosome 19, spans around 22kb of DNA and consists of 13

exons (150).

Zou et al. (2023) reported a case involving a 49-year-old male

patient with primary central nervous system lymphoma (PCNSL).

Initially treated with a combination of 375 mg/m2 rituximab and

3.5 g/m2 methotrexate (MTX), the patient exhibited no

improvement. Subsequent MRI scans revealed new lesions,

prompting a shift to cytarabine (2 g/m2 q12h on days 1 and 2),

with no significant response. Treatment was then transitioned to

targeted therapies, including ibrutinib and lenalidomide, followed

by three doses of the PD-1 inhibitor camrelizumab, yet still without

improvement. Finally, the patient underwent CAR-T therapy.

Immunohistochemical staining confirmed the patient’s positivity

for CD19/CD22. Peripheral blood mononuclear cells were collected

and utilized to prepare second-generation CAR-T cells. Before CAR-

T administration, the patient underwent chemotherapy with the DCF

regimen (consisting of intravenous administration of 100 mg/m2

Decitabine for three consecutive days, 300 mg/m2 cyclophosphamide

on days 1 to 3, and 30 mg/m2 fludarabine on days 1 to 3) to reduce

lymphocytes. Subsequently, CD19 and CD22-specific CAR-T cells

were infused at a total dose of 1 million CAR-T cells per kilogram of

the patient’s body weight (1×10^7/kg), with three dose escalations of

10%, 30%, and 60% post-infusion. The patient experienced grade 2

cytokine release syndrome, which was managed without posing any

imminent threat. One month post-CAR-T infusion, consistent levels

of CAR-T cells ranging from 987 to 2,340,000 copies per microgram

of DNAwere observed in the patient’s peripheral blood. AnMRI scan

at this juncture revealed complete remission (CR). To prevent relapse,

the patient received 200 mg of camrelizumab (a PD-1 inhibitor) every

three weeks, along with daily administration of 560 mg of ibrutinib.

Thankfully, the patient remains alive, demonstrating the efficacy and

potential of CAR-T therapy in such cases (139).
5.2.5 CD-133 specific CAR-T based
combination immunotherapy

CD133, a transmembrane glycoprotein weighing 97 kDa, is

encoded by the prominin 1 (PROM1) gene located on chromosome

4 in humans (31). It has been identified as a marker for cancer stem

cell (CSC) populations across various solid tumor types, including

brain cancer (151), prostate cancer (152), colon cancer (153), lung
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cancer (154), hepatocellular carcinoma (HCC) (155), and ovarian

cancer (156, 157).

Hepatocellular carcinoma (HCC) stands as the most prevalent

form of liver cancer and ranks as the third leading cause of cancer-

related mortality globally (2). Current therapies for advanced HCC,

such as sorafenib, regorafenib, and lenvatinib, offer only modest

improvements in overall survival (158). Notably, recently licensed

PD-1 inhibitors such as pembrolizumab and nivolumab have

exhibited inadequate response rates, underscoring the pressing

need for more effective treatment options. CD133, associated with

HCC stem cell-like cells, is linked to advanced tumors and poor

prognosis, rendering it an appealing target for therapy. Chimeric

antigen receptor-specific T (CAR-T) cells specifically targeting

CD133-positive CSCs have emerged as a promising treatment

modality for advanced HCC, offering potential advancements in

the therapeutic landscape for this challenging disease.

Yang et al. (2023) conducted a preliminary study to assess

the feasibility of utilizing a CD133-specific CAR-T cell system

to deliver locally PD-1 blocking scFv as a monotherapy for

advanced hepatocellular carcinoma (HCC). The study included

67 HCC patient samples, categorized into stages, and twenty-six

cases of stage IV lung metastasis. Higher CD133 expression was

detected in nineteen out of sixty-seven primary HCC tissues,

correlating significantly with portal vein invasion and AFP levels.

However, there was no statistically significant relationship between

CD133 expression and overall survival (OS) or progression-free

survival (PFS) in the entire cohort. Notably, in late-stage (II and III)

male patients, CD133 expression was significantly associated with

poorer PFS and OS, consistent with findings from online

TCGA data.

To evaluate the effectiveness of CD133 as a target, CAR-T cells

were engineered with a custom plasmid containing an anti-CD133

scFv gene segment derived from HW350341.1, a c-Myc tag gene

segment, a CD8TM gene segment, and a secretory PD-1 blocking

scFv. These engineered CAR-T cells were then transduced using

sleeping beauty-mediated transposition.

In vivo, experiments were conducted using NCG mice injected

with Hep-3B-luc tumor cells to establish subcutaneous and in situ

xenograft tumor models. Mice were treated with Mock T-cells,

CD133 CAR-T cells alone, or PD-1 inhibitor-secreting CD133

CAR-T cells once tumors reached a size of 50–100 mm3.

Intraperitoneal injections were administered, and tumor

progression was monitored using bioluminescence imaging (BLI).

The study demonstrated that PD-1 inhibitor-secreting CD133

CAR-T cells significantly extended the survival of mice compared to

CD133 CAR-T cells and Mock T-cells. Tumor BLI showed that PD-

1 inhibitor-secreting CD133 CAR-T cells exhibited more

pronounced antitumor activity compared to Mock T-cells and

CD133 CAR-T cells alone. Additionally, a higher proportion of

human T-cells was observed within the CD133 CAR-T tumor

microenvironment and the PD-1 inhibitor-secreting CD133 CAR-

T group compared to the Mock T group. Overall, these findings

suggest that combining PD-1 blockade with CD133-specific CAR-T

cell therapy holds promise as a feasible treatment approach for

advanced HCC (159).
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5.2.6 CD-30 specific CAR-T based
combination therapy

CD30 is a type 1 transmembrane glycoprotein belonging to the

tumor necrosis factor receptor superfamily 8 (TNFRSF), with a

molecular weight ranging from 105 to 120 kDa. It is encoded by the

CD30 gene located on chromosome 1p36.2-26.3. Initially identified

on Hedgehog and Reed-Sternberg cells of Hodgkin lymphoma, it

was termed Ki-1 (160–162). The high expression of CD30 is

commonly observed in Hodgkin lymphoma (HL) and systemic

anaplastic large cell lymphoma (ALCL) (163, 164). In addition to

HL and ALCL, CD30 expression is also observed in a subset of

diffuse large B cell lymphoma (DLBCL), albeit infrequently, as well

as in follicular lymphomas (FL), primary cutaneous anaplastic

lymphomas, and the lymphomatoid papulosis form of cutaneous

T-cell lymphoma. Furthermore, certain non-hematological

malignancies, such as embryonal carcinoma and specific

seminomas, also express CD30. These diverse expressions of

CD30 highlight its significance as a diagnostic and therapeutic

target across various lymphoproliferative disorders and certain

non-hematological malignancies (32, 165–167).

Sang et al. (2022) conducted phase II trials to assess the efficacy

of combination therapy involving anti-CD30 directed CAR-T cells

and anti PD-1 antibodies in cases of relapsed and refractory CD30+

lymphomas, including Hodgkin lymphoma (HL), gray zone

lymphoma (GZL), and angioimmunoblastic T-cell lymphoma

(AITL) of various grades. Three cohorts comprising a total of

twelve patients were included in the study. In Cohort 1, patients

received 10^6/kg CAR-T cells, while in Cohort 2, patients received

10^7/kg CAR-T cells. Cohort 3 patients received additional anti

PD-1 antibodies starting 14 days after infusion of 10^7/kg CAR-T

cells, administered every three weeks after that. The results showed

that three out of four patients in Cohort 1 achieved partial response

(PR), while two out of three patients in Cohort 2 achieved complete

response (CR), with one patient achieving PR. In contrast, all

patients in Cohort 3 showed a 100% objective response rate

(ORR), with 80% achieving CR and exhibiting low toxicity levels.

Furthermore, of the eleven patients who responded to CAR-T

therapy, seven remained responsive until October 31, 2021, and

four out of the six patients who achieved CR maintained their CR

status. Notably, among HL patients receiving 10^7/kg CAR-T cells

plus PD-1-blocking antibody, five out of six (83.3%) showed CR,

while patients receiving 10^6/kg CAR-T cells (Cohort 1) did not

achieve CR. In conclusion, the study demonstrated that CAR-T

therapy and PD-1 blockade yielded better outcomes than CAR-T

therapy alone, with a higher rate of complete responses observed,

particularly in HL patients (140).
6 Conclusion and outlooks

Currently, the FDA has approved CAR-T cell therapy as a

standalone treatment for several hematological malignancies such

as acute lymphoblastic leukemia (ALL), large B cell lymphoma

(LBCL), follicular lymphoma (FL), mantle cell lymphoma (MCL),

marginal zone lymphoma (MZL), and multiple myeloma (MM).

Particularly in hematological malignancies, CAR-T cell therapy
Frontiers in Immunology 15
stands out as an effective therapeutic option, with a remarkable

overall response rate (ORR) of up to 97% and 67% complete

remission (CR) for the product Cilta-cel in multiple myeloma

(MM) (168).

However, the application of CAR-T cell therapy for solid

tumors poses significant challenges, including tumor infiltration

and trafficking difficulties, cytokine release syndrome, on-target off-

tumor toxicity, and T-cell exhaustion within the complex tumor

microenvironment (38, 169–172).Till date, various types of

combination immunotherapies have been studied, such as CAR-T

cell with anti PD-L1 (173), double immune checkpoint inhibitor

therapy such as anti PD-1/PD-L1 plus anti-CTLA-4 (174), and

CAR-T cells with anti PD-1 (175). In a study by Cheng et al. (2023)

combination of 4-1BB CAR-T and autocrine anti PD-L1 scFv

improved the anti-tumor response of CAR-T cells along with

improved persistence. However, the study was conducted in a

mouse xenograft model and needs to be conducted in clinical

patients for a better assessment of actual outcomes (176). The

double checkpoint blockade strategy, particularly the combination

of nivolumab (anti-PD-1 mAb) and ipilimumab (anti-CTLA-4),

received FDA approval in October 2020 as a first-line treatment

option (145), a meta-analysis by Zhao et al. (2022) revealed that five

out of the ten patients receiving nivolumab in addition to

ipilimumab experienced at least one grade ≥ 3 adverse event, and

approximately nine of the ten patients experienced at least one

adverse event. The most frequent mild adverse event among them

was fatigue (30.92%), while the most frequent grade ≥ 3 adverse

event was elevated ALT (8.12%) (177). However, in contrast to the

above-mentioned combination therapies, CAR-T cell and anti PD-1

therapy have been studied in patients, and in the case of various

solid tumors such as mesothelioma, as discussed earlier, even yield

better results than double immune checkpoint inhibitor therapy

(125). Combining CAR-T cell therapy with PD-1 blockade has been

explored to address these challenges and enhance the effectiveness

of cancer treatment. This combination synergistically addresses the

limitations of each approach individually, such as mitigating side

effects and counteracting the impact of the tumor environment on

treatment outcomes (71). Encouraging findings suggest that this

combination improves progression-free survival and partial and

complete responses, potentially enhancing overall survival rates.

This review provides a comprehensive overview of the

improved efficacy observed with combined CAR-T therapy and

PD-1 blockade in lymphomas and solid tumors. Detailed

examinations of various tumors indicate positive outcomes, with

the combination therapy demonstrating promising results in

targeted mesothelin-positive solid tumors, GD-2 expressing

neuroblastoma, CD-19-positive tumors, CD-22-positive tumors,

CD-30-directed therapy, and CD133-directed CAR-T cell-based

combination therapy. The targeted mesothelin-positive solid

tumors showed that the externally given (extrinsic) combination

therapy of Pembrolizumab, and CAR-T cell delivered an

encouraging result that is an overall survival of 23.9 months. In

the case of GD-2 expressing neuroblastoma the combination

therapy of CAR-T with pembrolizumab yielded the best result

compared to standalone CAR-T cells. In the case of CD-19-

positive tumors, a combination of CAR-T and anti PD-1 showed
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that almost half of the patients had median PFS for about 18

months and 21.8 months in two studies. In the case of CD-22

positive tumor, the patient showed complete remission after

the administration of CAR-T and maintenance of anti PD-1 and

the patient had progression-free survival (PFS) of 35 months

till the cutoff date. In CD-30-directed combination therapy,

more than 80% of patients showed CR in the case of CAR-T

and anti PD-1 combination therapy. CD133-directed CAR-T cell-

based combination therapy also showed better results than stand-

alone CAR-T. Overall in several cancer, CR rates, median

progression-free survival (PFS), and overall survival outcomes

have improved.

Despite these promising results, targeting specific antigens with

CAR-T cells faces limitations due to diverse antigen expression in

solid tumors. The combination of CAR-T and anti PD-1 therapy

might not be sufficient to accomplish the T cell infiltration and

effector function required to successfully combat solid tumors (71).

Solid tumors may develop immune evasion strategies or alter

antigen expression as resistance mechanisms, potentially reducing

the duration of action of combination therapy. Additionally,

assessing the long-term efficacy, durability, and potential late-

onset adverse events of combination therapy remains challenging

due to a lack of comprehensive long-term safety and effectiveness

data over extended periods. The high combined costs of CAR-T cell

therapy with PD-1 blocking may pose affordability issues for many

patients. The current available FDA and European Medicines

agency-approved CAR-T cell therapies are autologous and

derived from the patient’s blood through leukapheresis. While

these therapies have benefits such as reduced risk of rejection and

longer persistence in the patient’s system, they also come with

drawbacks such as high costs, extensive processing time (often up to

three weeks), and variable outcomes due to individual differences in

cellular quality (178). To address these limitations, researchers are

exploring the development of allogeneic CAR-T cell therapies, also

called “off-the-shelf” treatment, which can be manufactured from

the T-cells of healthy donors and offer benefits such as cost-

effectiveness and immediate availability. However, allogeneic

therapies also carry the risk of Graft-versus-Host Disease

(GVHD) due to HLA disparity (179). In a recent phase I clinical

trial (NCT04538599), Hu et al. (2022) successfully administered

allogeneic CAR-T cells to treat CD7-positive hematologic

malignancies. The modified cells were engineered to eliminate

CD7, T cell receptor (TCR), and human leukocyte antigen (HLA)

class II expression and to express a natural killer (NK) cell inhibitor

and the common cytokine receptor gamma chain (gc). The trial

showed promising results, with 81.8% of participants exhibiting

objective responses and a complete response rate of 63.6% (180).

Ongoing research is focused on developing a universal CAR-T cell

therapy using human-induced pluripotent stem cells (iPSCs), which

could offer an off-the-shelf option without the associated adverse

events and processing time (178, 181).

To establish a standardized protocol for all tumors, it is crucial

to specify the optimal combination therapy protocol and dosage for

CAR-T cell and PD-1 blockade. Addressing side effects necessitates

the development of targeted delivery systems and the integration of
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additional agents. Research efforts should explore novel approaches,

such as creating iPSC-based universal CAR-T cells, to overcome

difficulties associated with using patients’ autologous CAR-T cells.

We believe that the synergistic approaches discussed in this

review will contribute valuable insights, paving the way for

developing a promising immunotherapy in the future.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material, further inquiries can be

directed to the corresponding author/s.
Author contributions

BPS: Data curation, Investigation, Methodology, Visualization,

Writing – original draft. PS: Data curation, Investigation,

Methodology, Visualization, Writing – original draft ,

Conceptualization. RoY: Data curation, Investigation, Methodology,

Visualization, Writing – original draft. DC: Data curation,

Investigation, Methodology, Visualization, Writing – original draft.

DS: Data curation, Investigation, Methodology, Writing – original

draft. CPD: Data curation, Investigation, Methodology, Writing –

original draft. PD: Data curation, Investigation, Methodology,

Writing – original draft. VU: Data curation, Investigation,

Supervision, Writing – review & editing. RiY: Writing – original

draft. MJ: Conceptualization, Funding acquisition, Project

administration, Resources, Supervision, Writing – review & editing.

AJ: Conceptualization, Project administration, Resources,

Supervision, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1389971
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Satapathy et al. 10.3389/fimmu.2024.1389971
References
1. Sharma U, Barwal TS, Malhotra A, Pant N, Vivek, Dey D, et al. Long non-coding
RNA TINCR as potential biomarker and therapeutic target for cancer. Life Sci. (2020)
257:118035. doi: 10.1016/j.lfs.2020.118035

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/
caac.21660

3. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J
Clin. (2023) 73:17–48. doi: 10.3322/caac.21763

4. Albano D, Benenati M, Bruno A, Bruno F, Calandri M, Caruso D, et al. Imaging
side effects and complications of chemotherapy and radiation therapy: a pictorial
review from head to toe. Insights Imaging. (2021) 12:76. doi: 10.1186/s13244-021-
01017-2

5. Zhang Y, Zhang Z. The history and advances in cancer immunotherapy:
understanding the characteristics of tumor-infiltrating immune cells and their
therapeutic implications. Cell Mol Immunol. (2020) 17:807–21. doi: 10.1038/s41423-
020-0488-6

6. Inthagard J, Edwards J, Roseweir AK. Immunotherapy: enhancing the efficacy of
this promising therapeutic in multiple cancers. Clin Sci (Lond). (2019) 133:181–93.
doi: 10.1042/CS20181003

7. Koulouris A, Tsagkaris C, Nikolaou M. Real impact of novel immunotherapy
drugs in cancer. The experience of 10 last years. Toxins (Basel). (2021) 13:1–24.
doi: 10.3390/toxins13020149

8. Bekker RA, Zahid MU, Binning JM, Spring BQ, Hwu P, Pilon-Thomas S, et al.
Rethinking the immunotherapy numbers game. J Immunother Cancer. (2022) 10:1–5.
doi: 10.1136/jitc-2022-005107

9. Kazemi MH, Sadri M, Najafi A, Rahimi A, Baghernejadan Z, Khorramdelazad H,
et al. Tumor-infiltrating lymphocytes for treatment of solid tumors: It takes two to
tango? Front Immunol. (2022) 13:1018962. doi: 10.3389/fimmu.2022.1018962

10. Rohaan MW, Wilgenhof S, Haanen J. Adoptive cellular therapies: the current
landscape. Virchows Arch. (2019) 474:449–61. doi: 10.1007/s00428-018-2484-0

11. Mullard A. FDA approves first tumour-infiltrating lymphocyte (TIL) therapy,
bolstering hopes for cell therapies in solid cancers. Nat Rev Drug Discovery. (2024)
23:238. doi: 10.1038/d41573-024-00035-1

12. Lin B, Du L, Li H, Zhu X, Cui L, Li X. Tumor-infiltrating lymphocytes: Warriors
fight against tumors powerfully. BioMed Pharmacother. (2020) 132:110873.
doi: 10.1016/j.biopha.2020.110873

13. Zhang Y, Liu Z, Wei W, Li Y. TCR engineered T cells for solid tumor
immunotherapy. Exp Hematol Oncol. (2022) 11:38. doi: 10.1186/s40164-022-00291-0

14. Tahmasebi S, Elahi R, Khosh E, Esmaeilzadeh A. Programmable and multi-
targeted CARs: a new breakthrough in cancer CAR-T cell therapy. Clin Transl Oncol.
(2021) 23:1003–19. doi: 10.1007/s12094-020-02490-9

15. Liu G, Rui W, Zhao X, Lin X. Enhancing CAR-T cell efficacy in solid tumors by
targeting the tumor microenvironment. Cell Mol Immunol. (2021) 18:1085–95.
doi: 10.1038/s41423-021-00655-2

16. Wang H, Pan W. Challenges of chimeric antigen receptor-T/natural killer cell
therapy in the treatment of solid tumors: focus on colorectal cancer and evaluation of
combination therapies.Mol Cell Biochem. (2023) 478:967–80. doi: 10.1007/s11010-022-
04568-0

17. Quintas-Cardama A. What CAR will win the CD19 race? Mol Cancer Ther.
(2019) 18:498–506. doi: 10.1158/1535-7163.MCT-18-1070

18. Martinez M, Moon EK. CAR T cells for solid tumors: new strategies for finding,
infiltrating, and surviving in the tumor microenvironment. Front Immunol. (2019)
10:128. doi: 10.3389/fimmu.2019.00128

19. Hu B, Zou Y, Zhang L, Tang J, Niedermann G, Firat E, et al. Nucleofection with
plasmid DNA for CRISPR/cas9-mediated inactivation of programmed cell death
protein 1 in CD133-specific CAR T cells. Hum Gene Ther. (2019) 30:446–58.
doi: 10.1089/hum.2017.234

20. Zhu S, Zhang T, Zheng L, Liu H, Song W, Liu D, et al. Combination strategies to
maximize the benefits of cancer immunotherapy. J Hematol Oncol. (2021) 14:156.
doi: 10.1186/s13045-021-01164-5

21. Shah NN, Fry TJ. Mechanisms of resistance to CAR T cell therapy. Nat Rev Clin
Oncol. (2019) 16:372–85. doi: 10.1038/s41571-019-0184-6

22. Kasakovski D, Xu L, Li Y. T cell senescence and CAR-T cell exhaustion in
hematological Malignancies. J Hematol Oncol. (2018) 11:91. doi: 10.1186/s13045-018-
0629-x

23. Schuster SJ, Bishop MR, Tam CS, Waller EK, Borchmann P, McGuirk JP, et al.
Tisagenlecleucel in adult relapsed or refractory diffuse large B-cell lymphoma. N Engl J
Med. (2019) 380:45–56. doi: 10.1056/NEJMoa1804980

24. Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and cancer.
Trends Immunol. (2015) 36:265–76. doi: 10.1016/j.it.2015.02.008

25. Hosseinzadeh R, Feizisani F, Shomali N, Abdelbasset WK, Hemmatzadeh M,
Gholizadeh Navashenaq J, et al. PD-1/PD-L1 blockade: Prospectives for
Frontiers in Immunology 17
immunotherapy in cancer and autoimmunity. IUBMB Life. (2021) 73:1293–306.
doi: 10.1002/iub.2558

26. Lamure S, Herbaux C. Anti-PD-1 therapy can possibly reverse CAR T cells
exhaustion in DLBCL. Br J Haematol. (2023) 202:217–8. doi: 10.1111/bjh.18797

27. Einama T, Kawamata F, Kamachi H, Nishihara H, Homma S, Matsuzawa F, et al.
Clinical impacts of mesothelin expression in gastrointestinal carcinomas. World J
Gastrointest Pathophysiol. (2016) 7:218–22. doi: 10.4291/wjgp.v7.i2.218

28. Nazha B, Inal C, Owonikoko TK. Disialoganglioside GD2 expression in solid
tumors and role as a target for cancer therapy. Front Oncol. (2020) 10:1000.
doi: 10.3389/fonc.2020.01000

29. Lue JK, Downs-Canner S, Chaudhuri J. The role of B cells in the development,
progression, and treatment of lymphomas and solid tumors. Adv Immunol. (2022)
154:71–117. doi: 10.1016/bs.ai.2022.07.002

30. Dorner T, Shock A, Smith KG. CD22 and autoimmune disease. Int Rev
Immunol. (2012) 31:363–78. doi: 10.3109/08830185.2012.709890

31. Glumac PM, LeBeau AM. The role of CD133 in cancer: a concise review. Clin
Transl Med. (2018) 7:18. doi: 10.1186/s40169-018-0198-1

32. Horie R, Watanabe T. CD30: expression and function in health and disease.
Semin Immunol. (1998) 10:457–70. doi: 10.1006/smim.1998.0156

33. Zhang C, Durer S, Thandra KC, Kasi A. Chimeric Antigen Receptor T-Cell
Therapy. StatPearls, FL, United States Treasure Island (2024).

34. Mohanty R, Chowdhury CR, Arega S, Sen P, Ganguly P, Ganguly N. CAR T cell
therapy: A new era for cancer treatment (Review). Oncol Rep. (2019) 42:2183–95.
doi: 10.3892/or.2019.7335

35. Tai Y, Wang Q, Korner H, Zhang L, Wei W. Molecular mechanisms of T cells
activation by dendritic cells in autoimmune diseases. Front Pharmacol. (2018) 9:642.
doi: 10.3389/fphar.2018.00642

36. Sadelain M, Brentjens R, Riviere I. The basic principles of chimeric antigen
receptor design. Cancer Discovery. (2013) 3:388–98. doi: 10.1158/2159-8290.CD-12-
0548

37. Melenhorst JJ, Chen GM, Wang M, Porter DL, Chen C, Collins MA, et al.
Decade-long leukaemia remissions with persistence of CD4(+) CAR T cells. Nature.
(2022) 602:503–9. doi: 10.1038/s41586-021-04390-6

38. Maalej KM, Merhi M, Inchakalody VP, Mestiri S, Alam M, Maccalli C,
et al. CAR-cell therapy in the era of solid tumor treatment: current challenges and
emerging therapeutic advances. Mol Cancer. (2023) 22:20. doi: 10.1186/s12943-023-
01723-z

39. Guedan S, Calderon H, Posey AD Jr., Maus MV. Engineering and design of
chimeric antigen receptors. Mol Ther Methods Clin Dev. (2019) 12:145–56.
doi: 10.1016/j.omtm.2018.12.009

40. Hudecek M, Sommermeyer D, Kosasih PL, Silva-Benedict A, Liu L, Rader C,
et al. The nonsignaling extracellular spacer domain of chimeric antigen receptors is
decisive for in vivo antitumor activity. Cancer Immunol Res. (2015) 3:125–35.
doi: 10.1158/2326-6066.CIR-14-0127

41. Sterner RC, Sterner RM. CAR-T cell therapy: current limitations and potential
strategies. Blood Cancer J. (2021) 11:69. doi: 10.1038/s41408-021-00459-7

42. Ghorashian S, Kramer AM, Onuoha S, Wright G, Bartram J, Richardson R, et al.
Enhanced CAR T cell expansion and prolonged persistence in pediatric patients with
ALL treated with a low-affinity CD19 CAR. Nat Med. (2019) 25:1408–14. doi: 10.1038/
s41591-019-0549-5

43. Rafiq S, Hackett CS, Brentjens RJ. Engineering strategies to overcome the current
roadblocks in CAR T cell therapy. Nat Rev Clin Oncol. (2020) 17:147–67. doi: 10.1038/
s41571-019-0297-y

44. Guest RD, Hawkins RE, Kirillova N, Cheadle EJ, Arnold J, O'Neill A, et al. The
role of extracellular spacer regions in the optimal design of chimeric immune receptors:
evaluation of four different scFvs and antigens. J Immunother. (2005) 28:203–11.
doi: 10.1097/01.cji.0000161397.96582.59

45. Hombach A, Hombach AA, Abken H. Adoptive immunotherapy with
genetically engineered T cells: modification of the IgG1 Fc 'spacer' domain in the
extracellular moiety of chimeric antigen receptors avoids 'off-target' activation and
unintended initiation of an innate immune response. Gene Ther. (2010) 17:1206–13.
doi: 10.1038/gt.2010.91

46. Huang R, Li X, He Y, Zhu W, Gao L, Liu Y, et al. Recent advances in CAR-T cell
engineering. J Hematol Oncol. (2020) 13:86. doi: 10.1186/s13045-020-00910-5

47. Alabanza L, Pegues M, Geldres C, Shi V, Wiltzius JJW, Sievers SA, et al. Function
of novel anti-CD19 chimeric antigen receptors with human variable regions is affected
by hinge and transmembrane domains. Mol Ther. (2017) 25:2452–65. doi: 10.1016/
j.ymthe.2017.07.013

48. Lindner SE, Johnson SM, Brown CE, Wang LD. Chimeric antigen receptor
signaling: Functional consequences and design implications. Sci Adv. (2020) 6:1–8.
doi: 10.1126/sciadv.aaz3223

49. Kawalekar OU, OC RS, Fraietta JA, Guo L, McGettigan SE, Posey AD Jr., et al.
Distinct signaling of coreceptors regulates specific metabolism pathways and impacts
frontiersin.org

https://doi.org/10.1016/j.lfs.2020.118035
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21763
https://doi.org/10.1186/s13244-021-01017-2
https://doi.org/10.1186/s13244-021-01017-2
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1042/CS20181003
https://doi.org/10.3390/toxins13020149
https://doi.org/10.1136/jitc-2022-005107
https://doi.org/10.3389/fimmu.2022.1018962
https://doi.org/10.1007/s00428-018-2484-0
https://doi.org/10.1038/d41573-024-00035-1
https://doi.org/10.1016/j.biopha.2020.110873
https://doi.org/10.1186/s40164-022-00291-0
https://doi.org/10.1007/s12094-020-02490-9
https://doi.org/10.1038/s41423-021-00655-2
https://doi.org/10.1007/s11010-022-04568-0
https://doi.org/10.1007/s11010-022-04568-0
https://doi.org/10.1158/1535-7163.MCT-18-1070
https://doi.org/10.3389/fimmu.2019.00128
https://doi.org/10.1089/hum.2017.234
https://doi.org/10.1186/s13045-021-01164-5
https://doi.org/10.1038/s41571-019-0184-6
https://doi.org/10.1186/s13045-018-0629-x
https://doi.org/10.1186/s13045-018-0629-x
https://doi.org/10.1056/NEJMoa1804980
https://doi.org/10.1016/j.it.2015.02.008
https://doi.org/10.1002/iub.2558
https://doi.org/10.1111/bjh.18797
https://doi.org/10.4291/wjgp.v7.i2.218
https://doi.org/10.3389/fonc.2020.01000
https://doi.org/10.1016/bs.ai.2022.07.002
https://doi.org/10.3109/08830185.2012.709890
https://doi.org/10.1186/s40169-018-0198-1
https://doi.org/10.1006/smim.1998.0156
https://doi.org/10.3892/or.2019.7335
https://doi.org/10.3389/fphar.2018.00642
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.1038/s41586-021-04390-6
https://doi.org/10.1186/s12943-023-01723-z
https://doi.org/10.1186/s12943-023-01723-z
https://doi.org/10.1016/j.omtm.2018.12.009
https://doi.org/10.1158/2326-6066.CIR-14-0127
https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.1038/s41591-019-0549-5
https://doi.org/10.1038/s41591-019-0549-5
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1097/01.cji.0000161397.96582.59
https://doi.org/10.1038/gt.2010.91
https://doi.org/10.1186/s13045-020-00910-5
https://doi.org/10.1016/j.ymthe.2017.07.013
https://doi.org/10.1016/j.ymthe.2017.07.013
https://doi.org/10.1126/sciadv.aaz3223
https://doi.org/10.3389/fimmu.2024.1389971
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Satapathy et al. 10.3389/fimmu.2024.1389971
memory development in CAR T cells. Immunity. (2016) 44:712. doi: 10.1016/
j.immuni.2016.02.023

50. Brocker T, Karjalainen K. Signals through T cell receptor-zeta chain alone are
insufficient to prime resting T lymphocytes. J Exp Med. (1995) 181:1653–9.
doi: 10.1084/jem.181.5.1653

51. Kuwana Y, Asakura Y, Utsunomiya N, Nakanishi M, Arata Y, Itoh S, et al.
Expression of chimeric receptor composed of immunoglobulin-derived V regions and
T-cell receptor-derived C regions. Biochem Biophys Res Commun. (1987) 149:960–8.
doi: 10.1016/0006-291X(87)90502-X

52. Gross G, Waks T, Eshhar Z. Expression of immunoglobulin-T-cell receptor
chimeric molecules as functional receptors with antibody-type specificity. Proc Natl
Acad Sci U S A. (1989) 86(24):10024–8. doi: 10.1073/pnas.86.24.10024

53. Rosenbaum L. Tragedy, perseverance, and chance - the story of CAR-T therapy.
N Engl J Med. (2017) 377:1313–5. doi: 10.1056/NEJMp1711886

54. Tokarew N, Ogonek J, Endres S, von Bergwelt-Baildon M, Kobold S. Teaching an
old dog new tricks: next-generation CAR T cells. Br J Cancer. (2019) 120:26–37.
doi: 10.1038/s41416-018-0325-1

55. Mitra A, Barua A, Huang L, Ganguly S, Feng Q, He B. From bench to bedside:
the history and progress of CAR T cell therapy. Front Immunol. (2023) 14:1188049.
doi: 10.3389/fimmu.2023.1188049

56. Zhang C, Liu J, Zhong JF, Zhang X. Engineering CAR-T cells. biomark Res.
(2017) 5:22. doi: 10.1186/s40364-017-0102-y

57. Bretscher PA. A two-step, two-signal model for the primary activation of
precursor helper T cells. Proc Natl Acad Sci U S A. (1999) 96(1):185–90.
doi: 10.1073/pnas.96.1.185

58. Dotti G, Savoldo B, Brenner M. Fifteen years of gene therapy based on chimeric
antigen receptors: "are we nearly there yet?". Hum Gene Ther. (2009) 20:1229–39.
doi: 10.1089/hum.2009.142

59. Park TS, Rosenberg SA, Morgan RA. Treating cancer with genetically
engineered T cells. Trends Biotechnol . (2011) 29:550–7. doi: 10.1016/
j.tibtech.2011.04.009

60. Finney HM, Lawson AD, Bebbington CR, Weir AN. Chimeric receptors
providing both primary and costimulatory signaling in T cells from a single gene
product. J Immunol. (1998) 161:2791–7. doi: 10.4049/jimmunol.161.6.2791

61. Marin V, Pizzitola I, Agostoni V, Attianese GM, Finney H, Lawson A, et al.
Cytokine-induced killer cells for cell therapy of acute myeloid leukemia: improvement
of their immune activity by expression of CD33-specific chimeric receptors.
Haematologica. (2010) 95:2144–52. doi: 10.3324/haematol.2010.026310

62. Asmamaw Dejenie T, Tiruneh GMM, Dessie Terefe G, Tadele Admasu F, Wale
Tesega W, Chekol Abebe E. Current updates on generations, approvals, and clinical
trials of CAR T-cell therapy. Hum Vaccin Immunother. (2022) 18:2114254.
doi: 10.1080/21645515.2022.2114254

63. Till BG, Jensen MC, Wang J, Qian X, Gopal AK, Maloney DG, et al. CD20-
specific adoptive immunotherapy for lymphoma using a chimeric antigen receptor with
both CD28 and 4-1BB domains: pilot clinical trial results. Blood. (2012) 119:3940–50.
doi: 10.1182/blood-2011-10-387969

64. Duan D,Wang K,Wei C, Feng D, Liu Y, He Q, et al. The BCMA-targeted fourth-
generation CAR-T cells secreting IL-7 and CCL19 for therapy of refractory/recurrent
multiple myeloma. Front Immunol. (2021) 12:609421. doi: 10.3389/fimmu.2021.609421

65. Chmielewski M, Abken H. TRUCKs: the fourth generation of CARs. Expert Opin
Biol Ther. (2015) 15:1145–54. doi: 10.1517/14712598.2015.1046430

66. Mehrabadi AZ, Ranjbar R, Farzanehpour M, Shahriary A, Dorostkar R,
Hamidinejad MA, et al. Therapeutic potential of CAR T cell in Malignancies: A
scoping review. BioMed Pharmacother. (2022) 146:112512. doi: 10.1016/
j.biopha.2021.112512

67. Hou B, Tang Y, Li W, Zeng Q, Chang D. Efficiency of CAR-T therapy for
treatment of solid tumor in clinical trials: A meta-analysis. Dis Markers. (2019)
2019:3425291. doi: 10.1155/2019/3425291

68. Kankeu Fonkoua LA, Sirpilla O, Sakemura R, Siegler EL, Kenderian SS. CAR T
cell therapy and the tumor microenvironment: Current challenges and opportunities.
Mol Ther Oncolytics. (2022) 25:69–77. doi: 10.1016/j.omto.2022.03.009

69. Miao L, Zhang Z, Ren Z, Tang F, Li Y. Obstacles and coping strategies of CAR-T
cell immunotherapy in solid tumors. Front Immunol. (2021) 12:687822. doi: 10.3389/
fimmu.2021.687822

70. McGowan E, Lin Q, Ma G, Yin H, Chen S, Lin Y. PD-1 disrupted CAR-T cells in
the treatment of solid tumors: Promises and challenges. BioMed Pharmacother. (2020)
121:109625. doi: 10.1016/j.biopha.2019.109625

71. Grosser R, Cherkassky L, Chintala N, Adusumilli PS. Combination
immunotherapy with CAR T cells and checkpoint blockade for the treatment of
solid tumors. Cancer Cell. (2019) 36:471–82. doi: 10.1016/j.ccell.2019.09.006

72. He X, Xu C. Immune checkpoint signaling and cancer immunotherapy. Cell Res.
(2020) 30:660–9. doi: 10.1038/s41422-020-0343-4

73. Bernard D, Hansen JD, Du Pasquier L, Lefranc MP, Benmansour A, Boudinot P.
Costimulatory receptors in jawed vertebrates: conserved CD28, odd CTLA4 and
multiple BTLAs. Dev Comp Immunol. (2007) 31:255–71. doi: 10.1016/j.dci.2006.06.003

74. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science. (2018) 359:1350–5. doi: 10.1126/science.aar4060
Frontiers in Immunology 18
75. Zhang R, Deng Q, Jiang YY, Zhu HB, Wang J, Zhao MF. Effect and changes in
PD−1 expression of CD19 CAR−T cells from T cells highly expressing PD−1 combined
with reduced−dose PD−1 inhibitor. Oncol Rep. (2019) 41:3455–63. doi: 10.3892/
or.2019.7096

76. Yuan X, Sun Z, Yuan Q, HouW, Liang Q, Wang Y, et al. Dual-function chimeric
antigen receptor T cells targeting c-Met and PD-1 exhibit potent anti-tumor efficacy in
solid tumors. Invest New Drugs. (2021) 39:34–51. doi: 10.1007/s10637-020-00978-3

77. Simon S, Labarriere N. PD-1 expression on tumor-specific T cells: Friend or foe
for immunotherapy? Oncoimmunology. (2017) 7:e1364828. doi: 10.1080/
2162402X.2017.1364828

78. Khunger M, Hernandez AV, Pasupuleti V, Rakshit S, Pennell NA, Stevenson J,
et al. Programmed cell death 1 (PD-1) ligand (PD-L1) expression in solid tumors as a
predictive biomarker of benefit from PD-1/PD-L1 axis inhibitors: A systematic review
and meta-analysis. JCO Precis Oncol. (2017) 1:1–15. doi: 10.1200/PO.16.00030

79. Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The function of programmed
cell death 1 and its ligands in regulating autoimmunity and infection. Nat Immunol.
(2007) 8:239–45. doi: 10.1038/ni1443

80. Wang Z, Wu X. Study and analysis of antitumor resistance mechanism of PD1/
PD-L1 immune checkpoint blocker. Cancer Med. (2020) 9:8086–121. doi: 10.1002/
cam4.3410

81. Qian J, Wang C, Wang B, Yang J, Wang Y, Luo F, et al. The IFN-gamma/PD-L1
axis between T cells and tumor microenvironment: hints for glioma anti-PD-1/PD-L1
therapy. J Neuroinflammation. (2018) 15:290. doi: 10.1186/s12974-018-1330-2

82. Zak KM, Kitel R, Przetocka S, Golik P, Guzik K, Musielak B, et al. Structure of
the complex of human programmed death 1, PD-1, and its ligand PD-L1. Structure.
(2015) 23:2341–8. doi: 10.1016/j.str.2015.09.010

83. Boussiotis VA. Molecular and biochemical aspects of the PD-1 checkpoint
pathway. N Engl J Med. (2016) 375:1767–78. doi: 10.1056/NEJMra1514296

84. Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N. Involvement of PD-
L1 on tumor cells in the escape from host immune system and tumor immunotherapy
by PD-L1 blockade. Proc Natl Acad Sci U S A. (2002) 99:12293–7. doi: 10.1073/
pnas.192461099

85. Zhang X, Schwartz JC, Guo X, Bhatia S, Cao E, Lorenz M, et al. Structural and
functional analysis of the costimulatory receptor programmed death-1. Immunity.
(2004) 20:337–47. doi: 10.1016/s1074-7613(04)00051-2

86. Nishimura H, Nose M, Hiai H, Minato N, Honjo T. Development of lupus-like
autoimmune diseases by disruption of the PD-1 gene encoding an ITIM motif-carrying
immunoreceptor. Immunity. (1999) 11:141–51. doi: 10.1016/s1074-7613(00)80089-8

87. Dermani FK, Samadi P, Rahmani G, Kohlan AK, Najafi R. PD-1/PD-L1 immune
checkpoint: Potential target for cancer therapy. J Cell Physiol. (2019) 234:1313–25.
doi: 10.1002/jcp.27172

88. Pascolutti R, Sun X, Kao J, Maute RL, Ring AM, Bowman GR, et al. Structure and
dynamics of PD-L1 and an ultra-high-affinity PD-1 receptor mutant. Structure. (2016)
24:1719–28. doi: 10.1016/j.str.2016.06.026

89. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death.
EMBO J. (1992) 11:3887–95. doi: 10.1002/j.1460-2075.1992.tb05481.x

90. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME, White
DE, et al. Tumor antigen-specific CD8 T cells infiltrating the tumor express high levels
of PD-1 and are functionally impaired. Blood. (2009) 114:1537–44. doi: 10.1182/blood-
2008-12-195792

91. Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, et al. PD-1 and
PD-L1 checkpoint signaling inhibition for cancer immunotherapy: mechanism,
combinations, and clinical outcome. Front Pharmacol. (2017) 8:561. doi: 10.3389/
fphar.2017.00561

92. Marth C, Wieser V, Tsibulak I, Zeimet AG. Immunotherapy in ovarian cancer:
fake news or the real deal? Int J Gynecol Cancer. (2019) 29:201–11. doi: 10.1136/ijgc-
2018-000011

93. Weber JS, D'Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns B, et al.
Nivolumab versus chemotherapy in patients with advanced melanoma who
progressed after anti-CTLA-4 treatment (CheckMate 037): a randomised, controlled,
open-label, phase 3 trial. Lancet Oncol. (2015) 16:375–84. doi: 10.1016/S1470-2045(15)
70076-8

94. Teng MW, Ngiow SF, Ribas A, Smyth MJ. Classifying cancers based on T-cell
infiltration and PD-L1. Cancer Res. (2015) 75:2139–45. doi: 10.1158/0008-5472.CAN-
15-0255

95. Ghebeh H, Mohammed S, Al-Omair A, Qattan A, Lehe C, Al-Qudaihi G, et al.
The B7-H1 (PD-L1) T lymphocyte-inhibitory molecule is expressed in breast cancer
patients with infiltrating ductal carcinoma: correlation with important high-risk
prognostic factors. Neoplasia. (2006) 8:190–8. doi: 10.1593/neo.05733

96. Mittendorf EA, Philips AV, Meric-Bernstam F, Qiao N, Wu Y, Harrington S,
et al. PD-L1 expression in triple-negative breast cancer. Cancer Immunol Res. (2014)
2:361–70. doi: 10.1158/2326-6066.CIR-13-0127

97. Schutz F, Stefanovic S, Mayer L, von Au A, Domschke C, Sohn C. PD-1/PD-L1
pathway in breast cancer. Oncol Res Treat. (2017) 40:294–7. doi: 10.1159/000464353

98. Foell J, Hewes B, Mittler RS. T cell costimulatory and inhibitory receptors as
therapeutic targets for inducing anti-tumor immunity. Curr Cancer Drug Targets.
(2007) 7:55–70. doi: 10.2174/156800907780006841
frontiersin.org

https://doi.org/10.1016/j.immuni.2016.02.023
https://doi.org/10.1016/j.immuni.2016.02.023
https://doi.org/10.1084/jem.181.5.1653
https://doi.org/10.1016/0006-291X(87)90502-X
https://doi.org/10.1073/pnas.86.24.10024
https://doi.org/10.1056/NEJMp1711886
https://doi.org/10.1038/s41416-018-0325-1
https://doi.org/10.3389/fimmu.2023.1188049
https://doi.org/10.1186/s40364-017-0102-y
https://doi.org/10.1073/pnas.96.1.185
https://doi.org/10.1089/hum.2009.142
https://doi.org/10.1016/j.tibtech.2011.04.009
https://doi.org/10.1016/j.tibtech.2011.04.009
https://doi.org/10.4049/jimmunol.161.6.2791
https://doi.org/10.3324/haematol.2010.026310
https://doi.org/10.1080/21645515.2022.2114254
https://doi.org/10.1182/blood-2011-10-387969
https://doi.org/10.3389/fimmu.2021.609421
https://doi.org/10.1517/14712598.2015.1046430
https://doi.org/10.1016/j.biopha.2021.112512
https://doi.org/10.1016/j.biopha.2021.112512
https://doi.org/10.1155/2019/3425291
https://doi.org/10.1016/j.omto.2022.03.009
https://doi.org/10.3389/fimmu.2021.687822
https://doi.org/10.3389/fimmu.2021.687822
https://doi.org/10.1016/j.biopha.2019.109625
https://doi.org/10.1016/j.ccell.2019.09.006
https://doi.org/10.1038/s41422-020-0343-4
https://doi.org/10.1016/j.dci.2006.06.003
https://doi.org/10.1126/science.aar4060
https://doi.org/10.3892/or.2019.7096
https://doi.org/10.3892/or.2019.7096
https://doi.org/10.1007/s10637-020-00978-3
https://doi.org/10.1080/2162402X.2017.1364828
https://doi.org/10.1080/2162402X.2017.1364828
https://doi.org/10.1200/PO.16.00030
https://doi.org/10.1038/ni1443
https://doi.org/10.1002/cam4.3410
https://doi.org/10.1002/cam4.3410
https://doi.org/10.1186/s12974-018-1330-2
https://doi.org/10.1016/j.str.2015.09.010
https://doi.org/10.1056/NEJMra1514296
https://doi.org/10.1073/pnas.192461099
https://doi.org/10.1073/pnas.192461099
https://doi.org/10.1016/s1074-7613(04)00051-2
https://doi.org/10.1016/s1074-7613(00)80089-8
https://doi.org/10.1002/jcp.27172
https://doi.org/10.1016/j.str.2016.06.026
https://doi.org/10.1002/j.1460-2075.1992.tb05481.x
https://doi.org/10.1182/blood-2008-12-195792
https://doi.org/10.1182/blood-2008-12-195792
https://doi.org/10.3389/fphar.2017.00561
https://doi.org/10.3389/fphar.2017.00561
https://doi.org/10.1136/ijgc-2018-000011
https://doi.org/10.1136/ijgc-2018-000011
https://doi.org/10.1016/S1470-2045(15)70076-8
https://doi.org/10.1016/S1470-2045(15)70076-8
https://doi.org/10.1158/0008-5472.CAN-15-0255
https://doi.org/10.1158/0008-5472.CAN-15-0255
https://doi.org/10.1593/neo.05733
https://doi.org/10.1158/2326-6066.CIR-13-0127
https://doi.org/10.1159/000464353
https://doi.org/10.2174/156800907780006841
https://doi.org/10.3389/fimmu.2024.1389971
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Satapathy et al. 10.3389/fimmu.2024.1389971
99. Chan AC, Iwashima M, Turck CW, Weiss A. ZAP-70: a 70 kd protein-tyrosine
kinase that associates with the TCR zeta chain. Cell. (1992) 71:649–62. doi: 10.1016/
0092-8674(92)90598-7

100. Lin J, Weiss A. T cell receptor signalling. J Cell Sci. (2001) 114:243–4.
doi: 10.1242/jcs.114.2.243

101. Zuazo M, Gato-Canas M, Llorente N, Ibanez-Vea M, Arasanz H, Kochan G,
et al. Molecular mechanisms of programmed cell death-1 dependent T cell suppression:
relevance for immunotherapy. Ann Transl Med. (2017) 5:385. doi: 10.21037/
atm.2017.06.11

102. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy.
Nat Rev Cancer. (2012) 12:252–64. doi: 10.1038/nrc3239

103. Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, Braunstein I, Kobayashi
SV, et al. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms.
Mol Cell Biol. (2005) 25:9543–53. doi: 10.1128/MCB.25.21.9543-9553.2005

104. Borst J, Busselaar J, Bosma DMT, Ossendorp F. Mechanism of action of PD-1
receptor/ligand targeted cancer immunotherapy. Eur J Immunol. (2021) 51:1911–20.
doi: 10.1002/eji.202048994

105. Marasco M, Berteotti A, Weyershaeuser J, Thorausch N, Sikorska J, Krausze J,
et al. Molecular mechanism of SHP2 activation by PD-1 stimulation. Sci Adv. (2020)
6:1–15. doi: 10.1126/sciadv.aay4458

106. Okazaki T, Maeda A, Nishimura H, Kurosaki T, Honjo T. PD-1
immunoreceptor inhibits B cell receptor-mediated signaling by recruiting src
homology 2-domain-containing tyrosine phosphatase 2 to phosphotyrosine. Proc
Natl Acad Sci U.S.A. (2001) 98:13866–71. doi: 10.1073/pnas.231486598

107. Hui E, Cheung J, Zhu J, Su X, Taylor MJ, Wallweber HA, et al. T cell
costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition.
Science. (2017) 355:1428–33. doi: 10.1126/science.aaf1292

108. Saeidi A, Zandi K, Cheok YY, Saeidi H, Wong WF, Lee CYQ, et al. T-cell
exhaustion in chronic infections: reversing the state of exhaustion and reinvigorating
optimal protective immune responses. Front Immunol. (2018) 9:2569. doi: 10.3389/
fimmu.2018.02569

109. Torres J, Pulido R. The tumor suppressor PTEN is phosphorylated by the
protein kinase CK2 at its C terminus. Implications for PTEN stability to proteasome-
mediated degradation. J Biol Chem. (2001) 276:993–8. doi: 10.1074/jbc.M009134200

110. Patsoukis N, Li L, Sari D, Petkova V, Boussiotis VA. PD-1 increases PTEN
phosphatase activity while decreasing PTEN protein stability by inhibiting casein
kinase 2. Mol Cell Biol. (2013) 33:3091–8. doi: 10.1128/MCB.00319-13

111. Li S, SiriwonN, Zhang X, Yang S, Jin T, He F, et al. Enhanced cancer immunotherapy
by chimeric antigen receptor-modified T cells engineered to secrete checkpoint inhibitors.Clin
Cancer Res. (2017) 23:6982–92. doi: 10.1158/1078-0432.CCR-17-0867

112. Zeng W, Zhang P. Resistance and recurrence of Malignancies after CAR-T cell
therapy. Exp Cell Res. (2022) 410:112971. doi: 10.1016/j.yexcr.2021.112971

113. Zhao H, Wang Y, Yin ETS, Zhao K, Hu Y, Huang H. A giant step forward:
chimeric antigen receptor T-cell therapy for lymphoma. Front Med. (2020) 14:711–25.
doi: 10.1007/s11684-020-0808-3

114. Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, et al. Tumor-
associated B7-H1 promotes T-cell apoptosis: a potential mechanism of immune
evasion. Nat Med. (2002) 8:793–800. doi: 10.1038/nm730

115. Cherkassky L, Morello A, Villena-Vargas J, Feng Y, Dimitrov DS, Jones DR,
et al. Human CAR T cells with cell-intrinsic PD-1 checkpoint blockade resist tumor-
mediated inhibition. J Clin Invest. (2016) 126:3130–44. doi: 10.1172/JCI83092

116. Jiang Y, Chen M, Nie H, Yuan Y. PD-1 and PD-L1 in cancer immunotherapy:
clinical implications and future considerations. Hum Vaccin Immunother. (2019)
15:1111–22. doi: 10.1080/21645515.2019.1571892

117. Cha JH, Chan LC, Li CW, Hsu JL, Hung MC. Mechanisms controlling PD-L1
expression in cancer. Mol Cell. (2019) 76:359–70. doi: 10.1016/j.molcel.2019.09.030

118. Ai L, Chen J, Yan H, He Q, Luo P, Xu Z, et al. Research status and outlook of
PD-1/PD-L1 inhibitors for cancer therapy. Drug Des Devel Ther. (2020) 14:3625–49.
doi: 10.2147/DDDT.S267433

119. Ba H, Dai Z, Zhang Z, Zhang P, Yin B, Wang J, et al. Antitumor effect of CAR-T
cells targeting transmembrane tumor necrosis factor alpha combined with PD-1 mAb
on breast cancers. J Immunother Cancer. (2023) 11:1–16. doi: 10.1136/jitc-2021-003837

120. Lv J, Jia Y, Li J, Kuai W, Li Y, Guo F, et al. Gegen Qinlian decoction enhances
the effect of PD-1 blockade in colorectal cancer with microsatellite stability by
remodelling the gut microbiota and the tumour microenvironment. Cell Death Dis.
(2019) 10:415. doi: 10.1038/s41419-019-1638-6

121. Hernandez R, Poder J, LaPorte KM, Malek TR. Engineering IL-2 for
immunotherapy of autoimmunity and cancer. Nat Rev Immunol. (2022) 22:614–28.
doi: 10.1038/s41577-022-00680-w

122. Stone ML, Chiappinelli KB, Li H, Murphy LM, Travers ME, Topper MJ, et al.
Epigenetic therapy activates type I interferon signaling in murine ovarian cancer to
reduce immunosuppression and tumor burden. Proc Natl Acad Sci U.S.A. (2017) 114:
E10981–E90. doi: 10.1073/pnas.1712514114

123. John LB, Devaud C, Duong CP, Yong CS, Beavis PA, Haynes NM, et al. Anti-
PD-1 antibody therapy potently enhances the eradication of established tumors by
gene-modified T cells. Clin Cancer Res. (2013) 19:5636–46. doi: 10.1158/1078-
0432.CCR-13-0458
Frontiers in Immunology 19
124. Kuah CY, Monfries R, Quartagno M, Seckl MJ, Ghorani E. What is the
optimal duration, dose and frequency for anti-PD1 therapy of non-small cell lung
cancer? Ther Adv Med Oncol. (2023) 15:17588359231210271. doi: 10.1177/
17588359231210271

125. Adusumilli PS, Zauderer MG, Riviere I, Solomon SB, Rusch VW, O'Cearbhaill
RE, et al. A phase I trial of regional mesothelin-targeted CAR T-cell therapy in patients
with Malignant pleural disease, in combination with the anti-PD-1 agent
pembrolizumab. Cancer Discovery. (2021) 11:2748–63. doi: 10.1158/2159-8290.CD-
21-0407

126. Wang Z, Li N, Feng K, Chen M, Zhang Y, Liu Y, et al. Phase I study of CAR-T
cells with PD-1 and TCR disruption in mesothelin-positive solid tumors. Cell Mol
Immunol. (2021) 18:2188–98. doi: 10.1038/s41423-021-00749-x

127. Liu X, Zhang Y, Cheng C, Cheng AW, Zhang X, Li N, et al. CRISPR-Cas9-
mediated multiplex gene editing in CAR-T cells. Cell Res. (2017) 27:154–7.
doi: 10.1038/cr.2016.142

128. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance and
autoimmunity. Immunol Rev . (2010) 236:219–42. doi: 10.1111/j.1600-
065X.2010.00923.x

129. Guo X, Jiang H, Shi B, Zhou M, Zhang H, Shi Z, et al. Disruption of PD-1
enhanced the anti-tumor activity of chimeric antigen receptor T cells against
hepatocellular carcinoma. Front Pharmacol. (2018) 9:1118. doi: 10.3389/
fphar.2018.01118

130. Fang J, Ding N, Guo X, Sun Y, Zhang Z, Xie B, et al. alphaPD-1-mesoCAR-T
cells partially inhibit the growth of advanced/refractory ovarian cancer in a patient
along with daily apatinib. J Immunother Cancer. (2021) 9:1–6. doi: 10.1136/jitc-2020-
001162

131. Odorizzi PM, Pauken KE, Paley MA, Sharpe A, Wherry EJ. Genetic absence of
PD-1 promotes accumulation of terminally differentiated exhausted CD8+ T cells. J
Exp Med. (2015) 212:1125–37. doi: 10.1084/jem.20142237

132. Kleinstiver BP, Pattanayak V, Prew MS, Tsai SQ, Nguyen NT, Zheng Z, et al.
High-fidelity CRISPR-Cas9 nucleases with no detectable genome-wide off-target
effects. Nature. (2016) 529:490–5. doi: 10.1038/nature16526

133. Halliwell E, Vitali A, Muller H, Alonso-Ferrero M, Barisa M, Gavriil A, et al.
Targeting of low ALK antigen density neuroblastoma using AND logic-gate engineered
CAR-T cells. Cytotherapy. (2023) 25:46–58. doi: 10.1016/j.jcyt.2022.10.007

134. Yeku O, Li X, Brentjens RJ. Adoptive T-cell therapy for solid tumors. Am Soc
Clin Oncol Educ Book. (2017) 37:193–204. doi: 10.1200/EDBK_180328

135. Heczey A, Louis CU, Savoldo B, Dakhova O, Durett A, Grilley B, et al. CAR T
cells administered in combination with lymphodepletion and PD-1 inhibition to
patients with neuroblastoma. Mol Ther. (2017) 25:2214–24. doi: 10.1016/
j.ymthe.2017.05.012

136. Liu H, Lei W, Zhang C, Yang C, Wei J, Guo Q, et al. CD19-specific CAR T cells
that express a PD-1/CD28 chimeric switch-receptor are effective in patients with PD-
L1-positive B-cell lymphoma. Clin Cancer Res. (2021) 27:473–84. doi: 10.1158/1078-
0432.CCR-20-1457

137. Zhang W, Huang C, Liu R, Zhang H, Li W, Yin S, et al. Case report: CD19-
directed CAR-T cell therapy combined with BTK inhibitor and PD-1 antibody against
secondary central nervous system lymphoma. Front Immunol. (2022) 13:983934.
doi: 10.3389/fimmu.2022.983934

138. Mu J, Deng H, Lyu C, Yuan J, Li Q, Wang J, et al. Efficacy of programmed cell
death 1 inhibitor maintenance therapy after combined treatment with programmed cell
death 1 inhibitors and anti-CD19-chimeric antigen receptor T cells in patients with
relapsed/refractory diffuse large B-cell lymphoma and high tumor burden. Hematol
Oncol. (2023) 41:275–84. doi: 10.1002/hon.2981

139. Zou R, Zhou X, Liu H, Wang P, Xia F, Kang L, et al. Long-term complete
remission of decitabine-primed tandem CD19/CD22 CAR-T therapy with PD-1 and
BTK inhibitors maintenance in a refractory primary central nervous system lymphoma
patient. Cancer Res Treat. (2023) 55:1363–8. doi: 10.4143/crt.2023.371

140. Sang W, Wang X, Geng H, Li T, Li D, Zhang B, et al. Anti-PD-1 therapy
enhances the efficacy of CD30-directed chimeric antigen receptor T cell therapy in
patients with relapsed/refractory CD30+ Lymphoma. Front Immunol. (2022)
13:858021. doi: 10.3389/fimmu.2022.858021

141. Lv J, Li P. Mesothelin as a biomarker for targeted therapy. biomark Res. (2019)
7:18. doi: 10.1186/s40364-019-0169-8

142. Hassan R, Bera T, Pastan I. Mesothelin: a new target for immunotherapy. Clin
Cancer Res. (2004) 10:3937–42. doi: 10.1158/1078-0432.CCR-03-0801

143. Scholler N, Fu N, Yang Y, Ye Z, Goodman GE, Hellstrom KE, et al. Soluble
member(s) of the mesothelin/megakaryocyte potentiating factor family are detectable
in sera from patients with ovarian carcinoma. Proc Natl Acad Sci U S A. (1999)
96:11531–6. doi: 10.1073/pnas.96.20.11531

144. Wu X, Li D, Liu L, Liu B, Liang H, Yang B. Serum soluble mesothelin-
related peptide (SMRP): a potential diagnostic and monitoring marker for epithelial
ovarian cancer. Arch Gynecol Obstet. (2014) 289:1309–14. doi: 10.1007/s00404-013-
3128-x

145. Baas P, Scherpereel A, Nowak AK, Fujimoto N, Peters S, Tsao AS, et al. First-
line nivolumab plus ipilimumab in unresectable Malignant pleural mesothelioma
(CheckMate 743): a multicentre, randomised, open-label, phase 3 trial. Lancet.
(2021) 397:375–86. doi: 10.1016/S0140-6736(20)32714-8
frontiersin.org

https://doi.org/10.1016/0092-8674(92)90598-7
https://doi.org/10.1016/0092-8674(92)90598-7
https://doi.org/10.1242/jcs.114.2.243
https://doi.org/10.21037/atm.2017.06.11
https://doi.org/10.21037/atm.2017.06.11
https://doi.org/10.1038/nrc3239
https://doi.org/10.1128/MCB.25.21.9543-9553.2005
https://doi.org/10.1002/eji.202048994
https://doi.org/10.1126/sciadv.aay4458
https://doi.org/10.1073/pnas.231486598
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.3389/fimmu.2018.02569
https://doi.org/10.3389/fimmu.2018.02569
https://doi.org/10.1074/jbc.M009134200
https://doi.org/10.1128/MCB.00319-13
https://doi.org/10.1158/1078-0432.CCR-17-0867
https://doi.org/10.1016/j.yexcr.2021.112971
https://doi.org/10.1007/s11684-020-0808-3
https://doi.org/10.1038/nm730
https://doi.org/10.1172/JCI83092
https://doi.org/10.1080/21645515.2019.1571892
https://doi.org/10.1016/j.molcel.2019.09.030
https://doi.org/10.2147/DDDT.S267433
https://doi.org/10.1136/jitc-2021-003837
https://doi.org/10.1038/s41419-019-1638-6
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.1073/pnas.1712514114
https://doi.org/10.1158/1078-0432.CCR-13-0458
https://doi.org/10.1158/1078-0432.CCR-13-0458
https://doi.org/10.1177/17588359231210271
https://doi.org/10.1177/17588359231210271
https://doi.org/10.1158/2159-8290.CD-21-0407
https://doi.org/10.1158/2159-8290.CD-21-0407
https://doi.org/10.1038/s41423-021-00749-x
https://doi.org/10.1038/cr.2016.142
https://doi.org/10.1111/j.1600-065X.2010.00923.x
https://doi.org/10.1111/j.1600-065X.2010.00923.x
https://doi.org/10.3389/fphar.2018.01118
https://doi.org/10.3389/fphar.2018.01118
https://doi.org/10.1136/jitc-2020-001162
https://doi.org/10.1136/jitc-2020-001162
https://doi.org/10.1084/jem.20142237
https://doi.org/10.1038/nature16526
https://doi.org/10.1016/j.jcyt.2022.10.007
https://doi.org/10.1200/EDBK_180328
https://doi.org/10.1016/j.ymthe.2017.05.012
https://doi.org/10.1016/j.ymthe.2017.05.012
https://doi.org/10.1158/1078-0432.CCR-20-1457
https://doi.org/10.1158/1078-0432.CCR-20-1457
https://doi.org/10.3389/fimmu.2022.983934
https://doi.org/10.1002/hon.2981
https://doi.org/10.4143/crt.2023.371
https://doi.org/10.3389/fimmu.2022.858021
https://doi.org/10.1186/s40364-019-0169-8
https://doi.org/10.1158/1078-0432.CCR-03-0801
https://doi.org/10.1073/pnas.96.20.11531
https://doi.org/10.1007/s00404-013-3128-x
https://doi.org/10.1007/s00404-013-3128-x
https://doi.org/10.1016/S0140-6736(20)32714-8
https://doi.org/10.3389/fimmu.2024.1389971
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Satapathy et al. 10.3389/fimmu.2024.1389971
146. Ahmed AA, Zhang L, Reddivalla N, Hetherington M. Neuroblastoma in
children: Update on clinicopathologic and genetic prognostic factors. Pediatr
Hematol Oncol. (2017) 34:165–85. doi: 10.1080/08880018.2017.1330375

147. Li X, Ding Y, Zi M, Sun L, Zhang W, Chen S, et al. CD19, from bench to
bedside. Immunol Lett. (2017) 183:86–95. doi: 10.1016/j.imlet.2017.01.010

148. Liang Y, Liu H, Lu Z, Lei W, Zhang C, Li P, et al. CD19 CAR-T expressing PD-
1/CD28 chimeric switch receptor as a salvage therapy for DLBCL patients treated with
different CD19-directed CAR T-cell therapies. J Hematol Oncol. (2021) 14:26.
doi: 10.1186/s13045-021-01044-y

149. Liu X, Ranganathan R, Jiang S, Fang C, Sun J, Kim S, et al. A chimeric switch-
receptor targeting PD1 augments the efficacy of second-generation CAR T cells in
advanced solid tumors. Cancer Res. (2016) 76:1578–90. doi: 10.1158/0008-5472.CAN-
15-2524

150. Wilson GL, Najfeld V, Kozlow E, Menniger J, Ward D, Kehrl JH. Genomic
structure and chromosomal mapping of the human CD22 gene. J Immunol. (1993)
150:5013–24. doi: 10.4049/jimmunol.150.11.5013

151. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, et al.
Identification of human brain tumour initiating cells. Nature. (2004) 432:396–401.
doi: 10.1038/nature03128

152. Collins AT, Berry PA, Hyde C, Stower MJ, Maitland NJ. Prospective
identification of tumorigenic prostate cancer stem cells. Cancer Res. (2005)
65:10946–51. doi: 10.1158/0008-5472.CAN-05-2018

153. O'Brien CA, Pollett A, Gallinger S, Dick JE. A human colon cancer cell capable
of initiating tumour growth in immunodeficient mice. Nature. (2007) 445:106–10.
doi: 10.1038/nature05372

154. Eramo A, Lotti F, Sette G, Pilozzi E, Biffoni M, Di Virgilio A, et al. Identification
and expansion of the tumorigenic lung cancer stem cell population. Cell Death Differ.
(2008) 15:504–14. doi: 10.1038/sj.cdd.4402283

155. Suetsugu A, Nagaki M, Aoki H, Motohashi T, Kunisada T, Moriwaki H.
Characterization of CD133+ hepatocellular carcinoma cells as cancer stem/progenitor
cells. Biochem Biophys Res Commun. (2006) 351:820–4. doi: 10.1016/j.bbrc.2006.10.128

156. Kryczek I, Liu S, Roh M, Vatan L, Szeliga W, Wei S, et al. Expression of
aldehyde dehydrogenase and CD133 defines ovarian cancer stem cells. Int J Cancer.
(2012) 130:29–39. doi: 10.1002/ijc.25967

157. Cioffi M, D'Alterio C, Camerlingo R, Tirino V, Consales C, Riccio A, et al.
Identification of a distinct population of CD133(+)CXCR4(+) cancer stem cells in
ovarian cancer. Sci Rep. (2015) 5:10357. doi: 10.1038/srep10357

158. Colagrande S, Inghilesi AL, Aburas S, Taliani GG, Nardi C, Marra F. Challenges
of advanced hepatocellular carcinoma. World J Gastroenterol. (2016) 22:7645–59.
doi: 10.3748/wjg.v22.i34.7645

159. Yang C, You J, Pan Q, Tang Y, Cai L, Huang Y, et al. Targeted delivery of a PD-
1-blocking scFv by CD133-specific CAR-T cells using nonviral Sleeping Beauty
transposition shows enhanced antitumour efficacy for advanced hepatocellular
carcinoma. BMC Med. (2023) 21:327. doi: 10.1186/s12916-023-03016-0

160. Nakashima M, Uchimaru K. CD30 expression and its functions during the
disease progression of adult T-cell leukemia/lymphoma. Int J Mol Sci. (2023) 24:1–12.
doi: 10.3390/ijms24108731

161. Schwab U, Stein H, Gerdes J, Lemke H, Kirchner H, Schaadt M, et al.
Production of a monoclonal antibody specific for Hodgkin and Sternberg-Reed cells
of Hodgkin's disease and a subset of normal lymphoid cells. Nature. (1982) 299:65–7.
doi: 10.1038/299065a0

162. Stein H, Mason DY, Gerdes J, O'Connor N, Wainscoat J, Pallesen G, et al. The
expression of the Hodgkin's disease associated antigen Ki-1 in reactive and neoplastic
lymphoid tissue: evidence that Reed-Sternberg cells and histiocytic Malignancies are
derived from activated lymphoid cells. Blood. (1985) 66:848–58. doi: 10.1182/
blood.V66.4.848.848

163. Stein H, Foss HD, Durkop H, Marafioti T, Delsol G, Pulford K, et al. CD30(+)
anaplastic large cell lymphoma: a review of its histopathologic, genetic, and clinical
features. Blood. (2000) 96:3681–95. doi: 10.1182/blood.V96.12.3681

164. Falini B, Pileri S, Pizzolo G, Durkop H, Flenghi L, Stirpe F, et al. CD30 (Ki-1)
molecule: a new cytokine receptor of the tumor necrosis factor receptor superfamily as
Frontiers in Immunology 20
a tool for diagnosis and immunotherapy. Blood. (1995) 85:1–14. doi: 10.1182/
blood.V85.1.1.bloodjournal8511

165. Weber U, Bahr C, Michaelis L, Mayer H, Wirth K. Carteolol incorporated into
FAT-MLV liposomes: prolonged and decreased reduction of IOP. Doc Ophthalmol.
(1992) 80:371–5. doi: 10.1007/BF00154386

166. Latza U, Foss HD, Durkop H, Eitelbach F, Dieckmann KP, Loy V, et al. CD30
antigen in embryonal carcinoma and embryogenesis and release of the soluble
molecule. Am J Pathol. (1995) 146:463–71.

167. Campuzano-Zuluaga G, Cioffi-Lavina M, Lossos IS, Chapman-Fredricks JR.
Frequency and extent of CD30 expression in diffuse large B-cell lymphoma and its
relation to clinical and biologic factors: a retrospective study of 167 cases. Leuk
Lymphoma. (2013) 54:2405–11. doi: 10.3109/10428194.2013.778407

168. Berdeja JG, Madduri D, Usmani SZ, Jakubowiak A, Agha M, Cohen AD, et al.
Ciltacabtagene autoleucel, a B-cell maturation antigen-directed chimeric antigen
receptor T-cell therapy in patients with relapsed or refractory multiple myeloma
(CARTITUDE-1): a phase 1b/2 open-label study. Lancet. (2021) 398:314–24.
doi: 10.1016/S0140-6736(21)00933-8

169. Kandra P, Nandigama R, Eul B, Huber M, Kobold S, Seeger W, et al. Utility and
drawbacks of chimeric antigen receptor T cell (CAR-T) therapy in lung cancer. Front
Immunol. (2022) 13:903562. doi: 10.3389/fimmu.2022.903562

170. Simula L, Ollivier E, Icard P, Donnadieu E. Immune checkpoint proteins,
metabolism and adhesion molecules: overlooked determinants of CAR T-cell
migration? Cells. (2022) 11:1–19. doi: 10.3390/cells11111854

171. Frey N, Porter D. Cytokine release syndrome with chimeric antigen receptor T
cell therapy. Biol Blood Marrow Transplant. (2019) 25:e123–e7. doi: 10.1016/
j.bbmt.2018.12.756

172. Castellarin M, Sands C, Da T, Scholler J, Graham K, Buza E, et al. A rational
mouse model to detect on-target, off-tumor CAR T cell toxicity. JCI Insight. (2020) 5:1–
15. doi: 10.1172/jci.insight.136012

173. Tanoue K, Rosewell Shaw A, Watanabe N, Porter C, Rana B, Gottschalk S, et al.
Armed oncolytic adenovirus-expressing PD-L1 mini-body enhances antitumor effects
of chimeric antigen receptor T cells in solid tumors. Cancer Res. (2017) 77:2040–51.
doi: 10.1158/0008-5472.CAN-16-1577

174. Chae YK, Arya A, Iams W, Cruz MR, Chandra S, Choi J, et al. Current
landscape and future of dual anti-CTLA4 and PD-1/PD-L1 blockade immunotherapy
in cancer; lessons learned from clinical trials with melanoma and non-small cell lung
cancer (NSCLC). J Immunother Cancer. (2018) 6:39. doi: 10.1186/s40425-018-0349-3

175. Serganova I, Moroz E, Cohen I, Moroz M, Mane M, Zurita J, et al.
Enhancement of PSMA-directed CAR adoptive immunotherapy by PD-1/PD-L1
blockade. Mol Ther Oncolytics. (2017) 4:41–54. doi: 10.1016/j.omto.2016.11.005

176. Cheng K, Feng X, Chai Z, Wang Z, Liu Z, Yan Z, et al. 4-1BB-Based CAR T
Cells Effectively Reverse Exhaustion and Enhance the Anti-Tumor Immune Response
through Autocrine PD-L1 scFv Antibody. Int J Mol Sci. (2023) 24:1–18. doi: 10.3390/
ijms24044197

177. Zhao X, Gao F, Yang J, Fan H, Xie Q, Jiang K, et al. Risk of adverse events in
cancer patients receiving nivolumab with ipilimumab: A meta-analysis. Front Oncol.
(2022) 12:877434. doi: 10.3389/fonc.2022.877434

178. Depil S, Duchateau P, Grupp SA, Mufti G, Poirot L. 'Off-the-shelf' allogeneic
CAR T cells: development and challenges. Nat Rev Drug Discovery. (2020) 19:185–99.
doi: 10.1038/s41573-019-0051-2

179. Depil S, Qasim W. Off-the-shelf allogeneic CAR-T cells or Other Immune
Effector Cells. In: Kroger N, Gribben J, Chabannon C, Yakoub-Agha I, Einsele H,
editors. The EBMT/EHA CAR-T Cell Handbook. Springer, Cham (CH) (2022). p. 51–4.

180. Hu Y, Zhou Y, Zhang M, Zhao H, Wei G, Ge W, et al. Genetically modified
CD7-targeting allogeneic CAR-T cell therapy with enhanced efficacy for relapsed/
refractory CD7-positive hematological Malignancies: a phase I clinical study. Cell Res.
(2022) 32:995–1007. doi: 10.1038/s41422-022-00721-y

181. Deng X, Zhou J, Cao Y. Generating universal chimeric antigen
receptor expressing cell products from induced pluripotent stem cells: beyond the
autologous CAR-T cells. Chin Med J (Engl). (2023) 136:127–37. doi: 10.1097/
CM9.0000000000002513
frontiersin.org

https://doi.org/10.1080/08880018.2017.1330375
https://doi.org/10.1016/j.imlet.2017.01.010
https://doi.org/10.1186/s13045-021-01044-y
https://doi.org/10.1158/0008-5472.CAN-15-2524
https://doi.org/10.1158/0008-5472.CAN-15-2524
https://doi.org/10.4049/jimmunol.150.11.5013
https://doi.org/10.1038/nature03128
https://doi.org/10.1158/0008-5472.CAN-05-2018
https://doi.org/10.1038/nature05372
https://doi.org/10.1038/sj.cdd.4402283
https://doi.org/10.1016/j.bbrc.2006.10.128
https://doi.org/10.1002/ijc.25967
https://doi.org/10.1038/srep10357
https://doi.org/10.3748/wjg.v22.i34.7645
https://doi.org/10.1186/s12916-023-03016-0
https://doi.org/10.3390/ijms24108731
https://doi.org/10.1038/299065a0
https://doi.org/10.1182/blood.V66.4.848.848
https://doi.org/10.1182/blood.V66.4.848.848
https://doi.org/10.1182/blood.V96.12.3681
https://doi.org/10.1182/blood.V85.1.1.bloodjournal8511
https://doi.org/10.1182/blood.V85.1.1.bloodjournal8511
https://doi.org/10.1007/BF00154386
https://doi.org/10.3109/10428194.2013.778407
https://doi.org/10.1016/S0140-6736(21)00933-8
https://doi.org/10.3389/fimmu.2022.903562
https://doi.org/10.3390/cells11111854
https://doi.org/10.1016/j.bbmt.2018.12.756
https://doi.org/10.1016/j.bbmt.2018.12.756
https://doi.org/10.1172/jci.insight.136012
https://doi.org/10.1158/0008-5472.CAN-16-1577
https://doi.org/10.1186/s40425-018-0349-3
https://doi.org/10.1016/j.omto.2016.11.005
https://doi.org/10.3390/ijms24044197
https://doi.org/10.3390/ijms24044197
https://doi.org/10.3389/fonc.2022.877434
https://doi.org/10.1038/s41573-019-0051-2
https://doi.org/10.1038/s41422-022-00721-y
https://doi.org/10.1097/CM9.0000000000002513
https://doi.org/10.1097/CM9.0000000000002513
https://doi.org/10.3389/fimmu.2024.1389971
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The synergistic immunotherapeutic impact of engineered CAR-T cells with PD-1 blockade in lymphomas and solid tumors: a systematic review
	1 Introduction
	2 Search strategy
	3 CAR-T cell
	3.1 Structure of CAR-T
	3.1.1 Extracellular domain
	3.1.2 Hinge domain
	3.1.3 Transmembrane domain
	3.1.4 Intracellular signaling domain

	3.2 Generations of CAR-T cells
	3.2.1 First generation
	3.2.2 Second generation
	3.2.3 Third generation
	3.2.4 Fourth generation
	3.2.5 Fifth generations

	3.3 Clinical efficacy of CAR-T cell therapy

	4 Immune checkpoint PD-1 and its role in T cell regulation
	4.1 PD-1
	4.2 Structure of PD-1
	4.3 Anti PD-1 therapy in solid tumors
	4.4 Molecular mechanism of PD-1 blockade in T-cells

	5 CAR-T cell and anti PD-1 combination therapy
	5.1 Types of combination therapy: extrinsic and intrinsic
	5.1.1 Cell extrinsic combination therapy
	5.1.2 Cell Intrinsic combination therapy

	5.2 Efficacy of anti PD-1 and CAR-T combination therapy against different types of solid tumor
	5.2.1 Mesothelin specific CAR-T cell based combination therapy
	5.2.2 GD-2 specific CAR-T cell based combination therapy
	5.2.3 CD-19 directed CAR-T cell based combination immunotherapy
	5.2.4 CD-22 specific CAR-T cell based combination immunotherapy
	5.2.5 CD-133 specific CAR-T based combination immunotherapy
	5.2.6 CD-30 specific CAR-T based combination therapy


	6 Conclusion and outlooks
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


