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The potential and promise for clinical s

application of adoptive T cell therapy in cancer
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Abstract

Adoptive cell therapy has revolutionized cancer treatment, especially for hematologic malignancies. T cells are

the most extensively utilized cells in adoptive cell therapy. Currently, tumor-infiltrating lymphocytes, T cell receptor-
transgenic T cells and chimeric antigen receptor T cells are the three main adoptive T cell therapies. Tumor-infil-
trating lymphocytes kill tumors by reinfusing enlarged lymphocytes that naturally target tumor-specific antigens
into the patient. T cell receptor-transgenic T cells have the ability to specifically destroy tumor cells via the precise
recognition of exogenous T cell receptors with major histocompatibility complex. Chimeric antigen receptor T cells
transfer genes with specific antigen recognition structural domains and T cell activation signals into T cells, allow-
ing T cells to attack tumors without the assistance of major histocompatibility complex. Many barriers have been
demonstrated to affect the clinical efficacy of adoptive T cell therapy, such as tumor heterogeneity and antigen loss,
hard trafficking and infiltration, immunosuppressive tumor microenvironment and T cell exhaustion. Several strate-
gies to improve the efficacy of adoptive T cell therapy have been explored, including multispecific chimeric antigen
receptor T cell therapy, combination with immune checkpoint blockade, targeting the immunosuppressive tumor
microenvironment, etc. In this review, we will summarize the current status and clinical application, followed by major
bottlenecks in adoptive T cell therapy. In addition, we will discuss the promising strategies to improve adoptive T cell
therapy. Adoptive T cell therapy will result in even more incredible advancements in solid tumors if the aforemen-
tioned problems can be handled.
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In addition to surgery, radiation and chemotherapy,
immunotherapy is now playing an essential role in can-
cer treatment. In 2013, the world authoritative journal
Science listed tumor immunotherapy as the most impor-
tant scientific advance [1]. As a result of immunotherapy,
cancer treatments have been transformed in the past ten
years. Clinical trials have shown that blocking cytotoxic
T lymphocyte antigen 4 (CTLA-4) and programmed
cell death 1 (PD-1) could improve overall survival (OS)
in advanced melanoma, which were first respectively
approved by the US Food and Drug Administration
(FDA) in 2011 and 2014 [2, 3]. Despite immune check-
point inhibitor (ICI), a novel cancer immunotherapy,
has provided unprecedented results in cancer treatment,
there is still potential for improvement [4].

Adoptive cell therapy (ACT) was found to be highly
effective for cancer immunotherapy, which has aroused
intense research. Autologous or allogeneic immune cells
were cultured and modified in a lab setting to improve
their capacity for targeted killing before being reinfused
into the patient [5]. Upon trafficking to the tumor, these

antigens to be recognized by effector cells which could
kill tumor availably [6]. This review will primarily intro-
duce T cell-based ACT.

Tumor infiltrating lymphocytes (TILs) isolated from
patients with metastatic melanoma were infused into
tumors to initiate this therapeutic strategy, showing
promising antitumor properties [7]. The first attempt to
use chimeric antigen receptor (CAR) T cells, targeting
CD19 and leading to the complete remission of relapsed
and refractory leukemia, was encouraging [8]. ACT has
shown the best clinical results for CD19* leukemias and
lymphomas when CAR T cells were used [9-11]. By
genetically transferring the cancer antigen specific T cell
receptor (TCR) from one T cell to another [12], it is pos-
sible to produce large numbers of transgenic T cells for
ACT. Autologous T cells from a patient could be trans-
duced with cells from different patients with matching
human leukocyte antigens (HLAs) [13].

Although ACT has shown promising results in some
human malignancies, only a few solid tumor trials have
demonstrated positive results because of numerous
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remaining problems [14]. These include tumor hetero-
geneity and antigen loss, hard trafficking and infiltration,
immunosuppressive tumor microenvironment, etc. [15].
In this work, we will review recent advances and limita-
tions in the clinical use of ACT and discuss approaches to
improve its efficacy by addressing present hurdles.

Types of adoptive cell therapy

Tumor-infiltrating lymphocytes

There was evidence that immune infiltrates in the tumor
microenvironment (TME) were crucial for tumor devel-
opment and had a significant bearing on the clinical
outcomes of those with cancers [16]. TILs in tumors
were heterogeneous populations of cells that recognized
a wide range of antigens [15]. By profiling TILs, we can
gain insights into the mechanisms of cancer-immune
evasion and develop new therapeutic strategies.

With the advent of ICIs and ACT, the role of T cells
in antitumor immunity has become undeniable. T cells
recognized antigens and mediated immune responses
by TCRs. Immature T cells produce various cell clones
carrying specific and diverse antigen TCR structures by
genetic rearrangement and combination of a small num-
ber of germline gene segments, which can generate dis-
parate TCR repertoires [17]. Positive selection endows
mature T cells with the ability to recognize and bound
major histocompatibility complex (MHC) or HLA, which
present short peptides of tumor antigens to TCRs [18].
And then, negative selection eliminates T cells that show
high affinity between their TCRs and self-MHC-peptide
complexes [19]. T cells acquire functional, various TCRs
and MHC restriction through these important events in
development.

CD8™T cells, also known as cytotoxic T lymphocytes
(CTLs), are the critical effector cells responsible for kill-
ing tumor cells through two main mechanisms. First,
activated CD8" T cells directly and specifically destroy
tumor cells by releasing granzymes (GZM) and perforin
[20]. Second, they kill tumor cells indirectly by secreting
cytokines, such as interferon-y (IFN-y), tumor necrosis
factor-a (TNF-a) and lymphotoxin [21]. Almost all types
of cancers benefit from CD8" CTLs. However, tumor-
infiltrating CTLs rarely control tumor growth due to
exhaustion or dysfunction caused by immunosuppressive
TME [22-24].

Assisting CTLs in overcoming negative regulation,
CD4* helper T cells enabled CTLs priming, as well as
their effector and memory activities [25], which was
found in a second T cell-priming step [26]. In the lym-
phoid organs, CD4" and CD8" T cells first interacted
independently with conventional dendritic cells (cDCs),
which was non-synchronous [27]. And then, on the same
cDC, CD4" and CD8* T cells recognized their respective
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antigens, providing cytokines and co-stimulatory signals
to promote proliferation and differentiation of CD8% T
cells [25]. To support the differentiation of CD8* T cells
into effector CTLs, cDCs produced Type I IFN, interleu-
kin (IL)-12, and IL-15 [28, 29]. Another subset of CD4" T
cells could mediate cytotoxicity in cancers by expressing
GZM and perforin, or directly exerting cytotoxic effects
[30].

Recent studies have also shown that tumor-infiltrat-
ing B lymphocytes (TIL-Bs), which included tumor-
infiltrating B cells and plasma cells, played a crucial role
in immunotherapy. Their presence has been linked to
improve prognoses for different cancer types, including
breast cancer, head and neck squamous cell carcinoma
lung adenocarcinoma, etc. [31-35]. Meanwhile, Cat-
alina et al. demonstrated that B cells expressing PD-L1,
CD155, IL-10 and tumor growth factor (TGF)-f could
prevent activated CD8% T cells from proliferating and
obtaining an effector phenotype [36]. This was due to the
different B cell phenotypes presented and the antibodies
they produced, as well as the various composition of the
TME [37]. TIL-Bs were capable of supporting antitumor
immune responses in several ways. As antigen-present-
ing cells, B cells boosted cellular immunity by presenting
tumor-associated antigens (TAAs) to T cells and facilitat-
ing the endocytosis by dendritic cells [38, 39]. Moreover,
TIL-Bs were capable of killing tumor cells directly with
cytokines like IFN-y and GZMB [40]. Previous studies
indicated that it was possible for plasma cells to pro-
duce IgG1 antibodies that could cause antibody-depend-
ent cell cytotoxicity [41, 42]. Additionally, B cells were
involved in the formation of tertiary lymphoid structures
(TLSs) [43]. The prognostic value of TLSs has been dem-
onstrated among the various types of cancer [44—46].

The main process of TIL therapy included isolation of
TILs from tumor tissue samples, amplification ex vivo
and transfusion of TILs (Fig. 1). Researchers collected
TILs from freshly resected melanomas and expanded
ex vivo. Twenty patients with metastatic melanoma
were treated with intravenous infusion of TILs, followed
by injecting IL-2, which caused objective responses of
eleven patients [47]. Since then, several studies have
been conducted on TILs in cancer. In a phase II clini-
cal trial, the autologous TILs were utilized to treat 93
patients with metastatic melanoma. This study found that
adoptive transfer of TILs contributed to a 56% objective
response rate (ORR) and a 22% complete response rate
(CRR) [48]. Thirty-one metastatic melanoma patients
who depleted their lymphocytes by using cyclophos-
phamide and fludarabine in advance, were treated with
their harvested TILs and high-dose IL-2 [49]. The ORR
was 48.4% and two patients had a complete response.
Most studies on TIL therapy have focused on melanoma,
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Fig. 1 Process of TIL treatment. The tumor was excised by surgery and prepared into a single-cell suspension by mechanically cut and digestive
enzymes. Different types of TILs proliferated on cell plates with high dose of IL-2, producing billions of TILs within three weeks. Any TILs that have
anti-tumor effect were left as the positive TIL populations after culturing with the tumor cells of patients. TILs were then expanded to treatment
levels by rapid expansion phase. Patients underwent lymphodepletion prior to receiving TiLs, and then 10-150 billion TILs and high dose of IL-2
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were administered into them. By Figdraw

although new data indicated TILs may also be effective
in other solid tumors. Metastatic adenocarcinomas and
squamous cell carcinomas associated with human papil-
lomavirus were treated with TILs [50]. In this study, 7 of
29 (24%) patients had objective response and two of them
had complete response. A clinical trial (NCT01174121)
has demonstrated that adoptive transfer of TILs could
mediate regression of metastatic colorectal cancer and
breast cancer [51, 52]. It seemed that IL-2, fludarabine,
and cyclophosphamide lymphodepletion were crucial for
adoptive transfer TILs. It was not hard to see that recent
studies have deliberately sought to identify which popu-
lation of cells played a major role in adoptive transfer of
TILs. Laszlo et al. found that CD8' T cells expressing B
and T-lymphocyte attenuator were strongly correlated
with a beneficial clinical outcome [49]. Metastatic epithe-
lial carcinoma could be reversed by CD4* T lymphocytes
that identified an erbb2 interacting protein mutation

[53]. Complete cancer remission and T cell persistence
were associated with stem-like neoantigen-specific CD8*
T cells [54]. Therefore, the best course of action could be
to transfer TILs specifically for various tumor mutant
neoantigens.

The role of B cells in adoptive transfer of TILs has also
been described. It was reported that B cells gathered
from tumor-draining lymph nodes, which were activated
with LPS and anti-CD40 mAb, could inhibit spontaneous
metastases of a 4T1 breast cancer model [55]. Yang et al.
reported that the combination of activated B effector
cells and IL-2 could kill 4T1 tumor cells by activating the
CXCR4/CXCL12 and perforin pathways, as well as the
Fas/FasL interaction [56]. 4-1BBL™* B cells activated with
CD40 agonism and IFN-y resulted in a powerful effect
against glioblastoma cancer model [57].

In order to improve the effect of TIL products, com-
bination approaches were being used, including the
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Table 1 Selected engineered TCR therapy trials in solid tumor from ClinicalTrials.gov

Target Type of cancer Phase Clinical trial number
MAGEAT1 Solid tumors \ NCT03441100
MAGEAT1 Advanced solid tumors /11 NCT05430555
MAGEA3 Cervical cancer; Renal cancer; Urothelial cancer; Melanoma; Breast cancer I/l NCT02111850
MAGE-A3/A6 Solid tumors I NCT03139370
MAGEA4/8 Solid tumors I NCT03247309
MAGE-C2 Melanoma; Head and neck Cancer /1l NCT04729543
NY-ESO-1 Neoplasms I NCT01343043
NY-ESO-1 Melanoma; Meningioma; Breast Cancer; Non-Small Cell Lung Cancer; Hepatocellular |l NCT01967823
Cancer
NY-ESO-1 Multiple Myeloma Il NCT01352286
HPV-16 E7 Metastatic or refractory/recurrent human papillomavirus (HPV)-16 +cancers Wl NCT02858310
HBV Hepatocellular Carcinoma I NCT03899415
EBV Nasopharyngeal Carcinoma Il NCT02578641
EBV Nasopharyngeal Carcinoma /1l NCT04509726

addition of checkpoint blockade. Patients with metastatic
non-small cell lung cancer (NSCLC) were treated with
TILs and nivolumab in a phase I trial (NCT03215810). In
this study, Patients received 4 cycles of nivolumab prior
to TILs infusion. Following lymphodepletion chemo-
therapy, TILs and IL-2 infusions were given to 16 patients
who were proven progression. After that, patients con-
tinued receiving nivolumab every 4 weeks for up to a
year. Of the 13 evaluable patients, three had proved to be
responsive and two of them achieved a sustained com-
plete response [58]. However, isolating tumor-specific
TILs that were not present in all patients or expand-
ing a small number of cells for therapeutic efficacy was
sometimes problematic. On February 16, 2024, Lifileu-
cel (Amtagvi), the first TIL therapy, was approved by the
FDA for the treatment of advanced melanoma that has
progressed after PD-1 antibody therapy.

T cell receptor-transgenic T cells

TCRs are responsible for recognizing and binding anti-
gens, which can activate T cells to participate in immune
responses against infections and tumors. The transmis-
sion of signals to the interior of the T cell and subse-
quent activation occur exclusively upon the binding of
the TCR to a specific MHC molecule, which is presenting
a specific peptide chain. TCRs can be divided into two
types which included TCRap and TCRy9, and affT cells
account for the vast majority of total T cells and medi-
ate cellular immunity. A functional receptor is formed
by the complexing of TCR «a/p heterodimers with CD3
€/y/8/{ subunits [59]. The CD3 cytoplasmic region is long
and contains immunoreceptor tyrosine-based activation
motif ITAM) related to T cell activation signal transduc-
tion [60]. Activation of T cells and initiation of effector

functions result from this process. The TCR-based ther-
apy involves genetically modifying T cells from blood to
express transgenic TCRs which are capable of recogniz-
ing tumor antigens and attacking cancer cells. Antigens
produce or express abnormally by tumor cells in the
course of cancerous and malignant growth are known as
tumor antigens. The classes of tumor antigens that have
been widely studied include TAAs and tumor-specific
antigens (TSAs).

It is important to note that TAAs are expressed not
only in tumor cells, but also in healthy tissues. Therefore,
therapies targeting TAAs must take into consideration
possible on-target toxicity caused by T cells. Moreover,
proteins that are structurally similar to these antigens
may also be targeted by T cells [61]. In several trials with
different antigen targets, TCRs have been found to be
clinically active against solid tumors (Table 1). Testes,
embryos, and placentas all exhibited a subset of TAAs
known as cancer testis antigens (CTAs) which started
with the identification of the melanoma-associated anti-
gen (MAGE) gene family [62]. As the cell dose-escala-
tion phase progressed, an objective complete response
occurred in a patient with metastatic cervical cancer
treated with CD4" T cells expressing TCRs that could
recognize MAGE-A3 [63]. In a Phase I/II trial, HLA-
DP0401/0402 restricted anti-MAGE-A3 TCR genetically
modified cells and aldesleukin were administered after
lymphatic clearance for metastatic malignancy express-
ing MAGE-A3 (NCT02111850). This resulted in partial
responses in two patients and a complete response in
one patient. Other clinical trials are actively underway,
including TCRs targeting MAGEA1l, MAGE-A3/AS6,
MAGEA4/8, MAGE-C2 (NCT03441100, NCT05430555,
NCT03139370, NCT03247309, NCT04729543). Another
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CTA of high clinical significance was New York esopha-
geal squamous cell carcinoma-1 (NY-ESO-1), which was
highly expressed in various solid cancers and hemato-
logical tumors [64]. The effectiveness of transferring
autologous NY-ESO-1-specific T cells was assessed in
HLA-A*02 patients with synovial sarcoma (SS). This
marked the first clinical study of designed TCR treat-
ment for sarcoma, validating tumoral NY-ESO-1 expres-
sion [65]. Another group of SS patients with advanced
HLA-A*02, separated into 4 groups based on tumoral
NY-ESO-1 expression, were treated with the NY-ESO-
1-targeting specific peptide enhanced affinity receptor
(SPEAR) T cells in a pilot trial (NCT01343043). Across
all cohorts, 35% (15/42) of patients experienced a full or
partial response, with the remaining 57% (24/42) hav-
ing stable disease [66]. The National Cancer Institute
(NCI) treated 10 patients with high-dose aldesleukin
and peripheral blood cells transduced with the anti-
ESO murine TCR, achieving a 50% ORR and a 10% CRR
(NCT01967823). Twenty-five patients with recurrent,
refractory or high-risk multiple myeloma were enrolled
in a phase II clinical trial group (NCT01352286). They
assessed the function and safety of T cells with th e
NY-ESO-1*? TCR. At the end of the first year, 11/25
patients had responded after being infused a large num-
ber of NY-ESO-1 SPEAR T cells and no serious adverse
events (AEs) and no cases of cytokine release syndrome
(CRS) were recorded during this trial [67].

The combination of engineered TCR therapy with
genome editing offered the potential to improve the effi-
cacy and safety of modified T cells. Edward et al. con-
ducted a phase I human pioneer study. They targeted
endogenous T cells using CRISPR-Cas9 technology to
knock out TCR a chain gene, TCR P chain gene, and
PD-1 gene, thereby increasing the activity and safety of
NY-ESO-1 TCR-engineered T cells and demonstrating
initial feasibility [68]. However, only a restricted number
of patients might benefit from these medicines because
of the limited cancer types that expressed these TAAs
and the limitation of HLA types. Furthermore, the het-
erogeneous expression of TAAs on malignancies compli-
cated this therapy [69].

Due to TSAs are expressed only on tumor cells, T
cell receptor-transgenic T (TCR-T) exerts a stable anti-
tumor effect without harming normal cells [70]. TSAs
currently under investigation included viral antigens
and neoantigens. Viral antigens were mainly referred to
those antigens that were associated with tumorigenesis.
Viral infections were the root cause of many human can-
cers. When it comes to human papillomavirus (HPV),
we considered it to be primarily related to cervical can-
cer [71]. The involvement of HPV in the development of
various malignancies, such as vaginal, vulvar, anal and

Page 6 of 21

oropharyngeal cancers have lately been studied [72-74].
Hepatitis B virus (HBV) is a non-cytopathic DNA virus
that could induce chronic infection, eventually leading to
hepatocellular cancer [75]. Epstein-Barr virus (EBV) is a
ubiquitous, oncogenic virus that was linked to a variety
of human cancers, including nasopharyngeal carcinoma
(NPC), Hodgkin lymphomas, non-Hodgkin lymphomas
(NHL), natural killer (NK)/T cell lymphomas and a sub-
set of gastric cancers [76, 77].

In a clinical trial with a primary endpoint of maxi-
mum tolerated dose, 6 of 12 patients treated with HPV-
16 E7 TCR-T cells showed objective clinical responses
(NCT02858310). Cancer regression was considerable in
several individuals, with some tumors regressing dura-
bly [78]. For example, after 8 months of treatment, 31%
of complete tumor regression occurred in one patient
with more than 80 metastatic tumors. No treatment-
related damage to normal tissue or deaths were found in
this study. Preliminary evidences of anticancer efficacy
and safety have been obtained from an ongoing phase I
clinical trial on eight patients with advanced hepatocel-
lular carcinoma employing short-lived HBV-specific
TCR-T cells [79]. For EBV, a completed phase III clinical
trial combining gemcitabine and carboplatin with EBV-
specific T cells for NPC resulted in a 9% CRR and a 63%
ORR (NCT02578641). Moreover, LMP2-specific TCR-T
cells with IL12 auto-secreting element have been used to
treat NPC in a clinical trial (NCT04509726). However,
cancers caused by viruses accounted for only a portion of
cancers [80], and the effective application of TCR-T cells
may depend heavily on the discovery of neoantigens.

Neoantigens were mutated peptides originating from
somatic mutations that were absent from normal tis-
sues and specifically recognized by TCR-T cells [81].
The TCRs had the precise specificity to recognize neo-
antigens generated by single point mutations in peptide
sequences presented by the MHC on the surface of can-
cer cells. Therefore, they were ideal targets for engineered
TCR therapy. For the development of cell-based cancer
immunotherapies, the precise identification of antitu-
mor TCRs posedl a significant hurdle. Single-cell RNA
sequencing, T cell receptor sequencing, whole-exome/
transcriptome sequencing, mass spectrometry and Neo-
Screen were used to discover T cells that specifically
recognized neoantigens [82-84]. Current immunothera-
peutic strategies against neoantigens often target patient-
specific private antigens produced by non-recurrent
driver mutations or passenger mutations [85]. Identifica-
tion of neoantigens will allow engineered TCR therapy to
become more individualized. In this phase 1 clinical trial
(NCT03970382), researchers employed whole genome
sequencing to identify patient-specific tumor mutations,
while RNA sequencing was utilized to discern expression
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levels of genes associated with these mutations. Con-
sent was obtained from patients who contributed tumor
biopsies and peripheral blood mononuclear cells for the
screening of personalized neoTCR products. In order to
concurrently knock out endogenous TCRs and knock in
TCRs that specifically target patient-specific neoantigens
using non-viral precision gene editing, several TCRs that
detect patient-specific mutations in neoantigens have
to be identified and generated [86]. There are still ongo-
ing investigations using autologous T cells modified to
express TCRs reactive against neoantigens in patients
with refractory solid malignancies (NCT05194735,
NCT04520711, NCT05349890, NCT03412877).

However, the produce of personalized TCR-T cells
for each patient was time-consuming and costly, which
increased the possibility of disease progression. There-
fore, targeting a public neoantigen that arose from a
driver hotspot mutation and was presented by a com-
mon HLA allele may circumvent many of the limitations.
For instances, a single infusion of autologous T cells was
given to a patient with metastatic pancreatic adenocarci-
noma who had not responded to TIL therapy, causing a
72% overall partial response. To specifically target KRAS
G12D, two allogeneic TCRs that were HLA-C*08:02-
restricted were expressed on these T cells through
genetic modification [87]. However, another patient died
after 6 months of treatment, even though he had a high
levels of specific T cells in his blood and no mechanisms
of immunotherapy resistance were found. In a study ini-
tiated by NCI (NCT00068003), 97 patients with chem-
orefractory metastatic epithelial cancer were shown to
contain nonsynonymous 753 mutations [88]. Smita S
et al. demonstrated that mutant PIK3CA produced an
immunogenic public neoantigen shared among HLA-
A*03:01" patients [89]. However, there were few pub-
lic neoantigens available for targeting, which may lead
to treatment resistance due to antigen loss [90]. Due to
the absence of neoantigens presented by common HLAs
resulting from specific driver gene mutations, the actual
cohort of patients who could benefit from public neo-
antigen-targeted therapies was notably smaller than the
projected theoretical number. We also needed to know
whether the public neoantigen was immunogenic for
TCR-T cell therapy.

Chimeric antigen receptor T cells

TCRs were able to recognize antigens with the restriction
of MHC, therefore, T cells with particular TCR could
only be utilized to treat patients with the corresponding
MHC genetic background, limiting the usage of TCR-T.
CAR is a modular, genetically modified synthetic antigen
receptor with antibody-like characteristics and efficient
TCR activation signaling [91]. In contrast to TCR-T cells,
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CAR T cells can kill tumor cells without the restriction of
MHC (Fig. 2).

The first generation of CAR T cells incorporated a
single-chain fragment variable (scFv) to the CD3( sign-
aling chain, which included the ITAM, endowing T cells
with MHC-independent activation [92]. However, these
CAR T cells have demonstrated absolutely no efficacy.
To improve cell proliferation and cytotoxicity, the sec-
ond generation of CAR incorporated a co-stimulatory
structural domain mostly derived from CD28 or 4-1BB
(CD137), located between the transmembrane and CD3
signaling regions [93]. Compared with CD28-based
CARs, which induced effector-like memory cell differen-
tiation and secreted higher levels of cytokines, CARs with
4-1BB could increase central memory T cell differentia-
tion and persistence, as well as enhance mitochondrial
biogenesis with increased fatty acid metabolism [94]. The
design of the third generation of CAR combined the dif-
ferent advantages of the two co-stimulatory structural
domains to further enhance the activity of CAR T cells.
The fourth-generation CAR-T cells, also known as T cells
redirect for universal cytokine killings (TRUCKSs) were
designed to release cytokines into tumor tissues when the
CARs bound to targeted antigens. The cytokine which
was overexpressed in CAR was IL-12, a highly effec-
tive substance that used NK cells to destroy tumor cells
that were not identified by CARs and boosted the IFN-
Y, GZMB and perforin secretion of T cells [95]. An IL-2
receptor domain between the CD3 and CD28 signaling
domains as well as a STAT3-binding motif were recently
added to a unique CAR that followed the framework of
the second generation [96]. Until now, seven CAR T cells
have been approved for marketing worldwide (Table 2).

An autologous CD19-targeted CAR T cell therapy
called Tisagenlecleucel (Kymriah) was first approved
for the treatment of patients under the age of 25 with
relapsed/refractory (R/R) B-cell precursor acute lymph-
oblastic leukemia (B-ALL) based on a global trial
(NCT02435849) [97]. Tisagenlecleucel was latter author-
ized for the treatment of adult patients with R/R large
B-cell lymphoma (LBCL) [98] Recently, Tisagenlecleucel
was allowed for R/R follicular lymphoma (FL) based on
the ELARA phase II global trial (NCT03568461). In this
trial, Tisagenlecleucel was administered in 97 enrolled
patients with R/R FL (below grade 3B). The ORR was 86%
and the CRR was 69% of the 94 patients who could be
evaluated for efficacy, and 46% of the patients developed
Tisagenlecleucel-related AEs of grade 3 or 4 [99].

In October 2017, the FDA approved Axicabtagene
ciloleucel (Yescarta) for the treatment of adult patients
with R/R LBCL following two or more lines of systemic
therapy. This included patients with diffuse large B-cell
lymphoma (DLBCL), primary mediastinal large B-cell
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Fig. 2 Differences between T cell receptor-transgenic T (TCR-T) cells and chimeric antigen receptor (CAR) T cells. A Transgenic TCRs were capable
of forming functional TCR-CD3 complexes and did not differ from the standard TCR structure of an a/f chain heterodimer. Major histocompatibility
complex (MHC)-presented intracellular peptide antigens were recognized by TCRs. The two intracellular CD3 domains triggered downstream TCR
signaling upon antigen recognition. B CARs, unlike TCRs, were unable to assemble CD3 complexes, and the single-chain fragment variable (scFv)

did not require MHC to recognize surface antigens. By Figdraw

lymphoma (PMBCL), high-grade B-cell lymphoma
(HGBCL) and DLBCL arising from FL [100]. In a pivotal
phase I/II trial called ZUMA-1 (NCT02348216), the ORR
and CRR were 82% and 54%, respectively [101]. Grade
3 or higher CRS, as well as immune effector cell-asso-
ciated neurotoxicity syndrome (ICANS), affected 13%
and 28% of patients, respectively. ZUMA-5 was a sin-
gle-arm and multicentre phase II trial (NCT03105336),
which the overall response was achieved in 94% of the
84 FL patients, with a complete response in 79% of those
patients [102], causing the approval of the indication for
adult patients with R/R FL following two or more lines
of systemic treatment. In an international phase III trial,
ZUMA-7 (NCTO03391466), Yescarta demonstrated a
higher event-free survival and response rate in patients
with early R/R LBCL compared with second-line stand-
ard care [103]. A retrospective study found that R/R
LBCL patients administrated with Axicabtagene cilo-
leucel had higher toxicity but comparable non-relapse

mortality and efficacy to those treated with tisagenlecleu-
cel [104].

Brexucabtagene autoleucel (Tecartus) was the sole
CAR T cell therapy recognized for the treatment of indi-
viduals with mantle cell lymphoma (MCL), which tar-
geted CD19 [105]. After a 3-year follow-up in the key
ZUMA-2 study (NCT02601313), 68 patients with R/R
MCL received Brexucabtafene autoleucel infusion still
showed an ORR as high as 91% (68% CRR) [106]. With
a median duration of response (DOR) of 28.2 months,
responses were long-lasting, and 37% of the patients who
underwent treatment still had positive effects. In the ret-
rospective historical external control study SCHOLAR-3,
OS of patients with R/R B-ALL in the ZUMA-3 clinical
trial (NCT02614066) was nearly 20 months longer than
matched patients who received standard-of-care thera-
pies [107].

Lisocabtagene maraleucel (Breyanzi) was a CDI19-
directed CAR T cell product with a 4-1BB co-stimulatory
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Table 2 CART therapeutic products approved for commercial use
Trade name Co-stimulatory Target Indication Dose level (cells) Clinical efficacy Clinical Trial
domain
Kymriah 4-1BB cD19 R/RALL (<25 years 3.1x10%kg ORR: 81% CRR: 60% NCT02435849
of age)
R/R LBCL 3% 108 ORR: 52% CRR: 40% NCT02445248
R/RFL 206x10° ORR: 86% CRR: 69% NCT03568461
Yescarta D28 D19 R/R LBCL 2x10%kg ORR: 82% CRR: 54% NCT02348216
R/RFL 2x1 Os/kg ORR: 94% CRR: 79% NCT03105336
Tecartus CD28 cb19 MCL 2x10%kg ORR:91% CRR: 68% NCT02601313
ALL 1x10%kg ORR:NR CRR: 71% NCT02614066
Breyanzi 4-1BB CD19 LBCL 50% 100 ORR:68% CRR:60% NCT02631044
100%10° ORR:74% CRR:52%
150x 10° ORR:73% CRR:51%
Abecma 4-1BB BCMA R/R MM 150% 10° ORR:50% CRR:25% NCT03361748
300 10° ORR:69% CRR:29%
450%10° ORR:81% CRR:39%
Carvykti 4-1BB BCMA R/R MM 0.75x 10%kg ORR:98% CRR:83% NCT03548207
JWCAR029 4-1BB cb19 R/R LBCL 100 10° or 150 10° ORR:76% CRR:52% NCT04089215

R/R, relapsed/refractory; ALL, acute lymphoblastic leukemia; LBCL, large B-cell lymphoma; FL, follicular lymphoma; MCL, mantle cell lymphoma; MM, multiple
myeloma; ORR, objective response rate; CRR, complete response rate; NR, not reported

domain that consisted of purified CD8* and CD4" CAR
T cells in a specific ratio (1:1) [108]. Based on an ORR
of 73% and a CRR of 53% in 256 patients in the TRAN-
SCEND NHL 001 trial (NCT02631044), Lisocabta-
gene maraleucel was approved for R/R LBCL following
two or more systems of therapy, including DLBCL,
HGBCL, PMBCL and FL grade 3B [109]. In TRANS-
FORM (NCTO03575351) phase III trial, 184 patients
with LBCL who were primary refractory or relapsed
within 12 months of the first-line therapy were ran-
domly assigned to one of two treatment groups: Liso-
cabtagene maraleucel or standard of care [110]. When
compared to standard-of-care treatment, treatment with
Lisocabtagene maraleucel increased median event-free
survival by over 8 months and demonstrated a higher
CRR (66% vs 39%) [110]. ICANS (Grade3=4%) and CRS
(Grade3=1%) were occasionally reported.

Idecabtagene vicleucel (Abecma) became the first CAR
T therapy approved for the treatment of adult patients
with R/R multiple myeloma (MM) who have received >4
lines of prior therapies on March 26, 2021 [111]. Ide-
cabtagene vicleucel was a genetically modified autolo-
gous CAR T cell therapy with a 4-1BB co-stimulatory
domain, targeting B-cell maturation antigen (BCMA)
[112]. The type III transmembrane protein BCMA,
also known as CD269 or TNFRSF17, was expressed
only by normal and malignant plasma cells, constitut-
ing a member of the TNF receptor superfamily. [113].
In the KarMMa trial (NCT03361748), patients with
R/R MM who had undergone at least three prior treat-
ments were administrated Idecabtagene vicleucel target

doses ranging from 150x10° to 450x10° CAR T cells
[114]. The best outcomes were shown in patients who
received 450 x 10° dose, with 81% of them demonstrating
an objective response and 39% demonstrating a complete
response [114]. Compared to other CAR T products, the
CRR of Abecma needed further improvement.

The second CAR T therapy to target BCMA was Cilta-
cabtagene autoleucel (Carvykti, LCAR-B38M, JNJ-4528),
which was used to treat R/R MM in adults. This was the
first Chinese CAR T cell treatment to be approved by the
FDA. Two BCMA-targeting domains on the Ciltacabta-
gene autoleucel have been designed to increase avid-
ity [115]. LCAR-B38M demonstrated potent efficacy in
the LEGEND-2 longest follow-up (NCT03090659), with
an ORR of 87.8% (73% CRR), minimal residual disease
negativity rate of 67.6%, median DOR of 23 months and
median progression-free survival (PFS) of 18 months in
R/R MM after 4 years [116]. A phase Ib/II study called
CARTITUDE-1 (NCT03548207) was conducted on Cil-
tacabtagene autoleucel with the goal of evaluating the
drug efficacy and safety [117]. The ORR for CARTI-
TUDE-1 was 97.9% after a 2-year follow-up, with 82.5%
of patients achieving a stringent complete response [118].
The median PFS and OS were not attained. Only 4% of
CRS patients had a grade 3 or higher, with grade 1 or 2
individuals making up the majority [119]. Neurotoxic-
ity events, including ICANS and other neurotoxicities,
occurred in 20 individuals following Ciltacabtagene auto-
leucel infusion [120].

Relmacabagene autolucel (JWCAR029), an autologous
CAR-T cellular immunotherapy product that targeted
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CD19, was approved by the National Medicine Prod-
ucts Administration (NMPA) for the treatment of adult
patients with R/R LBCL following the second-line or
more systemic therapies. When compared to Lisocabta-
gene maraleucel, Relmacabagene autolucel used micro-
beads to provide a variety of dosages with similar product
qualities without the requirement for distinct CD4 and
CD8 T-cell production trains [121]. The best ORR and
CRR in 58 patients with evaluable efficacy in the pivotal
phase II clinical study (NCT04089215) were 75.9% and
51.7%, respectively [121]. On the safety side, the percent-
age of grade 3 or higher CRS and neurotoxic events in 59
treated patients were less than 5%.

In addition to its application in oncology, CAR T
therapy has shown significant promise for the treatment
of many types of autoimmune diseases. CAR T cell can
treat many different types of autoimmune diseases by
targeting and eliminating pathogenic immune cells impli-
cated in the disease pathology. In addition, CAR regula-
tory T cell (Treg) therapy activates and proliferates Treg
cells, which further enhances the immunosuppressive
effect. Mycophenolate mofetil, an immunosuppres-
sant, in conjunction with CD19-targeting CAR T cells
had the potential to disrupt pathogenic B-cell and T-cell
responses, leading to remission in patients with refrac-
tory antisynthetase syndrome [122]. Anti-CD19 CAR T
cells were proven to lead to deep B-cell depletion, clini-
cal symptoms improvement, and drug-free remission in
five patients with systemic lupus erythematosus [123].
A recent study demonstrated favorable therapeutic out-
comes and controllable safety of anti-CD19 CAR T cells
in patients with severe systemic lupus erythematosus,
idiopathic inflammatory myositis, and systemic sclerosis
[124]. CAR Treg has also shown potential in preclinical
studies and early clinical trials for a variety of autoim-
mune diseases, including graft-versus-host disease, type
1 diabetes, multiple sclerosis, etc. For instance, in immu-
nodeficient mice that were reconstituted with human
PBMC:s, anti-CD19 CAR Tregs inhibited the generation
of antibodies, lowering the likelihood of graft-versus-host
disease [125].

Challenges and strategies of ACT in solid tumors
Tumor heterogeneity and antigen loss

The success of ACT in hematological malignancies was
attributable to the specific expression of identifiable
antigens (CD19 and BCMA) on tumors. However, only
a small number of antigens were tumor-specific. The
majority of candidate antigens frequently co-expressed
on normal and cancerous tissues, posing a significant
risk of morbidities due to on-target, off-tumor toxicity
[126]. Some tumor-specific neoantigens have been found
thanks to the advancement of genomic and proteomic
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methods. Disialoganglioside (GD2) was overexpressed
in some tumor types but showed limited expres-
sion in normal tissues [127]. In a phase I clinical trial
(NCT04196413), 75% of patients with H3K27M-mutated
diffuse intrinsic pontine glioma (DIPG) or spinal cord
diffuse midline gliomas, exhibiting high GD2 expression,
experienced clinical and radiographic improvements. No
on-target or off-tumor toxicity was observed [128].
Despite the fact that some antigens may be overex-
pressed on tumor cells, solid tumors had a high degree
of heterogeneity, which was a common mechanism
of therapy resistance [129]. Based on a phase III trial
(NCT03070392), Tebentafusp was approved by the FDA
on January 25, 2022, for the treatment of people with
HLA-A*02:01-positive metastatic or incurable uveal
melanoma [130]. Compared to the control group, 252
patients with metastatic uveal melanoma who received
tebentafusp treatment had longer OS (73% vs 59%) [131].
The immune-mobilizing monoclonal TCR against can-
cer, in which the anti-CD3 scFv was capable of recruiting
any T cells to the tumor cell perimeter, was the founda-
tional component of tebentafusp. This method was inde-
pendent of the tumor mutation status or the presence
of tumor antigen-specific T cells. High antigen density
requirements were present in traditional CAR designs,
but the antigen density thresholds could be tuned by
optimizing the CAR designs [132]. The expression of
Glypican 2 (GPC2) was higher in optic neuroblastoma
tissues compared to normal pediatric tissues, making it a
prime candidate for CAR T cell therapy [133]. The GPC2-
CAR T cells, equipped with CD28TM/endodomains
and augmented c-Jun expression, effectively lowered the
threshold of GPC2-CAR antigen density. This enhance-
ment facilitated the proficient and sustained eradication
of neuroblastomas exhibiting clinically relevant GPC2
antigen densities [134]. One of the most clearly reasons
for relapse following CAR T cell therapy was antigen loss.
To overcome antigen loss and lower the likelihood of
tumors resistance, CARs against multiple antigens have
been tested. CD20 and CD22 were promising CD19-
negative tumor targets for CAR T cell therapy [135]. In a
phase I/II single-arm trial (NCT03097770), CD19/CD20
CAR T cells were administered to 87 patients with R/R
NHL. The best ORR among 87 patients was 78%, with
70% of patients achieving a complete response [136]. The
bispecific CARs were effective in seven of nine patients
who had relapsed after receiving CD19-CAR T cells, and
only one of sixteen patients who relapsed after treat-
ment of CD19/CD20 CAR T cells was found to have anti-
gen loss [136]. The effectiveness and safety of bispecific
CARs, as well as their capacity to prevent antigen loss
in lymphoma patients, have been confirmed by addi-
tional clinical trials [137—-142]. Table 3 summarized the
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Table 3 Selected multi-antigen-targeting CART cell therapy
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Target Type of cancer Dose level (cells per kg) Response Antigen loss relapse Clinical trial
CD19/CD20 R/RB-NHLand CLL 25x10°-25x%10° ORR: 82% CRR: 64% 1/13 CD20 loss NCT03019055
CD19/CD20 R/RNHL 0.5-8x10° ORR: 78% CRR: 70% 1/16 CD19/CD20 loss NCT03097770
CD19/CD22 R/R aggressive B-cell lym- 49-94x10° ORR: 87.5% CRR: 62.5% None ChiCTR1800015575
phoma
CD19/CD22 R/RB-ALL and LBCL 1-3x10° ORR: 79% CRR: 55% 9/24 CD19 loss/low NCT03233854
CD19/CD22 R/RB-ALL and B-NHL CD19: ORR:89% CRR: 77% 1/42 CD19 loss ChiCTR-OPN-16008526
26+1.5x109/5.1£2.1x10°
CD22:
27+12%10°/53+24%10°
CD19/CD22 R/RB-NHL CD19:4.1x10° ORR:90.5% CRR:81%  None ChiCTR-OPN-16009847
CD22:4.0%x10°
CD19/CD22 R/RB-ALL 17%105-3%10° CRR: 100% 1/3 CD19/CD20 loss/low  NCT03185494

R/R, relapsed/refractory; B-NHL, B cell non-Hodgkin lymphoma; CLL, chronic lymphocytic leukemia; B-ALL, B cell acute lymphoblastic leukemia; LBCL, large B-cell

lymphoma; ORR, objective response rate; CRR, complete response rate

multi-antigen-targeting CAR T cells for B cell malignan-
cies being studied. The similar approach has also been
conducted for other cancers, including glioblastoma
[143], lung cancer [144], cholangiocarcinoma [145], gas-
tric cancer [146] and hepatocellular carcinoma [147].
These findings suggested that multispecific CAR T cell
therapy could be a promising strategy for preventing
relapse due to antigen loss. However, a tiny proportion
of individuals had antigen loss. Furthermore, more clini-
cal trials and longer follow-up were required to assess the
safety of multispecific CAR T cell therapy, particularly for
on-target, off-tumor toxicity [148].

T-cell trafficking and infiltration

Anti-tumor efficacy needs effective trafficking of effec-
tor cells to tumor tissues, which depend on the interac-
tion between chemokines released by tumor cells and
chemokine receptors on T cells [149]. Given that larger
and persistent CAR T cells were associated with a higher
likelihood of response in the blood of lymphoma patients,
the difficulty of ACT to traffic to tumor sites due to dis-
ruption of the chemokine axes helps explain the lack of
efficacy of these therapies in solid tumors to date. Tumors
presumably diminished or even silenced the activity of
chemokine axes involved in anti-tumor responses, while
likely increasing the activity of chemokine axes engaged
in pro-tumor immune cell activation [150]. In NSCLC,
co-expression of tumor antigen mesothelial protein spe-
cific CAR T cells with the chemokine receptor CCR4
increased the migration of CAR T cells [151]. The infil-
tration of CAR T cells into glioblastoma was facilitated
by CXCL11l-armed oncolytic adenovirus, which also
reprogramed the immunosuppressive TME to produce
a significant antitumor effect and prolong survival [152].
When administered without prior lymphodepletion,

CAR T cells were potentially modified to generate
chemokine ligands like CCL19 to promote the recruit-
ment of endogenous T cells and dendritic cells to tumor
locations [153].

T cells encountered strong physical obstacles that
could prevent their infiltration and impair their activity
as they trafficked to solid tumor locations. The tumor
stroma, which was made up of extracellular matrix
(ECM), cancer-associated fibroblasts (CAFs), and
the aberrant vasculature at the tumor site is a major
hurdles [154]. To overcome these issues, a variety of
techniques to increase ACT infiltration have been
proposed. Mild heating has been proven to increase
the infiltration of transferred cells by directly killing
tumor cells and partially destroying ECM when com-
bined with ACT [155]. Others have concentrated their
efforts on matrix-degrading enzymes such as colla-
genases and hyaluronidases. Nearly all ECM compo-
nents could be degraded by matrix metalloproteinases
(MMPs), a class of calcium and zinc-dependent pro-
teolytic enzymes [156]. MMPs could be secreted by
macrophages [157]. A breast cancer study revealed that
CAR-147 macrophages reduced collagen deposition in
tumors and enhanced T cell infiltration into tumors,
leading to a suppression of human epidermal growth
factor receptor 2 (HER2)-4T1 tumor growth in mice
[158]. The ECM was disrupted and more endogenous
CDS8* T lymphocytes could be produced by targeting
CAR T cells to fibroblast activating proteins (FAP) that
were present in the stroma of most cancers [159]. Fur-
thermore, a study found that modifying CAR-T cells
to secrete heparinase enzyme could destroy the tumor
matrix and improve tumor infiltration while increas-
ing anticancer efficacy [160]. Fibronectin, an essential
scaffold of the ECM, acted as a barrier between T cells
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and tumor cells, significantly affecting T cell infiltra-
tion [161]. Extra domain A (EDA) and extra domain
B (EDB), two selectively spliced fibronectin exons, are
overexpressed in most cancers but barely expressed in
healthy tissues [162]. In vitro, Anti-EDA EDA CAR-T
cells recognized and eliminated tumor cell lines that
expressed EDA, and they exhibited antitumor effects
in mice with immunocompetence [163]. In addition,
when NSG mice were exposed to the human hepato-
carcinoma cell line PLC, the human version of EDA
CAR, which contained the human 4-1BB and CD3
endo domains, demonstrated potent antitumor activity
[163]. EDB-CAR T cells had powerful anti-tumor activ-
ity in three xenograft mouse models and behaved in an
antigen-dependent manner in vitro while posing mini-
mal on-target, off-tumor toxicity [164]. Integrin avp3,
a crucial component of tumor angiogenesis and metas-
tasis, is typically promoted by the hypoxic TME. There-
fore, it is a desirable target for ACT therapy [165]. In
NSG mice, avp3 CAR-T cells significantly suppressed
DIPG and glioblastoma and showed durable efficacy
[166].

The structure and function of tumor blood vessels are
markedly different from those of normal blood vessels,
exhibiting unusual leakiness, high tortuosity, and inad-
equate pericyte coverage being some of their distinguish-
ing features [167]. The delivery of T cells to tumors was
hampered by aberrant vasculature, which also created an
immune-hostile microenvironment and hypoxic tumors
[168]. The initial solutions focused on anti-angiogene-
sis, a therapy that deprived tumors of oxygen and nutri-
ents, resulting in delayed tumor growth [169]. However,
since numerous growth factors, as well as a wide variety
of cytokines and biomolecules, are involved in the pro-
cess of angiogenesis, the current anti-angiogenesis thera-
pies, which primarily target vascular endothelial growth
factor (VEGF), have only a temporary effect on tumors
[170]. Furthermore, destroying tumor vasculature may
foster tumor metastasis with little reward to patient sur-
vival [171]. As a result, vasculature normalization was
becoming more popular as an effective method. Vascula-
ture normalization improved the efficiency of anti-tumor
therapy and prevented tumor metastasis by restoring
the structure and functionality of tumor vessels within
a specific time window [172]. Tumor vasculature served
as an effective target for CAR T cells due to its stable
expression. Vascular endothelial growth factor receptor
(VEGFR)-2 CAR T cells were more effective at control-
ling tumors when an anti-VEGF-A antibody was also
administered in B16 tumor-bearing mice [173]. A recent
study showed that the inhibition for phosphoglycerate
dehydrogenase improved T cell infiltration and activation
in tumors, pruned the aberrant vasculature, and made
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glioblastoma more responsive to CAR T immunotherapy
[174].

Other strategies have also been used to enhance T cell
infiltration. For instance, Tao et al. infused tumor-specific
targeting peptides identified by phage display biopan-
ning technology onto the T cell membranes to precisely
target highly heterogeneous solid tumors while also sig-
nificantly increasing CD8" T cell infiltration [175]. Inter-
estingly, scientists found that glucose/mannose analogue
2-deoxy-D-glucose, a medication that prevented N-gly-
can synthesis, eliminated the protective effect of N-gly-
cans on tumors and made solid tumors more accessible
for CAR T cells to infiltrate and eradicate [176].

Immunosuppressive tumor microenvironment

Effective tumor-specific T cell responses to cancers were
severely hampered by the immunosuppressive TME.
Effector cells in immunosuppressive TME could be
inhibited by immunosuppressive cells, immune inhibi-
tory ligands on the surface of tumor cells and immuno-
suppressive cytokines [177].

Targeting immunosuppressive cells

Tregs, tumor-associated macrophages (TAM), and
myeloid-derived suppressor cells (MDSC) are major
immunosuppressive cells [178]. Immunosuppressive
cells diminish the efficacy of ACT through multiple
mechanisms. For instance, Treg suppressed or killed
effector T cells by secreting cytotoxic substances like
GZMB and immunosuppressive cytokines like TGF-$
and IL-10 [179]. Treg also depleted the T-cell growth
factor IL-2 by expressing a high level of CD25, a subu-
nit of the IL-2 receptor, thereby limiting T-cell activa-
tion and proliferation [180]. Another strategy used by
Treg to suppress T cells was the upregulation of immune
checkpoint molecules such as lymphocyte activation
gene 3 (LAG-3), CTLA-4, PD-1, and inducible co-stim-
ulatory factor (ICOS) [181]. Basic researches have uti-
lized a number of strategies to target immunosuppressive
cells in order to improve the capacity of CAR T cells to
eradicate tumors. When administered intratumorally,
IL-12 has been demonstrated to improve CAR T cells
cytotoxicity targeting epidermal growth factor recep-
tor variant III and decreased the number of Tregs in a
mouse model of orthotopic glioblastoma multiforme
[182]. When the tumor necrosis factor—related apopto-
sis-inducing ligand receptor 2 and 4-1BB receptor were
co-expressed on CAR T cells, the CAR T cell responses
against tumor-associated mucin 1 or HER2 on breast
cancer were improved. This resulted in TME remodeling
and enhanced T cell proliferation at the tumor site [183].
CAR T cells that targeted folate receptor f3, a character-
istic of immunosuppressive M2 TAM cells, increased
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CD8* T cell infiltration and enhanced the efficacy of
CAR T cells in ovarian cancer, colon cancer, and mela-
noma mouse models [184]. Together, these developments
potentially ushered in a new era for CAR T cell treatment
by converting immunosuppressive cells to a more advan-
tageous niche.

Targeting immune checkpoints

Immune checkpoint receptors and ligands, including
PD-1, PD-L1, CTLA-4, LAG-3, T cell immunoglobulin
and mucin-domain containing-3, B7-H3 and V-domain
Ig suppressor of T cell activation, have been shown to
impair the efficacy of ACT and produce anergy in TME
[185]. Therapies targeting PD-1 have been utilized in
conjunction with ACT to improve the lifespan and effec-
tiveness of CAR T cells. Disruption of PD-1 by CRISPR-
Cas9 increased cytokine output and cytotoxicity of CAR
T cells against PD-L1% cancer cells without reducing pro-
liferation [186]. Researchers discovered that co-expres-
sion of a PD-1 decoy receptor may be able to bypass the
inhibitory signaling of B7-H1/PD-1 in the TME of solid
tumors and dramatically increase the therapeutic efficacy
of B7-H3 specific CAR T cells [187]. Others have devel-
oped CAR T cells to release bispecific trap proteins that
specifically target PD-1 and TGEF-f, attenuating suppres-
sive T cell signaling, boosting T cell persistence and pro-
liferation, and promoting effector function and resistance
to exhaustion [188]. Although this targeting technique
has not been thoroughly researched, similar strategies
could be utilized against other immune checkpoints.
B7-H3, also known as CD276, has been implicated in
tumor growth, metastasis, and treatment resistance, all of
which contribute to a bad prognosis for patients by assist-
ing cancer cells in evading the surveillance by cytotoxic T
cells and NK cells [189]. In a first-in-human phase I trial
(NCT04185038), B7-H3 CAR T cells were administered
to children with R/R central nervous system malignan-
cies and DIPG, which demonstrated correlated evidence
of local immune activation and persistent cerebrospinal
fluid B7-H3 CAR T cells [190]. In fact, checkpoint block-
ade could effectively fuel CARs and enhance the efficacy
of CAR T cells.

Targeting cytokines

Although activated T cells secreted a variety of cytokines,
including IFN-y and IL-2, these were obviously insuf-
ficient to maintain the prolonged effects of T cells
against tumors. In preclinical and clinical trials, many
cytokines have been employed in conjunction with CAR
T cells to improve the efficacy of ACT [191]. In a dis-
seminated, syngeneic RM9-hSTEAP1 tumor model in
hSTEAP1-KI mice, STEAP1 CAR T cells combined with
a collagen binding domain IL-12 enhanced OS, cytokine
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production, tumor antigen presentation, and dissemina-
tion with epitopes to prevent STEAP1 antigen escape
[192]. As a cytokine involved in T cell activation, mainte-
nance, and proliferation, IL-7 enhanced CAR T cell effec-
tiveness in vivo and facilitated tumor cell killing [193]. In
addition to increasing the number of CAR T cells, recom-
binant human IL-7 fused with hybrid Fc (rhIL-7-hyFc)
significantly enhanced T cells cytotoxicity and lowered
exhaustion in lymphoma and leukemia models [194].
P1A tumor antigen-specific TCR-T cells which produced
IL7/CCL19, showed noticeably increased anticancer
effects and produced long-term memory responses by
enhancing the infiltration of dendritic cells and T cells
in tumor tissues, including both endogenous T cells
and transplanted P1A T cells [195]. GD2-specific CAR
T cells were modified to release IL-15 to improve the
destruction of lung cancer [196] and glioblastoma [197].
Recently, IL-15-secreting CAR T cells have been inves-
tigated to target MDSC in glioblastoma, making CAR T
cells more beneficial [198]. These IL-15-secreting CAR T
cells were also used in clinical studies for hepatocellular
carcinoma treatment (NCT05103631, NCT04377932). In
mouse models of small cell lung cancer, IL-18-secreting
CAR T cells targeting Delta-like protein 3 induced a per-
sistent response and decreased T cell exhaustion [199]. In
a trial at the University of Pennsylvania, IL-18-releasing
CAR T cells were investigated for the treatment of CLL,
NHL, and ALL (NCT04684563) [200].

T cell exhaustion in the immunosuppressive TME

The mouse model of chronic lymphocytic choriomenin-
gitis virus infection was the initial experiment to dem-
onstrate T cell exhaustion, in which virus-specific CD8
T cells exposed to ongoing antigen stimulation exhib-
ited diminished effector function and poor prolifera-
tive capacity in comparison to functional memory CD8
T cells [201]. Later researches revealed exhausted T
(Tex) cells to be a distinct heterogeneous population
of immune cells that played a crucial role in the devel-
opment of cancer, autoimmune diseases, and chronic
infections. Effector activities were gradually lost in Tex
cells, which also exhibited strong and persistent inhibi-
tory receptor expression, metabolic dysregulation, poor
memory recall and homeostatic self-renewal [202]. The
effectiveness of ACT in solid tumors was significantly
hampered by T cell exhaustion. Decreasing exhaustion
to maintain T cell efficiency and durability was a key
problem.

Immune checkpoint blockade is an essential method
for preventing T cell exhaustion. Currently, drugs and
technologies targeting immune checkpoints have been
combined with CAR T cells, showing promising results
[203-205]. Immune checkpoint blockage temporarily
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activates Tex cells, but it has no lasting impact on their
epigenetic structure. Therefore, a variety of epigenetic
markers have been found to contribute to exhaustion
when overexpressed or knocked down. This has rap-
idly become a more general direction to alleviate T cell
exhaustion. For instances, knockdown of PR domain
zinc finger protein 1 (PRDM1) in CD19-targeting CAR
T cells resulted in the production of better-quality T
cells, increasing T cell persistence and decreasing T
cell exhaustion [206]. Knockout of PRDM1 and NR4A3
improved the anti-tumor response by increasing the
generation of long-lived memory cells, counteract-
ing exhaustion in tumor-infiltrating CAR T cells, and
enhancing the overall anti-tumor response [207]. The

extensive application of CRISPR/Cas9 and bioinformat-
ics-based technologies has provided researchers with the
chance to identify the important parameters that could
regulate T cell exhaustion. The proliferation of TCR-T
cells targeting NY-ESO-1 and M5 CAR T cells target-
ing mesothelin was increased by the double knockout
of Regnase-1 and Roquin-1, which also improved anti-
tumor efficacy and T cell lifespan [208]. The constant
interaction between CARs and antigens was one cause of
CAR T cell exhaustion. With antigens being unregulated,
attention has been focused on making CARs controlla-
ble [209]. Inducing rest by downregulating CAR proteins
with a drug-regulatable system or employing the tyros-
ine kinase inhibitor dasatinib could improve CAR-T cell
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effectiveness by preventing or reversing exhaustion [210].
Similar controllable strategies, such as ligand [211] and
light [212] controlled systems, have been utilized to regu-
late CAR expression, but the effect on CAR T cell exhaus-
tion needed to be studied further. Another approach was
to select a more appropriate co-stimulatory domain. In
comparison to CD28 CAR T cells, 4-1BB CAR T cells
proliferated better, showed less exhaustion, had longer
effectiveness, and exhibited better in vivo anti-tumor
capacity [213].

Conclusion and perspective

ACT has shown considerable promise in treating many
hematologic cancers, but it has not matched expectations
in solid tumors due to a number of constraints, such as
antigen loss, poor infiltration in tumors, immunosup-
pressive TME and so on (Fig. 3). Numerous attempts have
been undertaken by scientists to get over these restric-
tions, and the results have been encouraging. Using bio-
informatics and sequencing technology, researchers will
be able to identify more specific targets in their work
in the future. The infiltration and survivability of effec-
tor cells were impacted by the extraordinarily compli-
cated and hazardous internal and external environments
of solid tumors. Meanwhile, T cells also became more
anergy and exhausted as a result of the aggressive TME
and continuous antigen stimulation, which resulted in
the failure of ACT. Better understanding the metabolic
program and epigenetic states of T cell dysregulation
will enhance the efficacy of ACT in treating solid tumors.
Despite the remaining obstacles, we believed that ACT
would eventually play a significant role in the treatment
of solid tumors.
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