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Background
CAR (chimeric antigen receptor)-T cell therapy is a cell-
based treatment method in which T lymphocytes are 
genetically engineered to express antibodies with speci-
ficity for tumor-associated antigens [1]. By synthesizing 
corresponding antibodies, immune cells are directed 
to the location of tumor cells. This approach has dem-
onstrated efficacy in treating relapsed/refractory B-cell 
leukemia and lymphoma, particularly in targeting CD19, 
which has proven effective in cases of acute lympho-
blastic leukemia [2]. CAR-T cell therapy exhibits high 
specificity, potent cytotoxicity, and long-lasting efficacy 
and can control tumor progression in patients for whom 
conventional treatments have failed [3, 4]. Despite these 
benefits, numerous challenges persist. For example, 
tumor heterogeneity [5] and antigen escape [6, 7] lead to 
immune evasion and difficult-to-treat relapses. Moreover, 
the on-target off-tumor toxicity is a major limitation. 
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Abstract
In many hematologic malignancies, the adoptive transfer of chimeric antigen receptor (CAR) T cells has 
demonstrated notable success; nevertheless, further improvements are necessary to optimize treatment efficacy. 
Current CAR-T therapies are particularly discouraging for solid tumor treatment. The immunosuppressive 
microenvironment of tumors affects CAR-T cells, limiting the treatment’s effectiveness and safety. Therefore, 
enhancing CAR-T cell infiltration capacity and resolving the immunosuppressive responses within the tumor 
microenvironment could boost the anti-tumor effect. Specific strategies include structurally altering CAR-T cells 
combined with targeted therapy, radiotherapy, or chemotherapy. Overall, monitoring the tumor microenvironment 
and the status of CAR-T cells is beneficial in further investigating the viability of such strategies and advancing 
CAR-T cell therapy.
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Additionally, physical and cytokine barriers can hinder 
CAR-T infiltration into tumors, while immune-suppres-
sive molecules and cells within the tumor microenviron-
ment (TME) [5] can cause metabolic competition [8], 
resulting in insufficient energy for T cells and subsequent 
T cell exhaustion. Indeed, the complex and heteroge-
neous TME impacts the activation and function of infil-
trating effector T cells, compromising their persistence, 
proliferation, and potency [9]. These limitations result in 
< 50% of patients with B-cell malignancies that receive 
CAR-T cell therapy experiencing sustained disease con-
trol [10–12]. While CAR-T cells exhibit signs of activity 
in solid tumors, the durability degree remains unknown.

In our review, we found that the crux of the disparity 
in efficacy between solid tumors and hematologic malig-
nancies may lie in the solid tumor’s intact and functional 
TME. Hence, a better understanding of the TME’s com-
position and function can guide the identification of 
areas of concern, facilitating further research.

TME composition and function
In the process of tumorigenesis and development, vari-
ous substances, including tumor cells, endothelial cells, 
cancer-associated fibroblasts (CAFs), immune cells, 
extracellular matrix, cell-secreted cytokines, chemokines, 
blood vessels, and lymphatics, form a relatively organized 

microstructure alongside the tumor. The proliferation 
and infiltration of tumor cells, recruitment of immune 
cells, growth of blood vessels and lymphatics, and release 
of various cytokines and inflammatory factors create 
an extremely conducive environment for tumor growth 
known as the TME. The TME resembles a battleground 
for promoting and suppressing tumor immunity. The 
process of tumor immunity has been previously reviewed 
[13], and the main process is summarized in Fig.  1. A 
review of mantle cell lymphoma (MCL) summarizes 
the role of the TME in tumor expansion and resistance 
mechanisms [14]. Further exploration is required to 
determine whether and how the intensity of anti-tumor 
immunity can be modulated in “cold tumors” that have 
already formed an immunosuppressive TME (ITME).

In the early stages of tumor formation, adaptive 
immune cells migrate to the site of the tumor. However, 
the incidence of non-virus-related cancers has not signif-
icantly increased in HIV patients [15], and the incidence 
of cancer does not necessarily increase with the decrease 
of adaptive immune cells in transgenic mouse models 
[16, 17]. Thus, adaptive immune cells recruited early into 
the tumor may undergo a “betrayal,” gradually transition-
ing into an immunosuppressive phenotype and upregu-
lating immunosuppressive genes in the adverse TME 
influenced by dysregulated cytokines and chemokines 

Fig. 1 The tumor microenvironment (TME) resembles a battleground for promoting and suppressing tumor immunity. The process of tumor immunity 
includes: (1) tumor cell death and release of cell-associated antigens; (2) dendritic cells capturing and presenting antigens via the major histocompatibility 
complex (MHC) complex after processing; (3) activation of T cells by various cytokines; (4) recruitment of T cells to the tumor site via chemokines such as 
CX3CL1 (C-X-C motif chemokine), CXCL9, etc.; (5) infiltration of activated T cells into the tumor location; (6) recognition of corresponding tumor cells by 
activated T cells; (7) killing of tumor cells by T cells through secretion of granular enzymes, perforins, etc. Throughout this process, tumor cells develop 
various mechanisms to counteract immunity, such as a) reducing expression of highly immunogenic antigens; b) inducing dysfunction of dendritic cells 
and inhibiting their antigen-presenting ability through secretion of immunosuppressive factors (e.g., (IL)-6, IL-10); c) inhibiting T cell infiltration into the 
tumor; d) regulating the function of immunosuppressive cells like M2 macrophages and myeloid-derived suppressor cells (MDSCs); e) activating immu-
nosuppressive signaling pathways and enhancing immunosuppressive metabolism, e.g., creating an acidic environment induced by anaerobic glycolysis
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[18, 19]. Maintaining the correct anti-tumor phenotype 
of immune cells and their enrichment in the TME is cru-
cial to overcoming this issue.

Aberrant epigenetic modifications can reshape the 
TME from an anti-tumor to an immunosuppressive envi-
ronment [20]. This is also a primary mechanism by which 
the TME incites defection and influences the behavior 
of infiltrating cells such as fibroblasts, endothelial cells, 
lymphocytes, and tumor cells [21]. For CAFs, a process 
of maturation requires abnormal epigenetic changes, 
including histone modifications and DNA methyla-
tion [22]. The TME can also reshape the composition 
and function of immune cells by interfering with DNA 
methylation [23], enriching immunosuppressive cell phe-
notypes within the tumor [24], and contributing to the 
scarcity of normal immune cells within the TME [25]. 
The genetic phenotype of macrophages is the most plas-
tic [26], maintaining an M2 phenotype (alternatively acti-
vated macrophages) in offspring after undergoing various 
epigenetic changes [27]. The TME can control the differ-
entiation of T cells into pre-cancerous (regulatory T cells) 
or anti-cancer (CD8+ T cells) subtypes by regulating the 
DNA and RNA methylation of immune cells [28–30]. 
Additionally, the lack of glucose and amino acids, along 
with increased reactive oxygen species (ROS), can affect 
the DNA methylation and histone modification of CD8+ 
T cells within the TME [31].

Interactions between CAR-T cells and the TME
Although CAR-T therapy holds immense promise, it 
faces numerous challenges, including tumor heteroge-
neity [5] and antigen escape [6, 7], leading to immune 
evasion and difficult-to-treat relapses. Physical and cyto-
kine barriers hinder CAR-T infiltration into tumors to 
target immune-suppressive molecules and cells within 
the TME [5]. Moreover, metabolic competition, includ-
ing oxygen [32], glucose [32, 33], and amino acids [34], 
results in insufficient energy for T cells, leading to T 
cell exhaustion. The complex and heterogeneous TME 
impacts the activation and function of infiltrating effec-
tor T cells, compromising their persistence, proliferation, 
and potency. Therefore, a comprehensive understanding 
of the interaction between the TME and CAR-T cells is 
essential. Here, we analyze potential mechanisms from 
the perspective of the TME.

The delivery of CAR-T cells in solid tumors is impeded 
by several variables. The TME plays a crucial role in 
tumor development and possesses the ability to resist 
internal and external changes, such as developing resis-
tance to treatments [35]. One of the main causes of treat-
ment resistance is the increased interstitial fluid pressure 
(IFP) and inadequate blood supply to the tumor, which 
restricts the delivery and distribution of drugs within 
the tumor mass [36]. Additionally, the ineffectiveness of 

vascular endothelial cells prevents immune cells from 
migrating from tumor blood vessels into the tumor tissue 
[37]. Moreover, the TME is characterized by the presence 
of a large number of immunosuppressive cells, including 
tumor-associated macrophages (TAMs) and regulatory 
T cells (Tregs); the protective niches formed within the 
TME can shield tumor cells from the effects of therapy 
[38].

TAMs are the most abundant immune cells infiltrat-
ing human tumors, with their accumulation associated 
with poor prognosis for multiple tumor types. TAMs can 
maintain cancer progression by secreting growth fac-
tors that stimulate tumor cell proliferation, proteolytic 
enzymes that promote matrix remodeling and metasta-
sis, pro-angiogenic factors that support angiogenesis, and 
ROS and nitric oxide (NO) that induce genetic instability 
in tumor cells [39]. TAMs can also cause T cell metabolic 
starvation by releasing immunosuppressive prostaglan-
dins, interleukin (IL)-10 and transforming growth factor 
(TGF)-β, and amino acid-depleting enzymes (e.g., argi-
nase 1 or indoleamine 2,3-dioxygenase (IDO)). Addition-
ally, TAMs inhibit T-cell-mediated anti-tumor immunity 
by expressing immune checkpoint ligands, such as PD-L1 
(programmed death-ligand 1), PD-L2, B7-H4, or VISTA 
(V-domain Ig suppressor of T cell activation). Further-
more, TAMs can promote the recruitment and immuno-
suppressive activity of Tregs [39] while preventing CD8+ 
T cells from entering the tumor by creating long-lasting 
physical interactions with them that block T-cell-medi-
ated anti-tumor immune responses [40].

Indeed, there is clear preclinical evidence that TAMs 
can mediate resistance to immunotherapy, including 
adoptive cell transfer therapy. For example, in a mouse 
model of isogenic melanoma, depletion of TAMs by CSF-
1R inhibitors improved the efficacy of adoptive meta-
static tumor-specific T cells [40]. The superior antitumor 
activity of the combination therapy was associated with 
reduced macrophages within the tumor, promoting the 
expansion, intratumoral accumulation, and increased 
function of adoptive metastatic T cells.

MDSCs play a supporting role in tumor progression, 
and their accumulation is associated with poor clinical 
outcomes in cancer patients [41]. The defining feature 
of MDSCs is their powerful ability to suppress immune 
responses, with T cells being their primary targets. The 
immunosuppression mechanism induced by MDSCs 
is the same as that of TAMs, including the production 
of NO and ROS, elimination of key nutrition factors 
required for T cell proliferation (e.g., arginine, cysteine, 
or tryptophan), production of IL-10 and TGF-β, induc-
tion of Tregs [42], and impeding a disintegrin and 
the metalloproteinase-17 (ADAM17) responsible for 
L-selectin-ectodomain cleavage [43]. MDSCs have also 
been shown to limit the effects of CAR-T cell therapy. 
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For instance, in a clinical trial of third-generation CD19 
CAR-T cell therapy, low levels of MDSCs were associated 
with responses in patients with lymphoma and leukemia 
[44]. By using CAR-T cells that target various antigens, 
MDSCs can inhibit the proliferative activity and cytotox-
icity of CAR-T [45].

Tregs are crucial for maintaining immune tolerance to 
autoantigens but can also inhibit anti-tumor immunity 
[46]; their presence in tumors is associated with poor 
prognosis in various cancers. Specifically, Tregs inhibit 
the cytotoxicity of antigen-specific CD8+ T cells via com-
petitive consumption of IL-2, secretion of immunosup-
pressive factors (e.g., IL-10 or TGF-β), CTLA-4 mediated 
inhibition of antigen-presenting cells (APCs), preven-
tion of optimal T cell activation, and lysing effector cells 
through Granzyme B and/or perforin release [46]. In the 
TME, Tregs can inhibit the antitumor efficacy of adop-
tive tumor-targeting effector T cells [47]. Moreover, in a 
first-in-human study of epidermal growth factor recep-
tor variant III (EGFRvIII)-specific CAR for glioblastoma, 
analysis of tumor specimens from patients undergoing 
surgery after treatment showed an influx of immunosup-
pressive Treg cells, which may have limited the antitumor 
effects of CAR-T cell therapy [48]. In addition, the impor-
tance of this effector in predicting the balance of Tregs in 
immunotherapy response has been highlighted [49].

The characteristics of CAR-T cell exhaustion closely 
resemble those of T cell exhaustion, including a con-
tinuous decline in the ability to lyse tumor cells, release 
cytokines, and undergo self-cloning. Specifically, this 
manifests as upregulated expression of inhibitory 

receptors (programmed cell death protein 1 (PD1), cyto-
toxic T-lymphocyte associated protein 4 (CTLA-4)) [50], 
reduced secretion of cytokines (IL-2, TNF), and dimin-
ished reactivity to tumors (epigenetic modifications) [51]. 
Within the TME, adverse conditions can exacerbate T 
cell exhaustion. One study found that CAR-T products 
associated with short reactions were characterized by 
insufficient proliferative and functional capacity [52]. 
These characteristics are typical of T cell exhaustion 
and terminal differentiation. Hence, the effectiveness of 
CAR-T products may depend on population size and the 
cell’s ability to proliferate, a trait intrinsically associated 
with early T-cell differentiation.

CAR-T cell exhaustion is often a continuous process 
that gradually transforms from precursor exhausted T 
cells (Tpex) to terminal exhausted T cells (Tex term) 
(Fig.  2). Similar to other types of Tex cells, Tpex cells 
are epigenetically locked into an exhausted state [53]. 
Tex term are derived from precursor depletion T cells 
[54] and are characterized by high expression of eome-
sodermin (EOMES), thymocyte selection-associated 
high mobility group box protein (TOX), CD69, and 
checkpoint inhibitors (e.g., PD-1, lymphocyte activating 
gene-3 (LAG-3), or T cell immunoglobulin domain and 
mucin domain 3 (TIM-3)) and low expression of T-box 
expressed in T cell (T-bet) [55]. In the progression to 
advanced dysfunction, traditional effector properties, 
including the ability to produce IL-2, tumor necrosis 
factor (TNF), and interferon (IFN)-γ, gradually disap-
pear [56, 57]. The inhibitory receptors expressed by Tex 
are also known as checkpoint inhibitors (i.e., PD-1, 

Fig. 2 T cell exhaustion pathway (a) Steps by which T cell exhaustion occurs. (b) Specific receptors expressed by terminally exhausted T cells. (c) Differ-
ences and transformation conditions between terminally exhausted T cells and normal T cells in the tumor microenvironment
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LAG-3, 2B4, and CTLA-4). Tex cells are also charac-
terized by highly active TCR-responsive transcription 
factors, including TOX, B-cell activated transcription 
factor (BATF), interferon regulatory factor 4 (IRF4), and 
nuclear factor of active T cell (NFAT) [58] (Fig.  2). The 
phenotype and transcription profile of Tex has recently 
been extended to demonstrate their fundamental differ-
ences with ordinary T cells based on different epigenetic 
landscapes [59].

The role of immunosuppressive cells and cytokine 
systems, such as the modulation of CD8+ TIL exhaus-
tion-related transcriptional characteristics by Tregs 
expressing IL-10 and IL-35 in the TME, contribute to T 
cell exhaustion [60]. Unique, persistent, antigen-specific 
interactions between TAMs and CD8+ T cells further 
drive T cell exhaustion, with this response accelerated 
under hypoxic conditions [61], aligning with the hypoxic 
environment of the TME.

Hypoxia and acidic pH conditions are hallmarks of the 
TME, playing crucial roles in tumor development. Acidic 
pH arises from the anaerobic glycolysis of membrane 
proteins such as ATPases, leading to the secretion of pro-
tons (H+) and lactate. Tumor cells undergo metabolic 
reprogramming, engaging in anaerobic respiration even 
in the presence of oxygen [62] and metabolizing gluta-
mine to produce lactate [63]. The acidic environment 
promotes the expression of vascular endothelial growth 
factor A (VEGFA) and IL-8, among other angiogenic 
factors, serving as key players in cancer cell migration 
and invasion. Additionally, hypoxia is a common feature 
among many TMEs, where cells located at the center of 
tumors experience hypoxia due to their distance from 
existing blood vessels, leading to nutrient deprivation. 
Consequently, tumor cells upregulate hypoxia-induced 
angiogenic factors, such as VEGF, to overcome prolif-
eration limitations. However, neoangiogenesis in tumors 
presents certain deficiencies compared to normal vas-
culature, with tumor vascular endothelial cells creating 
gaps that cause vascular leakage and non-laminar flow, 
resulting in discontinuous perfusion, blood clotting, and 
localized tissue edema. Despite tumor cells adapting to 
the hypoxic environment, the antitumor cells within the 
tumor fail to adapt.

T cell subsets are divided into naive T cells (Tn), effec-
tor T cells (Tef ), central memory (Tcm), effector memory 
(Tem), etc. [64]. T cell activation and metabolic repro-
gramming occur simultaneously. Tn metabolism relies 
primarily on oxidative phosphorylation (OXPHOS) 
and fatty acid oxidation (FAO) to provide energy. Upon 
encountering an antigen, the T cell receptor (TCR) and 
CD28 synergistically activate the PI3K–AKT–mTOR 
pathway, effectively activating transcription factors (e.g., 
HIF-1α, c-MYC) to upregulate the expression of glu-
cose transporter type 1 (GLUT1) and promote glycolysis 

[65]. However, T cells have different metabolic require-
ments depending on their function. The metabolism of 
Tn cells relies predominantly on OXPHOS and FAO for 
energy. Upon encountering an antigen, Tn cells are acti-
vated and differentiate into Tef cells. During this process, 
glycolysis is enhanced, while mitochondrial metabolism 
and OXPHOS are weakened. Hence, Tef cells require 
more glucose and oxygen for survival than Tn. Impor-
tantly, within the TME, tumor cells also use glycolysis as 
the main source of energy, making it difficult for Tef cells 
to gain an advantage in nutritional competition, which is 
only further compounded by the hypoxic environment in 
the TME. Thus, given that CAR-T cells closely resemble 
Tef cells, the low available energy supply contributes to 
the unsatisfactory anti-tumor activity of CAR-T cells. 
Furthermore, the secretion of various hypoxia-inducible 
factors further drives these cells into a state of incompe-
tence or exhaustion.

The process of T cell recognition and destruction of 
tumor cells is fraught with obstacles. PD1, a type I trans-
membrane protein belonging to the immunoglobulin 
superfamily, is a member of the CD28/CTLA-4 immune 
checkpoint expansion family. It binds to two ligands, 
PD-L1 and PD-L2, which downregulate the immune 
system and promote self-tolerance to prevent autoim-
mune responses, achieving immune escape through 
immune downregulation and self-tolerance. Its expres-
sion is diverse across subtypes [66]. Cancer cells, includ-
ing tumor-associated myeloid cells, often overexpress 
PD-L1, which interacts with the PD1 receptor on adap-
tive immune cells, inhibiting immune surveillance [67]. 
Tumor escape mechanisms include downregulation of 
receptors, low antigen expression, and expression of 
checkpoint ligands such as PD-L1, collectively reduc-
ing infiltration, persistence, and functionality of immune 
cells within the tumor [68]. Moreover, current studies 
have confirmed the existence of many immune check-
points related to T cell exhaustion and impaired cytotox-
icity (LAG-3 [69], TIM-3 [70], T-bet, CD47, etc.), many 
of which have been reviewed elsewhere [71].

In summarizing the mechanisms of interaction 
between CAR-T cells and the TME during therapy, we 
recognize a close relationship between CAR-T cell effi-
cacy and the immune microenvironment [72]. To address 
these immune microenvironmental challenges, we review 
optimization strategies to enhance CAR-T efficacy, 
reduce tumor recurrence, and mitigate potential adverse 
effects during application.

Structural improvements of CAR-T
CAR-T cell efficacy against cancers is determined by the 
structure of the CAR and its impact on the TME [73, 
74]. The CAR construct design, particularly the selec-
tion and optimization of intracellular signaling domains 
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(ICDs), is an adjustable element that can improve CAR-T 
cell persistence and lead to greater on-target cytotoxicity 
[75]. Calibration of CAR activation can alleviate tumor-
induced CAR-T cell exhaustion. Mutations in the two 
distal CD3ζ ITAMs (immunoreceptor tyrosine activation 
motif ) in CAR-T cells create highly functional T cells 
with naive/memory gene signatures capable of induc-
ing sustained tumor control [76]. CAR modification has 
considerable potential, as reflected in their differentiation 
ability, cytotoxic effects, infiltration ability, persistence, 
and exhaustion ability. Many non-specific immune cells 
are involved in this process, as are myriad other compo-
nents of the TME. The structural enhancement of CAR-T 
cells based on these parameters can boost their antitu-
mor potential (Fig. 3).

Targeting immune checkpoints
Many clinical studies and preclinical models have dem-
onstrated that inhibiting the PD-1 immunosuppressive 
pathway can improve the function of CAR-expressing 
genetically modified T cells, which improves tumor 
eradication [77, 78]. CAR-T cells are engineered to pro-
duce antagonistic anti-PD-1 scFv (single-chain variable 
fragments) that act in a paracrine and autocrine man-
ner. This causes the CAR-T cells and tumor-specific T 
cells to undergo a reduction in apoptosis. Moreover, 
given that the secretion of scFv is limited to tumors, tox-
icity associated with systemic checkpoint inhibition can 
be limited [79, 80]. The folding of scFv influences the 
affinity and specificity of CAR toward its target antigen. 
Single-domain antibody fragments (VHH) can be used 

Fig. 3 Enhancement strategy for the CAR-T framework. The structure of CAR-T cells is modified by blocking immune checkpoints, targeting immunosup-
pressive TAMs, reshaping the cytokine system, and regulating gene expression. Blocking the immune checkpoints primarily involves the CD47 and PD1 
systems. Expressing scFv (single-chain variable fragments) of PD-1-TREM2 (triggering receptors expressed by myeloid cells) or converting scFv into the VH 
single domain (heavy chain only) can enhance the ability to block the PD1 immune checkpoint. The CD47 system blocks the CD47-SIRPα (signal regula-
tory protein α) pathway primarily through SIRPα-Fc expression. Remodeling cytokine systems include the expression of chemokine ligands, receptors, 
and pro-inflammatory factors producing 4/15ICR (IL-4 and IL-15 inverted cytokine receptor), 4/21ICR (IL-4 and IL-21 inverted cytokine receptor), and TGF-β 
(transforming growth factor-β) traps to alter the immunosuppressive factors IL-4 and TGF-β. Targeting immune cells is achieved by expressing the scFv of 
FRβ, TREM2, TR2 (tumor necrosis factor-related apoptosis-induced ligand-receptor 2), CD123, CD24, the Lg (laminin G-like) domain of GAS6 (growth arrest-
specific protein 6), and SIRPα-Fc. Gene regulation includes the knockout of DNMT3A (DNA methyltransferase 3α) and overexpression of RUNX-3 (RUNX 
family transcription factor 3), FOXO1 (forkhead box protein O1), and c-JUN to promote the production of poorly differentiated T cells; overexpression of 
T-bet (T-box transcription factor) promotes the production of Th1 (T helper) pro-inflammatory cells
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as suitable antigen recognition domains in CAR-T cells; 
alternatively, the anti-PD-L1 single-domain antibod-
ies isolated from the VNAR (semi-synthetic shark anti-
gen receptor variable region) phage library are smaller, 
easier to express, and more stable [81, 82]. In contrast, 
TREM2 (triggering receptor expressed by myeloid cell-2) 
decreases the number of MDSCs and TAMs, effectively 
enhancing the effect of anti-PD-1 immunotherapy with a 
prolonged half-life [83, 84]. However, these T cells suffer 
from reduced survival and cytotoxicity as the dysfunc-
tion caused by disrupted PD1 signaling is accompanied 
by faster maturation and upregulation of the exhaustion 
marker TIGIT (T-cell immunoreceptor with Ig and ITIM 
domains) in CAR-T cells, leading to cell death progres-
sion and functional failure. Therefore, PD1 downregula-
tion as a method to increase the quality of therapeutic 
CAR-T cells requires further optimization [85].

Human leukocyte antigen-G (HLA-G)—an immune 
checkpoint that converts effector cells into Tregs—slows 
T cell differentiation and proliferation and causes the 

expansion of MDSCs, which is of great value for tumor 
immune escape [86]. Even in the face of repeated stimu-
lation, anti-HLA-G CAR-T cells develop into long-term 
memory effector cells that are lethal against HLA-G (+) 
tumor cells [87]. However, Altvater et al. showed that 
HLA-G and HLA-E act primarily on myeloid bystander 
cells with limited impact on the function of antigen-
specific T cells. These results did not support the com-
bination of CAR-T cell therapy with HLA-G or HLA-E 
checkpoint blockade [88]. Furthermore, the immune 
checkpoint CD47 blockade enhances the phagocytosis 
of tumor cells by bone marrow cells, promotes antigen-
presenting cell activity, and activates adaptive immune 
responses [89]. Moreover, CAR-T cells secreting a CD47 
blocker SIRPα (signal regulatory protein α)-Fc fusion 
protein (SIRF–CAR-T) significantly reduced tumor 
load, significantly prolonged survival, induced central 
Tcm (memory T cells) in several tumor models with 
equal immune potential, reduced bone MDSCs, and 
increased CD11c+ dendritic cells (DCs) and M1 mac-
rophages in tumors [90]. Hence, CD47 blockade syner-
gizes with CAR-T cells to enhance innate and adaptive 
immune responses. Nevertheless, additional immune 
CPB (checkpoint blocking) methods continue to be eval-
uated, including those targeting LAG-3 [69], TIM3 [70], 
TIGIT [91], and CTLA-4 [92, 93] (Table  1). Given that 
it addresses two essential elements of a potent immune 
attack—the existence and efficient durability of immune 
cells—combination immunotherapy with CAR-T cells 
and CPB may represent the next major development in 
immunotherapy [94].

Targeting cytokine systems
Chemokine systems
One of the obstacles for CAR-T cells is insufficient trans-
port to tumor lesions, and the mismatch of chemokines 
and homologous receptors on tumor and T cells is a 
cause of insufficient homing. Thus, promoting the bind-
ing of suitable chemokines to their receptors, including 
IL-8 and its receptors (CXCR1, CXCR2, and CX3CR1-
CX3CL1), can enhance the transport of T cells within 
tumors, recruit more immune cells, and trigger the 
desired anti-tumor response [95–97]. One such response 
is the increased expression of chemokine receptors. Only 
memory B cells and specific myeloid cells, notably neu-
trophils and basophils, reportedly express CXCR2, while 
human peripheral T cells and tumor-infiltrating T cells 
in liver cancer do not [98]. Without altering cytotoxicity, 
CXCR2 expression in CAR-T cells markedly accelerates 
tumor-specific accumulation and in vivo transport [99, 
100]. For example, combining IL-2 and GM-CSF (gran-
ulocyte-macrophage colony-stimulating factor) promotes 
the expression of CXCR3 (C-X-C motif chemokine recep-
tor), which is a biomarker sensitive to PD-1 blocking 

Table 1 Summary of modified CAR-T based on targeting 
immune checkpoints
Target Biological 

function
Tumor Co-stimula-

tion domain
Ref-
er-
ence

PD1 Inhibitory 
receptor

TNBC 4-1BB  [77]

MCT, NSCLC, 
Melanoma

CD28  [79]

Melanoma, BL, 
B-ALL, OV

CD28  [80]

CRC 4-1BB  [83]
B-ALL CD28, 4-1BB  [85]

PD-L1 Ligand for PD1 BC, HCC 4-1BB  [81]
Melanoma CD28  [82]

HLA-G Inhibitory ligand Choriocarci-
noma, CML

CD28, 4-1BB  [87]

TIM3 Inhibitory 
receptor

CCA, 4-1BB  [70]

LAG-3 Inhibitory 
receptor

CML, BL 4-1BB  [69]

TIGIT Inhibitory 
receptor

T-ALL, CCA, OV CD28  [91]

CTLA-4 Inhibitory 
receptor

Lymphoma 4-1BB  [92]

B-ALL CD28, 41BB  [93]
CD47 Inhibitory 

receptor
NHL 4-1BB  [89]

BC, CRC CD28  [90]
Abbreviations: B-ALL, B-cell acute lymphoblastic leukemia; BC, breast cancer; 
BL, Burkitt lymphoma; CCA, cervical cancer; CML, chronic myelogenous 
leukemia; CRC, colorectal cancer; CTLA-4, cytotoxic T lymphocyte-associated 
antigen 4; HCC, hepatocellular carcinoma; HLA-G, human leucocyte antigen-G; 
LAG-3, lymphocyte activating gene-3; MCT, mastocytoma; NHL, non-Hodgkin 
lymphoma; NSCLC, non-small cell lung cancer; OV, ovarian cancer; T-ALL, T-cell 
acute lymphoblastic leukemia; TIGIT, T-cell immunoreceptor with Ig and ITIM 
domains; TIM3, T cell immunoglobulin domain and mucin domain-3; TNBC, 
triple-negative breast cancer
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[101]. IL-2 induces CXCR3 expression in CAR-T cells by 
activating the PI3K–AKT (phosphatidylinositol 3-kinase/
protein kinase B) pathway [102]. Furthermore, GM-
CSF acts as an immunomodulator of APCs and induces 
CXCR3 expression in CAR-T cells by activating ERK1/2 
(extracellular regulated protein kinases) rather than p38–
MAPK (mitogen-activated protein kinase) signaling [102, 
103]. Hence, the high degree of similarity in terms of IL-2 
and GM-CSF activation simplifies their combination by 
avoiding additional toxicity.

Many CAFs can secrete stromal cell-derived factor 1α 
(SDF-1α), a CXCR4 ligand. Mechanistically, impaired 
activation of STAT3 (signal transduction and transcrip-
tional activator 3) signaling in CXCR4–CAR-T cells 
inhibits the secretion of SDF-1α by CAFs via the NF-κB 
(nuclear factor κB) pathway. Ultimately, inhibiting MDSC 
migration to the tumor through the STAT3–NF-κB–
SDF-1α axis results in greater CXCR4–CAR-T cell infil-
tration [104].

CXCL9 is a major ligand of CXCR3 that controls T-cell 
migration and prevents tumor angiogenesis [105, 106]. 
CAR-T cells secreting human IL-7 and CCL19 (7 × 19) 
exhibit enhanced expansion and migration in vitro and 
significantly reverse the TME by reducing the infiltration 
of polymorphonuclear MDSCs and Tregs and recruiting 
more DCs. The recruited DCs interact with CD4+ T cells, 
promoting their differentiation into memory subgroup-
like T cells and downregulating the expression of deple-
tion markers (including PD1 and TIGIT) by T cells [107, 
108]. Additionally, Feng et al. reported that this type of 
CAR-T cell provides a strategy for overcoming the low 
survival rate, poor durability, and TME inhibition [109]. 
In fact, a patient diagnosed with advanced liver cancer 
achieved total eradication of the tumor following intra-
tumoral injection of 7 × 19 CAR-T cells for 30 days [110]. 
Collectively, these findings support the practicality and 
therapeutic application of chemokine ligands and their 
receptor-modified CARs.

Interleukin systems
Armored CAR-T cells can genetically modify CAR con-
structs using various inflammatory cytokines or ligands 
to promote the engagement of host innate and adaptive 
immune cells and improve the ITME [111, 112]. IL-12 
can induce the release of IFN-γ from natural killer (NK) 
cells and CD4+ and CD8+ T cells and promote a decrease 
in Treg abundance and activation of the bone marrow 
chamber, ultimately remodeling the TME and achieving a 
lasting anti-tumor response [113–115]. Armored CAR-T 
cells capable of constitutively secreting IL-12 show the 
consumption of TAM and resist endogenous PD-L1-in-
duced inhibition, improving survival [116]. Additionally, 
for CAR-T cells to produce IFN-γ, which is required to 
destroy tumor cells, NF-κB is activated by IL-12 signal 

transduction [117, 118]. The autocrine effect of revers-
ible nanoscale IL-12 limits the risk of tumor exudation 
and systemic toxicity, such as treatment-related death 
and unstable blood flow [117, 119]. It also significantly 
promotes the secretion of CCL2 (C-C motif chemokine 
receptor), CCL5, and CXCL10 to resist the inhibition of 
tumor blood vessels and recruit more CD8+ CAR-T cells 
[120, 121]. In summary, IL-12 and CAR-T cell therapies 
have value in enhancing anti-tumor ability (Fig. 4).

IL-15 encourages the immunometabolic adaptation 
of CAR-T cells by inducing the proliferation of CD8+ T, 
NK, and B cells in tumors and decreasing immunosup-
pressive factors, including IL-10, arginase-1, TGF-β, and 
MDSCs [122, 123]. Brog et al. reported that activation of 
endogenous anti-tumor immunity is the key mechanism 
affecting the efficacy of engineered super2 (IL-2 super-
kine) + IL-33 CAR-T cells in various solid tumor mod-
els. This can prevent antigen loss, change the leukocyte 
ratio in the TME, and activate a wide range of endog-
enous innate and acquired immune cells through the 
joint action of Super2 and IL-33. Thus, this cell-induced 
response does not rely on a single type of immune cell 
but compensates for the loss of individual cell subsets 
through widespread immunological activation [124].

Immunosuppressive cytokine treatment plays an 
important role. IL-4 is released by tumor cells in the 
TME and can induce antigen-dependent proliferation of 
CAR-T cells, the key regulator of T cell depletion [125]. 
4/21ICR (inverted cytokine receptor) is the reverse cyto-
kine receptor of IL-4 and IL-21 and binds the extracellu-
lar domain of the IL-4 receptor to the intracellular region 
of the IL-21 receptor. Under the stimulation of IL-4, 
4/21ICR activates the signal transducer and activator of 
the transcription (STAT)3 pathway, promotes Th17-like 
polarization and tumor-targeted killing, and enhances 
this effect in the IL-4(+) TME [126]. A technique was 
developed to transform IL-4R (receptor) inhibition sig-
nals into IL-15R activation signals using IL-15R as a 
transmembrane and intracellular domain. This resulted 
in stronger activation, degranulation, cytokine release, 
and cytotoxic cells in IL-4-rich tumors, and optimized 
expansion ability and persistence, while the number of 
poorly differentiated T cells increased [127]. ICRs can 
improve the efficiency of T cells in the ITME by protect-
ing CAR-T cells from the immunosuppressive effects of 
IL-4 and enhancing the function of CAR-T cells in the 
presence of IL-4. Therefore, 4/21ICR and 4/15ICR CAR 
T-cell therapies effectively treat IL-4-rich solid tumors. 
In addition, TGF-β is a well-known immunosuppressive 
cytokine in the TME. The extracellular domain of TGF-
RII acts as a TGF-β trap, causing microglia to differen-
tiate into pro-inflammatory and anti-tumor phenotypes, 
weakening the immunosuppressive effect of TGF-β [128]. 
Furthermore, blocking the TGF-β signal transduction 
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pathway can decrease PD-1 expression, lessen acquired 
immune cell depletion, and induce long-term activation 
of these cells [129–132]. In summary, cytokines are used 
to activate immunity or convert immunosuppressive sig-
nals into activation signals to improve the ITME.

The transformation of multiple cytokines may achieve 
better results than modified therapy alone. For instance, 
a combination of multiple factors has successfully pro-
moted the expansion of CD4+ memory T cells [133]. In 
the fourth generation of Nectin4 (nectin cell adhesion 
molecule-4)-7 × 19 CAR-T cells, the proportion of Tscm 
(stem cell-like memory T cell) subsets in CD8+ T cells 
increased significantly, possibly due to the difference in 
armored cytokines [134, 135]. In addition, the early use 
of receptor engineering to transmit activation, co-stim-
ulation, and cytokine support signals can induce T cells 
to respond to unique expression patterns in tumors. For 
example, the receptors of TGF-β and IL-4 were modi-
fied to make cells resistant to TGF-β and IL-4, achieving 
an optimal balance between CD4+ and CD8+ cells with 
good persistence [136]. Recently, the transient and high 
transfection rates of RNA modification were shown to 
produce safer and more effective CAR-T cells [137, 138]. 
Hence, combining RNA and receptor engineering may 
produce unique results. RNA engineering has been used 
to knock down the expression of immunosuppressive 
molecular receptors and immune checkpoints, enhancing 

the homing ability and endurance of CAR-T cells [139]. 
In summary, cytotoxicity can be enhanced, and the TME 
can be improved through combined receptor and mRNA 
engineering. The mechanisms by which distinct cytokine 
combinations affect T cell phenotype expression vary, as 
do the manifestations of distinct T cell phenotypes [140, 
141]. Therefore, further research is required to develop a 
strategy that permits CAR-T cells to effectively and dura-
bly suppress tumors.

Targeting immunosuppressive cells
Various immune cells play significant roles in CAR-T cell 
therapy (Fig.  5). In particular, targeting TAMs, MDSCs, 
and Tregs may yield good benefits [142–144]. The FRβ, 
a folate receptor, can target TAMs and MDSCs. Thus, 
restoring the TME involves FRβ-CAR-T cells specifi-
cally depleting immunosuppressive TAM subsets [145]. 
Furthermore, GAS6 (growth arrest-specific protein 
6)-CAR-T cells can eliminate AXL-positive tumor-asso-
ciated macrophages due to the expression of receptor 
tyrosine kinases by TAMs [146, 147]. Moreover, block-
ing CD47/SIRPα and CD24 SIGLEC-10 (sialic acid bind-
ing Ig like lectin 10) signal transduction can effectively 
promote tumor cell phagocytosis by macrophages, sug-
gesting that dual blockade could facilitate the transition 
of macrophages from M2 to M1 (classically activated 
macrophages) and regulate macrophage-related immune 

Fig. 4 Effect of IL-12 on the TME. IL-12 reduces the number of Tregs and TAMs in the TME, while the increase of chemokine ligands can resist the inhibi-
tion of tumor blood vessels and promote T-cell infiltration. Simultaneously, the heightened release of IFN-γ, facilitated by IL-12 through the stimulation 
of NF-κB, is vital in eliminating cancerous cells
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surveillance [148]. However, exclusively blocking mac-
rophages is also an effective strategy for regulating the 
TME. Indeed, CD24–CAR-T cells polarize macrophages 
to an M1-like phenotype, reversing the immunosuppres-
sion caused by abundant M2-like macrophages in the 
TME. Additionally, released IFN-γ and TNFα can further 
enhance this polarization [149, 150]. Furthermore, SIRF–
CAR-T cells significantly improve the transformation to 
an M1-like phenotype by inhibiting CD47/SIRPα signal-
ing [90].

TREM2+ myeloid cells exhibit a potent inhibitory 
effect on T cell proliferation in vitro [84], while TREM2+ 
TAMs display M2-like immunosuppressive behavior 
[151]. Hence, the specific targeting of TREM2 reduces 
the proportion of TAMs and MDSCs [83]. Similarly, 
TR2 (tumor necrosis factor-related apoptosis-induced 
ligand-receptor 2) is a receptor expressed on MDSCs 
that activates apoptosis when bound to its soluble ligand 
TRAIL (tumor necrosis factor-related apoptosis-induced 
ligand). Thus, an scFv encoding an agonistic TR2 anti-
body can induce apoptosis not only in MDSCs but also 
in TAMs sensitive to TR2 [152, 153]. Moreover, anti-
CD123 CAR-T cells detect and eliminate TAMs, over-
riding immunosuppression, even though M-MDSCs and 
M2 cells express CD123 [154, 155]. Although NKG2DLs 

(natural killer group 2 member D ligands) are expressed 
at low levels in M-MDSCs and tumor cells, not M2 cells, 
CAR-T cells that dual-target CD123 and NKG2DLs 
selectively target immunosuppressive cells (M-MDSCs 
and M2 cells) while exerting anti-tumor effects [155].

CD74 knockout may help boost T cell infiltration and 
accumulation in tumors by specifically decreasing Treg 
infiltration in the TME, not normal tissues [156]. How-
ever, tyrosine-protein kinase LCK (lymphocyte-specific 
tyrosine kinase)-deficient CARs might be a more effec-
tive treatment strategy for solid tumors resistant to Treg 
infiltration [157]. Certain interleukins are also essential 
for altering the immune cell milieu, including the acti-
vation of additional DCs, B cells, NK cells, and other 
immune cells that support anti-tumor activities, while 
supporting the elimination of immunosuppressive cells 
[118, 124, 158].

Additionally, pretreatment of the TME with FRβ-
specific CAR-T cells can enhance the effectiveness of 
other types of CAR-T cells [145]. This requires an inti-
mate understanding of optimal timing for sequential 
therapy and the time required to induce anti-tumor 
immune response in the TME. Liu et al. combined two 
types of CAR-T cells, with a sequential interval between 
the two effects of 7 days; the outcome proved effective 

Fig. 5 Measures to reshape the immunosuppressive cell composition in the tumor microenvironment (TME). (A) The CD47–SIRPα and CD24–SIGLEC 
pathways can be blocked by CAR-T cells, polarizing macrophages toward the M1 phenotype. TNF-α and IFN-γ secretion can be stimulated by blocking the 
CD24– SIGLEC-10 pathway, facilitating the differentiation of M1-like cells. (B) Binding targets on tumor-associated macrophages (TAMs) to single-chain 
Fv fragments (scFv) expressing agonistic TR2 (tumor necrosis factor-related apoptosis-induced ligand-receptor 2) antibody, FRβ, TREM2, CD123, or the Lg 
(laminin G-like) domain of GAS-6 can facilitate TAM elimination. (C) MDSCs can be depleted by scFv-expressing TREM2 and TR2 antibodies

 



Page 11 of 21Xia et al. Molecular Cancer          (2024) 23:175 

[159]. Therefore, we emphasize that in the mixing of two 
different CAR-T cells, the dose combination and inter-
val time of the two consecutive medications should be 
explored to achieve maximum benefit.

Gene expression regulation
The regulation of gene expression greatly affects immune 
cell function. Depletion of CAR-T cells can occur 
through gene regulation of the T cell’s multifunctional 
developmental potential [160–162]. In a preclinical 
model, DNMT3A (DNA methyltransferase 3α) knock-
out prevented the methylation of several transcriptional 
regulators that maintain human T-cell stem cell-like dif-
ferentiation [163]. In addition, c-Jun (the activator pro-
tein-1 complex) and FOXO1(Forkhead box protein O1) 
transcription factors can be upregulated to reduce T-cell 
depletion [164–166]. Furthermore, RUNX3 (RUNX 
family transcription factor 3) regulates T-cell immu-
nity by retaining CAR-T cells’ low differentiation and 
boosting their in vivo persistence. Zhu et al. designed 
RUNX3-overexpressing (OE) CAR T cells to improve 
their phenotype and reduce the release of cytokines while 
maintaining function [167, 168]. In phase I clinical inves-
tigations, RUNX3 was overexpressed in CAR-T cells, 
leading to the invasion of CD8 + T cells into the cancer 
microenvironment with good anti-tumor efficacy and 
controlled safety. In this trial, the objective response rate 
(ORR) was 16.7%, and the disease control rate (DCR) was 
50% [169]. Indeed, enhanced anti-tumor activity may 
play a key role in memory CD8+ T cells, such as Trm 
(tissue-resident memory T cells) subsets, and upregulate 
CCL3 and CCL20 to promote CD8+ T cell recruitment 
[170, 171]. In contrast to RUNX3, the primary regulatory 
factor, T-bet, decreases Trm abundance and increases 
effector cells [172, 173]. Specifically, T-bet induces Th1 
phenotypes in CD4+ T cells, creating a potent pro-
inflammatory response that can increase CAR expression 
[174]. Thus, by activating the Th1 phenotype of CD4+ 
T cells, gene modulation can boost cytotoxicity and 
enhance the production of memory-like T cells.

Combination therapy
The limitations of single CAR-T cell therapy can be over-
come via combination with other anti-tumor therapies, 
including chemotherapy, radiotherapy, and targeted ther-
apy. These combined therapies can improve the CAR-T 
cell therapeutic environment and promote the infiltration 
of CAR-T cells into tumor tissues [94, 175].

Combination with targeted therapy
It can reverse the immunosuppression of bone mar-
row monocytes in the TME and aid in limiting tumor 
recurrence when taken in concert with specific mono-
clonal antibodies [176] (Table 2). When CAR-T therapy 
and PD1 inhibitors are used together, the upregulation 
of PD-L1 expression induced by TME pressure can be 
addressed, improving CAR-T cell-mediated cytotoxicity 
[177]. One such example is nivolumab, which can pro-
long CAR-T cytotoxicity, notably extending survival by 

Table 2 Combination therapy of targeted drugs and CAR-T
Type of 
molecular 
targeted

Antibody CAR target
antigen

Tumor Findings Ref-
er-
ence

PD1 Pembroli-
zumab, ce-
miplimab

ROR1 NSCLC Improved 
cytokine pro-
duction and 
function of 
CAR-T cells

[177]

Pembroli-
zumab

CD19 R/R-BCL Decreased 
exhaustion 
markers

[179]

Nivolumab GD2 GBM Enhanced 
tumor 
clearance

[178]

L1CAM Neu-
roblas-
toma

Enhanced 
targeted kill-
ing ability of 
CAR-T cells

[181]

PD-L1 Atezoli-
zumab, 
avelumab

PSCA, CD19 PCa, 
lym-
phoma

Promoted 
transforma-
tion of M2 
to M1 and 
reduced M2 
abundance

[183]

BTK Ibrutinib CD19 BCL Enhanced 
tumor 
clearance

[184]

PARP Olaparib EGFRvIII BC Reduced 
MDSC 
recruitment 
in tumor

[185]

CD70 RCC Increased 
infiltration of 
CD8+ CAR-T 
cells in the 
TME

[186]

AKT MK-2206 EpCAM CRC Generated 
CAR-T cell 
popula-
tions with 
memory-like 
characteristics

[187]

VIII CD19 B-ALL Reduced 
lactic acid 
production

[188]

TOPK HI-
TOPK-032

GPC3 HCC Increased 
Tcm 
frequency

[189]

Abbreviations: B-ALL, B-cell acute lymphoblastic leukemia; BC, breast cancer; 
BCL, B-cell lymphoma; BTK, Bruton’s tyrosine kinase; CRC, colorectal cancer; 
EGFRvIII, epidermal growth factor receptor variant III; EpCAM, epithelial cell 
adhesion molecule; GBM, glioblastoma multiforme; GPC3, glypican-3; HCC, 
hepatocellular carcinoma; L1CAM, L1 cell adhesion molecule; PARP, poly ADP-
ribose polymerase; PCa, prostate cancer; PSCA, prostate stem cell antigen; RCC, 
renal cell carcinoma; ROR1, tyrosine kinase-like orphan receptor 1; RR-BCL, 
relapsing or refractory B-cell lymphoma; Tcm, central memory T cell; TOPK, 
T-LAK cell-originated protein kinase; VIII, AKT inhibitor



Page 12 of 21Xia et al. Molecular Cancer          (2024) 23:175 

up to 60 days in vitro [178]. Similarly, after CAR-T cell 
therapy, the administration of pembrolizumab is well-
tolerated in patients with recurrent or refractory B-cell 
lymphoma, with the best ORR reaching 33%. Within 
these respondents, T-cell depletion decreased while 
CAR-T cell activation and proliferation increased [179]. 
Furthermore, given that high S1PR3 expression positively 
correlates with resistance to PD-1-based immunotherapy 
[180], Gao et al. sought to improve anti-PD-1 therapy 
effects by pharmacologically inhibiting S1PR3 (sphingo-
sine 1-phosphate).

Different target antigens on CAR-T cells combined 
with PD1 inhibitors can boost the anti-tumor effect. 
Hence, they can be employed in broad therapy as they 
demonstrate neither selectivity for the target antigen nor 
specificity for distinct malignancies. Higher levels of PD1 
expression are associated with the CAR-T cells’ increased 
ability to eliminate malignant cells [181]. Tumor devel-
opment can be markedly slowed by a combined therapy 
that prescreens high-expressing PD1 CAR-T cells (Tcm 
subsets) and suppresses PD1 [181, 182]. Additionally, it 
can help determine when to add checkpoint inhibitors. 
Moreover, CAR-T cell therapy with PD-L1 (rather than 
PD1) inhibitors, such as atezolizumab and avelumab, can 
increase M1-like subset production and decrease M2-like 
subsets through IFN-γ signal transduction [183].

Several other targeted medications can increase 
CAR-T cell effectiveness through different mechanisms 
[184, 185] (Table 2). Olaparib, a poly (ADP-ribose) poly-
merase inhibitor (PARPi), can diminish the expression 
of SDF1α generated by CAF to prevent angiogenesis 
and impede MDSC migration [186–188]. Furthermore, 
by activating the cyclic GMP-AMP synthase-stimulator 
of interferon genes (cGAS-STING) pathway, Olaparib 
can promote the penetration of CD8+ CAR-T cells in 
the TME [189]. Additionally, LEN (lenalidomide-bind to 
the protein cereblon) polarizes CAR-T cells toward Th1 
and CD8 early differentiation types, such as Tn (naive 
T cell) or Tcm, markedly decreasing the tumor load and 
extending survival time [190, 191]. It also reduces PD1 
and TIM3 expression to minimize CAR-T cell exhaustion 
and downregulates VEGFC (vascular endothelial growth 
factor) produced by TAMs to promote CAR-T cell pen-
etration [190, 192, 193]. Tcm differentiation can be also 
encouraged by TOPK (T-LAK cell-originated protein 
kinase) and AKT inhibitors [194–196]. Among these, 
AKT inhibitors rely on FOXO1 expression to be indepen-
dent of the mTOR/S6 (mammalian target of rapamycin) 
pathway, whereas TOPK inhibitors depend on the inhi-
bition of mTOR signaling [196, 197]. Considering these 
diverse mechanisms, combining targeted therapy exhibits 
a discernible impact on augmenting T cells, representing 
a promising avenue for enhancing CAR-T cell immuno-
therapy (Fig. 6).

Combination with chemotherapy and radiotherapy
A large amount of data shows that lymphocyte deple-
tion can induce cytokine regulation and promote tumor-
specific T-cell responses, demonstrating a potential for 
improving adoptive metastatic cell therapy [198]. Murad 
et al. recently discovered that pretreating CAR-T cells 
with cyclophosphamide (Cy) markedly alters the TME, 
creates pro-inflammatory myeloid and T cell features 
in tumors, and increases the recruitment of APCs and 
endogenous and adoptive metastatic T cells [199]. Low-
dose carboplatin can encourage the early and persistent 
invasion of CAR-T cells while also lessening the tumor 
burden. TME modifications might be crucial for both 
tumor response and CAR-T cell invasion [200]. Immu-
nogenic cell death induced by Ox (oxaliplatin) and Cy 
can activate TAMs to express T cell-recruiting chemo-
kines. CXCR3, CXCR6, and CCR5 (C-C motif chemokine 
receptors) are at least partially responsible for early infil-
tration, whereas CXCR3 is responsible for the height of 
peak infiltration. Furthermore, Ox/Cy can increase tumor 
susceptibility to PD-L1 and enhance CAR-T cell-medi-
ated tumor suppression and longevity [201]. As Ox and 
Cy are not often used together, various delivery sched-
ules must be examined to achieve sufficient lymphocyte 
infiltration, facilitating TME modification and enhancing 
CAR-T cell responsiveness. In conclusion, by expressing 
the chemokine system, chemotherapy can assist T-cell 
penetration into tumors and enhance the ITME (Fig. 6).

Several studies have confirmed the need for RT (radio-
therapy) before immunotherapy. RT induces immune 
cell infiltration and remodeling of the TME, and pre-
treatment improves T cell transport to tumor sites by 
enhancing immunogenicity [202]. A more potent and 
long-lasting immune response and a comprehensive 
anti-tumor response can be achieved by intravenously 
injecting CAR-T cells following local RT as they can 
rapidly multiply and extravasate across the entire tumor 
matrix, whereas a longer-lasting immune response 
may be related to improved immune escape [203, 204]. 
Tumor-related infiltrating molecules, including ICAM-1 
(intracellular adhesion molecule-1), may be upregulated 
in response to increased infiltration [205]. Significantly, 
in the examination of a double-tumor mouse model, not 
only were the tumor cells on the exposed side eliminated, 
but the killing capability of CAR-T on the non-irradiated 
side of the tumor was boosted, confirming the distant 
effect of CAR-T therapy [205]. However, based on signifi-
cant preclinical and clinical data, RT might cause tumor-
infiltrating MDSCs to become activated and proliferate 
while decreasing T-cell infiltration [206, 207]. Subsequent 
research demonstrated that in conjunction with CXCR2 
blockage, it could successfully boost the infiltration of 
CAR-T cells and greatly inhibit MDSC trafficking to the 
tumor [208]. In addition to improving blood circulation 
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Fig. 6 Impact of CAR-T combination treatment on the tumor microenvironment (TME) and CAR-T cells. (a–d) Effects of the combined treatment of tar-
geted drugs and CAR-T on the TME and CAR-T cells. (e) Chemotherapy or radiotherapy coupled with CAR-T enhances CAR-T cell penetration into tumors 
and reshapes the ITME into an immune-activated TME.
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and the therapeutic index of solid tumors, mild hyper-
thermia can decrease the dense tumor structure and 
IFP while attracting CAR-T cells along with endogenous 
immune cells [209]. Physical factor therapy, such as pho-
tothermal therapy or radiotherapy, may enhance the 
intratumor invasive capacity of CAR-T cells through acti-
vation independently of the chemokine system.

We observed the production of reactive bone mar-
row cells during chemotherapy and RT, causing an anti-
immune response [206, 210]. Furthermore, reactive bone 
marrow cells facilitate metastasis [211]. This emphasizes 
the importance of suppressing these bone marrow cells 
and reducing the risk of adverse effects. Controlling the 
dosage of RT and chemotherapy to reduce the toxicity 
of adoptive cell transfer treatment and the build-up of 
myelosuppressive cells is critical [200, 208, 212].

Blood components for leukapheresis
In addition to the TME, recent findings indicate that 
favorable CAR-T expansion is associated with naive T 
cells, such as CXCR3+ monocytes discovered during 
apheresis before therapy. A longitudinal study of post-
treatment samples revealed that the CXCR3+ mono-
cyte population was decreased, with a loss of CAR-T 
persistence and reduced abundance, while the number 
of CXCR3– classical monocytes increased [153]. Addi-
tionally, as indicators of poor CAR-T therapy outcomes, 
higher levels of circulating Tregs and MDSCs frequently 
result in non-response [154, 155]. Indeed, the myeloid 
environment prior to CAR-T delivery can effectively 
predict and regulate the patient’s CAR-T cell prolifera-
tion and response. A favorable immune state with high 
IL-12 and TRAIL before infusion is conducive to CAR-T 
responses [155]. Moreover, CAR-T gene expression pro-
files indicate that genes involved in cell activation, signal 
transduction, inflammation, and cytokine/chemokine 
release are downregulated at this time [121]. Systemic 
immune dysregulation negatively impacts CAR-T cells 
[156, 157]. Patients with high tumor burden have higher 
levels of immune dysregulation, with increased serum 
inflammatory markers and tumor IFN signaling [158]. 
Expression of IFN signaling is associated with a lack of 
durable responses, which may be due to insufficient 
expansion of CAR-T cells [158]. Immune dysregulation is 
also critical to relapse. During relapse following CAR-T 
treatment, the ratio of monocytes/macrophages increases 
considerably, whereas the ratio of T cells decreases [157]. 
Macrophages can also produce high levels of IL-6, fur-
ther exacerbating immune disorders and even causing 
cytokine release syndrome (CRS) [159]. Thus, patients 
with tumors have a poor response to CAR-T cells due 
to their systemic immune dysregulation. CAR-T efficacy 
is particularly affected by a patient’s blood composition 
pre- and post-CAR-T infusion. Hence, efforts must be 

made to improve these variables to improve CAR-T cell 
therapy outcomes.

Conclusions and outlooks
Prediction and monitoring
The functionality of T-cells and the immune status can be 
assessed through the visualization of CAR-T cells, thera-
peutic monitoring, and endogenous cell imaging. These 
methods help determine whether CAR-T cells penetrate 
the tumor site and provide insights into their limited sur-
vival, proliferation, and duration within the TME.

First, assessing the cytotoxicity of targeted CAR-T cells 
in normal tissues could be helpful based on the expres-
sion of adenovirus target antigens in normal mouse tis-
sues, particularly in different CAR-T cell designs with 
TME regulation [213]. Recently, Harari-Steinfeld et al. 
studied a new type of artificial acellular target particles 
(aaTPs) based on biomaterials. The simple, cheap, modu-
lar, and precisely controllable synthesis of aaTPs makes it 
possible to develop standardized CAR-T cell detection in 
vitro, offering key advantages over traditional detection 
methods using target cell lines [214]. High-throughput 
screening systems and three-dimensional suspension 
plates can screen in vitro tumor models effectively killed 
by specific CAR from the reconstructed TME and ana-
lyze the cytotoxic effect of CAR-T on solid tumors com-
bined with high-throughput image cytometry [215–217]. 
In addition to producing dynamic results that vary with 
time and dose, this study will aid the progression of an 
in vitro model for CAR-T therapy. However, the diverse 
secretion spectrum of different cytokines during CAR-T 
therapy can be shown using a digital nano-plasma micro-
array immunosensor and can be used to analyze the CRS 
during this procedure [218] to offer guidelines for the 
potential clinical development of safer, more efficient 
immunotherapy, as well as to design a range of CAR 
architectures. Given that inhibitory immune checkpoint 
expression does not always correspond to a weakened 
anti-tumor immune response, single-cell sequencing 
(SCS) is an invaluable tool to discover novel inhibitory 
immune checkpoints and determine the timing of CPB 
application for individual patients, which can support 
individualized treatment [219–221].

Second, the SCS is critical in the surveillance of CAR-T 
cells. Dynamic identification of cellular states in vivo is 
reportedly enhanced by single-cell RNA sequencing 
(scRNA-seq) for repeated longitudinal analyses of cells 
[133]. Additionally, the CAR-T cell homing function can 
be easily checked as fluorescent or radioactive labeling of 
CAR-T cells can immediately identify the T cell location 
when cytotoxicity occurs [222]. Similar to its functional 
value, intravital microscopy imaging has demonstrated 
CAR-T cell homing along with T cell-mediated death in 
real-time within the tumor matrix [203]. The accurate 
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homing capacity of CAR-T cells can optimize their 
therapeutic effects, providing a wide range of opportu-
nities for precise navigation and cancer immunotherapy 
[223–225]. With these newly developed monitoring 
techniques, it is no longer insurmountable to grasp the 
changes in CAR-T cells and the TME in a timely and 
accurate manner during the CAR-T treatment of tumors.

Conclusion and perspectives
The TME is considered the key factor affecting the effi-
cacy of CAR-T cells; therefore, reshaping the ITME into 
a widely immune-activated microenvironment is of great 
significance for its subsequent development. Enhanc-
ing the structure of CAR-T or combining it with other 
immunotherapies fosters the interaction with the TME 
to improve the anti-tumor effect. On the one hand, it 
can stimulate host immune cells and trigger the immune 
response of non-T cell bystanders; on the other hand, 
it can more precisely infiltrate tumors. Nonetheless, 
dynamic monitoring of the TME and CAR-T cell state 
can help evaluate the safety and effectiveness of armed 
CAR-T cells and identify the ideal moment to combine 
them with other immunotherapies. Multi-antigen tar-
geting can reduce recurrence caused by antigen loss, 
whereas a single target with high expression in tumor 
tissue or low expression in healthy cells can increase the 
specificity of CAR-T cells. Since targeting numerous anti-
gens typically results in reduced specificity, there may 
be contradictions between the two schemes. As a result, 
more cancer patients will benefit from accurate medical 
treatment if the choice of the target antigen is balanced 
according to each patient’s unique circumstances.
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