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Abstract

Chimeric antigen receptor (CAR) T cell therapy, which targets tumors with high specificity through the recognition
of particular antigens, has emerged as one of the most rapidly advancing modalities in immunotherapy,
demonstrating substantial success against hematological malignancies. However, previous generations of CAR-T
cell therapy encountered numerous challenges in treating solid tumors, such as the lack of suitable targets, high
immunosuppression, suboptimal persistence, and insufficient infiltration owing to the complexities of the tumor
microenvironment, all of which limited their efficacy. In this review, we focus on the current therapeutic targets of
fourth-generation CAR-T cells, also known as armored CAR-T cells, and explore the mechanisms by which these
engineered cells navigate the tumor microenvironment by targeting its various components. Enhancing CAR-T cells
with these therapeutic targets holds promise for improving their effectiveness against solid tumors, thus achieving
substantial clinical value and advancing the field of CAR-T cell therapy. Additionally, we discuss potential strategies
to overcome existing challenges and highlight novel targets that could further enhance the efficacy of CAR-T cell
therapy in treating solid tumors.
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Background
Chimeric antigen receptor (CAR) T cell therapy involves
the genetic modification of T cells to recognize and bind
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Hematological tumor cells, which are dispersed in the
bloodstream, are more readily accessible to CAR-T cells.
In contrast, solid tumors are typically encased within
a collagen-rich stroma, creating a formidable physical
barrier that impedes CAR-T cell infiltration [4]. In addi-
tion, the immunosuppressive tumor microenvironment
(TME) of solid tumors presents additional challenges by
limiting the efficacy of CAR-T cells [5]. Inmunosuppres-
sion is one of the main features of the TME, promoting
the development and growth of tumor cells and hinder-
ing the efficacy of CAR-T cells against solid tumors [6].
Various strategies aimed at improving CAR-T cell effi-
cacy in solid tumors by targeting the TME have been pro-
posed, including the combination of CAR-T cell therapy
with chemoradiotherapy and TME-targeting drugs [7].
In addition, the development of armored CAR-T cells,
engineered to overcome the TME’s barriers, represents a
promising approach to improving therapeutic outcomes
[8]. In this review, we summarize the current limitations
of conventional CAR-T cells related to the TME and the
advantages of armored CAR-T cells that directly target
the TME. We also discuss the different types and mech-
anisms of armored CAR-T cells and identify effective
therapeutic targets within the TME that could enhance
the efficacy of CAR-T cell therapy against solid tumors.
Furthermore, we discuss other potential strategies to
enhance the capacity of CAR-T cells against the TME
in solid tumors and highlight future perspectives in this
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evolving field. This review systematically summarizes the
therapeutic targets of armored CAR-T cells navigating
the TME and outlines specific strategies leveraging these
targets to enhance the efficacy of CAR-T cell therapy in
solid tumors.

Challenges associated with conventional car-T cell
therapy for solid tumors

CARs are typically composed of several key struc-
tural components: an antigen-binding domain, a hinge
domain, a transmembrane domain, one or more costim-
ulatory domains, and a signal transduction domain
(Fig. 1A) [8]. The extracellular antigen-sensing domain
of CARs usually consists of single-chain variable frag-
ments (scFvs), derived from the variable regions of the
heavy (VH) and light (VL) chains of monoclonal anti-
bodies [9]. Recently, single-domain antibodies composed
solely of the heavy chain variable region (VHH), also
known as nanobodies, have been increasingly utilized
as alternatives to traditional CAR targeting domains.
These nanobodies offer significant advantages, includ-
ing reduced immunogenicity, enhanced stability and
specificity, heightened affinity, and a streamlined devel-
opment process [10]. The hinge and transmembrane
regions are typically composed of CD8 or IgG4 proteins,
linking the intracellular and extracellular domains of the
CAR. The costimulatory domains, primarily made up of
CD28 and 4-1BB, activate CAR-T cells, enhancing their
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Fig. 1 Evolutionary structure of CARs. (A) Primary structure of CARs. (B) Evolution of the general structure across five generations of CARs. First genera-
tion CARs contain only an antigen-recognition domain and a CD3(T cell signaling domain. Second generation CARs contain an additional costimulatory
domain upstream of the CD3C domain. Third generation CARs have a second additional costimulatory domain. Fourth generation CARs (armored CARs)
contain an additional secreted cytokine product that is either constitutively or inducible expressed. Fifth generation CARs incorporate an additional cyto-
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proliferation, cytokine secretion, and antitumor activity
in vivo [11]. The signal transduction domain generally
includes the CD3({ domain, which transmits extracellu-
lar signals that activate T cells, thereby inducing tumor
cytolysis and cytokine release [12].

To date, five generations of CARs have been devel-
oped, each with updated structures that contribute to
enhanced functionality (Fig. 1B) [13]. Despite updates to
their structural design, the treatment of solid tumors by
CAR-T cells presents several challenges owing to limita-
tions in their mechanisms of action [14]. In the follow-
ing sections, we discuss the major obstacles faced in this
therapeutic approach.

Lack of suitable targets

Target selection is a crucial determinant of CAR-T cell
therapy success [15]. The lack of effective targets in solid
tumors represents a significant challenge to the efficacy
of this therapeutic approach [16]. Unlike hematologi-
cal malignancies, where antigen expression is typically
more specific in solid tumors—not only between dif-
ferent tumor types but also within individual cells of
the same tumor—thereby complicating the process of
target selection [17]. Ideally, candidate target antigens,
known as tumor-specific antigens, should be exclusively
expressed in malignant cells and absent in nonmalig-
nant or healthy tissues. However, many antigens selected
for conventional CAR-T cell therapy are tumor-asso-
ciated antigens that are also expressed, to some extent,
in nonmalignant cells. This overlap can lead to serious
adverse events, such as on-target/off-tumor toxicity
(OTOT), where CAR-T cells inadvertently attack nor-
mal tissues [18]. For example, a Phase I trial that used
anti-carcinoembryonic antigens (CEA) CAM5 CAR-T
cells in patients with advanced CEA CAMb5-positive
solid tumors resulted in severe OTOT, causing clinically
severe adverse events such as respiratory distress [19].
In recent years, neoantigens have emerged as promising
tumor-specific targets for oncology treatments, includ-
ing CAR-T cell therapy. Neoantigen vaccines have shown
success in treating patients with melanoma by expanding
neoantigen-reactive T cells that can potentiate stronger
antitumor responses [20]. However, this neoantigen-
based approach remains challenging in tumors with a low
mutation burden, as only a small fraction of mutations
produce neoantigens with sufficient reactivity to be effec-
tive for tumor therapy [21].

Suboptimal persistence

Due to the presence of T cell exhaustion and peripheral
tolerance, CAR-T cells exhibit suboptimal persistence in
vivo [22]. Peripheral tolerance refers to a state where T
cells recognize antigens but fail to mount a responsive
attack against cancer cells [23]. Elevated cytokine levels
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may be associated with immune tolerance. The TME of
different tumors may be characterized by varying cyto-
kine profiles, affecting the development of immune tol-
erance [24]. Various cytokines, including interleukin 6
(IL-6), IL-1, and interferon-y (IFN-y), are involved in this
process and contribute to the suboptimal persistence
of CAR-T cells together [25]. Compared to unmodified
natural T cells, CAR-T cells experience more continuous
antigenic stimulation. Due to chronic antigen exposure,
CAR-T cells may develop dysfunctional characteristics
similar to those of endogenous exhausted T cells, which
are characterized by reduced expression of effector mol-
ecules and elevated expression of inhibitory immune
checkpoint molecules such as programmed cell death
protein 1 (PD-1), lymphocyte-activation gene 3 (LAG-3),
and T cell immunoglobulin domain and mucin domain 3
(TIM3) [26].Additionally, CAR-T cells encounter meta-
bolic challenges in solid tumors. Metabolically active
cancer cells deplete essential nutrients like glucose,
amino acids, and fatty acids from the TME, limiting their
availability to CAR-T cells [27]. Furthermore, the accu-
mulation of metabolic byproducts such as adenosine
and reactive oxygen species (ROS), produced by tumors,
contributes directly to immune suppression, impairing
CAR-T cell function. Excessive lactate production within
the TME also hinders CAR-T cell-mediated antitumor
responses, leading to premature exhaustion and reducing
their persistence in solid tumors [28].

Immunosuppressive TME

The physical barriers and immunosuppressive effects
within the TME are major mechanisms by which solid
tumors evade CAR-T cell-mediated killing [18]. Research
indicates that stromal cells, such as cancer-associated
fibroblasts (CAFs), are activated by transforming growth
factor beta (TGF-B), which stimulates the production of
extracellular matrix (ECM) proteins, thereby impeding
CAR-T cell motility [29]. TGF-f can also directly affect
CAR-T cells by suppressing the expression of chemo-
kine receptors like C-X-C chemokine receptor type 3
(CXCR3), limiting their ability to infiltrate solid tumors
[30]. Additionally, abnormal vascular structures within
solid tumors often reduce levels of adhesion molecules
essential for CAR-T cell entry, such as VCAM1 and
ICAM1, further hindering CAR-T cell infiltration [16].
Moreover, solid tumors commonly express high levels
of immune checkpoint molecules, including PD-L1 and
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-
4), which bind to receptors on CAR-T cells to inhibit
their activation and cytotoxic functions [31]. Tumors
also release immunosuppressive cytokines such as IL-10
and TGEF-p, further suppressing CAR-T cell activity
[27]. Tumor-associated macrophages (TAMs), regula-
tory T cells (Tregs), and myeloid-derived suppressor
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cells (MDSCs) in the TME secrete suppressive factors or
interact directly with CAR-T cells, impairing their effi-
cacy [32]. TAMs, the most abundant immune-infiltrating
cells within the TME, suppress T cell-mediated antitu-
mor immunity by secreting cytokines and amino acid-
depleting enzymes such as arginase 1 and indoleamine
2,3-dioxygenase (IDO), as well as promoting the recruit-
ment of Tregs [33]. Tregs specifically hinder cytotoxic T
cell function by releasing immunosuppressive cytokines,
competitively consuming IL-2, suppressing antigen-pre-
senting cells (APCs) through CTLA-4-mediated inhibi-
tion, and blocking T cell activation [34]. MDSCs, known
for their potent immunosuppressive capabilities, directly
target effector T cells, significantly reducing CAR-T cell
efficacy [35]. Consequently, even if CAR-T cells success-
fully infiltrate tumor tissues, their effector functions are
often significantly diminished, severely compromising
their ability to kill tumor cells.

Moreover, solid tumors typically exhibit high meta-
bolic activity, consuming substantial amounts of glucose,
oxygen, and other nutrients, which creates a nutrient-
deprived local microenvironment. This resource com-
petition impacts CAR-T cell proliferation and function
[36]. Elevated lactate levels, produced by hypermetabolic
tumor cells, are associated with NFAT-mediated damp-
ening of T cell signaling, expansion of Tregs, and polar-
ization of macrophages toward an immunosuppressive
M2 phenotype [37]. Abnormal vasculature induces tis-
sue hypoxia, which not only recruits immunosuppressive
cells by secreting various chemokines but also upregu-
lates the expression of CTLA-4 and LAG-3 proteins on
Tregs and PD-L1 on MDSCs, TAMs, and tumor cells,
further impacting CAR-T cell infiltration and effector
function [38].

Immune evasion

Immune escape refers to the phenomenon where tumor
cells proliferate by evading the monitoring, recogni-
tion, and attack of the body’s immune system by alter-
ing their own surface antigens and recruiting suppressive
immune cells and molecules, which presents significant
challenges to the effectiveness of immune cell therapies,
including CAR-T cell therapy [39].The genetic and phe-
notypic heterogeneity of antigens is common among
different solid tumors and even within individual cells
of the same tumor. Low or absent antigen expression
can prevent CAR-T cells from achieving the activation
threshold necessary for effective recognition, leading
to immune escape and reduced targeting efficiency and
cytotoxicity in solid tumors [40]. Furthermore, the selec-
tive pressure exerted by CAR-T cells can prompt tumors
to adopt evasion mechanisms such as reducing anti-
gen expression or complete antigen loss. This results in
antigen levels falling below the threshold required for
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CAR-T cell activation, ultimately leading to tumor pro-
gression through immune escape. Additionally, during
CAR-T cell therapy, increased secretion of IFN-y can
induce the upregulation of immunosuppressive mol-
ecules like PD-L1 on the tumor surface as a response to
host immune pressure. PD-L1 binds to PD-1 receptors
on T cells, transmitting inhibitory signals that inactivate
T cells and promote tumor progression [41]. The binding
of PD-1 to PD-L1 inhibits phosphorylation events in T
cells, disrupting T cell receptor signaling and diminishing
T cell activity. This inhibition can lead to cell cycle arrest
and even trigger apoptosis in T cells, depriving them of
their ability to kill tumor cells and facilitating immune
escape. Additionally, activation of the PD-1/PD-L1 path-
way not only impairs tumor immunity but also inhibits T
cell migration and infiltration into the tumor site, further
reducing the efficacy of CAR-T cells by limiting the pres-
ence of effective T cells within the TME.

Major cells in solid tumors and their role in TME
regulation

The TME in solid tumors includes various cells such as
immune, vascular, and stromal cells, which play different
roles in TME regulation (Fig. 2) [6].

Immune cells

Solid tumors host a substantial number of adaptive
immune cells, such as T cells and B cells, and they play
both dual roles of inhibiting tumor progression and pro-
moting tumor growth in TME. For example, B cells exert
antitumor effects through mechanisms like antibody-
dependent cell-mediated cytotoxicity (ADCC) and com-
plement activation. However, they may also foster tumor
growth by secreting anti-inflammatory and pro-angio-
genic mediators that induce immunosuppression [42]. T
cells are broadly categorized into two main subpopula-
tions: CD4* and CD8* T cells. CD8*T cells are key effec-
tor cells in the antitumor immune response, capable of
promoting tumor growth by binding to T cell receptors
on the surface of the tumor cells, by apoptosis mediated
through granzymes and perforin, or by FASL-FAS-medi-
ated cell death that disrupts target cell-specific recogni-
tion and kills cancer cells. CD4"helper T cells support
CDS8'T cells in mounting an immune response. Th1 and
Th2 are the most common CD4'T cell subtypes; they
secrete different cytokines upon activation, thus playing
contrasting roles in solid tumors. Th1 subtype of CD4*T
cells directly destroy tumor cells by secreting IFN-y and
TNE, whereas Th2 subtype secretes anti-inflammatory
mediators such as IL4, which suppress immunity and
support tumor growth. Tregs are another highly immu-
nosuppressive subpopulation of CD4"T cells, which can
dampen T cell-mediated antitumor immune responses
by releasing inhibitory cytokines (e.g., IL-10 and TGEF-f)
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Fig. 2 Cellular components and their roles in the regulation of the TME

and by competing with effector T cells for IL-2, thus
depleting this critical growth factor [34].

Myeloid immune cells in solid tumors also play an
important role in regulating the TME. TAMs are immune
cells that can either promote or inhibit tumor growth and
are classified as either M1-like or M2-like [43]. M1-like
macrophages release pro-inflammatory factors such as
ROS, nitric oxide, and IL-6, effectively presenting anti-
gens and activating a strong immune response against
the tumor [44]. Conversely, M2-like macrophages are
activated by IL-4 and IL-10 and release anti-inflamma-
tory cytokines that dampen the immune response while
promoting angiogenesis and tissue repair. Typically,
M2-like macrophages support tumor growth, whereas
M1-like macrophages can inhibit it [45]. Dendritic cells
(DCs), originating from bone marrow hematopoietic
stem cells, are divided into classical myeloid cells (cDCs)
and plasmacytoid dendritic cells (pDCs). Both subtypes
exhibit strong antigen-presenting capacities and express
cytokines required for activating CD4" or CD8*T cell
functions [46]. However, in the TME, the expression of
DC surface costimulatory molecules is often inhibited
or downregulated, which impairs their ability to uptake,
process, and present antigens, thus contributing to the
expression of Major histocompatibility complex I (MHC
I)/MHC 1I class I molecules, leading to DC-associated
tumor immune escape [47]. Neutrophils, the most abun-
dant immune cells in the blood, exhibit dual roles in
tumor dynamics based on their polarization status. They
can either inhibit tumor growth by killing tumor cells
through the release of nitric oxide synthase, or ROS, or
promote tumor growth by facilitating angiogenesis and

the dissemination of tumor cells within the TME [48].
Natural killer cells (NKs) are innate lymphoid-like cells
with notable cytotoxic capabilities, particularly effec-
tive in recognizing and eliminating stressed cells lacking
MHC I-like expression [49], thereby exerting a potent
anticancer function. Monocytes, circulating in the blood
and capable of differentiating into macrophages and DCs
within tissues, exhibit both pro- and antitumor activities.
They secrete anticancer mediators and stimulate func-
tional activation of NKs, but within the TME, they may
support pro-tumorigenic immune functions by remod-
eling the extracellular matrix and inducing angiogenesis
[50]. MDSCs consist of immature mononuclear MDSCs
and polymorphonuclear MDSCs, both highly immuno-
suppressive and capable of inhibiting the effector func-
tions of T cells, NKs, and DCs, thereby allowing tumors
to evade immune surveillance [51].

Vascular cells

The structure of the tumor vasculature is disturbed. The
extreme imbalance between pro- and anti-angiogenic
factors results in the rapid generation and abnormal
proliferation of vessels in the TME, which are typically
distorted, unevenly distributed, and dysfunctional [52].
Tumor vasculature endothelial cells (ECs) are essential
molecules in the abnormal vasculature of tumors that
promote tumor progression and exhibit a high degree of
heterogeneity and plasticity [53]. In addition, the perme-
ability of the abnormal tumor vasculature is increased
by the shedding of pericytes surrounding vasculature
ECs, resulting in protein leakage into the vasculature and
increased interstitial fluid pressure in the TME [54]. The
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increased interstitial fluid pressure compresses the vas-
culature and exacerbates hypoxia, which in turn induces
tumor angiogenesis, creating a vicious cycle [55].

Extracellular matrix and stromal cells

ECM is primarily composed of collagen and laminin, pro-
viding essential support for cell communication, prolif-
eration, and adhesion [56]. As a noncellular component,
the ECM offers structural support and biochemical fac-
tors that are favorable to cancer cell survival and growth
[57]. Within the TME, the ECM significantly impacts
T cell infiltration. While providing structural support
to tumor cells, the ECM also inhibits T cell penetration
and effectiveness through physical barriers and signaling
mechanisms [58]. The density and complex composition
of the ECM can obstruct the migration of CAR-T cells,
hindering their ability to reach and infiltrate the tumor
core, thus limiting their antitumor activity. The ECM
in the TME not only facilitates the growth, invasion,
and metastasis of tumor cells but also promotes tumor
angiogenesis and impedes drug diffusion [59]. Addition-
ally, in the TME, the ECM interferes with tumor antigen
presentation, influencing the effectiveness of effector
T cells in attacking cancer cells [60]. CAFs play crucial
roles in the tumor stroma. These cells are highly active
and secrete various cytokines that promote the forma-
tion of new blood vessels within the tumor, facilitating
the transformation of tumor cells and disrupting the
cellular balance in the tissue [61]. Despite sharing some
characteristics with normal fibroblasts, CAFs are more
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dynamic and grow faster than them [62]. Furthermore,
CAFs produce high levels of cytokines, matrix proteins,
and immune-regulating factors that not only promote
tumor growth but also help tumor cells evade immune
responses, thereby enhancing metastasis and contribut-
ing to treatment resistance [63]. Given the critical roles of
the ECM and stromal cells in maintaining the TME, their
regulation is essential for improving the efficacy of tumor
immunotherapy [64].

Armored car-T cells may overcome the TME barrier
Types and mechanisms of armored CAR-T cells

Armored CAR-T cells can be divided into three types:
T cells redirected to universal cytokine killing (TRUCK)
CAR-T cells, cytokine-modulating CAR-T cells, and anti-
body-secreting CAR-T cells (Fig. 3A) [65].

TRUCK CAR-T cells

TRUCK CAR-T cells can help target solid tumors by
releasing cytokines such as IL-12 and IL-18 [66]. Engi-
neered to regulate the cytokine environment in the TME,
they can enhance the antitumor effects of CAR-T cells
and resident immune cells (Fig. 3B).

For instance, Tamada et al. enhanced the antitumor
potential of CAR-T cells by introducing IL-7 and C-C
chemokine ligand 19 (CCL19) genes to produce 7x19
CAR-T cells. These cells not only helped DCs and T cells
to infiltrate tumor tissues but also achieved complete
tumor elimination in various solid tumor models, includ-
ing lung and pancreatic cancers [67]. More recently, Tang
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et al. engineered metabolically enhanced CAR-T cells
that autocrine IL-10. These cells promote their own pro-
liferation and effector functions in vivo via IL-10 expres-
sion and enhance oxidative phosphorylation metabolism
in the TME. In diverse tumor models, including mela-
noma, breast cancer lung metastasis, subcutaneous colon
cancer, and an in situ model of human pancreatic cancer
in NSG mice, these CAR-T cells successfully achieved
complete tumor regression and were able to resist sec-
ondary tumor cell injection, providing durable immune
protection to the organism [8].

Cytokine-modulating CAR-T cells

Autocrine cytokines enhance the antitumor function of
armored CAR-T cells [8], and manipulating the response
of CAR-T cells to cytokines is another potential strat-
egy to improve the efficacy of CAR-T cells against solid
tumors (Fig. 3B). Based on this, cytokine-regulated
CAR-T cells have been generated [68]. Carl June and his
team demonstrated that the antitumor activity of T cells
can be enhanced by a modified IL-2 cytokine receptor
platform through specific stimulation of 0o9R signaling
in CAR-T cells. This modification maintained superior
tumor suppressor activity in pancreatic cancer mod-
els, even in the absence of the rigors of chemo-/radio-
therapy [69]. Additionally, the use of armored CAR-T
cells reduces immunosuppression in the TME by down-
regulating the activity of inhibitory cytokines [70]. This
modification allows cytokines to bind to receptors and
be “sequestered” before activating downstream signal-
ing pathways. As a result, CAR-T cell proliferation in the
TME is increased, and exhaustion is prevented [71]. In
addition, excessive cytokine production can trigger a sys-
temic inflammatory response, leading to adverse events
such as cytokine release syndrome. Cytokine-modulated
CAR-T cells can enhance the efficacy of CAR-T cells
while inhibiting negative cytokines, thus improving
the safety of CAR-T cells [72]. Stephen et al.. enhanced
CAR-T cells by incorporating modular chimeric cytokine
receptors for IL-10 and IL-12. This innovation enables
CAR-T cells to thrive in cytokine-deficient environments
and improve their efficacy in treating solid tumors, such
as brain tumors. This design effectively minimizes cyto-
kine-associated toxicity and provides essential signals
that allow CAR-T cells to function effectively in the sup-
pressive TME [68].

Antibody-secreting CAR-T cells

Antibody-secreting CAR-T cells leverage the tumor-
targeting capabilities of CAR-T cells to deliver secreted
antibodies directly to the tumor site. These antibodies
synergize with CAR-T cells to enhance antitumor effects
while minimizing associated toxicities (Fig. 3B) [73]. The
research team led by Renier J. Brentjens engineered T

Page 7 of 20

cells to express a CAR that recognizes tumor antigens and
concurrently express the scFv segment of a PD-1 anti-
body. This design blocks the interaction between immune
cells PD-1 and tumor cells PD-L1, effectively deactivat-
ing PD-1-mediated immunosuppression [74]. Unlike
the systemic distribution seen with PD-1 monotherapy,
these antibody-secreting CAR-T cells deliver a precise
attack on tumors by secreting “PD-1 scFv” directly at
the tumor site. This targeted approach avoids toxic side
effects at non-tumor sites and has demonstrated promis-
ing antitumor effects in various cancers, including ovar-
ian cancer and lymphoma. However, bispecific antibodies
face limitations in clinical applications due to their short
half-lives and lack of specific targeting. Addressing these
challenges, Huang et al.. designed a CAR-T cell target-
ing CEA that secretes PD-1-TREM2 bispecific antibodies
within colorectal tumor tissue. This approach leverages
the localized presence of CAR-T cells at the tumor site
to extend the in vivo half-life of the bispecific antibod-
ies [33]. The PD-1-TREM2 scFv not only inhibits the
PD-1/PD-L1 signaling axis but also blocks the binding of
ligands to the TREM2 receptor on MDSCs and TAMs,
thereby reducing the ratio of MDSCs to TAMs, signifi-
cantly enhances the effector function of CAR-T cells, and
improves therapeutic efficacy in colorectal cancer.

Advantages of armored CAR-T cells targeting the TME
Boosting CAR-T cell infiltration
Studies have shown that collagen fibers within the ECM
surrounding tumors can restrict T cell entry into the
TME [31]. Therefore, degrading the ECM to facilitate
T cell infiltration may represent a promising strategy to
enhance the efficacy of CAR-T cell therapy. For instance,
Coruana et al.. engineered CAR-T cells to express Hepa-
ranase (HPSE), an enzyme capable of degrading heparan
sulfate proteoglycans, thereby enhancing their ability
to degrade the ECM and significantly improving their
infiltration and antitumor activity in stroma-rich solid
tumors [29]. Additionally, leveraging the matrix metal-
loproteinase (MMP)-secretion capability of macrophages
represents another strategy. Since MMPs regulate the
synthesis and degradation of ECM components, enhanc-
ing their activity can remodel the ECM and promote T
cell infiltration into tumors. This approach has shown
promising antitumor effects in breast cancer models [75].
Chemokines are key molecular factors determining
the extent of cytotoxic T cell infiltration in solid tumors.
In many solid tumors, the chemokine expression pro-
file tends to favor immunosuppressive cell types [76]. By
designing armored CAR-T cells that express chemokine
receptors, which recruit immunocompetent cells and
target the upregulated chemokines in the TME, it may
be possible to overcome the abnormal chemokine land-
scape of the TME, thereby enhancing T cell infiltration
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and improving the efficacy of CAR-T cell therapy against
solid tumors [77]. For example, L. Cadilha et al.. devel-
oped C-C chemokine receptor 8 (CCR8)-DNR-CAR-
T cells by combining CCR8 with a dominant-negative
TGE-P receptor (DNR), enhancing tumor targeting and
extending CAR-T cell persistence. They found that
CCL1, secreted by activated T cells, provides positive
feedback for the recruitment of CCR8 T cells to the
tumor tissue, thereby increasing CAR-T cell infiltration
and synergizing with DNR to mitigate tumor-derived
immunosuppressive signals. In a mouse model of pan-
creatic solid tumors, CCR8-DNR-CAR-T cells target-
ing murine EpCAM achieved a tumor rejection rate in
three out of seven mice [78]. Additionally, CAR-T cells
can be genetically engineered to express chemotactic
factors that enhance tumor infiltration. Adachi et al.
designed CAR-T cells producing IL-7 and CCL19, sig-
nificantly boosting their antitumor potential while pro-
moting the infiltration of DCs and T cells into tumor
tissues. This approach achieved complete regression of
pre-established P815-hCD20 tumors and extended the
survival in mice [67]. Subsequently, Zhang et al.. reported
results from a Phase I clinical trial utilizing these IL-7
and CCL19 co-expressing (7x19) CAR-T cells, demon-
strating robust antitumor effects in Glypican-3 (GPC3)-
positive hepatocellular carcinoma and MSLN-positive
pancreatic cancer [79].

Resisting immunosuppression in the TME

The TME in solid tumors suppresses the activation and
proliferation of CAR-T cells through its immunosuppres-
sive cells (such as Tregs, MDSCs, and TAMs), cytokines,
and immune checkpoint molecules like CTLA-4 and
PD-1, thereby impairing the antitumor efficacy of CAR-T
cells [80]. Unlike traditional CAR-T cells, armored
CAR-T cells equipped with specific receptors can target
inhibitory components within the TME, thereby remod-
eling the TME and enhancing the effectiveness of CAR-T
cell therapy in solid tumors [81]. The research team led
by Carl H. June previously demonstrated that overex-
pressing a dominant-negative mutant of the TGFBR II
gene in PSMA-targeting CAR-T cells significantly inhib-
ited TGE-P signaling within the tumor, thereby greatly
enhancing the antitumor efficacy of CAR-T cells [70].
Recently, they published results from a Phase I clini-
cal trial showing that PSMA-targeting CAR-T cells co-
expressing TGFPRDN were safe and effective in treating
metastatic castration-resistant prostate cancer and sig-
nificantly promoted CAR-T cell proliferation in vivo [82].
Additionally, the research team led by Professor Dayenne
G. van Leeuwen demonstrated in multiple in vivo mod-
els that CAR-T cells expressing PD-1 scFv continuously
released PD-1 scFv within the TME, effectively block-
ing the PD-1/PD-L1 inhibitory axis. This approach not
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only significantly prolonged the survival of mice but
also showed better efficacy than that achieved by com-
bined CAR-T cells with PD-1 antibodies while reducing
drug-related toxicities [74]. Moreover, CAR-T cells can
be engineered to secrete pro-inflammatory cytokines,
thereby remodeling the TME and supporting their own
antitumor functions. For example, CAR-T cells that
secrete IL-12 or IL-18 can recruit inflammatory M1-like
macrophages to the TME, enhance IFN-y secretion,
inhibit Treg proliferation, and prevent immune suppres-
sion within the TME [83, 84].

Improved persistence

Under normal immune conditions, cytokines play a
crucial role in regulating inflammation [85]. Armored
CAR-T cells engineered to target cytokines within the
TME can effectively counteract the immunosuppressive
effects on immune cells. Through autocrine and para-
crine mechanisms, cytokine-expressing armored CAR-T
cells can transform “cold” tumors into “hot” tumors,
enhancing their responsiveness to immune attack [86].
Moreover, armored CAR-T cells expressing cytokines
can improve the persistence and efficacy of cell therapy
against solid tumors.

A positive correlation has been observed between cyto-
kine concentrations and the activity level of cytokine-
expressing armored CAR-T cells, potentially improving
treatment accuracy and effectiveness [87]. Cytokines
secreted by CAR-T cells could promote the formation of
memory T cells, which can activate host T cell responses
while supporting the persistence of CAR-T cells [88].
By transfecting mRNA encoding IL-12 and IL-18 into
T cells, Melero et al. developed a CAR-T cell capable of
autocrine these two cytokines with enhanced antitumor
ability, which significantly inhibited the proliferation of
tumor cells in melanoma and demonstrated good anti-
tumor activity and durability [86]. Furthermore, CAR-T
cells armored with specific mechanisms for navigating
the TME can precisely target antigens, reducing the like-
lihood of off-target effects, thereby limiting toxicity and
enhancing CAR-T cell persistence [18]. Recently, Yang et
al. achieved significant advances by expressing SMAD?7,
a negative regulator of the TGF-$/SMAD signaling path-
way, in CAR-T cells. In a HER2"HeLa cell solid tumor
model, this modification not only effectively reduced the
inhibitory effects of TGF-$ on CAR-T cells, enabling sus-
tained antitumor activity, but also significantly decreased
the production of inflammatory cytokines, thereby
improving the safety profile of CAR-T cells in vivo [89].

Overcoming antigenic heterogeneity

Unlike the typically singular and highly specific tar-
gets found in hematological malignancies, solid tumors
exhibit significant antigen heterogeneity. This diversity
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presents a substantial challenge for CAR-T cell therapy,
as it complicates the complete eradication of all tumor
cells, allowing some tumor cells to evade immune attack.
This increases the risk of treatment failure and relapse
[17, 90]. To address these challenges, researchers have
developed armored CAR-T cells. These cells are designed
to enhance antigen recognition and incorporate multi-
target strategies to overcome the limitations posed by
antigen heterogeneity and improve therapeutic efficacy.

Antigen-specific recognition is pertinent for effective
CAR-T cell therapy. In solid tumors, the most commonly
targeted tumor-associated antigens (TAAs) include CEA,
HER2, GPC3, and EpCAM, whereas tumor-specific anti-
gens (TSAs) are relatively rare, which significantly limits
the application of CAR-T cell therapy in solid tumors. In
response, researchers are not only continuing to develop
CAR-T therapies targeting TSAs but are also focusing on
modifying CAR-T cells to enhance their ability to recog-
nize tumor antigens.

Unlike traditional CAR-T cells that directly target the
tumor cells, researchers have proposed a new concept:
modular CAR-T cells (mod CAR-T). These CAR-T cells
typically work in conjunction with adaptors, where one
end of the adaptor binds to the CAR-T cell and the other
end recognizes and binds to tumor surface antigens.
This approach not only increases antigen-recognition
specificity, reducing the likelihood of tumor escape, but
also allows for the control of T cell activation states by
manipulating the adaptors, thus achieving a dual effect
[91]. Additionally, synthetic Notch (synNotch) recep-
tors, upon recognizing surface ligands, can trigger the
expression of target genes [92]. For instance, Wendell et
al.. have incorporated the synNotch system into CAR-T
cells, enabling the T cells to regulate the expression of
relevant TAAs once they migrate to the tumor site. This
adjustment prevents attacks on normal tissues and sig-
nificantly increases the specificity of antigen recognition
by CAR-T cells [93], while also establishing a foothold
in the target tumors. This presence is bolstered by syn-
thetic Notch-induced IL-2 production, initiating CAR-
mediated T cell expansion and cytotoxic activity [93].
Building on this, Jason and colleagues developed “univer-
sal” receptor systems where receptor specificity can be
directed post-translationally via the covalent attachment
of a co-administered antibody bearing a benzylguanine
motif. This expands the targeting capabilities of synNotch
receptors. They demonstrated that SNAP-CAR and
SNAP-synNotch receptors can be successfully activated
by clinically relevant BG-conjugated antibodies, inducing
antitumor activity in vivo in a human tumor xenograft
mouse model [94].

Dual-specific CAR-T cells, which target two anti-
gens, have been effectively utilized in treating hema-
tologic cancers. This approach not only enhances the
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antigen-recognition capabilities of CAR-T cells but also
boosts their therapeutic efficacy and safety while reduc-
ing the risk of tumor escape [95]. Similarly, CAR-T thera-
pies targeting multiple TAAs are emerging as a crucial
strategy in the treatment of solid tumors.

Compared to single-specificity CARs, modifying multi-
target CARs to recognize multiple tumor antigens can
more effectively eliminate established tumors. For exam-
ple, Choi et al.. developed an innovative dual-specific tan-
dem CAR-T (TanCART) cell designed to simultaneously
target both EGFRVIII and IL-13Ra2, two well-known
tumor antigens commonly present on the surface of
GBM cells yet entirely absent from normal brain tissues.
The TanCAR technology enables independent recogni-
tion of each antigen and activation of the T cells. How-
ever, its function is synergistically enhanced when both
antigens are simultaneously recognized together [96].
Similarly, CAR-T cells targeting both CD19 and HER2
have demonstrated enhanced antitumor activity in vivo
compared to single-target CAR-T cells [97]. Addition-
ally, trivalent CAR-T cells targeting HER2, IL13Ra2, and
EphA2 have effectively eliminated tumor cells [98]. More-
over, targeting both GD2 and B7-H3, two NB-associated
antigens, while providing CD28 and 4-1BB co-stimula-
tion, resulted in rapid and sustained antitumor effects
in mice and prevented tumor immune escape due to low
antigen density [99]. However, the combination of mul-
tiple targets increases the potential for off-target effects
in CAR-T cells, and constructing multi-target CARs sig-
nificantly increases the genetic payload delivered to cells,
which can lead to reduced transduction efficiency [100].
Therefore, further research is needed to improve the
design and safety of multi-target CAR-T cells.

Current effective targets of armored car-T cells
navigating the TME

Targeting TAMs

Macrophages are present in most tissues and help regu-
late the immune response and tissue homeostasis [101].
During tumorigenesis, the macrophage pool creates a
distinct subset of TAMs, corresponding to a distinct
tumor phenotype and functional heterogeneity [102]. In
the TME, TAMs can exhibit pro- or anti-inflammatory
functions, showing some plasticity in the regulation of
tumor progression [103]. Moreover, their abundance is
typically associated with treatment efficacy and patient
prognosis, demonstrating their potential as therapeutic
targets (Fig. 4A) [104].

Armored CAR-T cells targeting TAMs in the TME not
only reduce the ability of TAMs to promote cancer cell
survival but also increase CD8'T cell cross-presentation
and T cell immune reactivity [105].
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Fig. 4 Strategies for armoring CAR-T cells with specific targets for navigating the TME. (A) Four main strategies are used for targeting TAMs in the TME.
(1) Depletion or reeducation of TAMs. (2) Inhibition of TAM recruitment by targeting the CCL2/CCR2 axis. (3) Increase of TAM-mediated phagocytosis by
targeting and inhibiting the CD47/SIRPa signaling axis. (4) Reprograming of the TAM phenotype by inhibiting TREM2 or targeting CD40. (B) Strategies for
targeting different components in the TME. (1) Targeting the immune checkpoint. (2) Targeting DCs. (3) Targeting the tumor vasculature. (4) Targeting the
ECM and CAFs. CCL2, C-C chemokine ligand 2; CCR, C-C chemokine receptor 2; SIRPa, CD47-signaling regulatory protein a; TREM2, triggering receptor

expressed on myeloid cell 2

Colony-stimulating factor 1 receptor

The colony-stimulating factor 1 receptor (CSFIR) is a
class III receptor for transmembrane tyrosine kinases in
macrophages that plays an essential role in macrophage
differentiation and survival [106]. The CSFIR signal-
ing pathway is activated by its ligands, CSF1 and IL-34.
Notably, elevated serum CSF1 levels are highly corre-
lated with low survival rates in patients with ovarian and
endometrial cancer [107]. Yang et al. successfully estab-
lished a third-generation CAR (A3-CAR) that specifi-
cally targets human CSFI1R. They generated A3-CAR-T
cells from A3-CAR constructed in normal peripheral
blood T cells and found that these cells had better target
specificity than regular CAR-T cells [108]. Notably, these
A3-CAR-T cells were expected to precisely kill and miti-
gate the inhibitory effects of M2-like TAMs in the TME
without causing cytotoxicity to monocytes in human
peripheral blood, offering a promising new approach for
CAR-T therapy to overcome immunosuppression in solid
tumors.

CCL2/CCR2 axis

CCL2 is a C-C chemokine ligand produced mainly by
activated T cells and plays an important role in tumor
progression by activating the host pro-tumor phenotype
after binding to the classical CCR2 [109]. Cancer cells

release CCL2 into the circulation, which recruits tissue
macrophages and CCR2-expressing Ly6Chi monocytes
to the tumor site, where they differentiate into TAMs,
thereby increasing the number of TAMs within the TME
[110]. Treatment of murine cancer models with inhibi-
tory CCL2 antibodies controlled tumor progression;
however, once treatment was discontinued, the survival
rate of mice declined, highlighting the potential of drugs
targeting CCL2 in the treatment of solid tumors [111].
Foster et al. designed a GD2-specific CAR-T cell express-
ing CCR2b using a GD2-targeting CAR for neuroblas-
toma. These CAR-T cells, which modulate the CCL2/
CCR2 axis, demonstrated enhanced antitumor activity
compared to cells not expressing CCR2b [111]. Du et al.
employed an engineering strategy to overexpress CCR2
in B7-H3-targeting CAR-T cells, significantly enhancing
their ability to traverse the blood-brain barrier, thereby
improving the efficacy of adoptive T cell therapy in
patients with brain metastases from solid tumors [112].

CD47-signaling regulatory protein a (SIRPa)

In the TME, TAMs exhibit distinct phenotypes with
varying effects on immune system regulation. TAM
phagocytosis in the TME may be disrupted by SIRPa
interactions [113]. CD47 is a signaling receptor overex-
pressed in cancer cells that triggers the “do not eat me”
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signal. CD47 binds to SIRPa expressed by TAMs and
initiates a signaling cascade to inhibit TAM phagocyto-
sis [114]. Targeting CD47 and blocking the CD47-SIRPa
interaction can eliminate this inhibitory signal and
enhance macrophage phagocytosis, allowing T cells to
fulfill their tumor-killing role in the TME [115]. Huang et
al. developed CAR-T cells secreting the CD47-blocking
fusion protein SIRPa-Fc to target the CD47-SIRPa path-
way in the TME [116]. These armored CAR-T cells not
only increased the proportion of M1-type macrophages
and improved the phagocytic ability of macrophages,
resulting in the remodeling of the immune environment
of the TME and reducing immunosuppression in tumor
tissues, but also exhibited antitumor effects and persis-
tence in a variety of solid tumors, including breast cancer
and colon cancer.

Triggering receptor expressed on myeloid cells 2

Triggering receptor expressed on myeloid cells 2
(TREM2) is an immunoglobulin superfamily trans-
membrane receptor that is predominantly expressed
in peripheral macrophages and exerts its function on
various immune cells such as TAMs and MDSCs [117].
In a recent study, Huang et al. generated autocrine
PD-1-TREM2 single-chain antibody CAR-T cells by
constructing a PD-1-TREM2 bispecific single-chain
fragment variant using TREM2 antibody and PD-1 anti-
body [33]. The continuously secreted PD-1-TREM2 scFv
could target the TME, block the PD-1/PD-L1 signaling
pathway, as well as ligand binding to the TREM2 recep-
tor present in MDSCs and TAMs, thereby reversing its
immunosuppressive effects, and showed superior antitu-
mor efficacy in colorectal cancer.

Targeting immune checkpoints

Immune checkpoints are immunosuppressive molecules
expressed on immune cells that regulate the degree of
immune activation and play an important role in regu-
lating immune function [118]. However, some immune
checkpoint factors, such as PD-1 and CTLA-4, suppress
T cell functions [119]. When bound to their ligands, these
immunosuppressive immune checkpoint proteins inhibit
the activation of immunoreactive pathways, thereby
affecting the activation, proliferation, and survival of T
cells [120]. In CAR-T cell therapy, targeting and inhibit-
ing overexpressed immune checkpoints are important to
counteract the barriers to T cell function and enhance
the role of CAR-T cells in solid tumors (Fig. 4B) [74].

CTLA-4

CTLA-4, also known as CD152, is an immune check-
point molecule. CTLA-4-expressing T cells prevent
CTL activation by competing with CD28 for binding
to CD80/CD86 molecules on APCs [121]. In addition,
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Tregs also decrease the CD80/CD86 expression in APCs
via CTLA-4, further inhibiting T cell effector functions
[122]. Hence, targeting this molecule may enhance the
therapeutic response of T cells. Ling et al. developed
armored CAR-T cells (CTLA-4-CAR-T cells) containing
the CD28 structural domain and the extracellular and
transmembrane structural domains of CTLA-4, which
showed excellent cytokine secretion and antitumor activ-
ities, enhancing immune responses in the TME [123].
In further studies, Chen et al. fused the CTLA-4 cyto-
plasmic tail with the C-terminus of the CAR, leveraging
the endocytic properties of the CTLA-4 tail [124]. This
approach significantly reduced CAR-mediated phagocy-
tosis, thereby enhancing the antitumor efficacy of CAR-T
cells while also achieving sustained therapeutic effects.

Targeting the PD-1/PD-L1 axis

PD-1, an immune checkpoint inhibitor, inhibits T-lym-
phocyte function by binding to PD-L1/PD-L2 ligands,
thus mediating T cell apoptosis or inducing T cell
exhaustion [125]. This has been reported to inhibit the
autoimmune response and limit the immune response in
vivo. Rafiq et al. modified CAR-T cells to secrete a scFv
blocked by PD-1 to target the TME [74]. In clinically
relevant mouse models of PD-L1% solid tumors, CAR-T
cells secreted scFvs in a paracrine and autocrine manner,
enhancing the antitumor activity of T cells without the
toxicity associated with checkpoint inhibition. Professor
Qian et al.. announced the first clinical trial of autocrine
PD-1 CAR-T cell therapy for ovarian cancer. The results
showed that not only the number of CAR-T cells in the
blood of the infused patients was expanded, but also the
activity of the patient’s own CD8*T cells was enhanced,
indicating that CAR-T cells infused into the human body
mobilize the body’s immune cells to synergistically kill
tumor cells, thereby improving antitumor efficacy [73].
Moreover, patients experienced only mild side effects,
such as grade 1 hypertension and fatigue, indicating that
the CAR-T cells have a favorable safety profile.

TIM3

The immune checkpoint TIM3 is a type I membrane pro-
tein expressed on the surface of both CD4* and CD8'T
cell subsets [126]. In the TME, the major role of TIM3
is to inhibit the activation and proliferation of T cells
and reduce the production of cytokines that positively
regulate the immune response but negatively regulate the
antitumor immune response, thus causing the immune
escape of tumor cells [127]. Jafarzadeh et al. designed
three different shRNA sequences specifically targeting
the human TIM3 gene and inserted them into lentiviral
vectors together with a MSLN transgene to construct
MSLN-CAR-T cells [128]. Accordingly, TIM3 expression
in MSLN-CAR-T cells was significantly reduced, whereas
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cytotoxicity and T cell proliferation were significantly
improved following TIM3 knockdown. This finding dem-
onstrated that TIM3 downregulation could expand the
number and promote the effector function of tumor-
infiltrating CAR-T cells by attenuating the immunosup-
pressive effects of TIM3 signaling.

TIGIT

T cell immunoglobulin and ITIM domain (TIGIT)
is a newly discovered inhibitory immune checkpoint
expressed in several immune cells, including CD8*T
cells, Tregs, and natural killer cells in solid tumors, where
it negatively regulates their function [126]. Additionally,
TIGIT can inhibit immune cells at multiple steps of the
tumor immune cycle, impeding immune responses [129].
Guo et al. used genetic engineering techniques to mod-
ify MSLN CAR-T cells to autocrine TIGIT scFv for the
treatment of a mouse model established with injected
Hela cells. The experimental results showed that target-
ing and blocking TIGIT could promote cytokine release
and enhance the infiltration and activation of CAR-T
cells in the TME, thereby enhancing the tumor-killing
ability in vivo [130].

BTLA-herpes virus entry mediator (HVEM) axis

Studies have shown that the interaction between B- and
T-lymphocyte attenuator (BTLA) on effector T cells and
HVEM, also known as TNFRSF14) on Tregs within the
TME plays a crucial role in establishing immunosuppres-
sion [131]. Notably, high levels of BTLA expression in
CAR-T cells are associated with poor clinical response,
whereas HVEM expression has been recognized as a
significant checkpoint in various hematologic and solid
malignancies, in some cases even surpassing PD-L1
expression [132]. Based on these insights, researchers
have engineered CAR-T cells with deleted BTLA, lead-
ing to enhanced tumor control and persistence in models
of lymphoma and solid tumors. Mechanistically, BTLA
recruits tyrosine phosphatases SHP-1 and SHP-2 through
its interaction with HVEM, thereby inhibiting CAR-T
cell function. Deletion of BTLA promotes CAR signaling
and enhances effector function [133]. Overall, these find-
ings highlight the BTLA-HVEM axis as a crucial immune
checkpoint in CAR-T cell immunotherapy, suggesting
that strategies to disrupt this pathway may improve ther-
apeutic outcomes.

B7H6

In recent years, research on the B7 family of immune
checkpoint molecules has increased significantly. Beyond
PD-L1 (B7-H1), attention has also been directed to other
members of the B7 family, including B7-H3 (CD276),
B7-H4, B7-H5 (Vista), B7-H6, and B7-H7 (HHLA2).
These molecules can play various roles in tumor
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progression through interactions with specific ligands
[134]. Notably, B7H6 is present in solid tumor cell lines
such as melanoma, breast cancer, and pancreatic cancer,
where it promotes tumor immune evasion by binding
to inhibitory receptors [135]. Building on this knowl-
edge, Gacerez and Sentman engineered a B7H6-specific
CAR, integrating it with different variants of T-bet to
promote a Thl phenotype in CD4+T cells. This strate-
gic modification aims to enhance CAR-T cell effective-
ness. Their findings suggest that this modification could
alter the TME and activate an immune response, improv-
ing the treatment of both solid and hematologic cancers
[136]. This highlights the potential of targeting B7 family
molecules, particularly B7H6, as a strategy to overcome
immune resistance in cancer therapy.

Other potential immune checkpoints

Neuronilin-1 (NRP1) has garnered significant atten-
tion in the field of immuno-oncology due to its dual
functions—enhancing the immunosuppressive activity
of Tregs and limiting the sustained response of CD8*T
cells [136]. NRP1 is crucial for maintaining the func-
tion and phenotype of intratumoral Tregs. Disruption of
the NRP1 pathway, either through antibody blockade or
Treg-specific gene deletion (via Foxp3CreNrplL/L), can
impair the suppressive function of intratumoral Tregs,
thereby restoring antitumor immunity [137]. Further-
more, NRP1 intrinsically affects the development and
function of intratumoral CD8*T cells and selectively
influences the generation of memory precursors during
antitumor immune responses. A combined blockade of
PD-1 and NRP1 has been shown to result in more dura-
ble systemic antitumor immunity and long-term remis-
sion in cancer patients [138]. Additionally, NR2F6, also
known as Ear-2 or COUP-TFIIL, a member of the NR2F
subfamily, is upregulated in various human solid tumors
and has been identified as an immune checkpoint central
to the suppression of antitumor responses [139]. Mecha-
nistically, NR2F6 expressed in lymphocytes acts as a key
regulator during T-lymphocyte activation, fine-tuning
adaptive immunity and inhibiting the transcription of
genes encoding cytokines such as IL-2, IFN-y, IL-17, and
IL-21. In genetically engineered NR2F6-deficient mouse
models, the absence of NR2F6 leads to enhanced activ-
ity of tumor-infiltrating effector T cells, resulting in
increased secretion of IFN-y and IL-2 and augmented
memory function of CD8*T cells, demonstrating supe-
rior efficacy compared to PD-1 monotherapy [140].
Moreover, inhibiting NR2F6 also enhances the response
to PD-1 therapy. Preclinical studies have further dem-
onstrated the feasibility of combining NRP1 and NR2F6
antagonism with established immunotherapies [138].
Looking ahead, exploring the combination of emerg-
ing immune checkpoints with CAR-T cell therapy holds
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great promise. This approach could potentially overcome
resistance and tumor evasion mechanisms inherent in
current treatments, thereby enhancing the antitumor
activity of CAR-T cells and improving the durability and
breadth of therapeutic responses.

Targeting DCs

DCs are a highly heterogeneous group of specialized
APCs with a great capacity to take up, process, and pres-
ent antigens [141]. Conventional DCs (cDCs) are subdi-
vided into two subpopulations with different functional
characteristics that exert distinct immunostimulatory
and immunosuppressive effects in tumor tissues and
organs: ¢cDC1 expressing CD141 and c¢DC2 express-
ing CDI1c [142]. cDC1 induces a potent antitumor CTL
response, whereas ¢DC2 induces an Th17 cell-based
immune response, thereby enhancing the therapeutic
promise of CAR-T cells that promote DC proliferation in
the TME of solid tumors (Fig. 4B) [143].

FMS-like tyrosine kinase 3 ligand

FMS-like tyrosine kinase 3 ligand (FLT3L) is associ-
ated with DC proliferation [144]. Binding of FLT3L
to its receptor FLT3, specifically in the TME, induces
DC expansion in circulation, thereby promoting their
immune function and tumor-killing behavior. Beavis et
al.. designed CAR-T cells that secrete FLT3L, success-
fully promoting the infiltration of ¢DC1 and CD8*T
cells into the TME of sarcoma and colorectal adenocar-
cinoma and significantly enhancing the activation of host
DCs and T cells. More importantly, the combination of
CAR-T cells with TCR-T cells further inhibited tumor
growth and, through antigen spreading, induced immune
responses against epitopes beyond the recognition scope
of the adoptively transferred T cells [145]. This study sug-
gests that increasing the number of endogenous DCs is a
promising strategy to overcome the challenge of antigen-
negative tumor escape following adoptive cell therapy.

CD40

CD40, a member of the TNF receptor superfamily, is
expressed on a variety of APCs, including DCs, and is
essential for their activation and proliferation [146].
It primarily interacts with the CD40 ligand (CD40L)
expressed by CD4™T cells to regulate T cell-dependent
antitumor immunity. Activation of the CD40-CD40L axis
upregulates MHC and produces pro-inflammatory cyto-
kines such as IL12, which are essential for T cell initia-
tion [147]. Brentjens et al. engineered a tumor-targeting
CAR-T cell modified with CD40L, which achieved prom-
ising antitumor effects by inducing an endogenous anti-
tumor response in several models of both leukemia and
lymphoma [148]. In the field of solid tumors, Zhang et
al.. engineered a secretory anti-CD40 antibody with the
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ability to generate MSLN3-CD40 CAR-T cells targeting
the MSLN III region, which showed potential antitumor
activity by activating the CD40 pathway [149]. Compared
to CAR-T cells that did not secrete anti-CD40 antibod-
ies, MSLN3-CD40 CAR-T cells secreted increased levels
of cytokines in response to target antigen stimulation
and enhanced antitumor activity in a xenograft tumor
model established by subcutaneous inoculation of 1x10”
SKOV-3-luc cells.

Targeting the vascular system

Compared to healthy tissue, the tumor vasculature often
exhibits multiple morphological, functional, and meta-
bolic abnormalities due to high EC rates and abnormal
pericyte coverage [150]. This abnormal vasculature also
leads to insufficient oxygen delivery to the TME, exacer-
bating hypoxia within the tumor and increasing tumor
invasiveness [151]. Moreover, dysfunctional blood vessels
prevent the function of immune cells in the TME, not
only by preventing T cell infiltration but also by interfer-
ing with the transport and delivery of therapeutic agents
[152]. Given the inhibitory functions of the vasculature
in the TME, modifying CAR-T cells to target the vascu-
lature is important to improve their application in solid
tumors (Fig. 4B) [153].

Vascular endothelial growth factor

Vascular endothelial growth factor (VEGF), which is
secreted by tumor and stromal cells, exerts multiple
functions in the TME [154]. In particular, it not only
stimulates the proliferation of ECs, leading to neointi-
mal formation and increased vascular permeability, but
also leads to transient fibrin matrix deposition, trigger-
ing connective tissue mesenchymal formation [155]. In
addition, VEGF has an autocrine function that promotes
dedifferentiation and epithelial-mesenchymal transition,
thereby enhancing tumor invasion and survival. Inhibit-
ing the expression of VEGF and VEGER and blocking the
tumor cell signal transduction pathway inhibits neoan-
giogenesis and suppresses tumor growth and metastasis
[156]. Wei et al.. prepared a human VEGFR-1-specific
CAR (V-1 CAR) capable of targeting VEGFR and used it
to generate a novel CAR-T cell. These CAR-T cells suc-
cessfully delayed tumor growth and formation and effec-
tively inhibited tumor metastasis in a xenograft lung
tumor model established by subcutaneous inoculation of
A549 cells into NOD-SCID BALB/c mice [157]. In addi-
tion, the researchers found that these newly developed
V-1 CAR-T cells blocked blood vessel formation by lys-
ing ECs in vitro. It may be possible to use them in com-
bination with conventional anti-vascular therapy for the
treatment of solid tumors. However, since VEGER is not
only expressed on cancer cells, such CAR-modified T
lymphocytes must avoid contact with antigens in normal
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tissues to prevent severe side effects. In addition, since
the expression of CAR in such CAR-T cells transiently
modified by non-viral vectors gradually declines as they
kill tumors, their expression level in vivo must be main-
tained by continuous supplemental infusion. In a fol-
low-up study, Wang et al.. developed a T cell expressing
both VEGFR2- and VEGEFR3-specific chimeric antigens
for CAR-T therapy, which showed promising antitu-
mor effects in both VEGFR-2- and VEGFR-3-positive
breast cancers and significantly inhibited in situ mam-
mary xenograft tumor growth, infiltration, and metas-
tasis in female BALB/c nude mice [158]. These findings
suggest that vascular-targeted therapy against VEGF has
the potential to be used in conjunction with conventional
anti-angiogenic therapies and provide theoretical sup-
port for the clinical translation of modified vascular-tar-
geted CAR-T cells.

Fibroblast growth factor receptor

Fibroblast growth factor (FGF) is a mammalian protein
that promotes cell division. It stimulates the growth and
differentiation of various cells and aids in small blood
vessel regeneration [159]. Epidermal growth factor
receptor-mediated pathways are crucial for normal cell
growth and differentiation and support new blood vessel
formation [160]. However, mutations or overexpression
of FGFR may lead to excessive activation of the FGFR
signaling pathway, potentially leading to carcinogenesis.
Hence, targeting the FGFR pathway may help prevent
carcinogenesis and the formation of an abnormal vascu-
lature in tumors [161].

Based on the specific anti-FGFR4 antibody 3A11, Tian
et al.. designed a FGFR4-targeting CAR as a novel T
cell therapy for rhabdomyosarcoma (RMS) [162]. They
reported that such 3A11-CAR-T cells induced the secre-
tion of high levels of cytokines in RMS cells, producing
potent cytotoxicity in vitro. In addition, these CAR-T
cells exhibited good persistence in vivo and effectively
eliminated RMS tumors in two metastatic and two ortho-
topic models, providing the promising application of
FGFR4-targeting CAR-T cell therapy in patients with
RMS.

Targeting the ECM and CAFs

The ECM is a network of fibrous components that partic-
ipate in intercellular information transfer while regulat-
ing cell behavior and immune responses [163]. Abnormal
accumulation of ECM molecules in the TME creates a
physical barrier that hinders drug therapy [164]. CAFs
are key producers of ECM molecules in the TME. They
support tumor growth by depositing ECM molecules and
producing enzymes that remodel the stroma, thereby
promoting tumor spread and metastasis [66]. In addi-
tion, CAFs secrete cytokines, exosomes, and growth
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factors that promote tumor growth and invasion [165].
Consequently, one approach for improving the efficacy of
armored CAR-T cells is to directly target ECM and CAFs
in the TME, disrupting tumor growth and resistance
while improving treatment outcomes (Fig. 4B).

Fibroblast activation protein

Fibroblast activation protein (FAP) is overexpressed in a
subpopulation of CAFs and is highly expressed in more
than 90% of solid tumors, making it a suitable target for
CAR-T cell therapy [166]. Ellen Puré et al.. designed FAP-
CAR-T cells capable of targeting FAP in the TME [167].
Using several pancreatic cancer mouse models, they con-
firmed that these cells infiltrated tumors rapidly, over-
came immune rejection and immunosuppression in the
TME, and exerted significant antitumor effects.

TGF-B

The TGEF-p signaling pathway may either promote or
inhibit tumor growth [168]. TGF-B primarily influences
the TME, where it suppresses T cells, macrophages, and
neutrophils, weakens the ability of the host to counter
tumor development, and helps tumor cells in evading the
immune system [169]. Hence, TGF-P has been suggested
as a new target for CAR-T cell therapy. Carl’s team over-
expressed a dominant-negative mutant of the TGF-p R II
gene in CAR-T cells targeting PSMA, which significantly
enhanced the ability of CAR-T cells to infiltrate, pro-
liferate, and mediate antitumor responses in a prostate
cancer model by inhibiting the TGF-p signaling path-
way within tumors [70]. They have recently announced
a Phase I clinical trial to evaluate this new approach to
CAR-T cells as a treatment for recurrent and refractory
metastatic prostate cancer [82]. This clinical trial dem-
onstrated the feasibility and safety of these CAR-T cells,
evaluating their distribution in vivo, bioactivity, and dis-
ease response.

CXCR 4/5

CXCR4 and its ligands have been linked to tumor immu-
nity, cancer development, and metastasis [76]. Hence,
targeting this molecule may be beneficial in cancer treat-
ment. Chemokines that bind to these receptors affect the
movement, maturation, and development of immune
responses. Blocking CXCR4 can alter tumor-environ-
ment interactions, increase cancer cell susceptibility to
drugs, and reduce tumor growth and migration [170].
Li et al.. constructed CLDN18.2-targeting CAR-T cells
co-expressing CXCR4 and showed that CXCR4-CAR-T
cells were better at infiltrating the tumor and inhibiting
MDSC migration through the STAT3/NF-kB/SDEF-la
axis, resulting in improved efficacy against CLDN18.2-
positive pancreatic cancer. These findings provide a
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theoretical basis for the construction of CXCR-CAR-T
cells for the treatment of solid tumors [171].

Currently, as more and more of the above strategies
have been shown to be effective in improving the efficacy
of armored CAR-T in solid tumors in preclinical studies,
their translatability to clinical applications is receiving
widespread attention. Several clinical trials of armored
CAR-T navigating solid tumors are underway, gradually
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exploring the translational potential from preclinical
studies to clinical applications. (Table 1).

Conclusions

CAR-T cell therapy is successful against hematologic
tumors but presents challenges in treating solid tumors,
primarily owing to suboptimal efficacy in the immuno-
suppressive TME of tumors. However, novel enhanced
armored CAR-T cells are being developed to overcome

Table 1 Summary of current clinical trials on armored CAR-T therapy for human solid tumors

Identifier Armor Target Tumor type(s) Clini-  Primary out-
antigen cal come (s)
stage
NCT04556669  Carry a scFv fragment of anti-PD-L1 monoclonal CD22 Cervical Cancer/ NSCLC/ I AEs
antibody Sarcoma
NCT06084286  Construct CLDN18.2/PD-L1 dual-targeting CAR-T Claudin182  CLDN18.2-positive Solid I AEs/DLT/RP2D
Tumors
NCT02873390  EngineerT cells to express PD-1 antibodies EGFR EGFR-positive Solid Tumors il ORR/DCR/OS/PFS
NCT02862028 EngineerT cells to express PD-1 antibodies EGFR EGFR-positive Lung and Stom- I/l ORR/DCR/OS/PFS
ach Cancers
NCT03182816  EngineerT cells to express PD-1 and EGFR MSLN-positive Solid Tumors il AEs
CTLA-4 antibodies
NCT05060796  Modify EGFR CAR-T with CXCR5 EGFR EGFR-positive NSCLC | AEs
NCT04153799  Modify EGFR CAR-T with CXCR5 EGFR EGFR-positive NSCLC I AEs /ORR
NCT03198546  Construct CAR-T cells that target GPC3 and soluble GPC3 HCC I DLT
TGF-B
NCT05155189  TGFBRIIDN armored autologous CAR-T GPC3 HCC I TEAES/AESIs
NCT03198052  EngineerT cells to express TGF-B-CAR and secrete scfv. - GPC3/HER2  Lung Cancer I DLT
against PD-1 EGFR/MSLN
/CTLA4/TIGIT
NCT06249256  Secrete PD-1 nanobodies MSLN MSLN-positive Solid Tumors I DLT
NCT05779917  Secrete a fusion protein of IL-21 and scfv against PD-1 ~ MSLN Pancreas Cancer I DLT
NCT05373147  Secrete PD-1 nanobodies MSLN MSLN-positive Solid Tumors I DLT
NCT05089266  Secrete PD-1 nanobodies MSLN Colorectal Cancer I DLT
NCT04577326  Link anti-MSLN scFv to the CD28 and CD3( MSLN Malignant Pleural | AEs
Mesothelioma
NCT06248697  Secrete PD-1/CTLA-4 nanobodies MSLN NSCLC I DLT
NCT04489862  Secrete PD-1 nanobodies MSLN NSCLC I DLT
NCT03615313  Engineer T cells to express PD-1 antibodies MSLN MSLN-positive Solid Tumors 1711 TRAE
NCT03030001  EngineerT cells to express PD-1 antibodies MSLN MSLN-positive Solid Tumors il AEs
NCT03182803  EngineerT cells to express PD-1 and CTLA-4 antibodies  MSLN MSLN-positive Solid Tumors 1711 AEs
NCT04503980  Secrete PD-1 nanobodies MSLN Colorectal Cancer/Ovarian I DLT
Cancer
NCT05944185  Secrete PD-1 nanobodies MSLN MSLN-positive Solid Tumors /11 AEs /MTD/ORR
NCT03179007  EngineerT cells to express PD-1 and CTLA-4 antibodies MUCI1 MUCT1-positive Solid Tumors /11 AEs
NCT01722149  Engineer CAR-T to express IL-7 and CCL19, or IL12 to Nectin4 Nectin4-positive Solid Tumor I AEs
target FAP
NCT04768608  Integrate Anti-PSMA-CAR-T with Non-viral PD-1 PSMA Castrate-Resistant Prostate AEs
Cancer
NCT06046040  Dually armored CAR-T with a TGFBRDN and PD-1 PSMA Metastatic Castrate-Resistant | DLTs/MTD/AEs
Prostate Cancer
NCT03089203  Modify CAR-T to construct TGF{3-resistant CAR-T cells PSMA Prostate Cancer I AEs
NCT05477927  Dual-targeting VEGFR1 and PD-L1 CAR-T VEGFR1 Pleural or Peritoneal | AEs /DLT

Metastatic Carcinoma

Abbreviations AEs (Adverse Events), AESIs (Adverse Events of Special Interest), DCR (Disease Control Rate), DLT (Dose-Limiting Toxicity), HCC (Hepatocellular
Carcinoma), MTD (Maximum Tolerated Dose), NSCLC (Non-Small Cell Lung Cancer), ORR (Objective Response Rate), OS (Overall survival), PFS (Progression-Free
Survival), RP2D (Recommended Phase |l Dose), TEAEs (Treatment-Emergent Adverse Events), and TRAE (Treatment-Related Adverse Event)
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these challenges [172]. Research has identified anti-
genic modulation and T cell dysfunction as key mecha-
nisms of tumor resistance, suggesting potential avenues
to enhance the efficacy of CAR-T cell therapy against
solid tumors. Next-generation CAR-T cells are likely to
be equipped with specific factors designed to overcome
various barriers, navigate the TME, and deliver bioactive
molecules to counteract its protective effects on tumors.
Given the complexity of the TME, identifying additional
target molecules responsible for treatment resistance
across different cancers is crucial for further improving
therapeutic outcomes [6].

Future studies should aim to elucidate the composi-
tion of the TME and develop strategies to counteract its
immunosuppressive mechanisms while activating antitu-
mor immunity, which may help to improve the efficacy
of immunotherapies. In addition to the current therapeu-
tic targets used in the design of the armored CAR-T cells
mentioned in this review, several potential targets in the
TME remain to be uncovered and warrant further stud-
ies. Over the past decade, most approaches have utilized
specific cytokines or other functional proteins, including
antibody proteins, to armor CAR-T cells. In the future,
the tools for armoring CAR-T cells may be extended to
a wider range of bioactive substances, including DNA,
non-coding RNAs, and functional peptides, thus increas-
ing the possibility of navigating the TME [72]. Further-
more, future CAR-T cells could be armored with a series
of molecular components that work together to form a
therapeutic biological microsystem, thereby realizing
intelligent cancer treatment by CAR-T cells [172].

In summary, based on our understanding of the com-
plexity of the TME composition and the discovery of
special therapeutic targets, novel CAR-T cells navigating
the TME are expected to efficiently target and kill tumors
[16]. This novel strategy of armoring CAR-T cells with
therapeutic targets may improve their efficacy against
solid tumors, achieving important clinical application
value.

Abbreviations

ADCC Antibody-dependent cell-mediated cytotoxicity
APC Antigen-presenting cell

BTLA B- and T-lymphocyte attenuator

CAF Cancer-associated fibroblast

CAR Chimeric antigen receptor

CCL C-C chemokine ligand

CCR C-C chemokine receptor

cDC Classical dendritic cell

CEA Carcinoembryonic antigen

CSF1R Colony-stimulating factor 1 receptor

CTLA-4  Cytotoxic T-lymphocyte-associated antigen 4
CXCR C-X-C chemokine receptor

DC Dendritic cell

EC Endothelial cell

ECM Extracellular matrix

FAP Fibroblast activation protein

FGF Fibroblast growth factor

FLT3L FMS-like tyrosine kinase 3 ligand
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GPC3 Glypican-3

HEVM Herpes virus entry mediator

HPSE Heparanase

IDO Indoleamine 2,3-dioxygenase

IFN-y Interferon-y

IL Interleukin

LAG-3 Lymphocyte-activation gene 3

MDSC Bone marrow-derived suppressor cell
MHC Major histocompatibility complex

MMP Matrix metalloproteinase

MSLN Mesothelin

NK Natural killer cell

NRP1 Neuronilin-1

oToT On-target/offtumor toxicity

PD-1 Programmed cell death protein 1

pDC Plasmacytoid dendritic cell

RMS Rhabdomyosarcoma

ROS Reactive oxygen species

scFv Single-chain variable fragment

SIRPa Signaling regulatory proteina

TAM Tumor-associated macrophage

TGF-B Transforming growth factor beta

TIGIT T cell immunoglobulin and ITIM domain
TIM3 T cell immunoglobulin domain and mucin domain 3
T™ME Tumor microenvironment

Treg Regulatory T cell

TREM2  Triggering receptor expressed on myeloid cells 2
TRUCK T cells redirected to universal cytokine killing
VEGF Vascular endothelial growth factor

Vi Variable regions of heavy chain

Vi Variable regions of light chain
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