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Breaking barriers: enhancing
CAR-armored T cell therapy for
solid tumors through
microenvironment remodeling
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Whilst chimeric antigen receptor (CAR) T cell therapy has emerged as a
revolutionary immunotherapeutic approach for hematological malignancies in
recent years, several challenges remain to potentiate the efficacy of CAR T cell
therapies for solid tumors. Here, we focus on the obstacles posed by the tumor
microenvironment that hinder the effective trafficking, infiltration and precise
tumor targeting by engineered cells. We discuss how the tumor
microenvironment presents a physical barrier that needs to be surpassed for
effective cell therapies and ongoing efforts in designing innovative CAR T cell
therapies with enhanced tumor-targeting precision, improved stability, and
overcoming on-target off-tumor toxicity are presented. We focus on recent
advances in clinical and preclinical settings to reprogram the immunosuppressive
tumor microenvironment, including stroma and blood vessel normalization
strategies that can be leveraged to improve the tumor-homing and tumor-
targeting potential of engineered therapeutic cells for immuno-oncology
applications. As the endeavors for innovative CAR designs continue, we are
entering an exciting era in the field of personalized cell therapies offering
renewed hope to patients with hard-to-treat solid tumors.

KEYWORDS

CAR T cell, cell therapy, solid tumors, tumor microenvironment, extracellular
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Introduction

The immune system is a double-edged sword in cancer development and progression
but can also be harnessed for cancer therapy. One major advancement is the adoptive
transfer of T cells engineered with chimeric antigen receptors (CARs), which has shown
significant success in treating various tumors, especially in hematological malignancies,
with seven CAR T cell products approved in the US currently (1). CAR T cells are
genetically engineered T lymphocytes designed to recognize and eliminate tumor cells
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through synthetic receptors that combine an antibody-derived
single-chain variable fragment (scFv) for antigen specificity with
intracellular signaling domains that mediate T cell activation and
effector functions (2, 3). Contrary to hematological cancers, solid
tumors are highly heterogeneous and comprise an intricate tumor
microenvironment (TME), which presents formidable obstacles to
the efficacy of CAR T cell therapies (4). The TME is a highly
structured ecosystem containing cancer cells surrounded by tumor
stroma tissue, encompassing a diverse population of cancer-
associated cells (fibroblasts, mesenchymal cells, immune cells,
endothelial cells, pericytes), an abnormal tumor vasculature, and
a dense extracellular matrix (ECM). Collectively, this complex and
dynamic ecosystem presents a challenging barrier that greatly limits
the efficacy of CAR T cell therapies in solid tumors. To develop
effective CAR T cell therapies, the engineered cells need to be able to
(i) successfully infiltrate the TME through the dense ECM, (ii)
survive the hostile environment (hypoxia, reduced nutrient
availability, immunosuppressive factors, intratumoral mechanical
stresses), and (iii) effectively and selectively target cancer cells (5, 6).
In this review article, we discuss recent advancements in CAR T cell
engineering to overcome these obstacles, focusing on key aspects of
tumor patho-physiology and innovative design strategies, as well as
combination treatments to tackle tumor heterogeneity using
strategies that target multiple tumor-specific antigens/tumor-
associated antigens (TSAs/TAAs).

CAR T cell therapies in the clinic

The emergence of CAR T cell therapy has marked a significant
turning point in the field of oncology, especially in the treatment of
hematologic malignancies such as leukemia, lymphoma, and
multiple myeloma (1). A crucial aspect of bringing CAR T cell
therapy into clinical practice has been the extensive research
conducted through clinical trials, which serve as the primary
mechanism for testing the feasibility, optimizing the design, and
ensuring safety of CAR-engineered cells in human subjects. These
trials have provided essential insights into how CAR-engineered

Abbreviations: BCMA, B cell maturation antigen; BCR, B cell receptor; CAFs,
cancer-associated fibroblasts; CAR, chimeric antigen receptor; CAR NK, chimeric
antigen receptor natural killer (cell); CRS, cytokine release syndrome; DCs,
dendritic cells; ECM, extracellular matrix; EpCAM, epithelial cell adhesion
cofactor; FAP, fibroblast activation protein; GD2, disialoganglioside; HA,
hyaluronic acid; HER2, human epidermal growth factor receptor 2; ICANS,
immune effector cell-associated neurotoxicity syndrome; ICIs, immune
checkpoint inhibitors; IFP, interstitial fluid pressure; LOXL2, lysyl oxidase-like
2; LOXs, lysyl oxidases; NK, natural killer (cell); ORR, overall response rate; PSA,
prostate-specific antigen; PSMA, prostate-specific membrane antigen; TAAs,
tumor-associated antigens; TCR, T cell receptor; TGF-B, transforming growth
factor-B; TME, tumor microenvironment; Tregs, Regulatory T cells; TRUCKs, T
cells redirected for universal cytokine-mediated killing; TSAs, tumor-specific
antigens; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial
growth factor receptor; FAK, focal adhesion kinase; IFNY, interferon-gamma;

PI3K, phosphoinositide 3-kinase
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cells behave in the human body, how effectively they eliminate
cancer cells, and the adverse effects they might cause. They have also
allowed for the exploration of different CAR constructs, cell sources
(autologous versus allogeneic), target antigens, combination
strategies and, more recently, different host cells, all of which
contribute to refining the therapy for broader application. Over
the past decade, the clinical trial landscape for CAR T cell therapy
has expanded rapidly, with numerous studies progressing from
early-phase safety evaluations to large-scale efficacy trials (Table 1)
that directly influence regulatory approvals and clinical guidelines.

The first significant clinical breakthroughs in CAR T cell
therapy emerged from studies focused on CD19, a protein
commonly found on the surface of B cells and widely expressed
in various B-cell malignancies. Among the pioneering efforts, a
landmark clinical trial carried out by researchers at the University of
Pennsylvania, in partnership with Novartis, played a pivotal role in
bringing the first-ever CAR T cell therapy to the market. This
collaborative research ultimately resulted in the creation and
clinical advancement of Tisagenlecleucel (commercially known as
Kymriah) - the first CAR T cell therapy to gain regulatory approval
for use in human (7). In this Phase II trial (NCT02435849), 81% of
children and young adults with relapsed or refractory B-cell acute
lymphoblastic leukemia (B-ALL) achieved complete remission after
receiving CAR T cell therapy. These promising outcomes led to the
first FDA approval of a CAR T cell therapy in 2017. Similarly,
Axicabtagene ciloleucel (Yescarta) demonstrated a 51% complete
response rate in adults with relapsed/refractory diffuse large B-cell
lymphoma (DLBCL) in the ZUMA-1 trial (NCT02348216),
supporting its approval shortly thereafter (8).

Following the initial success of CAR T cell therapies directed
against the CD19 antigen, the scope of clinical investigations has
broadened to include a variety of alternative tumor-associated
antigens. This expansion has been especially prominent in the
field of multiple myeloma, a cancer of plasma cells, where
researchers have identified B-cell maturation antigen (BCMA) as
a highly promising therapeutic target due to its consistent
expression on malignant plasma cells and limited presence on
normal tissues (20, 21). One of the most notable advances in this
area has come from the KarMMa clinical trial (NCT03361748),
which evaluated the efficacy of a BCMA-targeted CAR T cell
product known as Idecabtagene vicleucel (marketed as Abecma)
(14). The results of this pivotal study were highly encouraging: the
therapy produced an overall response rate (ORR) of 73%, meaning
nearly three-quarters of participants with relapsed or refractory
disease experienced a measurable reduction in tumor burden.
Moreover, 33% of those patients achieved a stringent complete
response, indicating the complete disappearance of detectable
cancer, a particularly impressive outcome given the advanced
disease status of the enrolled population. Another BCMA-targeted
CAR T therapy, Ciltacabtagene autoleucel (marketed as Carvykti),
showed an impressive 97% overall response rate in the
CARTITUDE-1 trial (NCT03548207), with durable responses
observed in a heavily pretreated population (15).

Although the most notable progress with CAR T cell therapy has
been achieved in the treatment of hematologic malignancies,
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TABLE 1 Completed Clinical Trials using CAR T cells and their outcomes.
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ClinicalTrials.gov = Target
. o 9 9 Cancer Type Key outcomes Reference
identifier Antigen
B-cell Acut
NCT02435849 CD19 Lymphol;:lea sticCEeZkemia 1I 81% complete remission rate in pediatric/young adult patients (7)
Diffuse L B-cell
NCT02348216 CD19 Hiuse Sarge S-ce I 51% complete remission rate, manageable safety profile (8)
Lymphoma
73% 11 te; ki 1 di
NCT03056339 CD19 Lymphoid Malignancies 1 © overall response rate; no cytowine release syndrome or ©)
neurotoxicity; promising for off-the-shelf applications
CD19 and Metastatic Colorectal
ChiCTR2000040645 an ctastatic Lolorecta I 40% objective response rate; Median overall survival 22.8 months (10)
GCC Cancer
NCT03233854 CD19 and Large B-cell Lymphoma 62% of patients respondefi V\?i?h 29%'c‘0?nplete remission; No dose- (a1
CD22 limiting toxicities
NCT01869166 EGER Metastatic Pancreatic I 28% patien‘ts wiFh partial respﬁ?nse, 58% with stable disease and (12)
Cancer 14% with disease progression; Grade >3 adverse events
Hepatocellular Among 23 patients, 3 achieved partial remission and 14 had stable
NCT02541370 CD133 Carcinoma/Colorectal I disease, resulting in a 3-month disease control rate of 65.2% and a (13)
Cancer/Pancreatic Cancer median progression-free survival of 5 months.
Relapsed/Refract
NCT03361748 BCMA ¢ ap'se etractory I 73% overall response rate; 33% stringent complete remission rate (14)
Multiple Myeloma
NCT03548207 BCMA Relapﬁed/Refractory b/l 97% overall response rate; deep, du'rable responses in heavily 1)
Multiple Myeloma pretreated patients
Advanced Gastric and 1 patient complete response, 2 partial response, 2 stable disease 3
NCT04404595 CLDN18.2 Pancreatic Ib progression of disease; No dose limiting toxicities; No Grade 4 (16)
Adenocarcinoma adverse effects
NCT00902044 HER2 Sarcoma/Glioblastoma 1 Some stable disease; limited persistence; safety challenges 9)
Biliary T 189 luabl i ith stable di ; safe with ignifi
NCT01935843 HER2 iliary ra'ct Cancer/ I 8% evaluable patients with stable disease; safe without significant (17)
Pancreatic Cancer adverse events
Modest efficacy (18.2%) in those with active disease at infusion;
Relapsed/Refractory L » . S
NCT00085930 GD2 1 More promising durability (62.5%) in those treated while in (18)
Neuroblastoma . Lo
remission but at high risk.
Mali t Pleural
1gn.an eura‘ 60% patients with progressive disease; 40% patients with stable
Mesothelioma/Ovarian X R . . .
NCT02159716 MSLN R R 1 disease; no evidence for on-target toxicities; modest expansion with (19)
carcinoma/Pancreatic . . .
limited persistence in the blood
Cancer

researchers have increasingly turned their attention towards exploring
the application of CAR-engineered cells in solid tumors, which present
a more complex therapeutic challenge. A growing number of early-
phase clinical trials are underway to assess the safety and efficacy of
CAR T cells engineered to recognize tumor-associated antigens specific
to solid cancers. Among these, targets such as human epidermal
growth factor receptor 2 (HER2) in certain types of sarcomas, breast,
gastric and ovarian cancers (NCT00902044, NCT04995003 and
NCT04511871), cleaved Mucinl in metastatic breast cancer
(NCT04020575), mesothelin in pancreatic and ovarian cancers, and
disialoganglioside (GD2) in neuroblastoma (NCT03373097) have
attracted considerable interest (22). Despite these efforts, clinical
outcomes in solid tumors have so far been relatively modest
compared to the dramatic responses observed in hematological
cancers. For example, a Phase I trial (NCT00902044) involving
HER2-targeted CAR T cells administered to patients with sarcoma
demonstrated that while a subset of patients achieved disease
stabilization, the therapy faced significant hurdles (9). The challenges
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in solid tumors include heterogeneous antigen expression, the
immunosuppressive TME, mechano-transduction pathways, and
inefficient T cell trafficking, all of which hinder therapeutic
efficacy (23). To overcome these barriers, more recent clinical trials
are exploring “armored” CAR T cells, for instance engineered to
secrete cytokines like IL-12, or dual-targeting CARs designed to
prevent antigen escape (e.g. NCT06343376). Other studies are
testing CAR natural killer (CAR NK) cells (e.g. NCT03056339) and
CAR macrophages (CAR Ms; NCT04660929), which may offer
advantages such as reduced toxicity and off-the-shelf production
potential (24). Trials involving allogeneic CAR T cells, such as those
developed by Allogene Therapeutics and Cellectis (e.g. NCT04696731,
NCT01430390 and NCT04416984), are under investigation to address
scalability and manufacturing limitations of autologous CAR T
therapies (25).

In addition to evaluating therapeutic efficacy, ensuring patient
safety remains a critical priority in the clinical development of CAR
T cell therapies. Among the most commonly observed and
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potentially serious side effects are cytokine release syndrome (CRS)
and immune effector cell-associated neurotoxicity syndrome
(ICANS) - two immune-mediated toxicities that can range in
severity from mild to life-threatening (26). CRS results from the
rapid activation and proliferation of CAR-modified immune cells,
leading to a surge of inflammatory cytokines, while ICANS involves
neurological complications such as confusion, seizures, or cerebral
edema, believed to be linked to immune cell activity in the central
nervous system. Recognizing the prevalence and impact of these
adverse events, clinical trials have increasingly adopted proactive
safety protocols to manage and mitigate risks. These typically
include the administration of tocilizumab, an IL-6 receptor
antagonist that helps counteract the inflammatory cascade
associated with CRS, as well as the use of corticosteroids to
suppress overactive immune responses when necessary (27).
Furthermore, researchers have been enhancing the safety profile
of CAR T cell therapies by engineering built-in regulatory
mechanisms, such as “suicide switches”, which allow clinicians to
selectively deactivate or eliminate the CAR-modified cells in cases of
severe toxicity (28, 29).

Clinical trials continue to evolve, with Phase III trials underway
to compare CAR T cell therapies against standard of care treatments
in second-line settings (30). Additionally, combinations with
immune checkpoint inhibitors (ICIs), oncolytic viruses, or kinase
inhibitors are being tested to further enhance the efficacy of CAR-
engineered cells (31-34). These ongoing studies not only aim to
broaden the scope of CAR T cell therapies but also refine safety and
accessibility aspects, setting the stage for the next generation of cell
therapies for solid tumors.

Towards the design of innovative
CAR-engineered cells to target solid
tumors

The preclinical studies that guided the development of the
above approved therapies for hematological cancers revealed
important insights into how CAR T cell designs influence clinical
performance. For example, axicabtagene ciloleucel, using a CD28
domain, was optimized for rapid cytokine production and early
expansion (35), whereas tisagenlecleucel which incorporates a 4-
1BB domain, was selected for its ability to support long-term
persistence and memory formation (36). These features correlate
with the clinical profiles of the currently approved products.
Axicabtagene ciloleucel demonstrates faster proliferation but
higher toxicity risk (35), while tisagenlecleucel tends to show
lower toxicity with prolonged activity. Lisocabtagene maraleucel
(marketed as Breyanzi) emphasized the synergy between CD4" and
central memory CD8" T cells to improve durability (37), and
idecabtagene vicleucel’s BB2121 construct was selected for strong
in vivo cytotoxicity and tumor clearance (14, 38). These findings
underscore the predictive value of robust preclinical assays focused
on long-term antitumor activity, memory phenotype, and
cytokine production.
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While many clinical trials are ongoing to evaluate the efficacy or
CAR T cells in solid tumors (e.g., lung, breast, pancreatic, and
glioblastoma), none have yet received regulatory approval to date
(39). The application of CAR-engineered cells remains constrained
by tumor heterogeneity, limited tumor infiltration, and
immunosuppressive microenvironments (40). To enhance the
therapeutic effectiveness of CAR T cell therapies, numerous
innovative CAR designs have been created to boost antitumor
activity and address treatment resistance caused by insufficient
expansion, infiltration, and persistence of CAR-engineered cells
(41-44). Over time, five generations of CARs have been developed,
each aimed at addressing the limitations of earlier constructs and
enhancing therapeutic efficacy.

First-generation CARs included a basic structure composed of
an extracellular antigen-binding domain linked to a CD3{
signaling domain. However, they demonstrated limited clinical
activity due to insufficient T cell activation (45). To overcome
this, second- and third-generation CARs introduced one or two
costimulatory domains—most commonly CD28, CD137 (4-1BB),
or both in the case of third-generation constructs resulting in
enhanced T-cell activation, memory formation, and persistence.
Among these, 4-1BB has shown particular advantage in sustaining
long-term CAR T cell functionality in vivo, contributing to prolonged
tumor control (46). Yet, these designs showed limited success in
solid tumors.

To overcome these limitations, the fourth and fifth (or next)-
generation of CARs was developed. The fourth generation of CARs
builds upon the second-generation by incorporating a protein, such
as interleukin 12 (IL-12), which is expressed either constitutively or
upon CAR activation. T cells engineered with these fourth-
generation CARs are called T cells redirected for universal
cytokine-mediated killing (TRUCKs) (47). Activation of these
CARs triggers the production and release of the targeted cytokine,
enhancing tumor destruction through various synergistic
mechanisms, including exocytosis (perforin, granzyme) or death
ligand-death receptor (Fas-FasL, TRAIL) systems, helping to
remodel the TME and recruit additional immune responses,
especially useful in the context of solid tumors (48). Fifth-
generation CAR T cells build on the second-generation design
and include a truncated cytoplasmic IL-2 receptor B-chain
domain with a binding site for the transcription factor STAT3.
The antigen-specific activation of this receptor simultaneously
stimulates the T cell receptor (TCR; via the CD3{ domains), co-
stimulatory (CD28 domain), and cytokine (JAK-STAT3/5)
signaling, which provides all three necessary synergistic signals to
drive complete T cell activation and proliferation. This latest
generation aims to enhance persistence and overcome exhaustion,
particularly in hostile tumor microenvironments (49). Together,
these advances reflect a progressive refinement of CAR-engineered
cell function, safety, and applicability across cancer types.

In parallel with generational improvements, numerous
complementary strategies have been developed to enhance CAR T
cell therapies, though they are not defining features of later-
generation constructs. These include dual or pooled CAR-
engineered cells to address antigen heterogeneity (50), artificial
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intelligence- guided tools such as radiomics for improved target
selection (51, 52), and modifications to enhance tumor infiltration
such as chemokine receptor expression (53), local administration
techniques (e.g. intratumoral injection (54), microneedle patches
(55), and matrix-degrading enzyme secretion (56). Moreover,
combining CAR-engineered cells with chemotherapy or externally
administered ICIs, such as anti-PD-1 or anti-CTLA-4 antibodies,
offers promising synergy but represents therapeutic strategies
adjunct to CAR design (57-59). While these innovations
contribute significantly to efficacy and applicability, they are best
viewed as supportive enhancements rather than intrinsic features of
fourth- or fifth-generation CAR T cell platforms.

The evolution of CAR designs has been instrumental to the
success of the currently approved CAR T cell therapies for
hematological cancers. Moving forward, combining innovative
CAR designs with strategies to break down the physical barriers
in solid tumors will lead to the next-generation of CAR cell
therapies. In the following sections, we shift our focus on the
patho-physiological barriers and strategies to overcome these

10.3389/fimmu.2025.1638186

barriers and enhance the therapeutic efficacy of CAR-engineered
cells in solid tumors.

Patho-physiological abnormalities in
solid tumors: Drivers of progression
and barriers to therapy

In contrast to hematological malignancies, where cancer cells
circulate freely in the blood and lymphatic systems, tumor cells in
solid tumors are embedded within a complex matrix composed of
both cellular and non-cellular components (Figure 1). In many of
these tumors, the TME is marked by a desmoplastic reaction that
contributes to ECM stiffening, the only mechanical aspect of a
tumor clinicians and patients can sense. Desmoplasia involves
activation of cancer-associated fibroblasts (CAFs) producing large
amounts of extracellular proteins that form a dense matrix around
and within the tumor. High deposition of fibrillar proteins and

A. CHALLENGES FOR EFFECTIVE CAR CELL THERAPIES IN SOLID TUMORS
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FIGURE 1

Current challenges for effective CAR T cell therapies in solid tumors and strategies to overcome them. (A) Challenges of CAR T cell therapies for
solid tumors include increased solid stress, the stiff extracellular matrix (ECM), high interstitial fluid pressure (IFP) and compressed blood vessels that
collectively hinder the effective trafficking of CAR T cell therapies to solid tumors. The hypoxic and immunosuppressive tumor microenvironment
(TME) and tumor heterogeneity also contribute to the limited therapeutic efficacy of CAR T cell therapies in solid tumors. (B) Current efforts for
effective CAR cell therapies focus on strategies to reduce solid stress and normalize IFP, ECM density, ECM and blood vessel structure, as well as
metabolic and immune cell reprogramming. Collectively, these approaches are aimed at increasing infiltration and persistence of CAR-engineered
cells in solid tumors. Created in https://BioRender.com.
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macromolecules, such as type I collagen and hyaluronan, along with
secretion of crosslinking enzymes (e.g. lysyl oxidases; LOXs) and
CAFs’ contractile forces, remodel the matrix and increase its
stiffness (60). As cancer cells proliferate rapidly within this stiff
ECM, they expand at the expense of the surrounding host tissue,
which in turn applies reciprocal compressive forces to resist tumor
growth (61-63). This results in the accumulation of compressive
mechanical stress, also known as solid stress (i.e., force per unit
area), within the tumor (61, 64-66).

At the cellular level, elevated ECM stiffness and solid stress regulate
the function of cancer cells and CAFs, including cell cycle progression,
invasion, cytokine secretion, survival and hence therapy resistance
(extensively reviewed in (67, 68)). At the tissue level, they compress
blood and lymphatic vessels, restricting the transport of oxygen,
nutrients, and therapeutic agents into the tumor, and thereby
contributing to hypoxia (69-71). Hypoxia, in turn, promotes tumor
progression and resistance to therapy. In response to the hypoxic
environment, new blood vessels are formed to supply oxygen to the
rapidly growing tumor. However, these vessels are often immature,
characterized by reduced pericyte coverage, detachment or loss of the
basement membrane, and large gaps between endothelial cells. As a
result, they are leaky and allow excessive fluid to escape from the
vasculature into the tumor extracellular space, leading to elevation of
the interstitial fluid pressure (IFP), which can also impose shear stress
on structural components of the TME (72). IFP elevation can further
impair the intratumoral distribution of essential molecules, further
limiting the effectiveness of a potential treatment, including
immunotherapy-based approaches (70, 73).

However, despite growing recognition that mechanical cues in the
TME not only impair drug delivery but also influence cancer cell
behavior, their impact on immune cell function remains poorly
understood. The regulation of tumor immunity relies on complex
interactions among immune cells, stromal components such as CAFs
and the vasculature; yet how mechanical forces shape these cellular
interactions is still being elucidated. This knowledge gap is particularly
critical in the context of immunotherapies, including CAR-based
approaches, which may be compromised by both the altered immune
dynamics and the physical barriers imposed by the tumor stroma.
Moreover, immune cells rely on direct physical interactions to recognize
and eliminate malignant cells, making them highly sensitive to
mechanical features of their environment. While several studies have
investigated how mechanical signals affect T cell behavior, most have
focused on nanoscale level- or shear- forces (74). In contrast, the effects
of tissue-level mechanical stresses, such as compression and elevated
IFP, on tumor-immune interactions remain underexplored, despite
their potential to significantly limit the efficacy of current and

emerging immunotherapies.

Mechanical regulation of immune
dynamics: implications for CAR T cell
therapies

Immune cells rely significantly on direct physical interactions
both with cancer cells and with other components of the TME, to
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carry out their functions. From forming immune synapses to
trafficking through tissues and initiating cytotoxic responses,
these processes are inherently mechanical in nature. As such, any
alteration in the physical properties of the TME can influence
immune cell localization, activation, and effector function. In
solid tumors, mechanical abnormalities such as elevated IFP,
increased ECM stiffness, and compressive solid stresses are
hallmark features. In the following sections, we examine how
these physical stimuli regulate anti-tumor immunity by (i)
directly regulating immune cell responses and (ii) indirectly
regulating immune-stromal and immune-tumor interactions.

Direct force-induced immune cell
responses

T cells rely on physical interactions for antigen recognition and
activation through the TCR. Mechanical forces can modulate TCR
conformations and enhance its interaction with CD3, promoting
cytotoxic responses (75, 76). Additionally, mechanical signals such as
matrix stiffness can suppress T cell metabolism via YAP signaling,
potentially impairing their activity in stiff tumor tissues (77).
Regulatory T cells (Tregs), which suppress immune responses, are
also affected by ECM components like hyaluronan, influencing
their immunosuppressive capacity (78). In a similar manner,
B cells, through their B cell receptors (BCRs), can sense and
respond to mechanical forces. It has been shown that low-level
mechanical cues facilitate BCR activation via lipid signaling, though
its relevance in the TME remains unclear (79). Macrophages also
demonstrate significant mechanosensitivity. Pro-inflammatory M1
macrophages can be activated by mechanical stretching via the FAK/
NF-«kB pathway (80), or by stiff ECM through YAP and Piezol
pathways (81, 82). Vice versa, macrophages can stiffen the ECM by
secreting collagen crosslinkers creating a positive feedback loop (83).
IFP can polarize macrophages toward either pro- or anti-tumor
phenotypes, with flow-driven integrin/Src signaling enhancing their
tumor-promoting behavior. Dendritic Cells (DCs), key antigen-
presenting cells, are sensitive to fluid shear stress, which regulates
their migration, metabolic activity, and expression of activation
markers like MHC I (84, 85). These responses suggest that
interstitial flow in tumors could influence DC function and thus,
the initiation of anti-tumor immune responses (86, 87). Finally,
Natural Killer (NK) cells also respond to mechanical cues. Shear
stress enhances the secretion of NK-derived extracellular vesicles
containing cytotoxic molecules like granzyme B and perforin, which
mediate tumor cell killing (88). However, the effects of mechanical
forces on NK cell activation remain underexplored.

Indirect force-induced immune-tumor and
immune-stroma interactions

The dense ECM and compressed vasculature act as physical

barriers to immune cell infiltration, contributing to the development
of an immune-excluded phenotype (70). The solid stress-induced
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hypoxia could also induce metabolic rewiring in tumor cells and CAFs
toward glycolysis via HIF-lo-mediated reprograming eventually
leading to rapid TME acidification, which could induce T cell
inhibition via decreasing expression of major TCR components,
reduced secretion of IL-2, tumor necrosis factor alpha (TNFo) and
interferon-gamma (IFNY) and upregulated expression of immune
checkpoints (89-91). The elevated IFP promotes the outward flow of
tumor- and stromal cell-derived immunosuppressive exosomes, which
accumulate at the tumor boundary. These exosomes may attract
immunosuppressive immune cells, further supporting tumor
progression (92). The elevated IFP could also upregulate the
expression of transforming growth factor-B (TGF-f) in tumor cells,
which is a major driver of immune dysfunction through recruiting Treg
cells and inhibiting CD8" and helper T cells (93-95). Also, TGF-3
attracts immune cells such as NK cells and macrophages to the tumor
site but it impairs their anti-tumor functions (96). The IFP-regulated
TGF- signaling is also a contributing mechanism to the antigen
heterogeneity in solid tumors, as it can downregulate epithelial cell
adhesion cofactor (EpCAM) expression on the surface of tumor cells.
EpCAM is a common tumor-associated antigen for the development of
CAR T based cell therapies, and hence, the IFP-induced
downregulation of this molecule would impair the recognition of
engineered cells (97). Activated Tregs can also secrete TGE-f3, further
enhancing immune suppression (98). Mechanical cues in the TME,
including interstitial flow and contractile forces exerted by CAFs, can
also activate latent TGF-f3, rendering immune cells inactive (99).

In the context of TME and under the influence of mechanical
cues, cancer cells directly interact with diverse types of immune cells
regulating their anti-tumor properties. For example, mechanical
tension during the immune synapse between T cells and cancer
cells, along with increased stiffness of repopulating tumor cells,
enhances T cell-mediated killing by promoting perforin pore
formation on the cancer cell membrane (100). Similarly, increased
hydrostatic pressure applied to cancer cells has been shown to induce
expression of immunogenic cell death markers, including calreticulin.
When such mechanically stressed cancer cells were co-cultured with
DCs, there was increased DC activity (phagocytosis), enhanced
recruitment of tumor-specific T cells, and a reduction in Treg cell
populations (101). However, not all mechanical cues are
immunostimulatory and thus, they could interfere with the
mechanism of action of several CAR based approaches. The
implantation of pre-compressed breast cancer cells into mice led to
immunosuppression, characterized by elevated M2 macrophages and
reduced active T cells within the TME. This effect was mediated by
PD-L1-containing exosomes released by cancer cells in response to
compression (102). Autophagy, which is a stress-induced mechanism
activated in cancer cells, facilitates degradation of intracellular
components, including MHC-I and granzyme B, potentially
impairing recognition and apoptosis by T and NK cells (103-105).
Paradoxically, autophagy may also degrade PD-1/PD-L1 checkpoint
molecules, which could enhance T cell-mediated killing (106).

Altogether, the patho-physiological properties of the TME present
significant barriers both at the tissue and cellular level to the success of
immunotherapies, including CAR-based immunotherapies which
are currently administered in an environment that is resistant to
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immune-mediated clearance. While some mechanical stimuli, such
as fluid flow, may enhance the activation of innate immune cells like
macrophages or DCs, these effects are context-dependent and not
always beneficial in the tumor setting. On the cancer cell side,
mechanical forces trigger mechanisms that enhance tumor cell
survival and resistance to immune attack. Overall, the mechanical
landscape of solid tumors tends to foster immune evasion, contributing
to the limited efficacy and persistence of CAR-based therapies in these
contexts. Overcoming these patho-physiological barriers will require
novel strategies, including ECM-modifying agents, co-targeting of
immunosuppressive pathways (such as TGF-3 blockade), the design
of CAR constructs or delivery platforms optimized for function in
mechanically stressful environments. A deeper understanding of how
mechanical forces regulate immune cell behavior will be critical for
advancing next-generation CAR cell therapies that are more effective in
the complex environment of solid tumors.

Current applications and innovative
CAR designs to overcome patho-
physiological challenges in solid
tumors.

Strategies to enhance CAR T cell
infiltration through the dense ECM

As elucidated above, the dense tumor ECM poses a serious
obstacle for applying engineered CAR T cell therapies in solid
tumors. Both the dense/stift and immunosuppressive nature of the
tumor ECM can impede the engineered CAR T cells to enter the
tumor, migrate towards the target cells, and subsequently kill the
cancer cells. Moreover, recently published data show that the tumor
ECM can lead to T cell exhaustion and therefore can significantly
reduce the efficacy of CAR T cell therapies in solid tumors (107). A
number of innovative approaches are currently being tested to
enhance CAR T cell infiltration through the dense ECM, mainly
focusing on ECM remodeling strategies, as discussed below (also
Figure 1). These approaches fall into two main categories: i)
strategies whereby CAR-engineered cells are pre-treated ex vivo to
improve their infiltration through the dense ECM and, ii) treatment
with agents that target ECM components with the aim to normalize
ECM stiffness and improve immunostimulation.

In terms of the ex vivo pre-treatment of CAR-engineered cells,
several strategies are currently being explored such as pre-
conditioning and inhibitory treatments of T-lymphocytes, the use
of artificial hydrogels and genetic engineering of CAR immune cells
to enhance their infiltration and targeting in solid tumors. Hypoxic
preconditioning of NK cells enhances their migration and
cytotoxicity (108, 109); a similar approach may benefit CAR T
cells by boosting stress-adaptive responses and ECM navigation.
Interestingly, vinblastine pre-treatment of cytotoxic T-lymphocytes
provides them with a better capability of migrating through dense
3D collagen matrix along with more effective killing of cancer cells
in an in vitro model (110). The results by Zhao et al., suggest that
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pharmacological pre-treatment with vinblastine may be adopted for
CAR T cells as a very simple ex vivo manipulation, to successfully
target ECM-enriched solid tumors. Recently, Zhang et al., showed
that ECM stiffness-associated biomechanical stress and the stress-
responsive involvement of Osr2 in HDAC3-mediated alterations in
the epigenetic regulation of CAR T cells promote their exhaustion
within solid tumors (111). These results suggest that pre-treatment
of CAR T cells with certain inhibitors targeting Osr2 or HDAC3
may partially delay the terminal CAR T cell exhaustion, thereby
increasing the efficacy of CAR T cell therapy toward solid tumors.
Furthermore, T cells preconditioned in hyaluronic acid (HA)-based
hydrogels or ECM-mimicking hydrogels show enhanced expansion
and functionality (112). HA hydrogels can also deliver CAR T cells
directly into tumor cavities, potentially bypassing ECM barriers and
preventing tumor recurrence, but more trials are required to
confirm efficacy (113). CAR T cells have also been engineered to
secrete ECM-degrading enzymes like heparanase, hyaluronidase, or
collagenase to improve tumor infiltration and antitumor activity
(114). Notably, the expression of heparanase is often downregulated
in ex vivo expanded T cells due to epigenetic silencing, for example
via p53-mediated suppression, but can be restored through genetic
engineering, significantly enhancing their ECM invasion capacity
and chemokine-mediated migration (115). In addition, CAR T cells
have been designed to recognize and target ECM components such
as the fibronectin EDA domain, chondroitin sulfate proteoglycan 4,
or tenascin C, and such approaches have shown improved
migration, infiltration, and tumor killing in preclinical models
(116-118).

It is well established that T cells mechanically probe their
environment, adjusting their response based on the stiffness of
target cells in vivo and ligand-carrying surfaces ex vivo. Recently,
Yassin et al., engineered a novel mechanostimulatory platform for
T-cell activation based on an antigen-carrying surface with
controlled elasticity and nanotopography (119). This platform is
designed to optimize and balance T-cell exhaustion, proliferation,
and CAR expression and it enhances the differentiation of T cells
into the central memory subset, which is crucial for the persistence
of CAR T cell therapy’s anticancer effects. Crucially, this platform
produces CAR T cells with higher antitumor efficacy, as validated
through ex vivo experiments, and with higher in vivo persistence
and ability to suppress tumor proliferation, as compared to CAR T
cells generated by standard protocols.

ECM normalization strategies to overcome
intratumoral solid stress

Several promising strategies have emerged to modulate the
intratumoral solid stress and improve the therapeutic outcomes of
CAR T cell treatment in solid tumors. One strategy relies on the
selective degradation of ECM components like collagen, HA, and
heparan sulfate proteoglycans using enzymes such as collagenase,
hyaluronidase and heparinase, respectively. These enzymes help
dismantle the dense ECM structure, reduce solid stress and
promoting deeper T cell penetration (114). Although direct
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injections of bacterial collagenase were initially explored, their
high immunogenicity limited further development (120). In
contrast, nattokinase injections have successfully degraded
fibronectin, reduced tumor stifftness, and enhanced CAR T cell
infiltration in animal models (121). To avoid the need for injections,
researchers have also designed nanodevices that release ECM-
degrading enzymes like hyaluronidase in response to the acidic
tumor environment or in response to thermoregulation, thereby
facilitating immune cell infiltration (122). Furthermore, other
pharmacological agents such as losartan and ketotifen have been
shown to act as mechano-modulators of the TME, lowering IFP and
enhancing perfusion, all of which are permissive to CAR T cell
trafficking and infiltration (123-126). Moreover, innovative
approaches such as engineering macrophages (CAR-147
macrophages) to secrete ECM-degrading enzymes or using IL-12-
engineered T cells to eliminate CAFs have demonstrated the ability
to remodel the TME in favor of T cell infiltration (127, 128). In
addition, biotechnological and nanotechnological innovations are
providing new tools to remodel the tumor ECM. Devices such as in
situ gold bioreactors that alter ECM viscosity after microwave
ablation and nanoengineered CAR T cell hybrids linked to
photosensitizers offer ways to locally disrupt the ECM upon
external triggers like laser irradiation (129, 130). These emerging
technologies, along with further collaborations between genetic
engineers and biotechnologists, are expected to expand the
applicability and effectiveness of CAR T cell therapy against solid
tumors in the future.

Targeting tumor-associated fibrosis, particularly that driven by
CAFs, offers another avenue for modulating the TME (131).
Fibrotic responses, largely mediated through the CXCL12/CXCR4
axis, result in excessive ECM deposition and physical exclusion of
cytotoxic T lymphocytes (132). Pharmacological inhibition of the
CXCL12/CXCR4 axis, such as through plerixafor, has demonstrated
the potential to alleviate fibrosis and restore immune access to
tumor regions (133). Inhibiting fibrosis-related pathways, such as
through the use of focal adhesion kinase (FAK) inhibitors or
blockers of hyaluronan synthesis, has been shown to soften the
tumor stroma and enhance CAR T therapy (134). Similarly,
targeting key fibrosis regulators like TGF-f3, HSP47, extracellular
HSP90, LOXs, and transglutaminases are being explored as a means
to prevent the formation of dense ECM barriers and improve CAR
T cell efficacy (135).

Lastly, due to the critical role of matrix stiffness in modulating
immune responses, targeted reduction of ECM rigidity, via
inhibition of matrix crosslinking enzymes such as lysyl oxidase-
like 2 (LOXL2) or direct CAR T targeting of CAFs expressing
fibroblast activation protein (FAP), has also emerged as an effective
strategy (136-138). Anti-FAP CAR T cells have been shown to
reduce stromal density, decrease vascular abnormalities, and
promote endogenous T cell infiltration, resulting in substantial
tumor regression in preclinical models (139). However, excessive
degradation of ECM can paradoxically impair T cell migration by
eliminating necessary physical cues, underscoring the need for
balanced modulation. Overall, these combined biophysical and
biochemical strategies to re-engineer the TME hold great promise
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for enhancing CAR T cell therapy efficacy against solid tumors, and
merit further investigation through rigorous preclinical and
clinical studies.

Blood vessel normalization strategies

Normalizing tumor vasculature is another promising strategy to
reduce IFP and improve immune cell delivery. Anti-angiogenic
therapies, directly or indirectly targeting vascular endothelial
growth factor (VEGF) or its receptor (VEGFR), including
clinically approved agents such as bevacizumab and sunitinib can
stabilize leaky blood vessels (140, 141). Preclinical studies have
reported that these treatments can reprogram the immune
microenvironment, for instance by converting
immunosuppressive M2 macrophages to a pro-inflammatory M1
phenotype, further supporting antitumor immunity (142).
Furthermore, CAR T cells can be genetically engineered to target
components of the tumor vasculature, such as VEGFR2 or
fibronectin splice variants like EITIB, which may offer synergistic
benefits of direct tumor cell killing and microenvironment
remodeling (143, 144). Histological evidence supports that such
decompression facilitates the infiltration of immune cells, including
CAR T cells, into tumor tissue. Interestingly, the upregulation of
superoxide dismutase 3 (SOD3) in the tumor microenvironment
might be a mechanism to boost T cell infiltration by normalizing the
tumor-associated endothelium (145, 146). Furthermore, it has been
shown that combining CAR T therapy with oncolytic virotherapy
not only induces tumor cell lysis, but also modifies the ECM and
vasculature to facilitate better CAR T infiltration (147).

Strategies to overcome the
immunosuppressive TME

Another major challenge is the immunosuppressive TME which
contributes to CAR T cell exhaustion and limits therapeutic efficacy.
To overcome this barrier, various strategies have emerged to
reprogram CAR T cells for enhanced persistence, activation, and
resistance to TME-induced suppression. Targeting the
immunosuppressive TME has yielded early clinical promise. For
example, the infusion of TGF-B-resistant prostate-specific
membrane antigen (PSMA)-targeting CAR T cells in metastatic
castration-resistant prostate cancer achieved prostate-specific
antigen (PSA) reduction in a subset of patients (148). However,
CRS remains a dose-limiting toxicity, underscoring the need for
safer designs.

To convert inhibitory signaling into productive immune
responses, ‘switch’ CARs have been developed (149, 150). These
synthetic receptors rewire suppressive signals from the TME into
activating cues, and such designs are currently under evaluation in
clinical trials (e.g. NCT06046040). Other engineering strategies
involve equipping CAR T cells with the ability to secrete ICIs. For
example, engineering CAR T cells to secrete PD-1-specific
antibodies or knocking down immune checkpoint receptors, such
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as PD-1 and CTLA-4, enhances T cell function and reduces
exhaustion (58, 151, 152). Trials investigating such constructs
(e.g. NCT05089266, NCT05373147) aim to locally modulate the
immunosuppressive TME, while avoiding systemic toxicities.
Genetic modifications that delete or knock down checkpoint
receptors during CAR T cell manufacturing are another
promising avenue. PD-1 deletion has also been shown to enhance
function, with clinical trials now evaluating such modifications (e.g.
NCT05732948). Additionally, Good et al., showed improved CAR T
cell killing in ID3 and SOX4 knock-out human CAR T cells
demonstrates a role for these transcription factors in the
dysfunction of CAR T cells (153).

‘Armored” CAR T cells, which co-express pro-inflammatory
cytokines, represent a powerful strategy to boost efficacy and
persistence. CAR T cells have been engineered to express
cytokines such as IL-7 and IL-21, which improve their expansion
and persistence, and IL-23, which supports their proliferation and
survival (154-156). In addition, cytokines like IL-12 and IL-36 help
reshape the TME by promoting pro-inflammatory conditions
favorable to CAR T cell activity (157, 158). IL-12, for instance,
can activate endogenous cytotoxic T cells, NK cells, and polarize
macrophages toward an anti-tumorigenic phenotype (159).
Another critical advancement includes enhancing the trafficking
and infiltration of CAR T cells into tumors by co-expressing IL-7
and the chemokine CCL19, thereby facilitating more effective tumor
targeting (160). However, constitutive cytokine expression raises
safety concerns, leading to the development of inducible expression
systems or receptor-level engineering.

Metabolic reprogramming has also emerged as a promising
approach. The metabolic constraints of the TME (hypoxia, nutrient
deprivation, acidic pH, and oxidative stress) further limit CAR T
cell functionality. Metabolic engineering strategies include
developing hypoxia-responsive CARs that restrict expression to
hypoxic regions, thereby enhancing safety and efficacy (161).
Adjunct therapies, such as AMPK activators (e.g. metformin) and
mTOR inhibitors (e.g. rapamycin), further support CAR T cell
metabolic fitness (162). In this study, metformin and rapamycin
pretreated CAR T cells demonstrated persistent and effective anti-
glioma cytotoxic activities and significantly extended the survival of
mice bearing intracerebral SB28 EGFRVIII gliomas. Importantly,
human CAR T cells pretreated with metformin and rapamycin
recapitulated the observations with murine CAR-T cells. These
findings advocate for translational and clinical exploration of
metformin and rapamycin pretreated CAR T cells in human
trials. Furthermore, IL-10 (despite its conventional role as an
immunosuppressive cytokine) can reprogram CAR T cell
metabolism and restore their function in the exhausted state (163).

Enhancing endogenous immunity is another focus area; CAR T
cells expressing Flt3 ligand (Flt3L) stimulate the expansion of DCs,
boosting antigen presentation and the activation of the broader
immune system (164). In terms of receptor engineering,
constitutively active cytokine receptors and chimeric cytokine
receptors are being incorporated into CAR T cells (165). These
allow continuous signaling or convert inhibitory signals into
activating ones, further supporting T cell survival and activity
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within suppressive environments. Additionally, integrating
elements of the JAK-STAT signaling pathway into CAR
constructs enhances CAR T proliferation and prevents premature
differentiation (49). Orthogonal cytokine systems, such as IL-2
variants targeting synthetic receptors, are also under investigation
enabling selective CAR T cell activation without triggering off-target
immune responses (165, 166). To control these complex
enhancements safely, researchers are developing synthetic gene
circuits, such as the SynNotch platform, that allow precise
regulation of therapeutic molecule expression (167).

Combination therapies with CAR-
engineered cells

CAR T cells have been engineered to secrete a diverse range of
therapeutic payloads, including antibodies, enzymes, ICIs, and
immunomodulatory proteins to directly modulate the TME and
improve anti-tumor responses (Figure 2). Such combination
treatments have shown an enhanced therapeutic effect on solid
tumors. For example, mbIL12-engineered CAR T cells have been

10.3389/fimmu.2025.1638186

shown to promote durable anti-tumor responses against both
regional and systemic disease in mice (168). This design led to
increased IFNy production, improved T cell proliferation, and
recursive tumor cell killing in vitro. In addition, CAR T cells have
been engineered to target the mesothelin antigen and secrete PD-L1
blocking antibody to remove the immunosuppressive effect of
tumor on CAR T cells (termed Sec-MesoCAR-T cells) thereby
increasing the therapeutic effect of CAR T cells on pancreatic
cancer (169). Sec-MesoCAR-T cells showed an enhanced
inhibitory effect on BxPC-3 tumor than MesoCAR-T cells in vitro
and in vivo, and secreted higher level of cytokines including IL-2,
IL-6 and IFEN-yin vitro than MesoCAR-T (control) cells. This work
showed that the PD-L1 antibody secreted by Sec-MesoCAR-T cells
relieved the immunosuppressive effect of pancreatic cancer on CAR
T cells and improved their anti-tumor activity. Another group
demonstrated that CAR T cells targeting tumor-specific epidermal
growth factor receptor variant III (EGFRVIII) alone fail to control
fully established tumors in an immunocompetent, orthotopic
glioblastoma mouse model; however, when combined with a
single, locally delivered dose of IL-12, achieve durable anti-tumor
responses (170). These findings suggest that local delivery of IL-12

CART cells
targeting a single antigen

"armored" CAR T cells

eg.
co-expressing anti-PD-1 or
immunomodulatory cytokines

CART cells
targeting multiple antigens

combination of CAR cell populations
(e.g. CAR T cells + CAR macrophages)

%

COMBINATION STRATEGIES TO ENHANCE CAR CELL THERAPEUTIC EFFICACY IN SOLID TUMORS

dual-targeting CAR T cells

combination therapies

eg +

ECM-degrading enzymes
oncolytic viruses

immune checkpoint inhibitors
immunomodulatory cytokines
focused ultrasound

FIGURE 2

Overview of the combination strategies employed to enhance CAR T cell therapeutic efficacy in solid tumors. Combination treatments are aimed at
targeting antigen heterogeneity, reprogramming the immunosuppressive tumor microenvironment, and normalizing the extracellular matrix (ECM).
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may be an effective adjuvant for CAR T cell therapy for
glioblastoma. Furthermore, combination therapies incorporating
CAR T cells with STING agonists are under exploration to
modulate the TME and potentiate CAR T cell efficacy (171, 172).
More recently, a focused ultrasound (FUS)-based approach was
employed to acoustogenetically control the engineered T cells to
transduce ultrasound signals into genetic and cellular activations for
therapeutic applications in vivo (34). This acoustogenetics
technology enables the activation of CAR T cells at confined
tissue regions, allowing the targeting of less ideal antigens without
causing non-specific off-tumor toxicity. Collectively, these efforts
support the use of combination therapies together with CAR T cells
for the treatment of solid tumors in the clinic.

Conclusions

Recent clinical trials and patient experiences involving CAR T cell
therapy for solid tumors have yielded promising results. While initial
studies mostly focused on confirming safety, newer research has begun
to demonstrate its potential effectiveness against complex and
aggressive tumors. However, several obstacles still remain, such as
difficulties in CAR T cell delivery, persistence, and tumor heterogeneity.
Despite these challenges, innovative strategies are emerging. Targeting
multiple tumor antigens at once is proving effective in addressing
tumor variability and enhancing treatment outcomes. Recent advances,
such as cytokine-armored T cells, may reduce the need for
lymphodepleting chemotherapy before CAR T cell infusion.
Additionally, combining CAR T cell therapy with oncolytic viruses,
cytokines, and immune checkpoint inhibitors could help overcome
tumor defenses. Insights from these studies are guiding the creation of
more tailored and effective therapies. Enhancing the performance of
CAR-engineered cells through ECM remodeling, metabolic
reprogramming, and synthetic biology is expected to improve CAR
T cell persistence, trafficking and cancer cell targeting, offering new
hope for treating solid tumors successfully.
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