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SUMMARY

Chimeric antigen receptor (CAR)-T cell therapy has revolutionized the treatment of hematologic malig-

nancies, but its efficacy in solid tumors is limited by several challenges. Key obstacles include insufficient 
CAR-T cell trafficking to tumors, limited expansion and persistence, tumor relapse due to antigen loss or het-

erogeneity, and an immunosuppressive tumor microenvironment (TME) that dampens CAR-T cell functions. 
In this review, we discuss insights from recent successful clinical trials in advanced solid tumors and highlight 
groundbreaking strategies integrating synthetic biology and gene engineering to enhance CAR-T cell fitness, 
potency, and persistence, activate host immunity, reprogram the TME, and enable multi-antigen targeting. 
We examine strengths and weaknesses of current preclinical models for assessing the efficacy and safety 
of CAR-T cell therapies, including human xenografts in immunodeficient mice and humanized or syngeneic 
models. The array of cutting-edge approaches employed in next-generation CAR-T cell therapies is expected 
to transform the treatment landscape of solid tumors.

CAR-T CELL THERAPY FOR SOLID TUMORS

CAR-T cell therapy has revolutionized the treatment and 

prognosis of hematologic tumors, achieving remarkable, and 

sometimes curable, results in certain blood cancers. As a testa-

ment to this clinical success, seven CAR-T cell products have 

been approved by the US Food and Drug Administration (FDA). 

In contrast, there are no FDA-approved CAR-T cells for solid 

tumors despite two T cell-based therapies being recently 

approved: lifileucel, derived from tumor-infiltrating lympho-

cytes, 1 for advanced melanoma and afamitresgene autoleucel, 

a T cell receptor (TCR)-engineered therapy targeting mela-

noma-associated antigen 4 (MAGE-A4), for synovial cell 

sarcoma. 2,3

Attempts to translate CAR-T cell therapy to solid tumors have 

yielded disappointing clinical results and revealed key chal-

lenges that constrain therapeutic efficacy, including the limited 

ability of CAR-T cells to traffic to and infiltrate the tumors. This 

limitation is primarily due to the lack of optimal chemokines 

and inflammatory signals released by the tumor, along with 

physical barriers, such as a dense extracellular matrix surround-

ing the tumor. Once inside the tumors, CAR-T cells encounter a 

hostile tumor microenvironment (TME), which diminishes the 

ability of engineered T cells to persist, expand, and exert cyto-

toxic functions. Lastly, tumors can quickly adapt to escape 

CAR-T cell recognition by antigen loss, mutation, or down-regu-

lation or due to heterogeneous antigen expression.

This review discusses current strategies to overcome the key 

obstacles for CAR-T cell therapy in solid tumors. We examine

recent successful clinical trials in advanced solid tumors and 

highlight strategies to enable multi-antigen targeting and 

enhance CAR-T cell trafficking. We also explore cutting-edge 

gene engineering and armoring approaches to increase 

CAR-T cell fitness and efficacy and counteract the immunosup-

pressive TME. Furthermore, we evaluate the strengths and lim-

itations of current preclinical models to test these modifica-

tions. Leveraging this knowledge, we provide a roadmap for 

future CAR-T cell therapies.

PROMISING OUTCOMES FROM RECENT CLINICAL 

TRIALS OF CAR-T CELLS IN SOLID TUMORS: WHAT WE 

CAN LEARN FROM THEM

After a decade of discouraging clinical outcomes using CAR-T 

cells against a variety of solid tumors, recent clinical trials have 

yielded encouraging results in brain, gastric, liver, sarcoma, neu-

roblastoma, pleural, and claudin6-positive (CLDN6) tumors 

(Table S1).

In the context of brain tumors, which are typically refractory to 

most treatments, significant progress has been made, with three 

CAR-T cell products published in 2024. One study demonstrated 

the safety of repetitive local infusions of interleukin (IL)-13Rα2-

CAR-T cells and reported promising efficacy data. 4 They also 

observed an increase in median survival from 7.7 to 10.2 months 

for the clinical arm treated with CAR-T cells manufactured from 

CD62L + naive, stem cell memory, and central memory T (Tn/ 

mem) cells as the starting populations. 4 A second study, pub-

lished by our group, used epidermal growth factor receptor
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(EGFR)-vIII-CAR-T cells engineered to secrete a T cell-engaging 

antibody molecule (TEAM) targeting CD3 on T cells and the wild-

type EGFR antigen on tumor cells (i.e., CARv3-TEAM-E T cells) 5 

to improve tumor targeting. We reported dramatic and rapid 

(within 24–48 h) anti-tumor responses in three patients with glio-

blastoma receiving a single intraventricular infusion of CARv3-

TEAM-E T cells. 6 Notably, one patient remained in prolonged 

remission at the 104-day follow-up, while the remaining two re-

sponses were transient. Lastly, a clinical trial of intrathecal 

administration of CAR-T cells targeting IL-13Rα2 and EGFR re-

ported tumor volume reductions in 8/13 patients, with one qual-

ifying as a partial response. 7 Although most reductions did not 

meet the criteria for an objective radiographic response, 

CAR-T cells and cytokines were detected in the cerebrospinal 

fluid, suggesting bioactivity. One patient had stable disease 

ongoing for 16 months. Importantly, all three studies demon-

strated the safety and feasibility of delivering CAR-T cells into 

the central nervous system (CNS), with only one dose-limiting 

toxicity (DLT) occurring across all patients.

Significant progress has also been reported for pediatric 

patients with glioma. A phase 1 clinical study of disialoganglio-

side (GD2)-CAR-T cells reported clinical improvements and tu-

mor volume reductions in 9/11 patients given two consecutive 

doses (intravenous and intracerebroventricular), with one patient 

achieving complete remission lasting 30 months. 8 No DLTs were 

observed at the lower doses, but high-grade cytokine release 

syndrome (CRS) occurred in three patients treated with the high-

est dose. Another trial with repetitive intracerebroventricular ad-

ministrations of B7-H3-CAR-T cells reported grade 1–2 adverse 

events, with only one grade 4 event, suggesting that repetitive in-

fusions of CAR-T cell are well tolerated. MRI imaging indicated 1 

partial response (6%) and 15 stable diseases (83%), with 3 pa-

tients still alive at more than 40 months from diagnosis. 9 

Compared to previous trials, key features of these clinical 

studies include locoregional administration of CAR-T cells, 4,6–9 

repetitive CAR-T cell infusions, 4,6–9 and multi-antigen target-

ing. 6,7 Locoregional CAR-T cell delivery associated with rapid 

anti-tumor responses and the detection of high concentrations 

of engineered T cells in the cerebrospinal fluid, which was 

accompanied with early-onset tumor inflammation-associated 

neurotoxicity. Administering multiple doses of CAR-T cells and 

multi-antigen targeting further ensured more effective and 

sustained anti-tumor responses and was shown to be safe in 

these initial trials. While all studies demonstrated the feasibility 

of manufacturing enough CAR-T cells for their target doses, 

the B7-H3 trial uniquely used a methotrexate-resistant dihydro-

folate reductase (DHFR) mutein to enrich CAR-T cells ex vivo and 

successfully generated cells from a single apheresis in all pa-

tients, including one who received an impressive 81 doses 

(3 × 10 9 CAR-T cells). 9 The study with IL-13Rα2-CAR-T cells 

also reported increased CAR-T cell numbers and improved sur-

vival when starting from CD62L + Tn/mem cells. Therefore, opti-

mizing CAR-T cell manufacturing will contribute to the success 

of multi-dose trials.

For solid tumors not involving the brain, two studies of 

claudin18.2-CAR-T cells in gastrointestinal cancer 10 and GD2-

CAR-T cells in patients with neuroblastoma 11 reached promising 

outcomes (Table S1). Both trials employed higher doses of

CAR-T cells and reported higher levels of circulating CAR-T cells 

that persisted longer as compared to previous trials in solid tu-

mors. Notably, the GD2-CAR-T cells used a third-generation 

CAR incorporating both CD28 and a 4-1BB co-stimulatory 

domain and reported a median CAR-T cell persistence of 

3 months, with a maximal persistence of more than 2 years in 

two patients. In both trials, the extended CAR-T cell persistence 

correlated, albeit not significantly, with better responses. 

Another approach to improve CAR-T cell engraftment is 

the use of lymphodepleting chemotherapy. In pediatric and 

adolescent patients with sarcoma, multiple infusions of human 

epidermal growth factor receptor 2 (HER2)-CAR-T cells in com-

bination with lymphodepletion resulted in 50% disease control, 

including complete responses in three patients. 12 Lymphodeple-

tion associated with better CAR-T cell expansion compared to 

historical controls receiving the same dose of CAR-T cells in 

the absence of chemotherapy. 12,13 This approach was also 

safe, despite the known risk of on-target off-tumor toxicity previ-

ously observed with HER2-CAR-T cells. 14 Manageable grade 

1–2 CRS was observed in 79% of patients, with grade 3–4 

CRS observed only in the two patients receiving the highest 

CAR-T cell dose. The lack of toxicities could reflect the short 

persistence of circulating CAR-T cells and the use of the 

FRP5-derived single-chain fragment variable (scFv) as the anti-

gen-binding domain of the CAR instead of the trastuzumab-

derived scFv.

Others have used vaccination to improve CAR-T cell persis-

tence and expansion. This can be achieved through direct 

engagement of the CAR molecule 15 or the use of mRNA vac-

cines, which are taken up and translated by dendritic cells 

(DCs), resulting in the surface expression of the encoded protein. 

A major advantage of vaccination is that CAR-T cells will 

encounter their cognate antigen in secondary lymphoid organs, 

where co-stimulation is maximal and immunosuppression is 

minimal, as compared to the TME of solid tumors. BioNTech 

has adopted its proprietary RNA-lipoplex (LPX) delivery system 

to deliver mRNAs encoding for mutated neo-antigens or endog-

enous self-antigens to the lymphoid compartment. 16 Interim re-

sults of the ongoing phase 1/2 clinical trial combining claudin-6 

(CLDN6)-CAR-T cells with a CLDN6-LPX vaccine (CARVac) re-

ported manageable side effects and encouraging efficacy 

(Table S1). 17 Together, results from preclinical and clinical 

studies suggest that the combination of CAR-T cells with booster 

vaccines can significantly expand and prolong the survival of 

CAR-T cells. A limitation to the broad applicability of the 

CARVac approach is the difficulty in identifying suitable antigens 

that can be safely targeted without increasing the risk of on-

target off-tumor toxicity or the induction of auto-reactive anti-

bodies and T cells. Indeed, many antigens expressed on solid tu-

mors and targeted by CAR-T cells are also present, albeit at 

lower levels, on normal vital tissues.

ADDRESSING TUMOR ANTIGEN HETEROGENEITY

Despite these promising clinical results, there is still a need for 

improved tumor targeting by CAR-T cells. One way to achieve 

this is by targeting multiple tumor antigens. Most solid tumors 

do not uniformly express tumor antigens, leading to the selection
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of antigen-negative clones that escape CAR-T cell recognition. 

Tumors can also evolve to down-regulate or lose the targeted 

antigen, resulting in the relapse of antigen-low or negative tu-

mors. 18 Targeting multiple antigens could lead to a more effec-

tive anti-tumor response, while minimizing the risk of antigen 

escape. Bi-specific CAR-T cells have been successfully tested 

in clinical trials for hematologic malignancies. 19–21 They can be 

achieved by infusing a mixed population of single-targeting 

CAR-T cells (pooled CAR), by expressing two different CARs 

on the surface of the same T cell (dual-targeting CAR), or by link-

ing two antigen-binding domains in a single CAR molecule 

(TanCAR). The use of pooled CAR-T cells is demanding in terms 

of costs and regulatory requirements, because it entails the 

manufacturing of two separate products. Additionally, this strat-

egy has proven less effective compared to dual-targeting CARs, 

possibly due to competition and the preferential expansion of 

one CAR-T cell population over the other in the TME. 22 

Dual-targeting CAR-T cells can be generated by expressing 

two CARs from a bicistronic vector or by co-transducing 

T cells with two different CAR-encoding vectors. However, 

similar to the pooled CAR-T cell strategy, co-transduction can 

result in a mixed population of cells and preferential selection 

of one CAR-T cell population over the other in vivo. Dual-target-

ing EGFR/IL-13Rα2 CAR-T cells showed promising results in 

patients with glioblastoma. 7 In preclinical models, unique dual-

targeting designs have been used to improve CAR-T cell effi-

cacy. For example, dual-targeting GD2/B7-H3 CAR-T cells 

with a shared CD3z domain and split CD28/4-1BB co-stimula-

tory domains provided improved CAR-T cell metabolic fitness 

and superior anti-tumor activity and prevented tumor escape 

against a neuroblastoma xenograft model. 23

TanCARs targeting EGFRvIII/IL-13Rα2 24 or HER2/IL-13Rα2 25 

have successfully addressed tumor antigen heterogeneity in pre-

clinical models of glioblastoma. A major drawback of TanCARs is 

the need to optimize the CAR structure for the selected tumor 

antigen pair. This optimization aims to position the scFvs for 

optimal binding of the antigen, minimize steric hindrance, and 

allow proper formation of a functional immunological synapse. 

Although current TanCARs have relied on the use of two scFvs 

linked together, camelid nanobodies (variable domain of a 

heavy-chain, VHHs) could offer a promising alternative. VHHs 

are smaller and more stable than scFvs, making them easier to 

incorporate into a dual-targeting design. Additionally, while the 

light and heavy chains of two scFvs could potentially mispair dur-

ing protein assembly, no such risk exists with VHHs, which 

consist of a single heavy chain. The adoption of VHHs could 

be especially relevant for the design of tri-specific CAR-T cells, 

which incorporate three antigen-binding domains.

An alternative strategy to address tumor antigen heterogeneity 

is through engineering CAR-T cells to secrete bi-specific anti-

bodies against additional tumor antigens. 5,26 An advantage of 

this strategy is that the secreted T cell engager (TCE) can redirect 

the cytotoxicity of both tumor-infiltrating CAR + and bystander 

(CAR negative) T cells, thereby enhancing therapeutic efficacy. 

The TCE is also capable of eliciting degranulation of T regulatory 

cells, which can be abundant in the TME, enabling additional 

help in killing the tumor. 5 Additionally, the preferential accumula-

tion of CAR-T cells in the tumor and the short half-life of TCE

molecules in the bloodstream can help minimizing on-target 

off-tumor toxicity when the targeted antigen is also expressed 

in healthy vital tissues. 5 As described earlier, this strategy has 

been recently tested in a phase 1 clinical trial in patients with glio-

blastoma resulting in significant anti-tumor responses. 6 In the 

future, engineering CAR-T cells to secrete tri-specific TCE could 

further expand tumor antigen targeting and help addressing tu-

mor escape.

Lastly, an alternative approach to address tumor heterogeneity 

is modular CAR-T cells, where tumor cell killing is dependent on an 

adapter molecule. In principle, these approaches are highly versa-

tile, allowing for control of CAR-T cell activity by simply switching or 

modulating the availability of the adapter molecule(s) without the 

need to re-engineer the T cells. A wide array of adapter-mediated 

CARs has been developed, including biotin-, fluorescein isothiocy-

anate (FITC)-, and general control nondepressible-4 (GCN4)-bind-

ing CARs, where tumor cell killing relies on the administration of 

biotinylated, FITC-labeled, and GCN4-tagged tumor-targeting 

antibodies, respectively. 27 Two major limitations of these first 

adapter-regulated CARs are the potential immunogenicity of the 

adapter recognition domain and the need to empirically test the 

size and geometry of each tumor-targeting adapter molecule to 

achieve optimal synapse formation and CAR-T cell activation. 27 

Improved versions of adapter-regulated CARs include universal 

CARs (UniCAR) and split, universal, and programmable (SUPRA) 

CARs. UniCARs are composed of a 5B9-targeting scFv that con-

stitutes the extracellular domain of the CAR and is recognized by 

an E5B9 peptide-tagged tumor-targeting adapter molecule, 28 

which is non-immunogenic. This peptide has been successfully 

linked to various tumor-targeting adapter molecules, including 

antibodies, affibodies, soluble TCRs, and small molecules. 29 In 

preclinical models, UniCARs have been shown to address tumor 

heterogeneity, minimize antigen escape, and prevent CAR-T 

cell toxicity. 29 However, it remains to be determined whether 

UniCARs will be effective in patients. Two clinical trials are 

currently ongoing (NCT04230265 and NCT04633148).

SUPRA CARs incorporate an inert leucine zipper receptor (zip-

CAR), which can bind to a tumor-targeting leucine zipper adapter 

scFv (zipFv). Administering multiple zipFv combinations can be 

used as a versatile OR gate strategy to prevent cancer evasion. 30 

Additionally, using zipFvs at different doses or affinities can regu-

late CAR-T cell signaling and cytotoxicity, with lower doses or 

reduced affinity zipFvs leading to decreased interferon-γ 
(IFN-γ) release by the engineered T cells. 30 CAR-T cell activation 

can also be dampened by combining leucine zipper pairs with 

different affinities and administering a zipFv inhibitor that se-

questers activating zipFvs. 30 Lastly, the SUPRA CAR system 

can be integrated with AND gate Boolean logic by combining 

two mutually exclusive zipCAR/zipFv pairs into a split CAR 

design where binding to both antigens on the same tumor cell 

is required to mediate functional T cell signaling and tumor cell 

killing. 30 While multi-antigen targeting zipFvs are meant to 

address tumor antigen heterogeneity, the split SUPRA CARs 

are meant to improve tumor antigen specificity, which reduces 

on-target off-tumor toxicity at the risk of tumor antigen escape 

upon loss of either antigen.

On-target off-tumor toxicity is a major concern with multi-anti-

gen targeting. Identifying antigens uniquely expressed in solid
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tumors but absent in normal tissues remains a key challenge for 

safe and effective CAR-T cell therapy and is an area of ongoing 

investigation. Recent efforts have also explored expanding the an-

tigen repertoire to peptide-major histocompatibility complexes 

(MHCs) derived from intracellular proteins, viral antigens, and 

neo-antigens. 31–35 To improve the safety of CAR-T cells, kill 

switches have been incorporated in the CAR design to selectively 

eliminate the engineered cells upon treatment with a switch acti-

vator. Examples include inducible caspase-9 (iCasp9) 36 or herpes 

simplex virus (HSV) tyrosine kinase, 37 both of which are activated 

with rimiducid or ganciclovir, or inactive receptors, such as trun-

cated EGFR, 38 truncated HER2, 39 and the CD20 epitope, 40 which 

are recognized by commercially available depleting antibodies 

(cetuximab, trastuzumab, and rituximab). These strategies have 

been administered in the clinic with mixed results, identifying lim-

itations to their use. For instance, in two clinical trials, the iCasp9 

approach successfully diminished CAR-T cells in patients treated 

with rimiducid 11,41 ; however, in one case, the effect was transient 

since the CAR-T cells re-expanded after 6 weeks and remained 

detectable for 30 months after infusion. 11 This could be due to 

the preferential elimination of T cells with high, but not low, levels 

of iCasp9 expression. Another limitation to iCasp9 is that the 

dimerizing drug rimiducid is not commercially available. The 

viral-derived HSV tyrosine kinase kill switch is limited by its immu-

nogenicity, reliance on cell proliferation for activity, delayed ki-

netics, potential off-target toxicity of ganciclovir, and interference 

with antiviral treatments. 42 A major limitation in the use of EGFR-, 

HER2-, and CD20-based safety switches is that cell clearance 

relies on the efficiency of antibody-dependent cellular cytotoxicity 

or complement-mediated lysis, which may result in partial or 

inconsistent cell elimination, especially in immunocompromised 

patients. Our group incorporated a truncated EGFR (tEGFR) into 

CD37-targeting CAR-T cells, which were evaluated in a first-in-hu-

man phase 1 trial in patients with CD37-positive hematologic 

malignancies (NCT04136275). Two patients with prolonged, se-

vere pancytopenia received cetuximab in an attempt to deplete 

CAR-37 T cells. 43 Although CAR-T cells were no longer detectable 

by flow cytometry, peripheral blood vector copy numbers re-

mained unchanged, suggesting that cetuximab bound to tEGFR 

and masked its detection without inducing cell death, likely due 

to the absence of functional myeloid effector cells in these pa-

tients. In contrast, two subsequent trials using tEGFR-expressing 

CAR-T cells targeting Claudin18.2 in pancreatic cancer or CD5 in 

T cell lymphomas have demonstrated successful depletion of 

CAR-T cells upon cetuximab treatment in patients. 44,45

An alternative strategy to improve tumor targeting and mini-

mize on-target off-tumor toxicity is using the SynNotch technol-

ogy, 46 or its improved and fully humanized version, SNIPR, 47 to 

regulate CAR expression. This strategy uses a synthetic notch 

receptor against a priming antigen, which has specific but 

heterogeneous expression in tumors. Recognition of the prim-

ing antigen induces the expression of a conventional CAR 

directed against an antigen with homogeneous but not entirely 

tumor-restricted expression. SynNotch-CARs improved safety 

and therapeutic efficacy in preclinical models where tumors 

and the susceptible vital tissues were not co-localized. 46,48,49 

Notably, the SNIPR technology also responds to soluble 

cues, opening the possibility to regulate CAR expression

upon recognition of exogenously administered or tumor-

restricted soluble molecules. 50 SynNotch-CARs are currently 

in clinical testing (NCT06186401). Additional emerging tunable 

safety technologies include transcriptionally regulatable 

CAR expression systems, split CAR designs, protease-activat-

able CARs, drug-inducible protein degradation platforms, 

logic-gated CARs, and transient CAR expression via mRNA 

electroporation. 42

ENHANCING TRAFFICKING AND INFILTRATION OF 

CAR-T CELLS INTO SOLID TUMORS

Another key factor impacting therapeutic efficacy is the ability of 

CAR-T cells to traffic to and infiltrate solid tumors. Their entrance 

is limited by the lack of optimal inflammatory and chemokine 

signals secreted by cancer cells, the abnormal tumor vascula-

ture, and the presence of physical barriers such as a dense 

stroma surrounding the tumor cells. Additionally, once infused 

intravenously in patients, CAR-T cells may home to lymphoid or-

gans, where they will not encounter the cognate antigen and 

cannot be primed by DCs, potentially leading to reduced 

CAR-T cell proliferation, differentiation into effector T cells, and 

decreased trafficking to the tumor site. One strategy to address 

limited CAR-T cell trafficking is locoregional administration of 

CAR-T cells. In preclinical models of brain tumors, locoregional 

delivery achieved effective anti-tumor responses with a 10-fold 

lower dose of CAR-T cells. 51–53 In clinical trials, local administra-

tion 4,6,7 of CAR-T cells significantly improved therapeutic effi-

cacy in patients with glioblastoma compared to intravenous 

administration. 54 Similarly, administration of CAR-T cells in the 

pleural cavity achieved promising results in combination with 

PD1-blockade therapy in patients with pleural tumors. 55 CAR-T 

cells have also been locally delivered in a fibrin gel within the tu-

mor cavity to target minimal residual disease post incomplete 

surgery in preclinical models of breast cancer, showing pro-

longed intra-tumoral CAR-T cell persistence and reduced 

incidence of on-target off-tumor lung toxicity compared to 

CAR-T cells injected directly into the tumor cavity. 56 This strat-

egy has also been shown to improve therapeutic efficacy in a 

preclinical model of partially resected glioblastoma 57 and is 

currently being tested in patients with metastatic triple-negative 

breast cancer (NCT05623488).

Alternative strategies designed to improve CAR-T cell traf-

ficking and infiltration rely on the overexpression of chemokines, 

chemokine receptors, or adhesion molecules on CAR-T cells 

and have shown promising results in preclinical studies. 58 These 

include overexpression of C-X-C chemokine receptor 2 

(CXCR2), C-C chemokine receptor 2b (CCR2b), CXCR6, 

CXCR5, C-X3-C chemokine receptor 1 (CX3CR1), CCR4, C-C 

chemokine ligand 2 (CCL2), and CCR9 on CAR-T cells. A major 

challenge to this approach is finding a chemokine axis that 

is restricted to tumors, which is critical to prevent unwanted 

T cell migration toward healthy tissues. Additionally, chronic 

expression of chemokines or chemokine receptors can result 

in chronic calcium signaling and subsequent T cell anergy. 58 

Some of these strategies are under clinical investigation in mul-

tiple myeloma and non-small cell lung cancer (NCT04727008, 

NCT05060796).
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CAR-T cell infiltration is also limited by the presence of a dense 

stroma surrounding solid tumors. To address this, two studies 

have targeted fibroblast-activating protein (FAP)-expressing 

cancer-associated fibroblasts (CAFs), which are primarily 

responsible for the deposition of this extracellular matrix. One 

strategy employed FAP-specific CAR-T cells, which rendered 

pancreatic tumors more susceptible to being killed by mesothe-

lin-targeting CAR-T cells administered as a subsequent treat-

ment. 59 The second strategy, performed in our lab, engineered 

mesothelin-targeting CAR-T cells to secrete a CD3/FAP TCE, 

efficiently redirecting CAR + and bystander T cells against FAP-

expressing CAFs. 60 Other groups have engineered CAR-T cells 

to express enzymes that break down the extracellular matrix, 

such as heparinase. 61 Tumor-infiltrating stromal cells, macro-

phages, and myeloid-derived suppressor cells can also directly 

suppress CAR-T cell functions and drive therapeutic resistance, 

as recently shown in patients with glioblastoma and aggressive 

B cell lymphoma. 62,63 This is an emerging area of ongoing 

investigation.

GENE EDITING OF CAR-T CELLS TO IMPROVE FITNESS, 

PERSISTENCE, AND FUNCTIONALITY

In tumors, adoptively transferred CAR-T cells can progressively 

acquire an exhausted or dysfunctional phenotype due to 

chronic antigen exposure, nutrient deprivation, low pH, hypox-

ia, and immunosuppressive cues in the TME. Exhausted T cells 

are characterized by distinct transcriptional and epigenetic 

profiles, elevated and sustained expression of checkpoint 

inhibitory molecules, and loss of effector functions. 64 CAR-T 

cell dysfunction can either be acquired at the tumor site or be 

pre-existent when CAR-T cells are manufactured from T cells 

of heavily pre-treated patients or patients with a high tumor 

burden. Accordingly, variability in the chromatin landscape in 

the CAR-T cell product at the time of infusion is significantly 

associated with the therapeutic outcome. 65 The importance 

of epigenetics in regulating CAR-T cell function became evident 

when integration of a CAR-encoding lentiviral vector caused a 

loss-of-function mutation in the ten-eleven translocation 2 

(TET2) gene in combination with a naturally occurring mutation 

in the patient’s other TET2 allele. The mutation resulted in 

massive CAR-T cell expansion and induction of a complete 

response for the chronic lymphocytic leukemia (CLL) patient. 66 

Subsequent studies purposefully inducing this mutation in 

CAR-T cells revealed that the bi-allelic loss of TET2 improved 

tumor control in mice, but it also led to antigen-independent un-

controlled clonal expansion, which was dependent on sus-

tained basic leucine zipper ATF-like transcription factor 3 

(BATF3) expression, raising potential safety concerns. 67 

Several strategies have aimed to increase CAR-T cell fitness by 

modulating the epigenome, transcriptome, and phenotype of en-

gineered T cells. To achieve these modifications, clustered regu-

larly interspaced palindromic repeats (CRISPR)-Cas9 and base 

editing technologies have been used to introduce single or multi-

plex gene editing. CAR-T cells with knockout of epigenetic regu-

lators, such as DNA methyltransferase 3 alpha (DNMT3A), 68 sup-

pressor of variegation 3-9 homolog 1 (SUV39H1), 69 thymocyte 

selection-associated high mobility group box protein (TOX), and

TOX2 70 ; transcriptional regulators, such as nuclear receptor sub-

family 4 group A2 (NR4A2), 71 inhibitor of DNA binding 3 (ID3), 72 

and SRY-box transcription factor 4 (SOX4) 72 ; and inhibitory recep-

tors, such as cytotoxic T lymphocyte-associated protein 4 

(CTLA4), 73 programmed cell death 1 (PDCD1), 74,75 and lympho-

cyte activation gene 3 (LAG3), 76 have improved CAR-T cell anti-

tumor activity in preclinical mouse models. In human and mouse 

TCR-engineered T cells, additional sex combs like 1 (ASXL1) 

knockout enhanced T cell longevity and anti-tumor efficacy and 

synergized with PDL1 blockade therapy, highlighting ASXL1 as 

a potential target to improve CAR-T cell fitness. 77 It remains to 

be determined whether these gene modifications will also be 

beneficial in patients. Indeed, knocking out PDCD1 (encoding pro-

grammed cell death protein 1, PD1) improved efficacy in preclin-

ical studies but failed to confer clinical benefit in patients treated 

with New York esophageal squamous cell carcinoma 1 (NY-

ESO-1)-targeting TCR-engineered T cells. 78 This result was not 

completely unexpected since studies in mice have revealed the 

importance of fine-tuning PD1 expression to counteract exces-

sive TCR signaling, prevent immunopathology, and allow optimal 

memory formation. 79 CAR-T cell fitness can also be improved by 

overexpressing transcriptional regulators such as JUN, 80 fork-

head box O1 (FOXO1), 81,82 and basic leucine zipper ATF-like tran-

scription factor (BATF). 83 Interestingly, the choice of which start-

ing T cell population is genetically manipulated significantly 

influences the outcome, due to functional, transcriptional, and 

epigenetic differences between each T cell subset. For example, 

overexpression of the transcription factor runt-related transcrip-

tion factor 2 (RUNX2) enhanced CAR-T cell potency and reduced 

exhaustion in naive but not memory T cells. 84 Thus, prior T cell an-

tigen experience should be considered when designing these 

gene-editing approaches.

Besides targeting ad hoc genes, large-scale in vitro CRISPR 

screens systematically identify genes that, when expressed or 

deleted in T cells, enhance their proliferation, persistence, cyto-

kine production, cytotoxicity, or metabolism or render them 

resistant to exhaustion (Table S2). 85–96 These in vitro CRISPR 

screens are typically performed by culturing gene-edited 

T cells under immunosuppressive conditions or through single 

or repetitive rounds of antigen stimulation to induce exhaustion 

(Figure 1). Under immunosuppressive conditions, RASA2 was 

identified as a negative regulator of T cell proliferation and 

cytotoxicity, and its deletion improved CAR-T cell efficacy in a 

B cell leukemia model. 89 Similarly, mediator complex subunit 

12 (MED12) deletion improved CAR-T cell fitness and anti-tumor 

efficacy in vivo. 92 Screening of naturally occurring mutations 

commonly found in T cell neoplasms also led to the expression 

of caspase recruitment domain family member 11(CARD11)- 

phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) gene 

fusion in CAR-T cells, which improved therapeutic efficacy. 97 

More recently, base editing screens have been used in vitro in 

primary human T cells to identify protein domains and amino 

acid residues that regulate T cell activation and cytokine produc-

tion. 98 These gain- or loss-of-function mutations were able to 

tune T cell functions, identifying another method that may be 

employed to improve immunotherapies.

In addition to in vitro screens, in vivo CRISPR screens will be 

important to identify key regulators of CAR-T cell fitness in a
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setting that better mimics the physiological conditions found in 

patients. So far, in vivo CRISPR screens have mainly been 

performed using TCR-engineered mouse T cells in syngeneic 

mice (Table S2; Figure 1), 99–104 and some of the candidate genes 

identified, such as Regnase-1, 101 have also been validated in 

CAR-T cells. Interestingly, double deletion of Roquin-1 and 

Regnase-1 was more effective at enhancing CAR-T cell activity 

as compared to the single knockouts but was accompanied by 

the development of a lymphoproliferative syndrome and toxicity 

in some mice. 105 Our group performed an in vivo loss-of-function 

CRISPR screen in human B cell maturation antigen (BCMA)-tar-

geting CAR-T cells using a library of selected genes known to be 

involved in normal T cell function. We identified a novel gene 

target (cyclin-dependent kinase inhibitor 1B, CDKN1B) that, 

when knocked out, increased CAR-T cell persistence and anti-

tumor function in vivo. 106 Importantly, the genes identified as 

top hits in vitro varied from the hits enriched in vivo, demon-

strating the need for in vivo screening to better identify targets 

with therapeutic potential.

Reciprocal CRISPR-screens have also identified gene depen-

dencies in both tumor and CAR-T cells. For instance, deletion of 

ikaros family zinc finger 2 (IKZF2) and transducin-like enhancer 

protein 4 (TLE4) in CAR-T cells or of v-rel avian reticuloendothe-

liosis viral oncogene homolog A (RELA) and nuclear protein 

localization protein 4 homolog (NPLOC4) in glioblastoma stem

cells improved tumor sensitivity to CAR-T cell killing and thera-

peutic efficacy. 86 Similarly, our group discovered that an intact 

interferon (IFN)-γ receptor signaling pathway in tumor cells is 

requisite for effective CAR-T cell killing in solid but not hemato-

logic tumors. 107 Collectively, these studies emphasize that effec-

tive CAR-T cell killing and the gene dependencies for optimal 

CAR-T cell potency are influenced by the tumor type.

To efficiently target multiple genes at a time, the multiplexed 

effector guide arrays (MEGA) platform allows for multiplex 

gene knockout. This platform employs CRISPR-Cas13d, which 

has RNA-guided RNA endonuclease activity, allowing regulation 

of the T cell transcriptome without cutting the genome and 

potentially improving the safety of gene editing. 108 Further regu-

lation of Cas13d using a drug-regulated version allowed T cell 

perturbations upon trimethoprim administration, an approach 

that could be relevant to fine-tune the expression of genes 

whose constitutive deletion is detrimental. Further studies are 

required to evaluate the feasibility of MEGA for clinical 

translation.

ARMORING CAR-T CELLS TO ENHANCE EFFICACY AND 

TARGET THE IMMUNOSUPPRESSIVE TME

Armoring CAR-T cells to secrete therapeutic payloads or express 

synthetic receptors that integrate new signals is another strategy

A B

C

Figure 1. CRISPR screen methodology for CAR-T cells in vitro and in vivo

(A) A library of CRISPR-modified CAR-T cells is prepared by transfection with one or more vector containing the CAR and guide RNAs targeting the entire genome 

or select genes. Each cell typically receives a single guide, creating a unique perturbation. Multiple guides per gene are included to increase confidence in gene-

level hits during analysis.

(B) In vitro screens involve co-culturing CAR-T cells with tumor cells and applying a functional selection pressure (i.e., cytokine secretion after chronic stimulation 

or phenotype changes after defined culture conditions, etc.). Enriched or depleted gene perturbations are identified by comparing post-selection samples to the 

input library or to control conditions via sequencing.

(C) In vivo screens involve injecting the CRISPR-modified CAR-T cell library into tumor-bearing mice. After a defined period, CAR-T cells are harvested from the 

tumors and sequenced to identify genetic modifications that are enriched or depleted relative to the injected library, revealing gene perturbations that influence 

CAR-T cell function in vivo.
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to target the immunosuppressive TME, enhance CAR-T cell po-

tency and persistence, and activate endogenous immunity. 

Cytokines have been incorporated into CAR-T cells as a 

separate transgene, which is either expressed constitutively or 

upon CAR-T cell activation, or by incorporating the cytokine 

signaling domain(s) in the CAR molecule (Figure 2). CAR-T cells 

engineered with a third signal derived from cytokine engage-

ment are commonly referred to as T cells redirected for universal 

cytokine-mediated killing or as fourth-generation CAR-T cells. 

Many of these cytokines belong to the common gamma chain 

family, including IL-15, IL-7, IL-2, and IL-21. In preclinical 

models of lung cancer, neuroblastoma, and glioblastoma, 

IL-15-secreting GD2-CAR-T cells showed increased accumula-

tion in the TME and enhanced cytotoxicity. 109,110 Importantly, 

recent clinical trials comparing conventional (NCT02932956 

and NCT02905188) versus IL-15-secreting glypican-3 (GPC3)- 

CAR-T cells (NCT04377932 and NCT05103631) in patients 

with solid tumors reported increased expansion of the armored 

CAR-T cells, which resulted in increased disease control and 

anti-tumor responses (Table S1). 41 This improved efficacy was 

accompanied by higher incidence of CRS that required treat-

ment with IL-1/IL-6 inhibitors or depletion of the engineered 

CAR-T cells via activation of the iCasp9 safety switch.

IL-7 promotes homeostatic T cell expansion and survival and 

supports memory T cell formation. Since exogenous IL-7 can 

lead to systemic toxicity, a constitutively active synthetic recep-

tor composed of the extracellular domain of CD34 and the intra-

cellular domain of the IL-7 receptor has been developed to safely 

mediate IL-7 signaling in the absence of IL-7. 111 This strategy is 

being tested in two clinical trials with GD2 CAR-T cells for solid 

tumors (NCT04099797 and NCT03635632). Similarly, our group 

has developed a membrane-bound drug-regulated degradable 

IL-7, which resulted in improved CAR-T cell expansion and 

persistence. 112

IL-2 has also garnered significant interest due to its role in T cell 

activation and expansion, but its use in patients has been hin-

dered by DLTs and the preferential expansion of T regulatory 

cells upon its systemic administration. To overcome these 

challenges, synthetic gene circuits based on the SynNotch 

technology have been developed and have demonstrated 

increased efficacy compared to systemic IL-2 delivery or 

CAR-T cell-secreted IL-2 (constitutive or activation depen-

dent). 113 Alternative approaches include drug-regulated syn-

thetic circuits that control the release of multiple payloads 

independently 114 or a synthetic split cytokine that becomes 

active only when the split components colocalize upon recogni-

tion of two tumor antigens. 115 To induce common gamma chain 

cytokine signaling, the truncated intracellular domain of the IL-2β 
receptor has been linked to the signal transducer and activator of 

transcription 3 (STAT3) binding motif and expressed in a second-

generation CAR, resulting in superior in vivo persistence and 

anti-tumor effects. 116

Recently, the development of orthogonal cytokine systems 

(engineered cytokines that bind exclusively to modified recep-

tors) has allowed for restricted cytokine signaling to the engi-

neered cells, thereby limiting systemic toxicity. 117 For example, 

an orthogonal human IL-2 that selectively activates an orthog-

onal IL-2β receptor expressed on CAR-T cells 118,119 is currently 

being tested in a phase 1 clinical trial of CD19-CAR-T cells 

(NCT05665062). Building on this system, the extracellular 

domain of an orthogonal IL-2 receptor has been fused to the 

intracellular signaling domain of the IL-9 receptor, creating a 

new orthogonally acting synthetic receptor. 120 Similarly, syn-

thetic cytokine receptors (SyCyRs) incorporating the intracellular 

domain of IL-23 and IL-11/IL-6 receptors delivered canonical 

cytokine signals upon ligation of GFP-Cherry fusion proteins, 

providing the proof of principle that SyCyRs can deliver physio-

logical cytokine signals in response to non-physiological ligands 

and opening the possibility to initiate the third signal in response 

to any artificial ligand. 121

IL-21 is another common gamma chain cytokine that has 

gained interest due to its pleiotropic effects on multiple immune 

cells. In GPC3-targeting CAR-T cells, co-expression of IL-15 

and IL-21 upon CAR activation enhanced expansion, persis-

tence, and anti-tumor responses against human hepatocellular 

carcinoma and was superior to conventional GPC3-CAR-T or 

CAR-T cells engineered to secrete only one of the two cyto-

kines. 122 A clinical trial is currently evaluating the safety and effi-

cacy of this strategy in patients with liver cancer (NCT04715191 

and NCT02932956). Interestingly, IL-10, a cytokine commonly 

known for its immunosuppressive functions, was also found to 

improve CAR-T cell fitness by reprogramming the T cell meta-

bolism and preventing exhaustion when exogenously adminis-

tered as an IL-10-Fc fusion protein 123 or when secreted by the 

CAR-T cells. 124

Besides common gamma chain cytokines, pro-inflammatory 

cytokines including IL-12, IL-18, and IL-23 have been tested 

to enhance CAR-T cell effector functions and reprogram the 

TME. Early attempts to integrate constitutive IL-12 signaling 

into TCR- or CAR-engineered T cells demonstrated severe 

DLT, which could only be partly mitigated by restricting its 

release upon T cell activation. Indeed, the first trial employing

Figure 2. Armored CAR-T cell designs

Armored CAR-T cells incorporate an additional engineering strategy to enhance their anti-tumor function. Cytokines, such as common gamma chain (IL-15, IL-7, 

IL-2, or IL-21), pro-inflammatory (IL-12, IL-18, and IL-23), or cytokines/secreted factors that affect the TME (IL-36, IL-7, CCL9, and Flt3L), can be secreted 

constitutively, induced by CAR activation or induced by a SynNotch system to act on endogenous cytokine receptors. Orthogonal cytokines enhance the safety 

of potent cytokines with broad effects by expressing a mutated cytokine that only binds to an orthogonal mutated receptor (and not the wild-type [WT] receptor). 

Both are expressed along with the CAR-T to enhance function only in the CAR-T cells and not endogenous cells. Cytokine signaling can also be induced in CAR-T 

cells through expression of their intracellular signaling domains (ICDs) either in the CAR itself, leading to antigen-dependent signaling, or in chimeric receptors. 

The ICDs can be used to switch a suppressive signal to an activating signal (switch receptors and orthogonal switch receptors) or activate cytokine signaling in 

response to a fully synthetic molecule (SyCyR). CAR-T cells can also be engineered with synthetic transcription factors that, upon activation with a drug, bind to 

promoters that trigger the production of a CAR or a cytokine, thus controlling when CAR-T cells are activated. They can also be used to deliver therapeutic 

payloads, such as scFvs to block signaling of suppressive receptors. Finally, CAR-T cells can be armored against suppressive signals in the TME through 

dominant-negative or switch receptors that act as a sink for the suppressive signal or turn the suppressive signal into an activating signal.
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TCR-engineered T cells secreting IL-12 upon activation (NFAT-

regulated IL-12) resulted in objective responses in 63% of pa-

tients in the absence of exogenous IL-2 administration and 

with cell doses that were 10- to 100-fold lower than the doses 

commonly used in trials with conventional TILs. However, severe 

liver toxicity was observed in all patients, precluding further 

development. 125 New strategies to mitigate systemic IL-12 

toxicity include the use of membrane-bound IL-12, 126 the incor-

poration of IL-12 in the CAR ectodomain, 127 the direct delivery 

of IL-12 in the TME, 128 or the site-specific insertion of the cyto-

kine gene into endogenous loci that have tumor-restricted 

expression. 129

IL-18 secretion also improved CD19-CAR-T cell persistence 

and enhanced the anti-tumor response through both autocrine 

effects and paracrine signaling on endogenous immune 

cells. 130,131 IL-18 signaling also enhanced CAR-T cell anti-tumor 

responses in syngeneic models of multiple myeloma expressing 

low levels of targeted tumor antigen 132 and small-cell lung can-

cer. 133 Three phase 1 clinical trials in patients with hematologic 

malignancies are underway (NCT04684563, NCT05989204, 

and NCT06287528).

IL-23 is a heterodimer composed of the IL-23α (p19) and 

IL-12β (p40) subunits, which promote T cell proliferation and sur-

vival. Since activated CAR-T cells up-regulate the IL-23 receptor 

and the IL-23α (p19) subunit, engineering CAR-T cells to express 

the p40 subunit enables selective IL 23-signaling upon CAR-T 

cell activation. This strategy enhanced CAR-T cell expansion 

and efficacy and showed reduced side effects as compared to 

CAR-T cells engineered to express either IL-15 or IL-18 

cytokines. 134

Another approach to target the immunosuppressive TME and 

enhance CAR-T cell efficacy was to armor CAR-T cells to locally 

deliver fms-like tyrosine kinase 3 ligand (FLT3L), which promoted 

the expansion of intra-tumoral DCs and the induction of endog-

enous immunity. 135 Similarly, incorporating IL-36 into CAR-T 

cells not only improved CAR-T cell expansion and persistence 

but also remodeled the TME and elicited secondary anti-tumor 

responses, which addressed antigen-negative tumor relapse. 136 

CAR-T cells secreting IL-7 and CCL19 have displayed improved 

survival, enhanced endogenous T cell and DC recruitment, and 

stronger therapeutic responses against lung and pancreatic tu-

mors. 137 This strategy is currently being tested in hematologic 

tumors (NCT03778346, NCT03929107, NCT04833504, and 

NCT05659628) and has shown promising preliminary safety 

and efficacy data in patients with hepatocellular, pancreatic, 

and ovarian carcinoma. 138 Together, strategies aimed at 

enhancing host immunity could address tumor antigen hetero-

geneity, ultimately improving CAR-T cell efficacy against solid 

tumors.

CAR-T cells have also been engineered to secrete therapeutic 

payloads or to express synthetic receptors that provide addi-

tional co-stimulation (chimeric co-stimulatory receptors) or 

convert inhibitory or neutral signals in the TME into positive 

signals (switch receptors) or act as a sink for immunosuppres-

sive cytokines or pathways (dominant-negative receptors) 

(Figure 2), for instance, CAR-T cells secreting PD1-blocking 

scFvs to target the PD1/programmed cell death ligand 1 

(PDL1) inhibitory pathway in the TME. 139 CAR-T cells equipped

with dominant-negative receptors protect them from the immu-

nosuppressive effect of transforming growth factor β (TGF-β) 140 

or the PD1/PDL1 interaction 141 or the pro-apoptotic effect of 

the Fas/Fas-ligand interaction. 142 Switch receptors have been 

engineered by fusing the ectodomain of the immunosuppressive 

IL-4 cytokine with the endodomain of pro-survival cytokines IL-2 

or IL-7, 143 the extracellular domain of the PD1 inhibitory receptor 

with the intracellular domain of the CD28 co-stimulatory recep-

tor, 144 or the TGF-β receptor II ectodomain with the intracellular 

domain of the 4-11B co-stimulatory receptor. 145 A CAR with a 

TGF-β switch receptor converted this immunosuppressive signal 

into a potent T cell activation signal. 146 Chimeric co-stimulatory 

receptors have also been introduced into CAR-T cells to provide 

additional co-stimulation upon recognition of a second tumor 

antigen. 147

PRECLINICAL MOUSE MODELS

To implement these novel CAR-T cell designs in the clinic, they 

must first be examined in preclinical models. However, it is diffi-

cult to develop models that accurately recapitulate human 

tumors and, therefore, accurately predict clinical outcomes in 

patients. Current preclinical models primarily rely on immunode-

ficient mice, most commonly the Nod-SCID Il2Rγ-knockout 

(NSG) strain. 148 These mice sustain engraftment with a broad 

range of human tumor cell lines and patient-derived xenografts 

along with human CAR-T cells, without the need for pre-condi-

tioning. Although all approved CAR-T cell products have under-

gone proof-of-concept efficacy studies using these xenograft 

models, the absence of an intact immune system and human 

stromal cells and the incomplete cross-reactivity between 

mouse and human cytokines, chemokines, survival factors, 

and adhesion molecules prevent the assessment of a complete 

TME and host immunity on CAR-T cell efficacy. Additionally, 

immunodeficient mice do not recapitulate immuno-mediated 

toxicities associated with CAR-T cell therapy. Indeed, the clinical 

manifestations of CRS, immune effector cell-associated neuro-

toxicity syndrome (ICANS), hemophagocytic lympho-histiocyto-

sis (HLH), and macrophage activation syndrome are driven by 

immune-mediated systemic inflammatory responses. Long-

term studies in NSG mice are also limited by the development 

of xenogenic graft-versus-host disease, which can be partly miti-

gated using immunodeficient mice in which the murine beta-2-

microglobulin (B2M) gene or the MHC class I (heavy chains 

H2-K and H2-D) and class II (H2-IA and H2-IE) genes have 

been knocked out. 148

To study CAR-T cell therapies in the presence of a human im-

mune system, humanized mice have been generated by engraft-

ing human hematopoietic stem cells into immunodeficient 

mice. 148 However, these models are challenging due to their 

high costs, incomplete human immune reconstitution, and 

increased risk of spontaneous tumor rejection due to alloreactive 

responses from reconstituted human immune cells. Moreover, 

ensuring full human leukocyte antigen matching between 

CAR-T cells, bone marrow cells, and tumor cells is rarely 

feasible, especially in the context of solid tumors. SGM3 mice 

that constitutively express human stem cell factor, granulo-

cyte-macrophage colony-stimulating factor (GM-CSF), and

Cell Reports Medicine 6, 102353, November 18, 2025 9

Review
ll

OPEN ACCESS



IL-3 cytokines have been developed to ensure better reconstitu-

tion and functionality of human T, B, and myeloid cells. This 

model has been used to study CAR-T cell toxicities, including 

CRS and ICANS. In this model, xeno-tolerant human CAR-T cells 

displayed anti-tumor efficacy and induced CRS and ICANS 

symptoms, which were managed by depleting human mono-

cytes or blocking IL-6 with tocilizumab or the IL-1 receptor 

with anakinra. 149 SCID-beige mice, which retain functional mu-

rine myeloid cells, have also been used to demonstrate the 

role of macrophages in mediating CRS through the release of 

IL-6, IL-1, and nitric oxide. 150 Humanized SGM3 mice have 

also shown that toxicity of CD19-CAR-T cells can be mitigated 

with emapalumab an IFN-γ-neutralizing antibody, without 

compromising the efficacy. 151

An alternative to humanized mice is the use of syngeneic mouse 

models, where mouse CAR-T cells are transferred into immuno-

competent mice bearing murine tumors. This approach allows 

for CAR-T cell studies in the presence of an intact TME, host 

immunity, and fully functional primary and secondary lymphoid 

organs. These models have been instrumental in evaluating the 

effects of conditioning on CAR-T cell efficacy, 152 the activity of 

cytokine-armored CAR-T cells on the TME or host immu-

nity, 130,132,133,135–137,153 the efficacy of CAR-T cells targeting the 

tumor stroma, 59 and the influence of combining CAR-T cells with 

vaccines 15,16 or immunomodulators. 154,155 One drawback to syn-

geneic models is that mouse T cells have functional and pheno-

typic differences with respect to human T cells. For instance, mu-

rine CAR-T cells exhibit more limited persistence in vivo, possibly 

due to the in vitro engineering and culture processes, lower expan-

sion capacity in culture, and difficulties in manufacturing. Mouse 

T cells are not susceptible to the transduction with lentiviral vec-

tors, requiring ecotropic retroviral vectors, and are highly sensitive 

to cryopreservation, losing viability. Recently, Ark313, a synthetic 

variant of the adeno-associated virus-6, has enabled high trans-

duction and gene editing of murine T cells. 156

Additionally, the CAR constructs used to engineer mouse 

T cells incorporate murine signaling domains, which do not reflect 

the final product that will be translated into patients. Most CAR 

constructs used in murine T cells utilize a binder optimized to 

recognize the human tumor antigen, while also retaining varying 

degrees of cross-reactivity with the mouse homolog, which may 

result in reduced anti-tumor efficacy. To address this issue, the 

human antigen is often overexpressed on mouse tumors, leading 

to supraphysiological levels of antigen expression and potential 

immunogenicity when the homology between the mouse and hu-

man proteins is low. Other groups have instead developed CARs 

incorporating binders that are highly specific for the mouse anti-

gen 157,158 or transgenic mice with the human gene encoding for 

the tumor antigen knocked into the mouse gene homolog. Such 

mice have been used to investigate dose-dependent CRS and 

neurotoxicity 159 and on-target off-tumor toxicity 56 using mouse 

CAR-T cells. Syngeneic mice have also successfully recapitulated 

late-onset HLH toxicity using perforin-deficient CAR-T cells. 160

CONCLUDING REMARKS AND OUTLOOK

CAR-T cell therapy has emerged as a groundbreaking treatment 

modality capable of inducing impressive responses in previously

untreatable cancers. The long-awaited success recently 

achieved against aggressive solid tumors has renewed enthu-

siasm and generated new hope within the field. Lessons from 

recent clinical trials emphasize the importance of local adminis-

tration, lymphodepletion, and the need for repeated doses of 

CAR-T cells to enhance both efficacy and safety. Furthermore, 

clinical trial data suggest that earlier interventions could maxi-

mize the therapeutic benefit of CAR-T cell therapy. In this review, 

we have highlighted various engineering strategies aimed at 

improving CAR-T cell fitness, persistence, expansion, and 

trafficking to solid tumors. Approaches to safely target multiple 

tumor antigens will be essential to address tumor antigen hetero-

geneity and prevent tumor escape. Armoring strategies to 

improve CAR-T cell fitness and target the immunosuppressive 

TME are also expected to drive future clinical advances against 

solid tumors, potentially reducing the need for lymphodepleting 

chemotherapy. The rapid pace of developing new CAR-T prod-

ucts underscores the need for a framework to quickly identify 

which gene modification will ultimately benefit patients with 

cancer. Current preclinical models, including immunodeficient 

xenograft models, humanized mice, and fully immunocompetent 

syngeneic mice, should be used appropriately and in combina-

tion, considering the complementary strengths and weak-

nesses of each model. We anticipate that the continued integra-

tion of synthetic biology, gene editing, novel delivery methods, 

improved manufacturing processes, and rational combinations 

with other treatment modalities will further enhance the efficacy 

and safety of CAR-T cell therapies for solid tumors, while simul-

taneously reducing costs and increasing accessibility.
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147. Katsarou, A., Sjö strand, M., Naik, J., Mansilla-Soto, J., Kefala, D., Kladis, 

G., Nianias, A., Ruiter, R., Poels, R., Sarkar, I., et al. (2021). Combining a 

CAR and a chimeric costimulatory receptor enhances T cell sensitivity to 

low antigen density and promotes persistence. Sci. Transl. Med. 13, 

eabh1962. https://doi.org/10.1126/scitranslmed.abh1962.

148. Chuprin, J., Buettner, H., Seedhom, M.O., Greiner, D.L., Keck, J.G., Ish-

ikawa, F., Shultz, L.D., and Brehm, M.A. (2023). Humanized mouse 

models for immuno-oncology research. Nat. Rev. Clin. Oncol. 20, 

192–206. https://doi.org/10.1038/s41571-022-00721-2.

149. Norelli, M., Camisa, B., Barbiera, G., Falcone, L., Purevdorj, A., Genua, 

M., Sanvito, F., Ponzoni, M., Doglioni, C., Cristofori, P., et al. (2018). 

Monocyte-derived IL-1 and IL-6 are differentially required for cytokine-

release syndrome and neurotoxicity due to CAR T cells. Nat. Med. 24, 

739–748. https://doi.org/10.1038/s41591-018-0036-4.

150. Giavridis, T., van der Stegen, S.J.C., Eyquem, J., Hamieh, M., Piersigilli, 

A., and Sadelain, M. (2018). CAR T cell-induced cytokine release syn-

drome is mediated by macrophages and abated by IL-1 blockade. Nat. 

Med. 24, 731–738. https://doi.org/10.1038/s41591-018-0041-7.

151. Manni, S., Del Bufalo, F., Merli, P., Silvestris, D.A., Guercio, M., Caruso, 

S., Reddel, S., Iaffaldano, L., Pezzella, M., Di Cecca, S., et al. (2023). 

Neutralizing IFNγ improves safety without compromising efficacy of 

CAR-T cell therapy in B-cell malignancies. Nat. Commun. 14, 3423. 

https://doi.org/10.1038/s41467-023-38723-y.

152. Srivastava, S., Furlan, S.N., Jaeger-Ruckstuhl, C.A., Sarvothama, M., 

Berger, C., Smythe, K.S., Garrison, S.M., Specht, J.M., Lee, S.M., Amez-

quita, R.A., et al. (2021). Immunogenic Chemotherapy Enhances Recruit-

ment of CAR-T Cells to Lung Tumors and Improves Antitumor Efficacy 

when Combined with Checkpoint Blockade. Cancer Cell 39, 193–208. 

e10. https://doi.org/10.1016/j.ccell.2020.11.005.

153. Agliardi, G., Liuzzi, A.R., Hotblack, A., De Feo, D., Nú ñ ez, N., Stowe, C.L., 
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