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Improving the activity of chimeric antigen receptor T (CAR-T) cell therapy in solid cancers represents a critical unmet need in 

oncology. Because nuclear factor of activated T cells (NFAT) signaling governs multiple aspects of T cell behavior, we 

proposed that selective control of NFAT activity via inhibition of c-Jun N-terminal kinases (JNK) could reprogram CAR-T cells 

toward superior tumor-eliminating capacity. A lentiviral system encoding short-hairpin RNA was established to achieve durable 

JNK suppression in CAR-T cells. Human epidermal growth factor receptor 2–specific CAR-T cells were generated from 

peripheral blood T cells and evaluated using functional assays in vitro as well as two independent human ovarian cancer 

xenograft models. 

CAR-T cells with reduced JNK expression exhibited diminished antigen-driven activation and lower helper T cell cytokine 

output but demonstrated markedly enhanced cytotoxic activity against tumor cells both in culture and in vivo. Mechanistic 

analyses showed that JNK silencing reoriented NFAT signaling toward preferential NFATc1-dependent transcription, resulting 

in increased granzyme B production. JNK functions as a central signaling checkpoint that restrains CAR-T cell cytotoxicity, 

and its inhibition offers a rational strategy to directly amplify CAR-T antitumor efficacy in human cancer treatment. 
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Introduction 

A variety of approaches have been pursued to extend the 

success of chimeric antigen receptor T (CAR-T) cell 

therapy beyond hematologic malignancies and into solid 

tumors. Strategies such as cytokine supplementation [1], 

combination with immune checkpoint inhibitors [2], and 

transcriptional reprogramming of CAR-T cells [3, 4] 

have demonstrated improvements in persistence, tumor 

infiltration, and stem-like features. Despite these 

advances, achieving consistent and durable tumor control 

remains challenging, largely due to insufficient 

optimization of CAR-T cell function within the tumor 

microenvironment. 

NFAT transcription factors comprise five isoforms—

NFATc1 through NFATc4 and TonEBP [5]—that exert 

distinct and sometimes opposing roles in T cell biology. 

NFATc1 has been associated with cytotoxic effector 

function [6], whereas NFATc2 contributes to 

dysfunctional or exhausted T cell states [7]. 

Consequently, fine-tuning NFAT signaling represents a 

promising but underdeveloped strategy to enhance CAR-

T cell performance. Current interventions generally aim 

to suppress NFAT activity to prevent excessive 

activation [8], yet methods capable of selectively 

optimizing NFAT isoform activity remain poorly 

defined. 

c-Jun N-terminal kinases (JNK) act as upstream 

modulators of NFAT signaling [9, 10]. Specifically, JNK 

restricts NFATc1 activity by inhibiting its nuclear 

translocation [9, 10], while simultaneously promoting 
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NFATc2 transcriptional activity through 

phosphorylation of its regulatory N-terminal domain 

[11]. Through these divergent effects, JNK signaling has 

the potential to skew T cell functional outcomes. 

Although JNK is essential during early T cell activation 

and priming [12], its role in regulating the effector 

functions of already activated T cells, including CAR-T 

cells, has not been fully characterized. 

Ovarian cancer xenograft models were selected to 

investigate strategies for enhancing CAR-T cell efficacy 

in solid tumors. This malignancy is frequently diagnosed 

at advanced stages and exhibits high rates of therapeutic 

resistance [13], underscoring the need for alternative 

treatment approaches. Although ovarian tumors are often 

heavily infiltrated by immune cells, they generally fail to 

respond to immune checkpoint blockade, in part due to 

limited numbers of tumor-reactive T cells [14]. CAR-T 

cell therapy circumvents this limitation by providing 

antigen-specific T cells; however, clinical response rates 

in ovarian cancer remain modest at approximately 20% 

[15]. Therefore, while CAR-T therapy is conceptually 

attractive for ovarian cancer, substantial optimization is 

still required. 

Based on these observations, we hypothesized that 

suppressing JNK signaling could reprogram NFAT 

activity in CAR-T cells and thereby enhance their 

antitumor function in ovarian cancer. To test this 

hypothesis, we systematically examined the impact of 

JNK knockdown on CAR-T cell activation, 

transcriptional signaling, and antitumor efficacy using 

complementary in vitro assays and in vivo ovarian cancer 

models. 

Materials and Methods  

Study design 

The consequences of JNK suppression on CAR-T cell 

activation and antitumor performance were evaluated 

using human ovarian cancer xenografts and cell-based 

experimental systems. CAR-T cells were generated from 

peripheral blood T cells obtained from healthy donors. 

Cell culture 

HEK293T, SKOV3, OVCAR8, and Jurkat cell lines were 

purchased from the American Type Culture Collection 

and maintained in Iscove’s Modified Dulbecco’s 

Medium supplemented with fetal bovine serum, 

GlutaMAX, and antibiotic–antimycotic solution. Cells 

were cultured at 37 °C under 5% CO₂. 

Lentiviral vector construction 

Lentiviral particles were produced in HEK293T cells via 

calcium phosphate–mediated transfection [16], 

concentrated by ultracentrifugation, and stored at −80 °C. 

CAR constructs (Figure 1d) coexpressed short-hairpin 

RNAs targeting JNK or a scrambled control under the H1 

promoter, ZsGreen under the EF1α promoter, and the 

CAR transgene under the murine stem cell virus 

promoter. For NFATc1 overexpression, vectors encoded 

NFATc1-P2A-mCherry driven by EF1α. NFAT 

transcriptional activity was monitored using a luciferase 

reporter containing nine tandem antigen receptor 

response elements controlling Akaluc expression under a 

minimal interleukin-2 promoter [17]. NFATc1 and 

NFATc2 gene disruption was achieved using single 

guide RNAs designed with GenCRISPR and delivered 

via the pLENTICRISPRv2 system [18]. 

  
a) b) 

  

c) d) 

  
e) f) 

  
g) h) 
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m) 

 
n) 

Figure 1. Attenuation of JNK signaling limits CAR-

associated NFAT activity while preserving CAR-T 

cell generation. (a–b) A lentiviral shJNK construct 

was introduced into Jurkat NFAT-Luc reporter cells, 

after which JNK protein abundance was quantified by 

immunoblotting. Experiments were repeated twice, 

each with two technical replicates. Representative 

membranes (a) display total JNK1/2 alongside 

LaminB1 as a loading control, and corresponding 

densitometric analyses are summarized in (b). 

Statistical evaluation was conducted using an 

unpaired t-test with Welch’s correction. (c) Cells 

described in (a) were stimulated using 2.5 percent 

(w/v) ImmunoCult CD3/CD28 antibody complexes, 

either alone or combined with the JNK inhibitor 

SP600125 (10 µM), and NFAT-driven luciferase 

output was subsequently measured. Five independent 

experiments were performed. Data are shown as 

pooled values, with individual points representing 

luminescence normalized to the mean signal from 

parental control wells. Group comparisons were 

analyzed using one-way ANOVA followed by 

Fisher’s LSD post hoc testing. (d) Overview of 

lentiviral CAR expression vectors, illustrating 

constructs with or without an shRNA module 

encoding either a scrambled control sequence or 

shJNK. (e–f) CAR-T cells generated using either 

control or shJNK-containing vectors were harvested 

12 days after transduction for immunoblot analysis. 

Samples were obtained from two independent donors, 

each analyzed with two to three technical replicates. 

Representative immunoblots (e) show total JNK1/2 

and LaminB1, and aggregated densitometric 

quantification is presented in (f). Statistical analysis 

was performed using an unpaired t-test with Welch’s 

correction. (g) Control or shJNK CAR-T cells were 

cotransduced with an NFAT-Luc reporter and 

incubated with Jurkat-HER2 target cells at a 1:1 ratio, 

in the presence or absence of SP600125 (10 µM). 

Luminescence measurements were obtained from 

three donors with four technical replicates per donor. 

Results are displayed as fold induction relative to 

unstimulated controls. Statistical significance was 

assessed by one-way ANOVA with Fisher’s LSD 

test. (h) Proliferative expansion of control versus 

shJNK CAR-T cells was quantified on day 12 

following transduction. Data from six donors are 

shown and analyzed using a paired ratio t-test. (I–N) 

Immunophenotypic characterization of CAR-T cells 

was performed by flow cytometry on day 12 post-

transduction using samples from five donors. Paired 

ratio t-tests were applied. Scatter plots depict the 

fraction of ZsGreen⁺ CAR-T cells expressing CD4 

(i), CD8 (j), CD62L⁺/CD45RO⁺ central memory 

markers (k), or CD62L⁻/CD45RO⁺ effector memory 

markers (l). Representative intracellular staining 

histograms are shown in (m), with corresponding 

mean fluorescence intensity (MFI) values 

summarized in (n). 

Abbreviations: ANOVA= analysis of variance; 

CAR-T= chimeric antigen receptor T; HER2= human 

epidermal growth factor receptor 2; ICD= 

intracellular domain; JNK= c-Jun N-terminal kinases; 
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LSD= least significant difference; LTR= long 

terminal repeats; MFI, mean fluorescence intensity; 

MSCV, murine stem cell virus; NFAT-Luc= nuclear 

factor of activated T cells–luciferase; RLU= relative 

light units; shRNA= short-hairpin RNA; TMD= 

transmembrane domain. *p<0.05, ***p<0.001, 

****p<0.0001. 

Human peripheral blood mononuclear cell isolation 

Peripheral blood mononuclear cells (PBMCs) were 

derived from freshly collected leukocyte retention system 

cones obtained from LifeSouth Community Blood 

Centers (Gainesville, Florida, USA). Following washing 

with phosphate-buffered saline, erythrocytes were 

removed by chemical lysis using PharmLyse (BD 

Biosciences #555899). Isolated PBMCs were 

cryopreserved in Bambanker Freezing Medium (Bulldog 

Bio #BB01) until use. 

Primary T cell culture and experimental procedures 

T cells were maintained in Iscove’s Modified Dulbecco’s 

Medium supplemented with 5 percent (v/v) human AB 

serum, 1 percent GlutaMAX, and 1 percent antibiotic–

antimycotic solution. For activation, 6×10⁶ PBMCs were 

incubated for 36 hours with anti-mouse IgG–coated 

magnetic beads conjugated with αCD3 (BioLegend 

#300333) and αCD28 (BioLegend #302943) antibodies, 

followed by magnetic bead removal. Activated T cells 

were exposed to concentrated lentiviral preparations for 

2 hours in the presence of polybrene. Cells were 

subsequently expanded for 12 days in culture medium 

containing interleukin-7 and interleukin-15. CAR 

expression was tracked via ZsGreen fluorescence. Unless 

otherwise indicated, functional assays were conducted 

using 1.5×10⁵ T cells per well in 96-well plates 

supplemented with recombinant human IL-2. 

Stimulatory conditions included ImmunoCult 

αCD3/αCD28 antibody complexes, biotinylated 

recombinant human HER2-Fc chimera, αCD3 antibody, 

or αCD28 antibody, as specified in individual figure 

legends. SP600125 was applied as indicated. For 

experiments using resting T cells, CD3⁺ T cells were 

enriched from thawed PBMCs using the EasySep Human 

T Cell Enrichment Kit. 

Cytotoxicity measurements 

SKOV3 and OVCAR8 ovarian cancer cell lines 

expressing firefly luciferase [19] were seeded at 1×10⁴ 

cells per well and cocultured with flow-sorted CAR-

positive or untransduced T cells at the specified effector-

to-target ratios. After 24 hours, D-luciferin substrate was 

added and bioluminescence was recorded using a 

Varioskan Lux spectrophotometer. Tumor cell killing 

was calculated as: 

(1 − luminescence in CAR-T wells / mean luminescence 

of mock T cell wells at the same E:T ratio) × 100. 

For assays involving purified CD4⁺ or CD8⁺ CAR-T 

subsets, total cytotoxicity was determined by comparison 

with tumor-only wells. 

Flow cytometry and immunofluorescence analysis 

Surface and intracellular staining procedures were 

carried out according to manufacturer protocols using 

PBS supplemented with fetal bovine serum, sodium 

azide, and EDTA. Nuclear transcription factors were 

detected using the True-Nuclear Transcription Factor 

Buffer Set, while granzyme staining employed FIX & 

PERM reagents. Monensin was included during CD107α 

mobilization assays. Samples were fixed in 

paraformaldehyde prior to acquisition on BD 

LSRFortessa or BD FACSymphony A5 cytometers. Data 

were analyzed using FlowJo v10. Cell sorting was 

performed on a BD FACSAria instrument. 

Immunofluorescence imaging was conducted using an 

EVOS M7000 microscope, and quantitative image 

analysis was performed with ImageJ. 

Mouse husbandry 

All animal experiments were reviewed and approved by 

the Institutional Animal Care and Use Committee of the 

University of Alabama at Birmingham (UAB IACUC) 

and were conducted in compliance with National 

Institutes of Health guidelines and standards established 

by the Association for Assessment and Accreditation of 

Laboratory Animal Care International. NOD.Cg-

Prkdc^scid^ Il2rg^tm1Wjl^/SzJ (NSG) mice aged 8–10 

weeks were used throughout the study. Animals were 

maintained in sterile, autoclaved cages equipped with 

individual ventilated isolators. Mice were provided 

irradiated standard rodent chow (LabDiet 5LJ5) and 

Hydropac water ad libitum. 

In vivo antitumor efficacy in human ovarian cancer 

xenograft models 

For the intraperitoneal SKOV3 model, NSG mice 

received 1×10⁶ mCherry⁺ firefly luciferase–expressing 

SKOV3 cells by intraperitoneal injection. Fourteen days 

later, mice were treated with 1×10⁶ CAR⁺ T cells 
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administered intravenously. Tumor progression was 

monitored via bioluminescent imaging following 

intraperitoneal injection of D-luciferin using an IVIS 

Lumina III imaging system (PerkinElmer #CLS136334). 

Animals were followed until day 70 or until reaching 

predefined humane endpoints in accordance with UAB 

IACUC approval. 

For the OVCAR8 xenograft model, 5×10⁵ mCherry⁺ 

firefly luciferase–labeled OVCAR8 cells were implanted 

subcutaneously in a 1:1 mixture with Matrigel (Corning 

#356255). Three days after tumor implantation, mice 

received 1.5×10⁶ CAR⁺ T cells intravenously. Tumor 

dimensions were measured using calipers, and tumor 

volume was calculated using the formula V = (1/2) × 

(length × width²). Animals were maintained until day 33 

after CAR-T cell infusion. Tumor volume did not exceed 

the predefined maximum of 2000 mm³ in any animal. 

Mice were euthanized if tumor-associated symptoms 

developed, including ascites or deterioration in body 

condition. Animals were randomized into treatment 

groups based on tumor size, housed in mixed cohorts to 

reduce confounding variables, and none were excluded 

following treatment initiation. Blinding was not applied 

during these studies. 

Ex vivo quantification of CAR-T cells 

Prior to tissue harvest, mice were perfused to remove 

circulating blood. Omental tumor tissues were 

enzymatically dissociated in IMDM supplemented with 

5% bovine serum albumin, Liberase TH (2 ng/mL; Roche 

#12352200), and DNase I (10 U/mL; Thermo Scientific 

#EN0521). Absolute CAR-T cell numbers were 

determined using Precision Count Beads (BioLegend 

#424902). 

Luminescence assay 

NFAT-Luc–transduced primary T cells were plated at 

1×10⁵ cells per well, whereas Jurkat-NFAT-Luc cells 

were plated at 0.5×10⁵ cells per well in round-bottom 96-

well plates. Cells were stimulated overnight under 

experimental conditions specified in each assay. 

Following stimulation, cells were lysed using buffer 

containing 1% Triton X-100. Lysates were clarified by 

centrifugation and combined with luciferase assay buffer 

containing ATP (2 mM) and Akalumine hydrochloride 

substrate (100 µM; MedChemExpress #HY-112641A). 

Luminescence was quantified using a Varioskan Lux 

spectrophotometer. 

Cytokine quantification by ELISA 

CAR-T cells (2×10⁵) were cocultured with an equal 

number of Jurkat-HER2 cells in 200 µL IMDM 

supplemented with 5% human AB serum for 48 hours in 

round-bottom 96-well plates. Following centrifugation at 

2000 × g, culture supernatants were collected and 

analyzed by multiplex ELISA through EVE 

Technologies (Alberta, Canada; #HD15). 

Western blot analysis 

Protein immunoblotting was performed as previously 

described [20]. Signal development was achieved using 

Pierce ECL Plus substrate (Thermo Scientific #32134). 

Fluorescent signals were captured on an iBright FL1500 

imaging system (Invitrogen #A44241). Band intensity 

was quantified by densitometric analysis using ImageJ 

software. 

Statistical analysis 

All statistical analyses were performed using Prism v10 

(GraphPad, Boston, Massachusetts, USA). Data are 

presented as means, with error bars indicating the SEM. 

Statistical tests applied to individual experiments are 

specified in the corresponding figure legends. All tests 

were two-tailed, and p values <0.05 were considered 

statistically significant. Significance thresholds were 

defined as follows: not significant (p>0.05), *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 

Ordinary differential equation modeling of CAR-T cell 

therapy 

Mathematical modeling was based on Lotka–Volterra–

type equations [21] and adapted from previously 

published CAR-T–focused ODE frameworks, including 

CAR-T Math [22]. Simulations were executed in RStudio 

using the DeSolve package [23]. Model parameters were 

estimated or manually adjusted to fit observed tumor 

growth curves. Per-cell cytotoxicity rates were derived 

from in vitro killing assays against OVCAR8 cells at an 

effector-to-target ratio of 2:1 and extrapolated to a single-

cell basis. Model fitting was performed using tumor 

growth data from the OVCAR8 xenograft model treated 

with shJNK CAR-T cells. 

RNA sequencing and bioinformatic analysis 

Flow-sorted CD8⁺ CAR-T cells were stimulated 

overnight using plate-bound HER2-Fc protein prior to 

RNA extraction. Total RNA was isolated with the Direct-

zol RNA Miniprep Plus kit (Zymogen #R2050). Libraries 
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were prepared following poly-A selection and sequenced 

on the NovaSeq X Plus platform (paired-end reads; six 

gigabytes per sample) by Novogene (Sacramento, 

California, USA). Raw sequencing data were processed 

using HISAT2, featureCounts, and DESeq2 pipelines. 

Gene set variation analysis (GSVA) was conducted using 

FPKM-normalized data with the GSVA R package. 

NFATc1-associated [16, 24] and c-Jun-associated [25] 

gene sets were generated from publicly available 

chromatin immunoprecipitation datasets. Peak calling 

was performed with MACS2, and gene annotation was 

carried out using ChIPseeker via the Galaxy platform. 

Results and Discussion 

JNK blockade attenuates CD3-dependent NFAT reporter 

activation 

NFAT transcription factors are central regulators of T 

cell activation and effector function [7]. To quantify 

NFAT signaling, Jurkat T cells expressing an NFAT-

responsive luciferase reporter (Jurkat-NFAT-Luc) were 

employed. Stimulation with ionomycin produced a 

greater than 22-fold increase in reporter activity 

compared with unstimulated or PMA-treated controls, 

confirming robust NFAT responsiveness. 

Given the documented regulatory interplay between JNK 

and NFAT signaling pathways [9, 10], we examined 

whether JNK inhibition alters NFAT activity. Treatment 

with the JNK inhibitor SP600125 [26] significantly 

reduced NFAT-dependent reporter activity during 

αCD3/αCD28 costimulation in Jurkat cells, achieving a 

maximal suppression of 58% and an IC₅₀ of 2.754 µM. In 

activated primary T cells derived from PBMCs, 

αCD3/αCD28 stimulation induced phosphorylation of 

JNK and its downstream target c-Jun. Pharmacologic 

inhibition of JNK resulted in marked reduction of c-Jun 

phosphorylation and suppressed NFAT reporter activity 

by more than 80%, with an IC₅₀ of 7.845 µM. 

Importantly, inhibition of NFAT signaling occurred 

independently of TCR signal strength or αCD28 

costimulation, indicating that JNK activity is primarily 

responsive to CD3 engagement. Collectively, these data 

demonstrate that JNK inhibition selectively suppresses 

CD3-driven NFAT transcriptional activity in primary 

human T cells. 

JNK knockdown via shRNA attenuates CAR-driven 

NFAT signaling 

To explore modulation of NFAT activity through JNK 

suppression, we noted that conventional pharmacologic 

inhibitors of JNK are limited by specificity and potency 

[27]. As an alternative, we engineered a lentiviral short-

hairpin RNA (shRNA) targeting both JNK1 and JNK2 

(shJNK; sequence GATCATGAAAGAATGTCCTA). 

In Jurkat-NFAT-Luc cells, shJNK reduced JNK protein 

levels by approximately 50% and diminished NFAT 

reporter activity by 42% under αCD3/αCD28 

costimulation, closely matching the 37% reduction 

observed with 10 µM SP600125 (Figures 1a–1c). These 

results confirm that JNK positively regulates TCR-driven 

NFAT activation, which can be effectively suppressed 

via targeted knockdown or pharmacologic inhibition. 

Given that CAR signaling exhibits kinetics distinct from 

canonical TCR stimulation [28], we tested whether JNK 

knockdown similarly affects CAR-induced NFAT 

activity. We constructed a HER2-specific CAR derived 

from the single-chain form of trastuzumab [29], 

containing a CD28 spacer, transmembrane, and 

intracellular domain fused to CD3ζ. This CAR (HER2-

28ζ) was expressed lentivirally along with ZsGreen as a 

transduction marker (“CAR-T cells”), or coexpressed 

with shJNK (“shJNK CAR-T cells”) (Figure 1d). In 

primary human CAR-T cells, shJNK decreased JNK 

protein by ~50% (Figures 1e and 1f) and reduced CAR-

driven NFAT reporter activity by ~40% upon coculture 

with Jurkat-HER2 cells, which lack HLA class I 

expression [30] to prevent TCR-mediated activation 

(Figure 1g). These findings indicate that JNK 

suppression, whether by knockdown or inhibition, can 

dampen CAR-mediated NFAT signaling in primary T 

cells. 

JNK knockdown does not impair CAR-T cell 

manufacturing 

We next evaluated whether shJNK expression affected 

CAR-T cell expansion and phenotype. JNK knockdown 

did not alter proliferative capacity or the CD4/CD8 ratio 

(control: 2.30 vs shJNK: 2.57) (Figures 1h–1j). Final 

CAR-T products exhibited comparable differentiation, 

predominantly comprising central memory (CAR-

T_CM: CD62L⁺/CD45RO⁺, control: 34 percent, shJNK: 

36 percent) and effector memory cells (CAR-T_EM: 

CD62L⁻/CD45RO⁺, control: 36 percent, shJNK: 35 

percent) (Figures 1k and 1l). Key transcription factors 

regulating T cell differentiation and function—TCF1, T-

bet, and TOX [31]—were expressed at similar levels 

across both groups (Figures 1m and 1n). Control 
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experiments using a scrambled shRNA (shScramble) 

yielded analogous results. Collectively, these data 

demonstrate that JNK knockdown does not compromise 

CAR-T production or differentiation profiles. 

JNK knockdown enhances CAR-T cytotoxicity 

Given NFAT’s role in supporting T cell effector 

functions, including antigen-specific cytotoxicity [6], we 

assessed the functional impact of JNK knockdown on 

CAR-T cell killing. HER2-dependent cytotoxicity was 

measured against OVCAR8 and SKOV3 ovarian cancer 

lines, which differ in HER2 expression by nearly 40-fold 

(MFI 274 vs 8103) (Figures 2a and 2b). Strikingly, 

shJNK CAR-T cells exhibited approximately a twofold 

enhancement in killing across both targets (Figures 2c 

and 2d). Comparable results were observed using 

shScramble as a control. These observations highlight a 

principal advantage of JNK knockdown in CAR-T cells: 

a direct, robust increase in cytotoxic potency. 

  
a) b) 

  
c) d) 

 
 

e) f) 

  
g) h) 

  

i) j) 

 
k) 

 
l) 

Figure 2. JNK knockdown improves CAR-T cell 

cytotoxicity and antitumor activity in vivo. (a–b) 

HER2 expression on the indicated cell lines was 

measured using flow cytometry, with representative 

histograms shown in (a) and MFI quantification in 

(b). (c–d) The cytotoxic potential of shJNK versus 

Control CAR-T cells against OVCAR8 and SKOV3 

was assessed using n=3 donors, each with four 

technical replicates; aggregated data are shown. (e–f) 

Study design (e): NSG mice received 5×105 

OVCAR8 cells subcutaneously, followed by 

intravenous injection of 1.5×106 CAR+ T cells on 

day 3; tumor growth was monitored via calipers. Six 

mice per group; results from one representative 

experiment of n=2 donors are presented. Average (f) 

and individual (g) tumor volumes are shown. (h–l) 

Study design (h): NSG mice were injected 

intraperitoneally with 1×106 Firefly Luciferase+ 
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SKOV3 cells, followed by intravenous infusion of 

1×106 CAR+ T cells on day 14. Tumor progression 

was quantified by bioluminescent imaging (BLI), 

using total photon flux (p/s) as a measure. Six mice 

per group; one representative experiment from n=2 

donors is presented. Average (i) and individual (j) 

tumor burden, mouse survival (k), and representative 

BLI images (l) are shown. Statistical analyses: 

multiple unpaired t-tests with Welch’s correction for 

tumor measurements; Log-rank test for survival. 

Abbreviations: BLI, bioluminescent imaging; CAR-

T, chimeric antigen receptor T; E:T, effector:target; 

HER2, human epidermal growth factor receptor 2; 

I.P., intraperitoneal; I.V., intravenous; JNK, c-Jun N-

terminal kinase; MFI, mean fluorescent intensity; ns, 

not significant; p/s, photons/s; S.C., subcutaneous; 

shScramble, scrambled short-hairpin RNA. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 

JNK knockdown enhances CAR-T antitumor activity 

against ovarian cancer in vivo 

Considering that JNK knockdown increased CAR-T 

cytotoxicity in vitro (Figures 2c and 2d) without 

affecting CAR-T generation (Figures 1h–1n), we 

investigated its impact on tumor control in vivo. CAR-T 

cells with either shJNK or shScramble were tested 

against OVCAR8 tumors, a high-grade serous ovarian 

cancer model with moderate HER2 and low HLA-I 

expression [32]. From day 19, shJNK-treated mice 

displayed markedly reduced tumor growth, achieving a 

77.5% reduction in tumor volume by day 33 compared to 

44.3% in shScramble-treated mice (Figures 2f and 2g). 

In an intraperitoneal SKOV3 model with luciferase 

labeling to mimic metastasis (Figure 2h), shJNK CAR-

T cells led to an 11.9-fold decrease in tumor burden at 

day 33 relative to shScramble CAR-T cells (Figures 2i–

2l). At the endpoint (day 70), a trend toward improved 

survival was noted in the shJNK group, though all mice 

retained some tumor. Both CAR-T types displayed 

similar kinetics: tumor control began around day 21, 

peaked by day 33, then relapsed despite continued HER2 

expression and CAR-T infiltration , indicative of T cell 

exhaustion. Analysis of tumor-infiltrating CAR-T cells at 

day 21 showed CD8+ cells with T-bet+/TOX+ and T-

bet−/TOX+ profiles, reflecting both retained 

functionality and terminal exhaustion [33, 34]. JNK 

knockdown did not alter the proportion of these 

populations, overall transcription factor levels, or 

exhaustion marker expression. Additionally, stemness 

markers CD62L and CCR7 were unchanged between 

groups across three sites. Together, these findings 

indicate that JNK knockdown strengthens CAR-T 

antitumor activity during early tumor engagement 

without modifying T cell stemness or accelerating 

exhaustion. 

Tumor-infiltrating shJNK CAR-T cells exhibit elevated 

granzyme B 

To determine whether enhanced cytotoxicity persists in 

the tumor microenvironment, CAR-T cells were 

analyzed 28 days post-infusion in SKOV3-bearing mice. 

shJNK and shScramble CAR-T cells showed comparable 

biodistribution across bone marrow, spleen, and 

omentum, suggesting that JNK knockdown does not 

affect CAR-T expansion or trafficking in vivo (Figure 

3a). Within tumors, CD8+-shJNK CAR-T cells 

expressed roughly twice as much granzyme B (shJNK: 

24.5%+, control: 11.6%+; (Figure 3b)). A second donor 

experiment confirmed similar biodistribution (Figure 3c) 

and a persistent trend for higher tumor-specific granzyme 

B in shJNK CAR-T cells (average 48.2%+ versus 

22.5%+ for shScramble; (Figure 3d)), although 

significance was not reached. Expression of other 

cytotoxic mediators, including granzyme A and Fas 

ligand, remained unchanged (Figures 3e and 3f). These 

data demonstrate that JNK knockdown selectively 

enhances tumor-localized granzyme B production in 

CD8+ CAR-T cells without affecting their systemic 

distribution. 
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f) 

Figure 3. Tumor-infiltrating shJNK CAR-T cells 

exhibit increased granzyme B expression. (a–b) NSG 

mice were intraperitoneally engrafted with 5×106 

Firefly Luciferase+ SKOV3 cells and received 1×106 

CAR-T cells intravenously on day 14. Tissues were 

collected 28 days post-infusion. Each data point 

represents an individual mouse (n=5 for control 

CAR-T, n=4 for shJNK CAR-T). The total CAR+ 

cell counts per tissue (a) and the proportion of CD4− 

CAR-T cells expressing granzyme B (GZMB) (b) are 

displayed. (c–f) A second donor experiment was 

performed similarly (n=3 per group). Total CAR+ 

cell numbers per tissue (c), percentage of CD8+ 

CAR-T cells expressing GZMB (d), percentage of 

CD8+ CAR-T cells expressing granzyme A (GZMA) 

(e), and the mean fluorescence intensity (MFI) of Fas 

ligand (FASL) on CD8+ CAR-T cells (f) are shown. 

Statistical comparisons were performed using 

multiple unpaired t-tests with Welch’s correction. 

Abbreviations: CAR-T= chimeric antigen receptor T; 

FASL= Fas ligand; GZMA= granzyme A; GZMB= 

granzyme B; IP= intraperitoneal; I.V.= intravenous; 

JNK= c-Jun N-terminal kinase; MFI= mean 

fluorescent intensity; ns= not significant; 

shScramble= scrambled short-hairpin RNA. *p<0.05. 

JNK knockdown enhances CD8+ CAR-T cytotoxicity and 

degranulation activity 

To determine whether increased GZMB expression 

results directly from JNK knockdown rather than 

secondary in vivo effects, CAR-T cells were stimulated 

in vitro with HER2-Fc protein. JNK knockdown 

selectively increased GZMB levels, particularly in CD8+ 

CAR-T cells (~1.6-fold), whereas GZMA showed a 

modest increase (~1.4-fold) and FASL remained 

unchanged (Figures 4a–4c), supporting a direct link 

between JNK suppression and elevated cytotoxic factor 

expression. Enhanced GZMB levels were confirmed 

following co-culture with OVCAR8 or SKOV3 cells, 

with CD8+-shJNK CAR-T cells exhibiting more than a 

1.9-fold increase in GZMB intensity in response to 

OVCAR8 (Figures 4d–4f). Because granzyme-mediated 

killing depends on T cell degranulation [35], we 

measured CAR-T degranulation in response to HER2-Fc. 

JNK knockdown augmented degranulation in both CD4+ 

and CD8+ CAR-T populations (Figures 4g–4i). 

Functional cytotoxicity assays using sorted populations 

revealed that only CD8+ CAR-T cells demonstrated 

significantly enhanced killing after JNK knockdown, 

while CD4+ CAR-T cells did not (Figures 4j and 4k). 

Collectively, these results indicate that JNK knockdown 

directly promotes the cytotoxic potential of CD8+ CAR-

T cells by increasing granzyme expression and 

degranulation activity. 
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a) b) 

 
c) 

 
d) 

  

e) f) 

 
g) 

 

  
h) i) 

  

j) k) 

Figure 4. JNK knockdown potentiates cytotoxicity, 

degranulation, and granzyme activity in CD8+ CAR-

T cells. (a–c) CAR-T cells expressing either 

shScramble or shJNK were cultured with 3 µg/mL 

plate-bound HER2-Fc protein for 24 hours, after 

which cytotoxic molecule expression was quantified 

by flow cytometry. Data shown represent a single 

experiment from two independent biological donors, 

with five technical replicates per group. Bar graphs 

indicate MFI of granzyme B (GZMB) (a), granzyme 

A (GZMA) (b), and Fas ligand (FASL) (c) in CD8− 

and CD8+ CAR-T populations. (d–f) CAR-T cells 

were co-incubated with 1×10^4 OVCAR8 or SKOV3 

cells for 24 hours, followed by flow cytometric 

assessment of GZMB. Representative data from one 

experiment out of four independent donors, each with 

5 technical replicates, are displayed. Flow cytometry 

plots are shown in (d) with corresponding MFI 

quantifications in (e–f). (g–i) Degranulation was 

evaluated by incubating CAR-T cells with HER2-Fc 

for the indicated durations, then adding monensin and 

αCD107α/αCD8 antibodies; CD107α+ cells were 

measured via flow cytometry. Representative plots 

are shown in (g), with quantification in CD8− CAR-T 

(h) and CD8+ CAR-T (i) cells. Data reflect two 

independent donor experiments with 3 technical 

replicates per group. (j–k) Sorted CD4+ (j) and CD8+ 

(K) CAR-T cells were tested in cytotoxicity assays 

against OVCAR8 cells; aggregated results from two 

independent donors with 4 technical replicates each 
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are presented. Statistical analysis used multiple 

unpaired t-tests with Welch’s correction. 

Abbreviations: CAR= chimeric antigen receptor; 

FASL= Fas ligand; GZMA, granzyme A; GZMB= 

granzyme B; HER2, human epidermal growth factor 

receptor 2; JNK= c-Jun N-terminal kinases; MFI= 

mean fluorescence intensity; ns= not significant; 

shScramble= scrambled short-hairpin RNA. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 

JNK knockdown preferentially amplifies cytotoxic 

function in CD8+ CAR-T cells 

Considering that CD8+ effector T cells are inherently 

more cytotoxic [36], we examined whether JNK 

suppression preferentially enhances their activity. Upon 

αCD3/αCD28 costimulation, CD8+ CAR-T cells with 

JNK knockdown displayed approximately threefold 

higher GZMB levels than controls (MFI 1750 vs 658). 

This increase occurred across all CAR-T differentiation 

states—including naïve, central memory (CAR-TCM), 

effector memory (CAR-TEM), and effector 

populations—indicating that the effect of JNK 

knockdown on GZMB is independent of differentiation 

status. 

NFATc1 is essential for GZMB induction following JNK 

knockdown 

To uncover the molecular link between JNK suppression 

and enhanced cytotoxicity, we investigated the role of 

NFAT transcription factors, both known to bind the 

GZMB locus [6]. CRISPR-mediated knockout in Jurkat 

cells revealed that loss of NFATc1 abolished the 

upregulation of GZMB associated with JNK knockdown, 

whereas NFATc2 deletion paradoxically increased 

GZMB levels (Figures 5a and 5b). These findings 

indicate that NFATc1 is required for the JNK 

knockdown-mediated increase in GZMB expression, 

while NFATc2 is dispensable or potentially inhibitory. 

 

a) 

 

b) 

 
c) 

Figure 5. NFATc1 mediates GZMB upregulation 

after JNK knockdown. (a–b) To determine the 

contribution of NFAT transcription factors, Jurkat T 

cells were genetically edited using CRISPR to delete 

either NFATc1 or NFATc2. Cells were then 

stimulated with PMA plus ionomycin in the presence 

of monensin for 3 hours, and intracellular granzyme B 

(GZMB) levels were measured by flow cytometry. 

Representative flow plots illustrating selective NFAT 

knockout are shown in (a), while GZMB 

quantification after stimulation is presented in (b). 

The dataset represents one experiment out of three 

independent replicates, each with four technical 

repeats. Brown-Forsyth and Welch ANOVA were 

used for statistical comparisons. (c) Primary human 

CAR-T cells were transduced with lentiviral 

constructs to overexpress NFATc1. After stimulation 

with 2.5% w/v Immunocult CD3/CD28 antibodies, 

GZMB expression was evaluated. Shown are 

representative flow plots from one of two independent 

experiments with a single donor, including three 

technical replicates. Abbreviations: ANOVA, analysis 

of variance; GZMB, granzyme B; JNK, c-Jun N-

terminal kinase; MFI, mean fluorescence intensity; 

NFAT, nuclear factor of activated T cells; ns, not 

significant; shScramble, scrambled short-hairpin 

RNA. 
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NFATc1 overexpression mimics the effects of JNK 

knockdown on GZMB 

To assess whether NFATc1 is sufficient to drive GZMB 

expression, we introduced NFATc1 into primary CAR-T 

cells. Overexpression led to increased GZMB levels in 

CD8+ CAR-T cells comparable to those observed after 

JNK knockdown (Figure 5c), confirming that NFATc1 

is the key mediator of GZMB induction following JNK 

suppression. 

JNK knockdown amplifies NFATc1-dependent 

transcriptional activity 

Building on the NFATc1-dependent GZMB 

upregulation, we investigated whether JNK knockdown 

broadly enhances NFATc1 transcriptional programs. 

CD8+ CAR-T cells expressing shScramble or shJNK 

were stimulated with HER2-Fc and subjected to bulk 

mRNA sequencing to characterize the transcriptional 

impact of JNK suppression (Figure 6a). 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 6. JNK knockdown enhances NFATc1-

dependent transcription. (a–d) CD8+ CAR-T cells 

expressing either shScramble or shJNK were 

stimulated for 16 hours with plate-bound HER2-Fc 

protein and then subjected to bulk mRNA 

sequencing. Gene sets for GSVA were generated 

using published ChIP datasets. The experiment was 

performed once with three independent biological 

donors, each with two technical replicates. 

Experimental schematic (s). XY plot illustrating p 

values from GSVA comparisons between shScramble 

and shJNK CAR-T cells based on ChIP datasets and 

MACS2 score cutoffs (b). Bar graphs and 

corresponding heatmaps show GSVA results for the 

“top 250” genes with FPKM >75 for NFATc1 (c) and 

c-Jun (d). Statistical analysis was performed using 

unpaired t-tests with Welch’s correction. CAR= 

chimeric antigen receptor; ChIP= chromatin 

immunoprecipitation; FPKM= fragments per kilobase 

of transcript per million mapped reads; HER2= 

human epidermal growth factor receptor 2; JNK= c-

Jun N-terminal kinases; MACS2= model-based 

analysis of ChIP-Seq 2; mRNA= messenger RNA; 
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NFAT= nuclear factor of activated T cells; ns= not 

significant; shScramble= scrambled short-hairpin 

RNA. **p<0.01. 

We first conducted a broad transcriptional survey, which 

revealed reproducible differences across the three 

donors, including an approximate twofold decrease in 

MAPK8 (JNK1) and MAPK9 (JNK2) expression. Key 

transcription factors such as TBX21, EOMES, and 

FOXO1 were largely unaffected, whereas several 

cytotoxic effector genes, including GZMB and GZMA, 

showed upregulation following JNK knockdown. GSVA 

analysis confirmed that genes related to T cell migration 

(Gene Ontology:2000404) remained unchanged. 

Together, these data align with functional evidence that 

JNK knockdown boosts CAR-T cell cytotoxicity without 

altering differentiation status. 

To examine NFATc1-specific transcriptional changes, 

we analyzed ChIP datasets for NFATc1 [24] and c-Jun 

[25] binding in CD8+ T cells. GSVA was performed 

using genes with high ChIP binding and FPKM >75 in 

our RNA-seq data. While c-Jun target genes were not 

significantly enriched, NFATc1-bound genes were 

strongly enriched in shJNK CAR-T cells (Figure 6b). 

Considering the top 250 bound genes, NFATc1 targets 

showed significant enrichment (absolute enrichment: 

0.640, p=0.001, (Figure 6c)), whereas c-Jun targets did 

not differ (absolute enrichment: 0.087, p=0.713, (Figure 

6d)). These results suggest that JNK depletion broadly 

enhances NFATc1-driven transcription. 

Previous reports indicate that JNK impairs NFATc1 

nuclear localization by preventing its interaction with 

calcineurin [9, 10]. We therefore hypothesized that JNK 

knockdown promotes NFATc1 nuclear translocation in 

CAR-T cells. Immunofluorescence staining confirmed 

that shJNK CAR-T cells contained a higher proportion of 

nuclear NFATc1 compared with shScramble controls, 

supporting the conclusion that JNK inhibition enhances 

NFATc1-dependent transcription, likely via increased 

nuclear localization. 

JNK suppression alters multiple outcomes of T cell 

stimulation 

Despite increased GZMB expression due to NFATc1 

activation, NFAT reporter activity paradoxically 

decreased (Figure 1g). To assess overall T cell 

activation, we measured surface markers CD25 and 

CD69, which are regulated by NFAT [37]. In PBMC-

derived T cells, JNK inhibition reduced CD25 and CD69 

expression by roughly 45%, with similar effects across 

differentiation stages and both CD4+ and CD8+ T cells 

(. shJNK CAR-T cells stimulated with Jurkat-HER2 cells 

showed similar reductions in CD25 expression. 

Multiplex ELISA revealed that JNK knockdown lowered 

IL-10, IL-4, IL-5, and IL-2 by ~50%, with a trend toward 

decreased TNF-α, while IL-6 and IFN-γ—key mediators 

of cytotoxic antitumor activity [38]—were unaffected; 

donor-specific effects were seen for GM-CSF, IL-13, and 

IL-8. Overall, while cytotoxicity increased, multiple 

aspects of the antigen-stimulation response were 

suppressed, consistent with reduced NFAT reporter 

activity. 

Mathematical modeling suggests that the direct 

enhancement of cytotoxicity explains enhanced tumor 

control 

We posited that increased cytotoxicity alone could 

account for the superior antitumor effects of shJNK 

CAR-T cells. To test this, we constructed an ODE-based 

CAR-T model using a Lotka-Volterra predator-prey 

framework [21] (Figure 7a). The model incorporated 

blood- versus tumor-localized CAR-T populations, 

CAR-T persistence in circulation, tumor infiltration rates, 

and a decay in cytotoxic function resembling exhaustion 

(Figure 7b). Parameters were estimated, with tumor cell 

numbers inferred from observed tumor sizes, CAR-T 

cytotoxicity derived from in vitro assays, and remaining 

parameters fit to tumor growth curves in untreated versus 

shJNK-treated mice (Figures 2e–2g). The model 

successfully recapitulated a dose-dependent response to 

CAR-T infusion (Figure 7c). 
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a) b) 

 
c) 

 
d) 

Figure 7. Mathematical modeling supports enhanced cytotoxicity as a mechanism for enhanced efficacy by JNK 

knockdown. (a) An ordinary differential equations (ODE) model of CAR-T cell therapy was constructed based on 

the Lotka-Volterra predator-prey framework. Each equation is labeled to describe its specific function, and 

DeSolve in R was used to solve the system and generate simulated tumor size trajectories. (b) Diagram 

illustrating the relationships between model parameters. (c) Model demonstration: tumor growth curves were 

simulated using CAR-T doses indicated after fitting the model to observed tumor progression in untreated and 

shJNK-treated mice. (d) In vitro cytotoxicity rates of shScramble and shJNK CAR-T cells were incorporated into 

four simulations of tumor growth, which were then overlaid with observed tumor growth curves from Figure 2f. 

Unpaired t-tests with Welch’s correction were applied. a, tumor infiltration rate of circulating CAR-T cells; CAR-

T, chimeric antigen receptor T; CIR, circulating CAR-T cell count; CYT, cytotoxicity; JNK, c-Jun N-terminal 
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kinases; ODE, ordinary differential equations; r, tumor growth rate; shScramble, scrambled short-hairpin RNA; 

TIL, tumor-infiltrated CAR-T cell count; Tu, tumor size; Xd, decay of “x”; Xg, growth of “x”; Xk, carrying 

capacity of “x”. 

We hypothesized that the superior tumor control 

observed with shJNK CAR-T cells was attributable to 

enhanced cytotoxicity. Using in vitro cytotoxicity 

measurements (shScramble: 1.30–1.87, shJNK: 2.77–

2.96 tumor cells killed per CAR-T cell per day) while 

keeping other parameters constant, four simulations were 

performed. The higher cytotoxicity of shJNK CAR-T 

cells predicted significantly reduced tumor sizes by day 

33, closely matching experimental tumor growth data 

(Figure 7d). These results suggest that the observed in 

vitro cytotoxicity differences are sufficient to explain the 

enhanced antitumor efficacy in vivo. 

Our findings demonstrate that JNK knockdown in CAR-

T cells enhances cytotoxicity without affecting CAR-T 

cell production, differentiation, stemness, exhaustion, 

peripheral biodistribution, or tumor infiltration, 

highlighting its therapeutic potential. In vitro, JNK-

depleted CD8+ CAR-T cells exhibited stronger cytotoxic 

activity driven by increased GZMB expression and 

degranulation (Figure 4), consistent with prior evidence 

that GZMB overexpression enhances cytotoxicity [39]. 

Elevated GZMB persisted in CD8+ CAR-T cells ex vivo 

(Figure 3), indicating maintained cytotoxic function 

within the tumor, although one experiment did not reach 

statistical significance, limiting data strength. The 

mathematical model (Figure 7) further confirmed that in 

vitro cytotoxicity differences could translate into 

substantial variations in tumor control in vivo. Overall, 

these data support a model in which enhanced tumor 

control is mediated via GZMB- and degranulation-

dependent cytotoxicity. 

Although JNK has been implicated in regulating 

NFATc1 [9], NFATc2 [11], and c-Jun pathways [40], our 

data indicate that GZMB upregulation following JNK 

knockdown primarily occurs through NFATc1. Both 

NFATc1 and NFATc2 bind the GZMB locus [6, 7], but 

only NFATc1 knockout blocked JNK-dependent GZMB 

induction (Figure 5). NFATc1 overexpression alone was 

sufficient to restore high GZMB levels. Transcriptional 

profiling revealed strong enrichment of NFATc1-bound 

genes—but not c-Jun-bound genes—after JNK 

knockdown (Figure 6). Mechanistically, we 

recapitulated prior findings showing enhanced NFATc1 

nuclear localization following JNK suppression [9, 10]. 

Collectively, these results suggest that JNK knockdown 

promotes NFATc1 nuclear translocation, driving 

increased GZMB expression and cytotoxicity. 

While our findings support an NFATc1-dependent 

mechanism, the interplay between NFATc1, NFATc2, 

and c-Jun remains incompletely resolved. For instance, 

NFATc2 knockout increased GZMB expression 

intensity, implying potential competitive interactions at 

the GZMB locus and possibly at other genomic sites that 

were not captured in our transcriptional assay. 

Additionally, reduced NFAT reporter activity (Figure 1) 

suggests potential alterations in NFAT/AP-1 

interactions. Further investigation of these dynamics 

could inform optimization strategies for CAR-T cells. 

Although direct manipulation of NFAT warrants further 

exploration, it is unclear whether this would provide 

greater therapeutic benefit than JNK knockdown. 

NFATc1 undergoes feed-forward amplification [10, 41], 

so overexpression could risk uncontrolled signaling and 

compromise CAR-T efficacy. In contrast, JNK 

knockdown enhanced cytotoxicity while preserving 

CAR-T differentiation, producing only modest 

reductions in overall cytokine production and activation 

marker expression. Thus, JNK knockdown appears to 

promote cytotoxicity via NFATc1 without triggering 

excessive activation, suggesting a favorable balance 

between efficacy and safety. 

Our findings are consistent with prior studies linking 

JNK signaling, NFATc1 activity, and T cell cytotoxicity. 

Human T cells with impaired TCR-induced JNK 

signaling exhibited increased NFATc1 activity [10], and 

silencing MLK3, an upstream regulator of JNK, elevated 

GZMB expression through an NFATc1-dependent 

mechanism [42]. Similarly, deletion of JNK2 in OT-I T 

cells enhanced cytotoxicity and GZMB levels in murine 

breast cancer models [43]. In contrast, JNK1 deficiency 

reduced CD8+ T cell activation in murine breast cancer 

[44], and JNK inhibition has been associated with 

enhanced Th2 polarization [10, 45]. In our experiments, 

CAR-T cells with JNK knockdown showed no 

impairments in proliferation or differentiation (Figure 

1), likely because JNK was suppressed after initial CAR-

T priming. Collectively, these results suggest that JNK 

predominantly restrains cytotoxic activity during the 

effector phase of CD8+ CAR-T cells without altering cell 

fate. 
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Most current strategies to enhance CAR-T efficacy focus 

on modifying differentiation, preventing exhaustion, or 

improving biodistribution [1, 4]. In contrast, direct 

approaches to augment cytotoxicity are scarce; for 

example, overexpression of granzymes increased killing 

but also accelerated CAR-T apoptosis and reduced in 

vivo persistence [39]. In our study, JNK knockdown 

augmented cytotoxicity without compromising CAR-T 

persistence, resulting in improved tumor control in vivo 

(Figures 2 and 3). Nevertheless, shJNK CAR-T cells 

remained susceptible to exhaustion, suggesting that 

combining JNK suppression with interventions that 

prolong CAR-T longevity could produce synergistic 

effects for solid tumor therapy. 

Beyond direct cytotoxicity, JNK knockdown may 

influence the tumor microenvironment by enhancing 

antigen release, thereby supporting the cancer immunity 

cycle [46]. However, these experiments were limited to 

xenograft models, and future studies should evaluate 

such effects in syngeneic murine and humanized models 

of ovarian cancer. 

Conclusion 

Our study demonstrates that JNK knockdown enhances 

CAR-T cell efficacy primarily by increasing cytotoxicity. 

This strategy is highly promising, as incorporation of the 

shJNK cassette into existing CAR constructs could 

substantially improve antitumor performance. Moreover, 

it is likely compatible with approaches that enhance 

CAR-T cell longevity and stem-like properties, 

potentially enabling sustained tumor eradication. Such 

enhancements could help overcome current limitations in 

CAR-T therapy for solid tumors. 
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