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SUMMARY

The success of chimeric antigen receptor (CAR) T cell therapies targeting solid tumors is limited by the immu-

nosuppressive tumor microenvironment. We demonstrate that endowing CAR T cells with ectopic interleukin

(IL)-9 signaling by co-expressing an IL-9 receptor rewires CAR T cell fate under antigen stress to enhance

antitumor efficacy. In preclinical solid tumor models, IL-9-signaling CAR T cells exhibit increased expansion,

persistence, and tumor infiltration, resulting in superior tumor control at substantially lower doses than con-

ventional products. Trajectory and RNA velocity analyses of single-cell RNA sequencing data reveal that IL-9

signaling alters CAR T cell differentiation under antigen stress away from dysfunction, favoring a multipotent

transition toward CD8+ T cell memory and effector states and promoting a CD4+ cell proliferative state. Inter-

rogation of transcription factor pathways indicates that IL-9-mediated activation of STAT1 and STAT4 may

contribute to the superior phenotype of IL-9-signaling CAR T cells, providing a promising therapeutic strat-

egy for targeting solid cancers.

INTRODUCTION

Chimeric antigen receptor (CAR) T cell therapy has revolution-

ized the treatment of hematologic malignancies.1,2 However,

its efficacy against solid tumors is hindered by challenges such

as limited T cell trafficking and infiltration, an immunosuppres-

sive tumor microenvironment (TME), and on-target off-tumor

toxicity.3 Enhancing CAR T cell fitness is crucial to overcome

these barriers.

Engineering CAR T cells to incorporate cytokine signaling path-

ways has shown both promise and challenges in addressing

these obstacles.4 For example, interleukin-2 (IL-2) supports

T cell proliferation and survival but can cause severe adverse ef-

fects when administered systemically due to widespread recep-

tor expression.5–7 To mitigate these effects, strategies such as

orthogonal IL-2 receptor-ligand pairs are under investigation

(NCT05665062). Similarly, addition of IL-15 or IL-12 enhances

CAR T cell antitumor efficacy in preclinical studies8,9 but can in-

crease the risk of toxicities when systemically administered to pa-

tients (NCT05103631)10 (NCT02498912 and NCT06343376)11,12

due to the broad expression of cytokine receptors, underscoring

the need for safer strategies.11,12

Incorporating IL-9 signaling into CAR T cells represents a

strategy for overcoming these barriers. IL-9, a common gamma

chain (γc) cytokine, exerts diverse effects on tumor immunity,

including enhanced immune cell recruitment and modulation,

yet remains underexplored.13–17 Notably, unlike receptors for

other γc cytokines such as IL-2 and IL-15, the IL-9 receptor (IL-

9R) has minimal expression in T cells and across normal tissues

(Jiang et al.18). This unique expression profile minimizes toxicity

risks, positioning IL-9-engineered CAR T cells as a safer and

potentially more effective therapeutic alternative.

Our prior work demonstrated that CAR T cells engineered with

an orthogonal IL-9 receptor (o9R) could effectively enhance anti-

tumor immunity in murine solid tumor models.19 However,

emerging evidence suggests that the native IL-9R may confer

distinct advantages over its orthogonal counterpart (Jiang

et al.18). Here, we engineered CAR T cells to express an authentic

IL-9R (CAR-IL9R T cells), enabling IL-9 responsiveness. By

leveraging the intrinsic advantages of the native IL-9R, our work

Immunity 59, 195–212, January 13, 2026 © 2025 Elsevier Inc. 195
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Figure 1. Authentic IL-9 signaling enhances CAR T cell antitumor efficacy in a syngeneic PDAC model

(A) Schematic representation of T cells transduced to express either CAR alone (CAR) or CAR and IL-9R (CAR-IL9R).

(B) Flow cytometric analysis of transduction efficiency in murine untransduced (UTD), CAR, or CAR-IL9R T cells.

(C) Quantification of phosphorylated STAT1 (pSTAT1), STAT3 (pSTAT3), and STAT5 (pSTAT5) in UTD, CAR, or CAR-IL9R T cells following 20-min IL-9 stimulation.

Data are shown as log fold change of mean fluorescence intensity relative to non-stimulated samples. n = 3 biological replicates.

(D) In vitro cytotoxicity assay of PDA7940b tumor cells co-cultured with CAR or CAR-IL9R T cells (3:1 E:T ratio), with T cells pre-incubated with IL-9 for 48 h. Media

was used as a control. n = 3.

(E) Cytokine secretion profiles of CAR and CAR-IL9R T cells, either untreated (mock) or pre-incubated with IL-9 for 48 h. n = 3 biological replicates.

(F) Bar graph showing the percentage of CD44− CD62L+CD95+ cells in CAR or CAR-IL9R T cells, either untreated (mock) or treated with IL-9 for 48 h, as

determined by flow cytometry. n = 3 biological replicates.

(G) Experimental design schematic for the syngeneic PDAC model. CTX, cyclophosphamide; s.c., subcutaneous; i.p., intraperitoneal; IT, intratumoral; and i.v.,

intravenous.

(legend continued on next page)
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examines its unique contributions to human CAR T cell function,

aiming to enhance the efficacy and precision of CAR T cell thera-

pies for solid tumors.

RESULTS

Authentic IL-9 signaling enhances CAR T cell antitumor

efficacy in a syngeneic PDAC model

To investigate how the introduction of authentic IL-9 signaling

impacts cell extrinsic and intrinsic mechanisms governing CAR

T cell function, we first employed a murine syngeneic PDAC

model. Mouse T cells were engineered to express a mesothe-

lin-targeted CAR (A03 CAR) and the wild-type IL-9R (CAR-IL9R

T cells) (Figures 1A and 1B). IL-9 treatment resulted in

the dose-dependent phosphorylation of signal transducer and

activator of transcription 1 (STAT1), STAT3, and STAT5, consis-

tent with known IL-9R signaling pathways (Figure 1C).20 In vitro

functional assays revealed that IL-9-treated CAR-IL9R T cells

more effectively killed mesothelin-expressing PDA7940b cells,

derived from KPC (KrasLSL.G12D/+p53R172H/+) mice, than control

CAR T cells (Figure 1D). This enhancement was associated

with increased production of cytokines, including interferon

(IFN)-γ, tumor necrosis factor alpha (TNF-α), and IL-10

(Figure 1E). IL-9 did not induce cytokine production in control

CAR T cells; however, elevated basal TNF-α levels were

observed in both mock and IL-9-treated control CAR T cells,

possibly due to tonic CAR signaling and known variability in

baseline TNF-α expression.21 Additionally, IL-9 treatment

induced a shift toward a stem-like memory T cell phenotype

(CD44− CD62L+CD95+) in CAR-IL9R T cells (Figures 1F and

S1A), mirroring findings from our previous studies with o9R-en-

gineered T cells.19

Next, we evaluated the influence of the TME on the

antitumor efficacy of CAR-IL9R T cells in vivo (Figure 1G).

C57BL/6 mice were implanted subcutaneously with

PDA7940b cells. T cells harvested from CD45.1+ B6.SJL-

Ptprca Pepcb/BoyJ mice were subjected to retroviral trans-

duction to produce CAR-IL9R T cells. CAR and IL-9R trans-

duction efficiency was confirmed by flow cytometry before

intravenous (i.v.) injection into recipient mice. IL-9 was deliv-

ered via intratumoral injection of a replication-deficient adeno-

virus encoding murine IL-9 (Ad-mIL9) to ensure localized and

transient cytokine expression within the TME. This strategy al-

lowed for controlled ligand delivery without the need to further

engineer the CAR T cells and reflects a clinically relevant

approach, as intratumoral viral therapies are currently being

evaluated in solid tumor trials (NCT03866525 and

NCT02562755). Prior to in vivo testing, IL-9 production by tu-

mor cells after Ad-mIL9 infection was validated in vitro

(Figure 1H). Control groups for in vivo studies included mice

treated with CAR-IL9R T cells alone, CAR T cells alone, or

Ad-mIL9 alone. Treatment with CAR-IL9R + Ad-mIL9 signifi-

cantly improved overall survival (Figure 1I) and reduced tumor

progression (Figure 1J). Toxicity characterized by clinical

signs of immune-effector-cell-associated neurotoxicity syn-

drome (ICANS) was observed in 1/10 mice treated with

CAR-IL9R + Ad-mIL9. This phenomenon was observed at

higher levels (5/12 mice) following treatment with CAR

T cells expressing o9R and was investigated in our previous

study.19 Briefly, results suggested that toxicity was driven by

CAR on-target off-tumor activity due to the expression of

mesothelin in the murine but not healthy human meningeal

layers.19,22 An additional replicate of this experiment

confirmed that IL-9 signaling in CAR T cells consistently im-

proves overall survival (Figure S1B). The survival benefit ap-

pears to be specifically mediated by IL-9, rather than by

adenoviral inflammation, as the combination of CAR-IL9R

T cells with Ad-GFP did not enhance survival (Figure S1B).

Conversely, combining conventional CAR T cells with Ad-

mIL9 resulted in a modest improvement in survival compared

with Ad-mIL9 only, which may reflect low-level IL-9R expres-

sion in murine CAR T cells (Figure S1B). This notion is further

supported by the weak STAT phosphorylation observed in

murine CAR T cells in response to IL-9 stimulation (Figure 1C).

Given the marked antitumor efficacy observed with CAR-

IL9R + Ad-mIL9 in this immunologically ‘‘cold’’ PDAC model,

we investigated potential changes in the TME. Tumors, spleens,

and blood were collected on days 5/6 post-treatment for anal-

ysis via flow cytometry and immunohistochemistry (IHC)

(Figure 1K). Tumors from the CAR-IL9R + Ad-mIL9 group

showed significantly higher CAR T cell infiltration, as indicated

by an increase in CD45.1+ (infused) T cells (Figure 1L). The

spleens from this group also exhibited higher CAR T cell

numbers compared with the group treated with conventional

CAR T cells (Figure S1C), while no significant differences were

observed in blood CAR T cell numbers (Figure S1D) or serum

cytokine levels (Figure S1E). Since similar numbers of circulating

CAR T cells were detected between cohorts, enhanced tumor

infiltration observed in the CAR-IL9R + Ad-mIL9 group is likely

due to improved intratumoral persistence or trafficking rather

than systemic expansion. No significant differences in other im-

mune cell populations within the TME were observed across

treatment groups, as determined by flow cytometry (Figure

S1F). These findings were corroborated by IHC (Figure S1G),

with the exception that fewer Ly6G+ cells were observed in the

CAR-IL9R + Ad-mIL9 group, possibly indicating reduced neutro-

phil infiltration. Overall, IL-9-signaling CAR T cells did not sub-

stantially alter cell type composition within the TME.

(H) In vitro murine IL-9 (mIL-9) production by PDA7940b cells treated with Ad-mIL9, measured by ELISA. n = 2.

(I) Kaplan-Meier survival curves (n = 10 per cohort).

(J) Tumor volume progression over time. CR, complete remission.

(K) Experimental design schematic for TME analysis.

(L) Quantification of infused (CD45.1+) T cells from tumor single-cell suspensions analyzed via flow cytometry. n = 5 per cohort.

Error bars indicate mean ± SEM (C, E, and F) or mean ± SD (D, H, and L). Illustrations created with Biorender.com. Statistical significance was calculated by two-

way ANOVA with Bonferroni correction for multiple comparisons or Kruskal-Wallis one-way ANOVA. For Kaplan-Meier survival analysis, the log-rank Mantel-Cox

test was used. Statistical significance is denoted as follows: ns, not significant; p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

See also Figure S1.
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Human IL-9-signaling CAR T cells exhibit enhanced

potency and persistence in a xenograft PDAC model

To extend our findings to a human system, we next evaluated the

antitumor efficacy of human IL-9 (hIL-9)-signaling CAR T cells in

a xenograft flank PDAC model (Figure 2A). Immunodeficient

NOD/scid/IL2rγ− /− (NSG) mice were implanted with the human

mesothelin-expressing PDAC cell line, AsPC-1. Primary human

T cells derived from healthy donors were transduced with a hu-

man mesothelin-specific CAR construct (M5 CAR) and IL-9R to

enable IL-9 signaling. CAR and IL-9R transduction efficiency

was assessed via flow cytometry before i.v. injection into mice.

To provide an IL-9 signal to CAR-IL9R T cells, an IT injection of

adenovirus encoding hIL-9 (Ad-hIL9) was administered. Prior

to in vivo testing, IL-9 production from Ad-hIL9-transduced tu-

mor cells was confirmed in vitro (Figure 2B). A dose titration

study revealed that doses as low as 0.03E6 CAR-IL9R T cells

combined with Ad-hIL9 were sufficient to achieve tumor clear-

ance (Figure S2A). A higher CAR T cell dose was required in

the syngeneic PDAC model, likely due to reduced murine CAR

T cell potency and the presence of a functional immune system.

Further survival analysis demonstrated that this low-dose com-

bination resulted in significantly enhanced antitumor efficacy

compared with CAR T cells without IL-9 signaling at a 1E6

dose (Figures 2C and 2D), underscoring the potency of IL-9-

signaling CAR T cells.

To assess the in vivo long-term persistence of IL-9-signaling

CAR T cells, we conducted a tumor rechallenge experiment.

On day 90 after treatment, AsPC-1 cells were implanted into

the contralateral flank of mice that had achieved complete remis-

sion of their primary tumors (Figure 2E), with treatment-naive

mice serving as controls. Mice previously treated with IL-9-

signaling CAR T cells rejected the newly implanted tumors and

demonstrated significantly improved overall survival compared

with naive controls (Figures 2F and 2G). While 2/10 mice previ-

ously treated with CAR-IL9R + Ad-hIL9 were euthanized due to

signs of graft-versus-host disease (GVHD) at late timepoints, it

is noteworthy that none of these mice developed tumors, high-

lighting the high persistence of IL-9-signaling CAR T cells.

The group receiving CAR-IL9R T cells without Ad-hIL9 also ex-

hibited enhanced overall survival and reduced tumor progres-

sion, both in the primary tumor and upon rechallenge, as well

as enhanced blood CAR T cell expansion, when compared

with CAR T cells lacking IL-9R expression (Figures 2C–2G).

Given that NSG mice have mast cells capable of producing

mIL-9, which cross-reacts with hIL-9R,23 and that T cells can

also produce IL-9,20 we hypothesized that either mIL-9 from

NSG mice or hIL-9 from the infused CAR T cells was responsible

for activating IL-9R on CAR-IL9R T cells. To test our hypothesis,

we measured the levels of both mIL-9 and hIL-9 in the serum of

treated mice. Our analysis revealed that hIL-9 was only detected

in the group treated with Ad-hIL9 (Figure S2B, left panel), while it

was undetectable in the CAR-IL9R + Ad-hIL9 group, likely due to

sequestration by IL-9R-expressing CAR T cells. However, mIL-9

was detected across all treatment groups (Figure S2B, right

panel). This led us to speculate that mIL-9 was responsible

for activating IL-9R on CAR-IL9R T cells, contributing to the

enhanced antitumor efficacy observed in the group treated

with CAR-IL9R T cells alone. To test this, we treated mice with

a neutralizing antibody targeting mIL-9 (α-mIL9) (Figure S2C).

As expected, neutralizing mIL-9 abrogated the enhanced anti-

tumor effects of CAR-IL9R T cells (Figures S2D and S2E).

Furthermore, mice treated with CAR-IL9R T cells and α-mIL9

showed a reduced number of CAR T cells in the blood

(Figure S2F). The local concentration of endogenous mIL-9

was approximately 3-fold lower than hIL-9 produced by Ad-

hIL9 (Figure S2B) and therefore unlikely to impact the antitumor

efficacy observed in the Ad-hIL9-treated cohorts. To further

explore the potential impact of circulating IL-9 in a clinical

context, we assessed hIL-9 levels in the serum of both healthy

donors and patients with pancreatic cancer before and after

M5 CAR T cell infusion. In our analysis, hIL-9 was undetectable

in all samples (Table S1).

IL-9 signaling enhances CAR T cell expansion,

persistence, and tumor infiltration in vivo

Flow cytometry analysis on blood samples revealed that IL-9-

signaling CAR T cells expanded significantly more than conven-

tional CAR T cells and persisted for up to 10 weeks post-treat-

ment (Figure 3A). This expansion was associated with increased

cytokine production, suggesting enhanced effector function

(Figure 3B).

To assess the impact of IL-9 signaling on the phenotype of

intratumoral CAR T cells, we harvested tumors from our xeno-

graft PDAC model (Figure 3C) and performed flow cytometry

analysis on single-cell suspensions of tumor samples. This

analysis revealed a significantly higher infiltration of infused

T cells in tumors from mice treated with IL-9-signaling CAR T cells

compared with those receiving conventional CAR T cells

(Figure 3D). Phenotypic analyses were not performed for the

CAR-IL9R group due to low cell recovery. Tumor-infiltrating

T cells from the CAR-IL9R + Ad-hIL9 group exhibited an

increased proportion of early memory (CD45RA− CD27+) T cells

compared with the CAR-only group (Figures 3E and S3A). How-

ever, when we assessed other canonical memory-associated

markers such as CCR7 and CD45RO, we did not observe

consistent differences between groups, suggesting that IL-9

signaling may preferentially support early memory features

rather than a classical central memory phenotype (Figures S3B

and S3C). Further, IL-9 signaling led to increased expansion of

both CD4+ and CD8+ CAR T cells (Figure 3F); however, the rela-

tive proportions of CD4+ and CD8+ T cells remained similar be-

tween treatment groups (Figure S3D).

Tumor-infiltrating T cells from the CAR-IL9R + Ad-hIL9 group

had lower expression of the co-inhibitory receptors programmed

cell death protein 1 (PD-1) and T cell immunoglobulin and mucin-

domain containing-3 (TIM-3) (Figures 3G and S3E). Additionally,

there was a notable reduction in the percentage of double-pos-

itive PD-1+TIM-3+ T cells, along with an increase in double-nega-

tive PD-1− TIM3− and PD-1− lymphocyte activation gene-3

(LAG-3)− T cells (Figures 3H and S3E).

IL-9 signaling enhances CAR T cell function and sustains

surface CAR expression, CD4+ T cell levels, and CD8+

early memory phenotype under antigen stress

To explore the mechanisms driving the enhanced antitumor

efficacy of IL-9-signaling CAR T cells, we conducted in vitro

studies on CAR-IL9R T cells. CAR and IL-9R transduction

efficiency was confirmed by cell surface staining using flow
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Figure 2. Human IL-9-signaling CAR T cells exhibit enhanced potency and persistence in a xenograft PDAC model

(A) Schematic of the xenograft PDAC model.

(B) In vitro production of human IL-9 (hIL-9) by AsPC-1 cells infected with Ad-hIL9, measured by ELISA. Error bars indicate mean ± SD (n = 3).

(C) Kaplan-Meier survival curves (n = 10 per cohort) from two independent experiments (healthy donors [HDs] = 2).

(D) Tumor volume progression over time. CR, complete remission.

(E) Schematic of tumor re-challenge study design.

(F) Kaplan-Meier survival curves for treatment-naive mice (n = 10), CAR-IL9R 0.03E6 cohort (n = 5), and CAR-IL9R + Ad-hIL9 cohort (n = 10).

(G) Tumor volume progression over time following tumor re-challenge.

Illustrations were created with Biorender.com. Statistical significance was calculated using the log-rank Mantel-Cox test. ns, not significant; p > 0.05, *p ≤ 0.05,

**p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

See also Figure S2 and Table S1.

ll
Article

Immunity 59, 195–212, January 13, 2026 199



C D

H

G

F

NSG
Ad-hIL9

(IT)

Day 0

CAR T
(IV)

Day 1

Ad-hIL9
(IT)

Day 4Day -15

AsPC-1
(SC)

Day 25

Tumor 
harvest

PD-1 TIM-3 LAG-3

CAR 1E6 CAR-IL9R 0.03E6 
+ Ad-hIL9

PD-1−TIM-3−

PD-1−TIM-3+

PD-1+TIM-3−

PD-1+TIM-3+

PD-1−LAG-3−

PD-1−LAG-3+

PD-1+LAG-3−

PD-1+LAG-3+

E

CD45RA+CD27+

CD45RA-CD27+

CD45RA-CD27-

CD45RA+CD27-

CD45RA-CD27+

CAR-IL9R 0.03E6 + Ad-hIL9
CAR-IL9R 0.03E6
CAR 0.03E6
CAR 1E6

0

2000

4000

6000 ns

0

2000

4000

6000

ns

ce
ll 

co
un

t/µ
L

ns

0

100

200

B

0

5

10

15

20

25

IL
-1

0 
(p

g/
m

L)

0

1

2

3

4

TN
F-

α 
(p

g/
m

L)

A

0

1000

2000

3000

4000

ce
ll 

co
un

t/µ
L

Week 2

0

1000

2000

3000

4000 ns

Week 5

0

1000

2000

3000

4000

Week 7

ns ns

Week 10

0

1000

2000

3000

4000

0

500

1000

1500

IF
N

-γ
 (p

g/
m

L)

TM
P4

89
N

D
55

2

CAR-IL9R 0.03E6 + Ad-hIL9
CAR-IL9R 0.03E6
CAR 0.03E6
CAR 1E6

N
D

55
2

0

20

40

60

80

100

ce
ll 

co
un

t/µ
l

CD4+

0

500

1000

1500

ce
ll 

co
un

t/µ
l

CD8+

CAR-IL9R 0.03E6 + Ad-hIL9
CAR 1E6

hCD45+

CAR-IL
9R

 0.
03

E6 +
 Ad-h

IL9

CAR 1E
6

0

50

100

%
 o

f h
C

D
45

+  c
el

ls

0.0

0.2

0.4

0.6

0.8

1.0

ns

0

10

20

30

0

50

100

%
 o

f h
C

D
45

+  c
el

ls

CAR-IL9R 0.03E6 + Ad-hIL9
CAR 1E6

0

500

1000

1500

2000

ce
ll 

co
un

t/µ
l

CAR-IL9R 0.03E6 + Ad-hIL9
CAR-IL9R 0.03E6
CAR 1E6

ns

Figure 3. IL-9 signaling enhances CAR T cell expansion, persistence, and tumor infiltration in vivo

(A) Enumeration of infused human T cells (hCD45+) in the blood analyzed via flow cytometry (n = 10 per cohort).

(B) Concentration of serum cytokines on day 22 after CAR T cell infusion (n = 10 per cohort).

(C) Schematic of the experimental design used for phenotypic analysis of tumor-infiltrating T cells following treatment. Tumors were collected on day 25 for flow

cytometric analysis.

(legend continued on next page)
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cytometry (Figure 4A). Consistent with results observed in

mouse T cells, human CAR-IL9R T cells activated by IL-9 exhibited

dose-dependent phosphorylation of STAT1, STAT3, and STAT5

(Figure 4B). We next investigated the effects of IL-9 signaling in

the context of repeated antigen stimulation, using a continuous an-

tigen exposure (CAE) assay. CAR-IL9R T cells were co-cultured

with AsPC-1 cells every other day for 10 days (Figure 4C), after

which they were harvested for functional assays and flow cytome-

try phenotyping. CAR-IL9R T cells treated with IL-9 during the CAE

assay (IL-9) were compared with cells subjected to this assay in the

absence of IL-9 treatment (referred to as mock-treated cells). The

CAR-IL9R T cell baseline product, i.e., cells that had not under-

gone CAE (day 0), was used as a control. A cytotoxicity assay

demonstrated that CAR-IL9R T cells undergoing stress testing in

the presence of IL-9 demonstrated superior tumor cell killing

compared with stress-tested mock cells, which lost cytotoxic

function (Figures 4D and S4A). These enhanced cytotoxic effects

were antigen-specific, as IL-9-treated cells did not eliminate tumor

cells lacking mesothelin expression (Figures 4D and S4A). Consis-

tent with the limited IL-9R expression on human CAR T cells, IL-9

treatment did not enhance tumor cell killing by CAR-only T cells

(Figure S4B). Additionally, IL-9-treated cells produced higher

levels of IFN-γ compared with baseline day 0 and mock cells.

This increase was observed both in the absence of antigen stimu-

lation (Figures 4E and S4C, left panel) and following co-culture with

tumor cells (Figures 4E and S4C, right panel).

Flow cytometry analysis showed that, unlike mock CAR

T cells, IL-9-treated CAR T cells maintained balanced CD4+

and CD8+ T cell proportions after repeated antigen stimulation

(Figures 4F and S4D). Additionally, after stress testing, IL-9-

treated CAR T cells had an increased percentage of early mem-

ory T cells (CD45RA− CD27+) compared with mock (Figures 4G

and S4E). Although mock-treated CAR T cells experienced a

reduction of surface CAR expression, which contributes to

CAR T cell dysfunction under antigen stress,24,25 IL-9-treated

CAR T cells continued to proliferate and retained surface CAR

expression (Figures 4H and S4F). The continued proliferation

and maintenance of CAR expression are recognized as key

mechanisms for supporting superior CAR T cell function

following prolonged antigen exposure.25

To further dissect the mechanisms by which IL-9 signaling en-

hances CAR T cell function under antigen stress, we conducted

single-cell RNA sequencing (scRNA-seq). CAR-IL9R T cells from

three different donors were subjected to the CAE assay with or

without IL-9 treatment (IL-9 and mock samples, respectively).

At day 10, T cells were harvested and isolated via fluores-

cence-activated cell sorting (FACS) of live EpCAM–CD45+ cells,

while baseline CAR-IL9R T cells were thawed and sorted for

comparison (day 0 samples). A total of nine samples were

sequenced using the 10× Genomics scRNA-seq platform.

Differential pseudobulk gene analysis of all CAR+ cells re-

vealed that the top upregulated gene in IL-9-treated CAR-IL9R

T cells compared with mock-treated cells was TRERF1, a tran-

scriptional regulatory protein known for its involvement in

cholesterol metabolism and steroid hormone signaling (Figure

S5A; Table S2).26,27 Ingenuity pathway analysis (IPA) identified

the Th1 pathway, IL-20 family signaling, IL-10 signaling, and

cholesterol biosynthesis as some of the top pathways enriched

in IL-9-treated cells (Figure S5B; Table S3). Although IL-10 has

traditionally been associated with immunosuppressive roles,

IL-10 can also enhance T cell antitumor immunity by modulating

T cell metabolism.28,29 Additionally, IL-10 secretion from Th1

cells is regulated by cholesterol metabolism.30 IL-9-signaling

CAR T cells exhibited elevated IL-10 secretion both in vitro for

murine T cells (Figure 1E) and in vivo for human T cells (Figure

3B). This increase in IL-10 production and signaling, coupled

with the upregulation of pathways involved in Th1 responses

and cholesterol metabolism, prompted us to investigate the po-

tential role of IL-10 in shaping the phenotype and function of IL-

9-signaling CAR T cells.

To evaluate whether IL-10 contributes to the antitumor efficacy

of IL-9-signaling CAR T cells, we employed a prostate cancer

xenograft model to also confirm the antitumor effects of IL-9-

signaling CAR T cells in another tumor model. We generated pros-

tate-specific membrane antigen (PSMA)-targeted CAR (Pbbz)

T cells co-expressing a dominant-negative TGF-βRII (dnTGF-

βRII) and IL-9R (dnTGF-βRII-Pbbz-IL9R) (Figure S5C). A clinically

tested PSMA dnTGF-βRII CAR (dnTGF-βRII-Pbbz) was used as

a control.31 NSG mice were engrafted with PC3-PSMA tumor cells

and received IT Ad-hIL9 along with i.v. CAR T cell injections. Trans-

duction efficiency was assessed via flow cytometry (Figure S5D),

and IL-9 production by Ad-hIL9-transduced tumor cells was veri-

fied in vitro (Figure S5E). To evaluate the contribution of IL-10, an

additional cohort was treated with an IL-10-neutralizing antibody

(α-hIL10) (Figure S5F), and IL-10 neutralization was confirmed

through serum analysis (Figure S5G). Treatment with IL-9-

signaling CAR T cells at a 0.03E6 dose significantly reduced tumor

progression (Figure S5H), improved overall survival (Figure S5I),

and increased CAR T cell counts in the blood (Figure S5J)

compared with conventional CAR T cells. IL-10 neutralization did

not diminish antitumor efficacy (Figure S5H) or affect blood T cell

counts (Figure S5J), indicating that IL-10 is not a major driver of

the enhanced function of IL-9-signaling CAR T cells. Further, we

did not observe enhanced antitumor efficacy in the CAR-IL9R-

only group compared with the CAR group in the prostate cancer

xenograft model, suggesting that differences in baseline mIL-9

(D) Quantification of infused hCD45+ T cells within tumors, analyzed via flow cytometry (n = 10 per cohort).

(E) Flow cytometric analysis of tumor-infiltrating T cell subsets, expressed as percentages of infused hCD45+ cells. Samples with fewer than 1,000 CD45+ CAR

T cells were excluded from flow cytometry analyses of T cell phenotypes (n = 10 for CAR-IL9R 0.03E6 + Ad-hIL9, n = 3 for CAR 1E6).

(F) Quantification of tumor-infiltrating CD4+ and CD8+ T cells, analyzed via flow cytometry (n = 10 for CAR-IL9R 0.03E6 + Ad-hIL9, n = 3 for CAR 1E6).

(G) Expression levels of co-inhibitory receptors PD-1, TIM-3, and LAG-3 on infused hCD45⁺ T cells within tumors, analyzed via flow cytometry (n = 10 for CAR-

IL9R 0.03E6 + Ad-hIL9, n = 3 for CAR 1E6).

(H) Pie charts illustrating the distribution of PD-1, TIM-3, and LAG-3 expression profiles among infused hCD45+ T cells in the tumors, as determined by flow

cytometry.

Illustration created with BioRender.com. Error bars indicate mean ± SD. Kruskal-Wallis one-way ANOVA or two-sided Mann-Whitney U tests were used for

statistical analysis. ns, not significant; p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

See also Figure S3.
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Figure 4. IL-9 signaling enhances CAR T cell function and sustains surface CAR expression, CD4+ T cell levels, and CD8+ early memory

phenotype under antigen stress

(A) Flow cytometric analysis of transduction efficiency in human UTD, CAR, or CAR-IL9R T cells.

(B) Quantification of pSTAT signaling in UTD, CAR, or CAR-IL9R T cells after 20-min IL-9 stimulation. Data are shown as log fold change of mean fluorescence

intensity, with mean and individual values (HD = 2).

(C) Schematic of the CAR T cell in vitro dysfunction model. CAR-IL9R T cells were repeatedly stimulated with AsPC-1 cells every other day for 10 days. Groups

include day 0 (initial CAR-IL9R T cell product), mock (CAR-IL9R cells undergoing the CAE assay in the absence of IL-9), and IL-9 (CAR-IL9R cells undergoing the

CAE assay in the presence of IL-9).

(D) In vitro cytotoxicity assay evaluating the lysis of mesothelin (MSLN)-positive wild-type (WT) AsPC-1 tumor cells or MSLN-deleted (MSLN-del) AsPC-1 cells by

IL-9-treated or mock-treated CAR-IL9R T cells at a 1:4 E:T ratio (n = 3). Media was used as a control for tumor growth. Data shown are from HD ND552, and two

additional donors were tested (see Figure S4A).

(E) Concentration of interferon-gamma (IFN-γ) produced by day 0, mock, or IL-9-treated CAR T cells co-cultured with media (left) or AsPC-1 cells (right) (n = 3).

Data shown are from HD ND552, and an additional donor was tested (see Figure S4B).

(F) Left: expression of CD4 and CD8 on day 0, mock, or IL-9-treated cells. Data shown are from HD ND552, and two additional donors were tested (see

Figure S4C). Right: expression of CD4 and CD8 on day 0, mock, or IL-9-treated cells, expressed as a percentage of CAR+ cells (HD = 3).

(G) Flow cytometric analysis of T cell subsets, expressed as percentages of CAR T cells: CD45RA+CD27+, CD45RA− CD27+, CD45RA− CD27− , or

CD45RA+CD27− (n = 3 donors).

(H) Left: surface CAR expression (sCAR+) in day 0, mock, or IL-9-treated cells. Data shown are from HD ND552, and two additional donors were tested (see

Figure S4E). Right: quantification of surface CAR-expressing T cells per mL following the in vitro dysfunction assay (HD = 3).

Error bars indicate mean ± SD. Significance by two-way ANOVA with Tukey’s post hoc test (E and F), Fisher’s repeated measures Student’s t test (G), or unpaired

t test (H). *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001.

See also Figures S4 and S5 and Tables S2 and S3.
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Figure 5. IL-9 treatment enhances CAR T cell effector phenotype and reduces dysfunction under antigen stress

(A) Uniform manifold and approximation projection (UMAP) visualization of scRNA-seq data from day 0 (day 0) T cells as well as IL-9-treated and mock-treated

T cells harvested after the CAE assay (HD = 3). UMAP clusters are color-coded, with annotations shown in the right panel.

(B) Bar graph illustrating the proportion of day 0, IL-9-treated, and mock-treated T cells by cluster. Data were down sampled uniformly across treatments and

clusters to ensure comparability.

(legend continued on next page)
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levels between the PDAC and prostate models may influence the

outcome.

IL-9 treatment enhances CAR T cell effector phenotype

and reduces dysfunction under antigen stress

To further investigate how IL-9 signaling contributes to the

improved antitumor activity of CAR T cells, we conducted

detailed analysis of scRNA-seq data. Semi-unsupervised clus-

tering using uniform manifold approximation and projection

(UMAP) identified 15 distinct T cell clusters (Figures 5A and

S6).32 Analysis of cluster distribution revealed a higher propor-

tion of cells in effector clusters within the IL-9-signaling group

(Figure 5B). Specifically, CAR+ T cells in the IL-9-treated group

showed a significant increase in the CD4+ activated and

GNLY++ effector clusters. By contrast, the mock group exhibited

higher proportions of CAR+ cells in CD8+ exhausted and

GZMA++ cytotoxic clusters (Figure 5C). The day 0 samples dis-

played typical distributions of naive and effector cells, as ex-

pected from cells that had not yet encountered antigen

(Figures 5B and 5C).

Next, we investigated differential gene expression in the CD8+

and CD4+ CAR+ compartments (Figure 5D; Table S4).33 IL-9

treatment in CD8+ T cells led to higher expression of transcrip-

tion factors (TFs) such as TRERF1, BATF, STAT2, and HLX,

along with increased expression of chemokine-related genes

like CXCL13, CCR1, CCR5, CXCR6, and CXCR3. Markers of

naive or memory CD8+ T cells, such as IL7R, and cytotoxicity-

related genes like GNLY, IFNG, GZMH, and PRF1 were also

increased. By contrast, expression of genes linked to activation,

including GZMA, TNFSF4 (OX-40L), CD80, and TNFSF9 (4-

1BBL), was reduced. Since sustained expression of T cell activa-

tion genes is often linked to exhaustion states,34 their reduction

in IL-9-treated cells may indicate decreased dysfunction. In

CD4+ T cells, IL-9 treatment similarly increased expression of

chemokine-related genes, including CXCL10, CCL5, CXCR6,

CCR5, CXCL13, and CXCR3, along with markers of naive/mem-

ory T cells (LEF1 and IL7R). Additionally, there was increased

expression of proliferation-associated genes such as MKI67

and cytotoxicity-related genes like GNLY, while CD80 and

TIGIT were decreased. Unsupervised hierarchical clustering re-

vealed that IL-9-treated CAR+ cells retained a transcriptional

profile more closely aligned with day 0 samples than the mock

group for both CD8+ and CD4+ CAR+ cells (Figure 5D), suggest-

ing that IL-9 treatment promotes less differentiated T cell states

compared with mock.

Gene set enrichment analysis (GSEA)35 revealed significant

enrichment of interleukin signaling pathways in IL-9-treated

CD8+ CAR+ T cells, including IL-4, IL-6, IL-15, IL-21, and type

II interferon responses. A similar pattern was observed in CD4+

CAR+ cells, where IL-21, IL-27, IL-15, and type II interferon

signaling pathways were significantly enriched, along with those

promoting Th1 differentiation and cell-cell adhesion (Figure 5E;

Table S5). Signature scoring confirmed an elevated frequency

of Th1 cells and Th9 cells in the IL-9-treated group, with no

notable changes in Th2, Th17, or Treg populations (Figure 5F).

IL-9 signaling directs CAR+ CD8+ T cells toward central

memory clusters and away from dysfunctional clusters

under antigen stress

We investigated the impact of IL-9 on CAR T cell differentiation

by analyzing CAR+ cell trajectories along pseudotimes using a

semi-unsupervised approach.36 We identified six distinct trajec-

tories: three for CD8+ cells, two for CD4+ cells, and one com-

bined CD8+/CD4+ (Figures 6 and S7A), with four trajectories

showing significant differences between IL-9-treated and mock

conditions (Figure 6A).

In the first CD8+ trajectory, cells progressed from naive to cen-

tral memory populations (Figure 6A and 6B). IL-9 treatment

increased the number of CAR+ cells along this path, without

altering the distribution of cell weights along the trajectory. These

data align with the observed increase in the proportion of tumor-

infiltrating early memory T cells in mice from the xenograft PDAC

model treated with IL-9 signaling compared with conventional

CAR T cells (Figure 3E). Differential expression analysis identified

genes statistically different along the trajectory with the addition

of IL-9, including genes involved in migration (TIAM1) that

increased over pseudotime compared with mock (Figures 6B

and S7B).37 In the second CD8+ trajectory, cells progressed

from a naive state through cytotoxic stages, culminating in

T cells with robust effector function (Figures 6A and 6C). IL-9

treatment influenced cell distribution along the pseudotime, re-

sulting in more IL-9-signaling CAR T cells reaching a strong

effector state, consistent with the increased proportion of cells

in the Effector GNLY++ cluster (Figure 5C). In this trajectory,

IL-9 treatment led to increased expression of cytotoxicity-

related genes (GNLY and GZMB), whereas low expression of

genes involved in T cell differentiation (SOS1) and regulation of

T cell responses (TNFSF13B) was maintained along the pseudo-

time (Figures 6C and S7B). The third CD8+ trajectory showed

cells progressing from naive through cytotoxic states to ex-

hausted and dysfunctional states resembling natural killer (NK)-

like cells (Figures 6A and 6D). This progression, consistent with

findings in our solid tumor model of CAR T cell dysfunction, oc-

curs when CAE drives CD8+ T cells to transition into NK-like

(C) Boxplots displaying the number of CAR+ cells per cluster for day 0, IL-9-treated, and mock-treated groups. Data are based on downsampled samples (to the

lowest CAR+ cell count across donors), and values reflect absolute cell counts. Only clusters showing statistically significant differences in CAR+ cell numbers

between IL-9-treated and mock-treated groups are shown.

(D) Dot plot illustrating differentially expressed (DE) genes between day 0, IL9-treated, and mock-treated groups within CD4+ and CD8+ CAR+ T cells with adjusted

p values < 0.05. Dot size represents the percentage of cells expressing each gene, while color intensity denotes expression levels.

(E) GSEA of CD4+ and CD8+ CAR+ cells. Dot size reflects the ratio of genes in each pathway, and color intensity denotes statistical significance (padj, adjusted

p value).

(F) Frequency distribution of IL9-treated and mock-treated CD4+ CAR+ subsets, assessed by signature scoring.

Cluster composition analysis was performed using Welch’s t test. DE statistical analysis was performed using Motif Alignment and Search Tool (MAST). Signature

scores were calculated as the area under the curve. Donor comparisons between treatment groups were conducted using Fisher’s repeated measures Student’s

t test. ns, not significant; p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

See also Figure S6 and Tables S4 and S5.
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Figure 6. IL-9 signaling directs CAR+ CD8+ T cells toward CM clusters and away from dysfunctional clusters under antigen stress

(A) UMAP visualization of four identified trajectories overlayed on clusters, with corresponding cluster paths diagramed on the right.

(B) CD8+ naive to CD8+ central memory (CM) trajectory. Left, UMAP; middle, weights by pseudotime; right, differential expression of select genes along the

trajectory and CAR+ cell distribution frequency along the trajectory.

(C) CD8+ naive to CD8+ Effector GNLY++ trajectory. Left, UMAP; middle, weights by pseudotime; right, differential expression of select genes along the trajectory

and CAR+ cell distribution frequency along the trajectory.

(legend continued on next page)
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states.24 Fewer cells followed this path in the IL-9-treated group,

suggesting that IL-9 may redirect CAR T cell progression away

from an exhausted state. This aligns with the reduced proportion

of IL-9-signaling T cells observed in the CD8+ exhausted cluster

(Figure 5C). Multiple genes differ by treatment, including GAS5,

PRF1, and chemokine/cytokine-related genes (CCL5, IL13,

and CCL1) (Figures 6D and S7B).

The CD4+ trajectory, trajectory 4, transitioned from naive to

effector and ultimately to proliferating states (Figures 6A and

6E). IL-9 treatment promoted this cycling, as more cells reached

the trajectory’s terminal point. Conversely, mock-treated CAR+

cells stalled in effector states. This suggests that IL-9 actively

supports a return to proliferative states in CD4+ CAR T cells.

Although the proliferating cluster (cluster 3) contained both

CD4+ and CD8+ T cells, it was predominantly composed of

CD4+ cells (75.5%), supporting the relevance of this trajectory

to CD4+ cell dynamics. Differentially expressed genes along

this trajectory included decreased expression of CD52, involved

in regulating T cell responses, and increased expression of the

cholesterol biosynthesis gene INSIG1 and proliferation marker

MKI67 (Figures 6E and S7B).

Together, these findings indicate that IL-9 signaling influences

CAR T cell differentiation under antigen stress, enhancing CD8+

CAR T cell progression toward central memory and effector

states, and promoting proliferation in CD4+ cells.

RNA velocity and TF analyses provide mechanistic

insights into how IL-9 signaling redirects CAR T cell fate

To independently validate our trajectory findings, we performed

RNA velocity analysis to study changes in gene expression over

time. RNA velocity defines vectors that predict the future state of

individual cells based on the ratio of spliced and unspliced

mRNA, with the assumption that more differentiated cells have

a higher proportion of spliced mRNA.38 We found that spliced

mRNA progressively increased from day 0 (40%) to IL-9-treated

(42%) and mock-treated cells (44%), indicating a higher propor-

tion of differentiated cells in the mock-treated group (Figure 7A).

Further RNA velocity analyses revealed that IL-9 signaling

significantly altered the rate and direction of change of CAR

T cells exposed to antigen stress over time. In mock-treated

CAR T cells, velocity vectors predominantly followed a path

from the top left to the bottom right of the UMAP plot

(Figure 7B). By contrast, in IL-9-treated CAR T cells, velocity vec-

tors also showed a distinct horizontal progression, marked by vi-

olet-colored vectors, indicating movement away from terminal

states and toward less differentiated fates. This horizontal direc-

tional progression includes vectors laterally exiting the Exhaus-

tion cluster and vectors progressing from an Effector GNLY++

cluster toward a predicted future CD4+ proliferating state. Over-

all, RNA velocity predicts that IL-9 signaling drives CAR T cells

toward less differentiated and more proliferative effector states

under antigen stress compared with conventional CAR T cells

(Figure 7B).

Both trajectory and RNA velocity analyses indicate that IL-9

signaling promotes the transition of CAR T cells toward func-

tional rather than dysfunctional states. This transition fosters

the development of proliferative and effector T cells under anti-

gen stress. Despite relying on distinct inputs, the results from

these two methods are consistent: RNA velocity employs the

relative abundance of spliced versus unspliced mRNA to infer

the rate and direction of cell-state transitions, whereas trajectory

analysis relies on a count matrix and minimum spanning tree

(MST) modeling. Together, these complementary approaches

validate our conclusion that IL-9 signaling promotes CAR T cell

memory and proliferation over terminal differentiation, promoting

the dramatically enhanced potency of CAR-IL9R T cells.

To further investigate the transcriptional mechanisms underly-

ing the phenotypic differences between IL-9-treated and mock-

treated CAR T cells, we analyzed regulatory interactions be-

tween TFs and target genes from our scRNA-seq data using

the Transcriptional Regulatory Relationships Unraveled by Sen-

tence-based Text-mining (TRRUST) human database (Table

S6).39 Results were confirmed using IPA upstream regulatory

analysis (Table S7). These analyses identified transcriptional reg-

ulatory networks that may explain the differences observed in

mock-treated and IL-9-treated CAR-IL9R T cells under antigen

stress (Figure 7C). IL-9 treatment strongly enriched STAT4 activ-

ity in both CD4+ and CD8+ CAR T cells (Figures 7C and S7C). This

was unexpected because STAT4 has not previously been asso-

ciated with IL-9 signaling. Additionally, STAT4 activity was

elevated in IL-9-treated and baseline CAR T cells compared

with mock, specifically within cluster 9 (CD8+ exhausted)

(Figures S7C and S7D). Both STAT1 and STAT3 are established

mediators of γc cytokine signaling, including IL-9, while STAT4

traditionally supports Th1 responses via IL-12 signaling. IL-9

treatment also enriched STAT1 activity, known to mediate IFN-

γ functions.40 The upstream transcription factor 1 (USF1) TF

pathway was also elevated in both CD8+ and CD4+ CAR

T cells; however, the STAT3 pathway was only induced in

CD8+ CAR T cells. STAT3 signaling has been shown to drive

T cell memory formation.41 Additionally, the USF1 TF, which reg-

ulates genes involved in sugar and lipid metabolism42,43 may

provide a proliferative advantage to IL-9-signaling CAR T cells.

Both CD8+ and CD4+ IL-9-signaling CAR T cells exhibit down-

regulation of TF pathways associated with T cell activation such

as v-rel avian reticuloendotheliosis viral oncogene homolog A

(RELA) and nuclear factor kappa B subunit 1 (NFkB1) under an-

tigen stress, potentially reducing T cell dysfunction. Further, IL-

9-signaling CD8+ CAR T cells exhibit decreased levels of acti-

vating transcription factor 4 (ATF4), hypoxia-inducible factor 1

(D) CD8+ naive to CD8+ exhausted trajectory. Left, UMAP; middle, weights by pseudotime; right, differential expression of select genes along the trajectory and

CAR+ cell distribution frequency along the trajectory.

(E) CD4+ naive to CD4+ proliferating trajectory. Left, UMAP; middle, weights by pseudotime; right, differential expression of select genes along the trajectory and

CAR+ cell distribution frequency along the trajectory.

Weighted pseudotime comparisons were performed by the Wilcoxon rank-sum test with continuity correction. Differential gene expression along trajectories was

calculated using a negative binomial generalized additive model (NB-GAM). Comparisons of CAR+ cell frequencies between treatments were conducted by

Fisher’s repeated measures Student’s t test. ns, not significant; p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

See also Figure S7.
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Figure 7. RNA velocity and TF analyses provide mechanistic insights into how IL-9 signaling redirects CAR T cell fate

(A) Pie charts illustrating the fractions of spliced and unspliced reads in T cells for day 0, IL-9-treated, and mock-treated groups.

(B) Velocity fields projected onto UMAPs for IL-9-treated and mock-treated CAR+ cells. The top panels display UMAPs colored by clusters, while the bottom

panels show black-and-white UMAPs to enhance the visualization of velocity vectors. Violet arrows indicate vectors predicting future states that shift from right to

left and/or upward.

(C) TF enrichment analysis of IL-9-treated versus mock-treated CAR-IL9R T cells under antigen stress. Differentially expressed genes with a log fold change

greater than ±1 were analyzed using the TRRUST database, with results filtered to include only those with an adjusted p value (padj) ≤ 0.02.

(D) Top: quantification of pSTAT signaling in CAR-IL9R T cells after 20-min stimulation with IL-9, IL-12, or media as a control. Data are shown as mean fluo-

rescence intensity (MFI). Bottom, quantification of pSTAT signaling in CAR-IL9R T cells after the in vitro dysfunction assay either in the absence (mock) or

presence of IL-9 treatment. HD = 2.

(legend continued on next page)
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alpha (HIF-1α), and MYC pathways, suggesting a lower cellular

stress response. These results provide mechanistic insight into

how IL-9 signaling reprograms CAR T cell differentiation upon

repeated antigen exposure, enhancing central memory forma-

tion and reducing exhaustion in CD8+ T cells while fostering a

proliferative effector phenotype in CD4+ T cells to potentiate anti-

tumor efficacy, CAR T cell expansion, and persistence in vivo.

Given the surprising enrichment of STAT4 transcriptional ac-

tivity in our scRNA-seq dataset, we next sought to validate this

at the protein level. Upon IL-9 stimulation of day 0 CAR-IL9R

T cells, we observed robust phosphorylation of STAT4, along-

side expected activation of STAT1, STAT3, and STAT5

(Figure 7D, top). IL-12 stimulation served as a positive control

for STAT4 activation. To assess whether this activation was

maintained under antigen stress, we analyzed CAR T cells

following the CAE assay and found that IL-9-treated samples ex-

hibited higher levels of phosphorylated STAT4 compared with

mock-treated controls (Figure 7D, bottom).

To investigate whether STAT4 contributes to the pheno-

type and function of IL-9-signaling CAR T cells under antigen

stress, we performed CRISPR-Cas9-mediated STAT4 deletion

(STAT4-del) in human T cells, followed by transduction with the

CAR-IL9R construct and expansion. After confirming the dele-

tion was successful (Figure 7E), we subjected these cells to the

CAE assay, exposing them to repeated antigen stimulation either

in the absence (mock) or presence of IL-9. As a control, we used

T cells electroporated under identical conditions but without

guide RNAs (EP control). STAT4-del significantly reduced IFN-

γ production in IL-9-treated CAR T cells compared with the EP

control, consistent with IFN-γ being a known downstream target

of STAT4 signaling (Figure 7F). STAT4-del cells also displayed

reduced production of TNF-α, another cytokine associated

with Th1 responses (Figure 7F). In addition to the decrease in

cytokine production, STAT4-del cells exhibited a modest in-

crease in memory markers and a minimal reduction in in vitro

cytotoxicity (Figure S7E). These results demonstrate that

STAT4 contributes to IL-9-mediated effector function, predomi-

nantly through IFN-γ production.

In summary, IL-9 signaling redirects CD4+ and CD8+ CAR

T cell fate, primarily through STAT1 and STAT4 signaling, to

enable less differentiated and exhaustion-resistant states,

enhancing their efficacy against solid tumors.

DISCUSSION

A major obstacle hindering the effectiveness of CAR T cell ther-

apies targeting solid tumors, which comprise over 90% of diag-

nosed cancers,44 is limited CAR T cell infiltration into the TME,

and CAR T cells that do penetrate the tumor often become

dysfunctional.45 This study addresses these critical barriers by

endowing CAR T cells with ectopic IL-9 signaling to enhance

antitumor efficacy. Our findings show that IL-9 signaling directs

CD8+ CAR T cells toward less differentiated T cell fates, enrich-

ing memory-like features strongly associated with long-term

remission in CAR T cell patients46,47 and reducing CAR T cell

dysfunction negatively correlated with clinical efficacy.48

Consistent with this, we observed that IL-9-signaling CAR T cells

had potent effects in our xenograft PDAC and prostate tumor

models even at low CAR T cell doses. The CAR T cells persisted

in circulation for up to 10 weeks, and tumor rechallenge led to

rapid tumor rejection, underscoring the potential of IL-9 signaling

to enhance CAR T cell function and persistence.

Additionally, trajectory and RNA velocity analyses indicate

that IL-9-treated CAR T cells progress toward less differenti-

ated, proliferative CD4+ clusters, suggesting enhanced prolifer-

ative potential in response to IL-9 signaling. We observed that

IL-9 signaling promotes CD4+ CAR T cell differentiation toward

Th1 cells, a process accompanied by increased secretion of

IFN-γ and TNF-α, both critical for antitumor responses. The

TF STAT4 is essential for Th1 differentiation and the production

of pro-inflammatory cytokines, and STAT4-deficient mice

exhibit a profound Th1 defect.49,50 Our data suggest that in

IL-9-signaling CAR T cells, IL-9, rather than IL-12, promotes

Th1 differentiation through induction of the STAT4 pathway

and enhanced IFN-γ and TNF-α secretion. These findings align

with a previous study in acute myeloid leukemia, where IL-9

secretion by leukemia stem cells induces Th1 polarization.51

Th1 cells and their cytokines are strongly associated with better

clinical outcomes across multiple cancer types,52 and Th1 dif-

ferentiation is linked to improved efficacy in adoptive cell ther-

apies.53,54 In addition, IL-9-signaling CAR T cells also retain a

population of Th2-polarized CAR T cells. Elevated Th2 function-

ality in CAR T infusion products correlates with long-term

CAR T cell persistence and superior outcomes in pediatric

hematologic malignancies.55 In our study, IL-9 treatment also

increases the percentage of Th9 cells, which have been impli-

cated in antitumor responses in preclinical solid tumor

models.14,15 Collectively, CD4+ IL-9-signaling CAR T cells,

polarized toward Th1 and Th9 cells while maintaining Th2 cells,

exhibit superior antitumor efficacy and persistence both in vitro

and in vivo.

STAT4-deficient cells also exhibited a subtle increase in the

frequency of early memory cells in STAT4-deficient CAR

T cells. This may reflect compensatory enrichment of STAT3 ac-

tivity, which has been linked to memory T cell formation. Similar

competitive dynamics among STAT family members have been

described, where loss of one STAT can lead to increased activity

of others.56 For example, the STAT3 regulon is enriched in IL-9R-

expressing T cells lacking STAT1 signaling, supporting the idea

that cross-regulation among STATs influences transcriptional

(E) Representative western blot showing STAT4 protein expression in electroporated (EP) control and STAT4-deleted (STAT4-del) CAR-IL9R T cells. GAPDH was

used as a loading control.

(F) Concentration of interferon-gamma (IFN-γ) produced by EP control and STAT4-deleted (STAT4-del) CAR-IL9R T cells. Day 0, mock, or IL-9-treated CAR-IL9R

T cells after undergoing the in vitro dysfunction assay were co-cultured with media or AsPC-1 cells, and IFN-γ concentration was determined by cytometric bead

array (n = 3). HD = 2.

Error bars indicate mean ± SD. Statistical significance was determined using a two-way ANOVA followed by Tukey’s (D) or Sidak’s (F) post hoc test. ns, not

significant; p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

See also Figure S7 and Tables S6 and S7.
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outcomes (Jiang et al.18). This may represent a similar ‘‘Goldi-

locks’’ phenomenon for STAT4, where complete ablation shifts

the balance between effector and memory differentiation.

In summary, we engineered CAR T cells to incorporate IL-9

signaling and assessed the impact on antitumor efficacy and

phenotypic characteristics. Even at low doses, IL-9 signaling

significantly enhanced CAR T cell expansion, persistence, and

tumor infiltration, leading to improved tumor clearance and pro-

longed survival in in vivo models of pancreatic and prostate can-

cer. Under antigen stress, IL-9 fosters a favorable phenotype,

characterized by enhanced memory formation, reduced expres-

sion of ATF4, and reduced dysfunction in CD8+ CAR T cells.

Coupled with increased effector proliferation in CD4+ CAR

T cells, this yields less differentiated and more potent CAR

T cells. These findings position IL-9 signaling as a promising

strategy to overcome key barriers in CAR and T cell receptor

(TCR) T cell therapies targeting solid tumors.

Limitations of the study

Although STAT4 deletion revealed functional effects on cytokine

production, compensatory activation of other STAT family mem-

bers, such as STAT1 or STAT3, may have masked the full extent

of STAT4-dependent effects. Further work is necessary to un-

derstand the contribution of the activation of individual STAT

members to the enhanced phenotype observed for IL-9 signaling

CAR T cells. Additionally, even though we did not observe major

effects of IL-9 signaling on the TME, spatial organization and hu-

man-specific features of the TME were not assessed and may

contribute to IL-9-mediated activity.
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T lymphocytes from human healthy donors UPenn Human Immunology Core N/A

Human serum samples from healthy donors UPenn Human Immunology Core N/A

Human serum samples from clinical trial
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University of Pennsylvania/
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Tumor tissue harvested from mice This paper N/A

Chemicals, peptides, and recombinant proteins

Live/Dead Aqua ThermoFisher Cat# L34957

Zombie NIR (Biolegend) Fixable

Viability Kits

Biolegend Cat# 423106

CountBright Absolute Counting Beads ThermoFisher Cat# C36950

Collagenase/Hyaluronidase STEMCELL Technologies Cat# 07912

DNase I Solution (1 mg/mL) STEMCELL Technologies Cat# 100-0762
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Lipofectamine™ 3000 Transfection Reagent Invitrogen Cat# L3000001
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PE Streptavidin Biolegend Cat# 405204
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ClearVue Mountant Thermo Scientific Cat# 4211

Alt-R® Cas9 Electroporation Enhancer,

10 nmol

Integrated DNA technologies Cat# 1075916

SpyFi Cas9 Aldevron Cat# 9214
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Recombinant Human IL-15 PeproTech Cat# 200-15

Animal-Free Recombinant Human IL-9 PeproTech Cat# AF-200-09

Recombinant Murine IL-9 PeproTech Cat# 219-19

Recombinant Mouse IL-2 Abcam Cat# ab9856

Human IL-12 p70 Recombinant Protein PeproTech Cat# 200-12H

RetroNectin Takara Cat# T100B

4% Formaldehyde Methanol-free Cell Signaling Cat# 47746S

Methanol Cell Signaling Cat# 13604S

Matrigel Corning Cat# CB40234C

CountBright Absolute Counting Beads,

(ThermoFisher)

Thermo Fisher Cat# C36950

LongAmp™ Taq 2X Master Mix New England Biolabs Cat# M0287S

RIPA Buffer Thermo Fisher Scientific Cat# 89900

Halt™ Protease and Phosphatase Inhibitor

Cocktail (100X)

Thermo Fisher Scientific Cat# 78440

NuPAGE MOPS SDS Running Buffer 20x Thermo Fisher Scientific Cat# NP0001

Intercept® (TBS) Blocking Buffer LI-COR Biosciences Cat# 927-60003

Critical commercial assays

Dynabeads™ Human T-Activator

CD3/CD28

Gibco Cat# 40203D

Dynabeads™ Mouse T-Activator CD3/CD28 Gibco Cat#11452D

QIAGEN Plasmid Plus Maxi Kit QIAGEN Cat# 12963

CountBright Absolute Counting Beads,

(ThermoFisher)

Thermo Fisher Cat# C36950

Th1/Th2/Th9/Th17/Th22/Treg Cytokine

17-Plex Mouse ProcartaPlex™ Panel

Invitrogen Cat# EPX170-26087-901

BD™ Cytometric Bead Array (CBA) Human

Th1/Th2/Th17 CBA Kit

BD Biosciences Cat# 560484

BD™ Cytometric Bead Array (CBA) Human

IL-9 Flex Set

BD Biosciences Cat# 558333

BD™ Cytometric Bead Array (CBA) Human

Soluble Protein Master Buffer Kit

BD Biosciences Cat# 558264

BD™ Cytometric Bead Array (CBA) Mouse

IL-9 Flex Set

BD Biosciences Cat# 558348

BD™ Cytometric Bead Array (CBA) Mouse/

Rat Soluble Protein Master Buffer Kit

BD Biosciences Cat# 558266

Mouse IL-9 ELISA Kit Abcam Cat# ab222505

Human IL-9 ELISA kit Abcam Cat# ab242237

EasySep™ Mouse T Cell Isolation Kit STEMCELL Technologies Cat# 19851

Vacuum Filter/Storage Systems Corning Cat# 430770

Trucount tubes BD Biosciences Cat# 340334

NucleoSpin Gel and PCR Clean-up Kit Macherey-Nagel Cat# 740609

4%–12% NuPAGE Bis-Tris Gel Thermo Fisher Scientific Cat# NP0321BOX

NuPAGE™ Antioxidant Invitrogen Cat# NP0005

NuPAGE™ Sample reducing agent (10X) Invitrogen Cat# NP0009

iBlot™ 2 Transfer Stacks, PVDF, mini Thermo Fisher Scientific Cat# IB24002

Chromium Next GEM Single Cell 5′ Kit v2

Dual Index kit

10x Genomics Cat# 1000265

Library Construction Kit 10x Genomics Cat# 1000190

High Sensitivity DNA 5000 ScreenTape Agilent Technologies Cat# 5067-5592

KAPA Real-Time PCR Kit Roche Cat# 07960204001
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NextSeq 2000 P3 300 Cycle Kit Illumina Cat# 20040561

Deposited data

Raw and analyzed data This paper The data discussed in this publication are

accessible through GEO Series accession

number (https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE303144)

GSE303144

Experimental models: Cell lines

Human (female) HEK293T ATCC CRL-11268, RRID: CVCL_0063

Human (female) AsPC-1 ATCC CRL-1682, RRID: CVCL_0152

Human (female) AsPC-1 MSLN KO Laboratory of Carl June N/A

Human (male) PC3-PSMA Laboratory of Carl June N/A

Murine PDA7940b Laboratory of Gregory Beatty N/A

Experimental models: Organisms/strains

NOD/scid/IL2rγ− /− (NSG) Jackson Laboratory Strain#: 005557, RRID: IMSR_JAX:005557

C57BL/6J Jackson Laboratory Strain#: 000664; RRID: IMSR_JAX:000664

B6.SJL-Ptprca Pepcb/BoyJ Jackson Laboratory Strain#: 002014, RRID: IMSR_JAX:002014

Oligonucleotides

STAT4 sgRNA #1: 5’-TTGAAGAAGAA

TCGTTGCCA-3’

Integrated DNA Technologies N/A

STAT4 sgRNA #2: 5’-TTAGATTGTGTA

TCAAGAGT-3’

Integrated DNA Technologies N/A

PCR primer STAT4_Fwd: AGAGACAAA

GGCAAGGGAGG

Integrated DNA Technologies N/A

PCR primer STAT4_Rev: ACCATTTTA

CCTTCCCACCAGC

Integrated DNA Technologies N/A

Sequencing primer 1: GATACATG

CAAGTCCCACATGC

Integrated DNA Technologies N/A

Sequencing primer 2: GCACAATTTCTCTG

TATCCTCACC

Integrated DNA Technologies N/A

Recombinant DNA

pTRPE M5 CAR BBz This paper N/A

pTRPE A03 CAR BBz This paper N/A

pTRPE M5 CAR BBz-IL9R This paper N/A

pTRPE A03 CAR BBz-IL9R This paper N/A

pTRPE dnTGFbRII-PSMA CAR BBz This paper N/A

pTRPE dnTGFbRII-PSMA CAR BBz-IL9R This paper N/A

Software and algorithms

FlowJo™ v10.10 Software BD Life Sciences https://www.flowjo.com, RRID:

SCR_008520

Ingenuity Pathway Analysis Software QIAGEN https://digitalinsights.qiagen.com/

products-overview/discovery-insights-

portfolio/analysis-and-visualization/

qiagen-ipa/, RRID: SCR_008653

GraphPad Prism version 10 GraphPad https://www.graphpad.com/scientific-

software/prism/, RRID: SCR_002798

Synthego ICE Synthego Corporation https://ice.synthego.com/

FASTQC (v 0.11.9) Wingett and Andrews57 https://www.bioinformatics.babraham.

ac.uk/

FASTQ Screen (v 0.14.0) Wingett and Andrews57 https://www.bioinformatics.babraham.

ac.uk/

CellRanger v7.2.0 Zheng et al.58 https://www.10xgenomics.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

The murine pancreatic ductal adenocarcinoma (PDAC) cell line PDA7940b was derived from the KrasLSL.G12D/+p53R172H/+ (KPC)

mouse pancreatic tumor model and was generously provided by Dr. Gregory Beatty from the University of Pennsylvania.

PDA7940b cells were cultured in R10 media, comprising RPMI 1640 (Gibco) supplemented with 10% heat-inactivated fetal bovine

serum (FBS, Seradigm), 2% 1 M HEPES buffer solution (Gibco), 1% 100X glutaMAX (Gibco), and 1% 10,000 U/mL penicillin and

10,000 μg/mL streptomycin (Gibco). Cells were routinely tested for mycoplasma contamination by the Department of Genetics at

the University of Pennsylvania using the MycoAlert Mycoplasma Detection Kit (Lonza).

The human PDA cell line AsPC-1 and the human prostate cancer cell line PC3 were sourced from the American Type Culture

Collection (ATCC). AsPC-1 mesothelin (MSLN)-deleted (MSLN-del) cells were generated by CRISPR-Cas9 technology, using Aldev-

ron’s SpyFi™ Cas9 nuclease and sgRNA procured from Integrated DNA Technologies. The MSLN-deleted cells underwent three

rounds of sorting using FACSAria™ Fusion Sorter (BD Biosciences). The PC3 cell line was genetically modified to express the

PSMA protein, click beetle green luciferase, and green fluorescent protein (GFP) followed by purification, as previously described.67

AsPC-1 WT and MSLN-del cells were cultured in in D20 medium, consisting of Dulbecco’s modified Eagle’s medium (DMEM) (1X,

Gibco) supplemented with 20% heat-inactivated fetal bovine serum (FBS, Seradigm), 2% 1 M HEPES buffer solution (Gibco), 1%

100X glutaMAX (Gibco), and 1% 10,000 U/ml penicillin and 10,000 μg/ml streptomycin (Gibco). Modified PC3 cells were cultured

in D10 medium, consisting of DMEM (1X, Gibco) supplemented with 10% FBS (Seradigm), 2% 1 M HEPES buffer solution (Gibco),

and 1% 10,000 U/ml penicillin and 10,000 μg/ml streptomycin (Gibco). All cell lines were regularly authenticated by the University of

Arizona Genetics Core and were routinely tested for mycoplasma contamination by the Department of Genetics at the University of

Pennsylvania using the MycoAlert Mycoplasma Detection Kit (Lonza).

Mice

All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Pennsylvania

(protocol number: 804226), and procedures were carried out in compliance with federal and institutional IACUC guidelines. Age and

sex-matched animals were randomly assigned to experimental groups; no gender-specific influences were detected in the experi-

mental results. NOD/scid/IL2rγ− /− (NSG) mice were initially obtained from Jackson Laboratories and subsequently bred at the Stem

Cell & Xenograft Core (SCXC) at the University of Pennsylvania. For syngeneic mouse studies, C57BL/6 and B6.SJL-Ptprca Pepcb/

BoyJ mice were sourced from Jackson Laboratories. Male (NSG) and female (NSG, C57BL/6 and B6.SJL-Ptprca Pepcb/BoyJ) mice,

aged six to eight weeks, were used for in vivo experiments and maintained in pathogen-free conditions. Schematics of the mouse

models employed are provided in both main text and supplementary figures.

Tumor sizes were measured one day prior to treatment to calculate initial tumor volumes, and mice were grouped into cohorts with

comparable average tumor sizes. Animals with abnormally fast or slow tumor growth were excluded before treatment. Data were

analyzed based on measurable outcomes without blinding. Mice underwent regular veterinary monitoring for signs of illness and

were euthanized either at the end of the study or upon reaching pre-established IACUC rodent health endpoints. At no point did tu-

mors exceed the maximum permissible diameter of 2 cm, as set by the institutional review board.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

scGEM2Cellr v1 Wilson59 https://bioconductor.org/

Scater McCarthy et al.60 https://bioconductor.org/

scDblFinder Germain et al.61 https://bioconductor.org/

Harmony Korsunsky et al.62 https://bioconductor.org/

sctransform v2 Choudhary and Satija63 https://bioconductor.org/

Dune de Bézieux et al.64 https://bioconductor.org/

MAST Finak et al.33 https://bioconductor.org/

EnrichR Kuleshov et al.35 N/A

Slingshot Street et al.36 https://bioconductor.org/

tradeSeq Van den Berge et al.65 https://bioconductor.org/

scVelo Bergen et al.66 https://www.helmholtz-munich.de/en/icb/

research-groups/theis-lab

Python 3.13 PIP https://www.python.org/

R 4.3 CRAN https://www.r-project.org/

Other

BioRender illustration design tool BioRender https://biorender.com/, RRID:SCR_018361
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Human Samples

Healthy donor primary T lymphocytes were provided by the University of Pennsylvania Human Immunology Core. Samples are de-

identified for compliance with HIPAA rules. Donor sex and age is shown below: ND552 (female, age 29), ND541 (female, age 31),

TMP489 (female, age 23), ND627 (male, age 30), ND623 (female, age 25), ND650 (Female, 26), ND307 (Male, 52).

Frozen serum samples were collected from healthy donors and provided by the University of Pennsylvania Human Immunology

Core or from pancreatic cancer patients who enrolled in a clinical trial of human mesothelin-targeted (M5) CAR T cell therapy. Patients

enrolled in this trial were adults aged 18 years or older with histologically confirmed unresectable or metastatic pancreatic adeno-

carcinoma. All patients gave informed consent in accordance with the Declaration of Helsinki. This study was registered at

ClinicalTrials.gov (identifier NCT03323944).

METHOD DETAILS

General cell culture

The murine pancreatic ductal adenocarcinoma (PDAC) cell line PDA7940b was derived from the KrasLSL.G12D/+p53R172H/+ (KPC)

mouse pancreatic tumor model and was generously provided by Dr. Gregory Beatty from the University of Pennsylvania.

PDA7940b cells were cultured in R10 media, comprising RPMI 1640 (Gibco) supplemented with 10% heat-inactivated fetal bovine

serum (FBS, Seradigm), 2% 1 M HEPES buffer solution (Gibco), 1% 100X GlutaMAX (Gibco), and 1% 10,000 U/ml penicillin and

10,000 μg/ml streptomycin (Gibco). Cells were routinely tested for mycoplasma contamination by the Department of Genetics at

the University of Pennsylvania using the MycoAlert Mycoplasma Detection Kit (Lonza).

The human PDAC cell line AsPC-1 and the human prostate cancer cell line PC3 were sourced from the American Type Culture

Collection (ATCC). AsPC-1 MSLN-deleted (MSLN-del) cells were generated by CRISPR-Cas9 technology, using Aldevron’s

SpyFi™ Cas9 nuclease and sgRNA procured from Integrated DNA Technologies. The MSLN-deleted cells underwent three rounds

of sorting using FACSAria™ Fusion Sorter (BD Biosciences). The PC3 cell line was genetically modified to express the PSMA protein,

click beetle green luciferase, and green fluorescent protein (GFP) followed by purification, as previously described.67 AsPC-1 WT and

MSLN-del cells were cultured in D20 medium, consisting of Dulbecco’s modified Eagle’s medium (DMEM) (1X, Gibco) supplemented

with 20% heat-inactivated fetal bovine serum (FBS, Seradigm), 2% 1 M HEPES buffer solution (Gibco), 1% 100X GlutaMAX (Gibco),

and 1% 10,000 U/ml penicillin and 10,000 μg/ml streptomycin (Gibco). Modified PC3 cells were cultured in D10 medium, consisting of

DMEM (1X, Gibco) supplemented with 10% FBS (Seradigm), 2% 1 M HEPES buffer solution (Gibco), and 1% 10,000 U/ml penicillin

and 10,000 μg/ml streptomycin (Gibco). All cell lines were regularly authenticated by the University of Arizona Genetics Core and were

routinely tested for mycoplasma contamination by the Department of Genetics at the University of Pennsylvania using the MycoAlert

Mycoplasma Detection Kit (Lonza).

Murine CAR T cell production

Retroviral transduction of mouse CAR T cells was previously described.68 Briefly, spleens from CD45.1+ B6.SJL-Ptprca Pepcb/BoyJ

mice were harvested, and T cells were purified with mouse T cell isolation beads (STEMCELL Technologies). T cells were activated

with mouse CD3/CD28 Dynabeads (Gibco) at a bead-to-T cell ratio of 2:1. After 48 hours, T cells were transduced with retroviral vec-

tors encoding the anti-mesothelin CAR (A03 CAR) or A03 CAR and IL-9R on recombinant human fibronectin-coated plates

(RetroNectin, Takara Bio). Cells were cultured in mouse T cell media consisting of RPMI 1640 (Gibco) supplemented with 10%

heat-inactivated FBS (Seradigm), 1% 100X GlutaMAX (Gibco), 1% 10,000 U/mL penicillin + 10,000 ug/mL streptomycin (Gibco),

1X 100 mM sodium pyruvate (Gibco), and 50 uM β-mercaptoethanol (Gibco) supplemented with recombinant mouse IL-2 (Abcam)

(50 U/mL). At day five after stimulation, mouse CAR T cells were harvested, de-beaded, and used for in vitro/in vivo experiments. To

account for differences in CAR surface expression resulting from the larger size of the A03-IL9R construct, all in vitro and in vivo ex-

periments were performed using equivalent numbers of live CAR+ T cells across groups, based on flow cytometric detection.

Human CAR T cell production

Lentiviral vectors and human CAR T cells were generated as previously described.69 Human CAR T cells were produced using T cells

from healthy donors obtained from the Human Immunology Core (HIC) at the University of Pennsylvania. For the production of CAR

T cells targeting mesothelin, freshly isolated CD4+ and CD8+ T cells were mixed in a 1:1 ratio and activated with human CD3/CD28

Dynabeads (Gibco) at a bead-to-cell ratio of 3:1. Twenty-four hours later, T cells were transduced with lentiviral vectors encoding the

anti-mesothelin M5 CAR, M5 CAR and IL-9R, dominant negative TGF-bRII (dnTGF-bRII) and anti-PSMA CAR (Pbbz), or dn-TGFbRII-

PBBz and IL-9R, using a multiplicity of infection (MOI) of 3. On day five, the CD3/CD28 beads were removed from the culture. T cells

were maintained in R10 media and cultured at a density of 0.8 x 106 cells per mL until they reached a resting state, as determined by

cell volume of ∼350 fL using a Multisizer 4 Coulter Counter (Beckman). For cryopreservation of T cells, freezing media consisting of

90% heat-inactivated FBS (Seradigm) and 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich) was used.

Phosphoflow signaling assay

Mouse T cells were starved overnight in mouse T cell media without IL-2. Human T cells were starved for 4 hours in RPMI 1640 (Gibco)

containing 0.1% FBS (Seradigm). Cells were then stimulated by adding recombinant mouse IL-9 or animal-free human IL-9

(Peprotech) and incubated for 20 minutes at 37◦C. In some experiments, human IL-12 (Peprotech) was used as a positive control.
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To terminate the reaction, cells were fixed with 1.5% formaldehyde (Cell Signaling Technology) for 15 minutes at room temperature

with agitation. For analysis of STAT signaling after repeated antigen stimulation, cells were harvested after our in vitro dysfunction

model as described below followed by fixation. After fixation, cells were washed with 1X DPBS (Gibco) and then permeabilized using

ice-cold 100% methanol (Cell Signaling Technology) for 1 hour on ice. Post-permeabilization, cells were washed with buffer consist-

ing of 1X DPBS (Gibco), 0.5% heat-inactivated FBS (Seradigm), 2.5 mM EDTA (Invitrogen) and 1% 10,000 U/mL penicillin +

10,000 μg/mL streptomycin (Gibco). Cells were subsequently stained for 1 hour at 4◦C in the dark with antibodies targeting phos-

pho-STAT1 (Tyr701) (Cell signaling, 8062S), phospho-STAT3 (pY705) (BD Biosciences, 557815), phospho-STAT4 (pY693) (BD Bio-

sciences, 561217) and phospho-STAT5 (pY694) (BD Biosciences, 560117). The stained cells were washed again and analyzed using

an LSRFortessa cytometer (BD Biosciences). The data were represented as log fold change of mean fluorescence intensity (MFI), and

the results were fitted to a log(agonist) versus dose-response model using Prism 10 software (GraphPad).

CAR T cell in vitro dysfunction model

AsPC-1 cells were routinely seeded in 12-well plates at a density of 0.1 x 106 cells per well the day before introducing T cells. CAR

T cells were thawed in R10 medium and allowed to rest overnight. After 24 hours, T cells were counted, and transduction efficiency

was assessed by flow cytometry. Cell viability was determined using a Countess automated cell counter (ThermoFisher Scientific).

0.1 x 10◦6 viable CAR T cells per well were then added to the AsPC-1-coated plates. After a 2-day co-culture period, the cells were

thoroughly resuspended by frequent pipetting. The resulting cell suspension was centrifuged, and the supernatant (conditioned me-

dia) was collected and filtered using a 0.45 μm filter (Corning). The cell pellet was resuspended in a mixture of conditioned media and

fresh R10 medium in equal proportions. The T cell suspension was then transferred back to the AsPC-1-coated plates for continued

co-culture. This process was repeated every 2 days for a total duration of 10 days. For the IL-9-treated group, animal-free human IL-9

(10 nM, Peprotech) was added starting at the beginning of the assay and every other day. Flow cytometry analysis was performed on

Day 0 and 10 for T cell immunophenotyping. For scRNA-seq analysis, live, EpCAM-, CD45+ T cells were sorted as described below.

Cytokine production assays

For cytokine secretion analysis with mouse T cells, cells were incubated in mouse T cell media with or without murine IL-9 (100 nM,

Peprotech) for 48 hours, and the resulting cell supernatants were submitted to the Human Immunology Core (HIC) at the University of

Pennsylvania for analysis using a Luminex assay. The Th1/Th2/Th9/Th17/Th22/Treg Cytokine 17-Plex Mouse ProcartaPlex™ Panel

(Invitrogen) was used to detect mouse cytokines.

For human T cell cytokine secretion analysis, CAR T cells were thawed and incubated in R10 media supplemented with animal-free

human IL-9 (10 nM, Peprotech) or without IL-9 (Mock) for 24 hours. The supernatants were then collected and analyzed using the

Human Th1/Th2/Th17 Cytokine CBA Kit (BD Biosciences), following the manufacturer’s instructions. Sample data were acquired us-

ing a FACSymphony A5 flow cytometer (BD Biosciences) equipped with FACSDiva software, and the results were processed using

BD CBA Analysis Software (BD Biosciences).

For cytokine secretion analysis following the in vitro dysfunction model, human CAR T cells were co-cultured overnight with

AsPC-1 cells at a 1:1 effector-to-target cell ratio, or with media as a control. Cytokine concentrations in the supernatants were deter-

mined using the Human Th1/Th2/Th17 Cytokine CBA Kit (BD Biosciences), as per the manufacturer’s instructions. Sample data were

acquired using a FACSymphony A5 flow cytometer (BD Biosciences) equipped with FACSDiva software, and the results were pro-

cessed using BD CBA Analysis Software (BD Biosciences).

To measure IL-9 production following Ad-mIL9 or Ad-hIL9 infection of tumor cells in vitro, PDA7940b or AsPC-1 cells were cultured

with Ad-mIL9 or Ad-hIL9 (100 VP/cell) respectively, or with media as a control (Mock). Supernatants were collected at various time-

points, and IL-9 concentrations were assessed using murine or human IL-9 ELISA kits (Abcam). Absorbance readings were obtained

using a Synergy H4 plate reader (BioTek).

For the detection of IL-9 in human serum, samples from healthy donors, provided by the Human Immunology Core (HIC) at the

University of Pennsylvania, or from patients in clinical trial UPCC14217 (NCT03323944, see Table S1 for sample IDs) provided by

the Translational and Correlative Studies Laboratory (TCSL) were analyzed. IL-9 concentrations were determined using a human

IL-9 ELISA kit (Abcam, minimal detectable dose 2.3 pg/mL), and the readings were taken on a Synergy H4 plate reader (BioTek).

In vitro cytotoxicity assays

In vitro analysis of CAR T cell killing was performed using a real-time, impedance-based assay with xCELLigence Real-Time Cell

Analyzer System (Agilent). Briefly, 10,000 PDA7940b cells, AsPC-1 WT cells or AsPC-1 MSLN-del cells were seeded to a 96-well

E-plate. After 24 hours, CAR T cells were added to the wells in different effector-to-target cell (E:T) ratios as indicated for each assay.

For experiments with murine CAR T cells, cells were incubated in mouse T cell media with or without IL-9 (100 nM) for 48 hours prior to

addition into xCELLigence plates. Tumor killing was monitored every 20 minutes over a total of 5 days. For data analysis, cell counts

were normalized to the time point of CAR T cell addition.

Xenograft animal models

For xenograft flank tumor models, AsPC-1 or PC3-PSMA cells were utilized to establish tumors. A total of 2 x 10◦6 AsPC-1 cells or 1 x

10◦6 PC3-PSMA cells, suspended in 100 μL of a 1:1 mix of Matrigel (Corning) and 1X DPBS (Gibco), were implanted subcutaneously

into the right flank of NSG mice. Tumor growth was monitored until it reached a volume of approximately 150-200 mm3. After 15 days,
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mice received an intratumoral (IT) injection of 1 x 10◦9 viral particles (VP) of Ad-hIL9 (Vector Biolabs) in 50 μL 1X DPBS. The following

day, mice were treated with either 0.03 x 10◦6 or 1 x 10◦6 CAR T cells, depending on their assigned treatment group. A second dose of

Ad-hIL9 (1 x 10◦9 VP in 50 μL) was administered via IT injection three days later. Control groups received either Ad-hIL9 alone, CAR

T cells alone, or no treatment. For groups not receiving Ad-hIL9, an IT injection of 1X DPBS was given as a control. For the dose titra-

tion experiment, mice received doses of 0.03 x 10◦6, 0.1 x 10◦6, 0.3 x 10◦6 or 1 x 10◦6 CAR-IL9R T cells in combination with Ad-hIL9.

Control groups received either Ad-hIL9 alone or no treatment. For the tumor re-challenge experiment, mice were implanted with 2 x

10◦6 AsPC-1 cells by SC injection into the left flank, and treatment-naı̈ve mice were used as a control. In the xenograft prostate can-

cer model, one cage of mice (from the group treated with CAR T 0.03E6) was flooded on day 67, leading to the removal of this cage

from the survival data analysis.

In antibody neutralization experiments, mice received intraperitoneal (IP) injections of either 300 μg of anti-murine IL-9 antibody

(BioXcell, BE0181), 300 μg of isotype control antibody (BioXcell, BE0085), or 500 μg of anti-human IL-10 antibody (BioXcell,

BE0441) diluted in 1X DPBS starting on the day of the first IT injection and continuing every 3 days.

Tumor size and mouse body weight were measured at least once a week, with values normalized to the day of the first IT injection

for analysis presented in the main and supplementary figures. In a separate experiment, NSG mice were sacrificed on day 25 post-

treatment for staining of human CD45+ cells in tumor tissues and peripheral blood. Health assessments were conducted following

IACUC’s body condition scoring (BCS) guidelines.

Syngeneic animal model

C57BL/6 mice were subcutaneously injected with 5 x 10◦5 PDA7940b tumor cells in 100 μL of 1X DPBS (Gibco) into the right flank. On

day six, mice underwent lymphodepletion via intraperitoneal injection of cyclophosphamide (120 mg/kg, Sigma-Aldrich). The

following day, when tumors reached a size of approximately 50-100 mm3, an intratumoral (IT) injection of Ad-mIL9 (Vector Biolabs)

at a dose of 1 x 10◦9 VP in 50 μL 1X DPBS was administered. On the next day, 5 x 10◦6 viable CAR T cells were injected intravenously

(IV) in 150 μL of PBS. To sustain local IL-9 expression over the course of the experiment, a second IT injection of Ad-mIL9 (same dose)

was given three days after CAR T cell infusion. Because the adenovirus used in this study is replication-deficient, repeated admin-

istration was required to maintain cytokine production within the TME.

A second CAR T cell dose (5 x 10◦6 cells) was administered one week after the initial dose, with additional Ad-mIL9 injections given

one day before and three days after the second T cell transfer. Control groups received either CAR T cells or Ad-mIL9 alone. For

groups not receiving Ad-mIL9, an IT injection of PBS was administered as a control.

An independent replicate was performed to include additional control groups: CAR + Ad-mIL9, CAR-IL9R + Ad-GFP, and Ad-GFP

alone. For Ad-GFP treatment groups, mice received IT injections of Ad-GFP (Vector Biolabs) at a dose of 1 × 10◦9 VP in 50 μL of 1×

DPBS, following the same injection schedule as the Ad-mIL9 groups.

Tumor size and body weight were measured at least twice weekly using calipers, and data were normalized to the day of the first IT

injection in the main and supplementary figures where applicable. In specific experiments, mice were sacrificed on day 5 or 6 post-

treatment for several analyses: (i) flow cytometry to assess the numbers of CAR T cells and other immune cells in tumors, spleens,

and peripheral blood, (ii) pathological assessment and immunohistochemistry (IHC) and (iii) cytokine analysis from mouse serum.

Health monitoring was conducted according to the Institutional Animal Care and Use Committee (IACUC) body condition scoring

(BCS) guidelines.

Caliper measurements of subcutaneous tumors

Tumor size was measured using calipers, and volumes were calculated with the formula: volume = (length in mm×width2 in mm) / 2.

Tumor size values were normalized to the day of the first IT injection in the main and supplementary figures where indicated.

Processing of tumors and spleens

Tumors and spleens were collected and processed into single-cell suspensions as previously detailed.19 Briefly, after harvesting,

tumor tissue was finely chopped into small pieces (3-5 mm) using a scalpel. The fragments were digested in DMEM (Gibco) contain-

ing Collagenase/Hyaluronidase (STEMCELL Technologies) and DNase I (1 mg/mL, STEMCELL Technologies) at 37◦C while shaking

at 200 rpm for 30 minutes. To remove red blood cells, ACK Lysis Buffer (Life Technologies) was applied. Cells were then stained for

flow cytometry analysis. For spleens, tissue was gently mashed using the flat end of a syringe plunger, and red blood cells were lysed

with ACK Lysis Buffer for subsequent flow cytometry staining and analysis.

Peripheral blood (CAR) T cell analysis

Peripheral blood was collected from C57BL/6 or NSG mice via cardiac puncture for terminal studies or retroorbital bleeding in overall

survival studies. Samples were stained and quantified using TruCount tubes (BD Biosciences) as per the manufacturer’s guidelines.

Data acquisition was performed on an LSRFortessa cytometer (BD Biosciences) equipped with FACSDiva software (BD Biosci-

ences). Data were processed and analyzed using FlowJo version 10 software (BD Biosciences).

Cytokine analysis from mouse serum

To collect serum from C57BL/6 mice, whole blood was obtained via cardiac puncture, allowed to clot at room temperature for 20 mi-

nutes, and then centrifuged to separate the serum. Mouse serum was then sent to the Human Immunology Core (HIC) at the
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University of Pennsylvania for cytokine analysis using a Luminex assay. The Th1/Th2/Th9/Th17/Th22/Treg Cytokine 17-Plex Mouse

ProcartaPlex™ Panel (Invitrogen) was employed to detect various mouse cytokines.

For cytokine analysis in NSG mice, whole blood was obtained via retroorbital bleeding and serum was collected. Serum samples

were analyzed using the human IL-9 CBA kit, murine IL-9 CBA kit, or the human Th1/Th2/Th17 Cytokine CBA kit (BD Biosciences),

following the manufacturer’s instructions. Data acquisition was performed using the FACSymphony A5 flow cytometer (BD Biosci-

ences) with FACSDiva software, and results were analyzed with the BD CBA Analysis Software (BD Biosciences).

Immunohistochemistry (IHC)

Tumors of C57BL/6 mice were harvested and prepared for standard IHC analysis by the Comparative Pathology Core (CPC) at the

University of Pennsylvania School of Veterinary Medicine. Formalin fixed tissues were routinely processed for paraffin embedding,

sectioning, and staining for hematoxylin and eosin (H&E). For immunohistochemistry, 5 μm thick sections were mounted on

ProbeOn™ slides (Thermo Fisher Scientific) and stained using a Leica BOND RXm automated platform combined with the Bond Poly-

mer Refine Detection kit (Leica #DS9800). Briefly, after dewaxing and rehydration, sections were pretreated with the epitope retrieval

BOND ER2 high pH buffer (Leica #AR9640) for 20 minutes at 98◦C. Endogenous peroxidase was inactivated with 3% hydrogen

peroxide for 10 minutes at room temperature (RT). Nonspecific tissue-antibody interactions were blocked with Leica PowerVision

IHC/ISH Super Blocking solution (PV6122; Leica Biosystems, Deer Park, IL) for 30 minutes at RT. The same blocking solution

also served as diluent for the primary antibodies. A battery of primary antibodies for immune cells were used and included CD3

(Bio-rad, MCA1477T, rat monoclonal antibody, 1/600), FoxP3 (CST, 12653, rabbit monoclonal antibody, 1/300), K1rb1c/CD161c

(CST, 39197, rabbit monoclonal antibody, 1/500NK), Pax5 (CST, 12709, rabbit monoclonal antibody, 1/100), F4/80 (CST, 70076, rab-

bit monoclonal antibody, 1/1000), CD11c (CST, 97585, rabbit monoclonal antibody, 1/150), Ly6G (CST, 87048, rabbit monoclonal

antibody, 1/100), tryptase (CST, 19523, rabbit monoclonal antibody, 1/200), and PRG2 (Novus Bio, NBP3-04784, rabbit polyclonal

antibody, 1/300). A biotin-free polymeric IHC detection system consisting of horseradish peroxidase (HRP)-conjugated antirabbit or

antirat IgG was then applied for 25 minutes at RT. Immunoreactivity was revealed with the diaminobenzidine (DAB) chromogen re-

action. Slides were counterstained in hematoxylin, dehydrated in an ethanol series, cleared in xylene, and permanently mounted with

a resinous mounting medium (Thermo Scientific ClearVue coverslipper). Slides were then scanned at 20x magnification using the

Leica Versa 200 whole slide scanner (Leica Biosystem), visualized and analyzed using the Aperio ImageScope software (Leica Bio-

system). For the analysis, nuclear and cytoplasmic cell counting algorithms were used for FoxP3 and PAX5, and for K1RB1C and

tryptase, respectively. For cell counting algorithms (PAX5, K1RB1C, FoxP3 and tryptase), the number of positive cells was normal-

ized to the area of analysis on each slide. Positive pixel count algorithms were used for the quantification of area positivity for CD11c,

F4/80, Ly6G, and PRG2. For these markers, the positivity was calculated by dividing the number of positive pixels by the total number

of pixels in the area of analysis.

Flow cytometry and sorting

For flow cytometry, cells were stained in fluorescence-activated cell sorting (FACS) buffer consisting of 1X DPBS (Gibco), 0.5% heat-

inactivated FBS (Seradigm), 2.5 mM EDTA (Invitrogen) and 1% 10,000 U/mL penicillin + 10,000 ug/mL streptomycin (Gibco). For

sorting, cells were stained in FACS buffer with 100mg/mL DNase (Sigma-Aldrich). Antibodies specific for human CD4 (300558),

CD8 (300934), CD45RA (304114), IL-9R (310404), EpCAM (324206), PD-1 (329920), TIM3 (345016), CD27 (356412) and CD45

(368524/304032) and for mouse CD3 (100229), CD11b (101242), CD44 (103030), CD45 (103128), CD62L (104406), CD86

(105020), MHCII (107636), NK1.1 (108748), CD45.1 (110741), CD19 (115543), CD11c (117318), F4/80 (123128), Ly6G (127626),

Ly6C (128032), CD206 (141706), CD95 (152604) and IL-9R (158704) were purchased from Biolegend. Antibodies specific for phos-

pho-STAT3 (pY705) (557815) and phospho-STAT5 (pY694) (560117) were purchased from BD Biosciences. An antibody specific for

Phospho-STAT1 (Tyr701) (8062S) was purchased from Cell Signaling. An antibody specific for human LAG3 (61-2239-42) was pur-

chased from eBioscience. An antibody specific for anti-human TGF-beta RII (FAB2411A) was purchased from R&D systems. M5 CAR

and A03 CAR expression was assessed using biotinylated goat anti-human IgG F(ab’)2 (Jackson ImmunoResearch, 109–066-006)

followed by streptavidin (PE- or APC-conjugated, Biolegend). Pbbz expression was assessed using biotinylated goat Anti-Mouse

IgG F(ab’)₂ (Jackson ImmunoResearch, 115-066-072). Live/dead cell staining was performed using a Live/Dead Aqua (Life Technol-

ogies) or Zombie NIR (Biolegend) Fixable Viability Kits following manufacturer’s protocol. TruStain FcX (anti-mouse CD16/32) Anti-

body (CAT: 101320; BioLegend) or Human TruStain FcX Fc Receptor Blocking Solution (CAT: 422302; BioLegend) were used prior to

staining of single cell suspensions of mouse or human tumors and mouse spleens. CountBright™ Absolute Counting Beads

(ThermoFisher) were used as an internal standard according to the manufacturer’s instructions to calculate absolute cell counts

in cell suspensions. Samples were acquired on an LSRII Fortessa Cytometer (BD Biosciences) or FACSymphony™ A5 SE Cell

Analyzer (BD Biosciences) and analyzed with FlowJo v10 software (FlowJo, LLC). Sorting was performed using a FACSAria™ Fusion

Sorter (BD Biosciences).

Single-cell RNA sequencing (scRNA-seq)

scRNA-seq was performed by the Genomics Facility at the Wistar Institute. Single cell droplets were generated using the Chromium

Next GEM single cell 5’ kit v2 Dual Index kit (10x Genomics, Pleasanton, CA). cDNA synthesis and amplification, library preparation

and indexing were performed using the 10x Genomics Library Preparation kit (10x Genomics), according to manufacturer’s instruc-

tions. Overall library size was determined using the Agilent TapeStation 4200 with the High Sensitivity DNA 5000 ScreenTape (Agilent,
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Santa Clara, CA) and libraries were quantitated using KAPA real-time PCR (Roche, Wilmington, MA). A total of 9 samples generating 9

libraries were pooled and sequenced on the NextSeq 2000 (Illumina, San Diego, CA) using 2 P3 300 cycle kits (Illumina) resulting in

250 million reads per sample. Run configuration was paired-end with the following parameters: 26 base pair (read1) x 8 base pair

(index) x 281 base pair (read2).

scRNA-seq data quality control

Sequencing quality control was conducted with FASTQC (v 0.11.9) and sources of contamination were detected with FASTQ Screen

(v 0.14.0). Alignment and quantitation were conducted with CellRanger v7.2.0 using a custom reference genome based on GRCh38

2022 with our CAR sequence inserted. GEM Selection was completed by running the scGEM2Cellr package.59 Quality control and

pre-processing was conducted with the scater package.60 Doublets were removed using the scDblFinder package.61 High mito-

chondrial cells were removed using a linear model of mitochondrial transcript percent by the total genes detected per cell.70 Genes

that were not found in at least 5 cells were discarded. Non-donor-specific variation in the expression of T cell receptor beta variable

(TRBV) transcripts induced separation during dimensionality reduction, which was unrelated to the cell types of interest in our study.

To address this, we excluded TRAV and TRBV genes from the principal component analysis (PCA) used to generate the Uniform

Manifold Approximation and Projection (UMAP). However, these genes were retained for all downstream analyses, including differ-

ential gene expression analysis and gene set enrichment analysis.

scRNA-seq data analysis

Data analysis was conducted using the standard Bioconductor analysis approach.71 Batch effects were assessed using the scater

package and addressed using Harmony integration.60,62 Data normalization was performed using the variance-stabilizing transfor-

mation model in sctransform v2.63 To focus on biological questions, non-biological phenotype clusters caused by T cell variable re-

gion transcripts were removed prior to dimensional reduction, which was performed using Uniform Manifold Approximation and Pro-

jection (UMAP) with 10 nearest neighbors and a minimum spanning distance of 0.5.32

Cluster stability was investigated using adjusted Rand Index and normalized mutual information with the Dune package.64 Clusters

were annotated by scoring cells against the Human Cell Atlas, Pan-Cancer T cell Atlas, and prior publications.24,72,73 Cell scoring was

achieved by calculating the area under the curve for each signature, and clusters were labeled based on a guilt-by-association

approach from the cell labels in each cluster.74 Cluster composition was compared using Welch’s t-test.

Differential gene expression was conducted using the MAST package.33 Gene Set Enrichment Analysis (GSEA) was performed on

statistically significant genes using the following databases: MSigDB Hallmark 2020, KEGG 2021 Human, Reactome 2022, GO Bio-

logical Process 2023, GO Cellular Component 2023, and GO Molecular Function 2023, implemented with the R package EnrichR.35

For pseudobulk analysis, gene counts were calculated by aggregating the expression data from all cells within each group.75 Dif-

ferential expression analysis was conducted using a negative binomial generalized linear model, with p-values calculated via the

Wald test and adjusted for multiple comparisons using the Benjamini-Hochberg method.76 Ingenuity Pathway Analysis (IPA, Qiagen

Inc.) was utilized to identify differential canonical pathways. For this analysis, differentially expressed genes from the pseudobulk

analysis with an adjusted p-value < 0.05 and fold change > 1.5 were included. Top pathways were identified using a z-score > 2,

and pathways with a negative z-score were excluded from analysis.

Transcription factor (TF) analysis was performed using the TRRUST v2 database, following a process analogous to GSEA.39 To

validate the most enriched and downregulated TF pathways, we conducted upstream regulator analysis with IPA. Differentially ex-

pressed genes from CD8+ or CD4+ CAR+ cells served as input, with a cutoff of ±1 log2 fold change. The top five TFs were selected

based on concordance between TRRUST and IPA results, excluding those with z-scores below ±0.05. The activity of TFs was in-

ferred using a univariate linear model (ULM). This approach utilized the Collection of Transcriptional Regulatory Interactions

(CollecTRI) which compiles signed TF-target gene interactions from 12 different resources.77 The ULM was applied to score the ac-

tivity of each TF in individual cells.

Trajectory inference was conducted using the slingshot package.36 Trajectory comparisons were analyzed using the tradeSeq

workflow, and genes were identified by fitting a generalized additive model (GAM) for each gene.65 Donor CAR+ frequency between

conditions of trajectories were determined by Fisher’s repeated measures t-test. RNA velocity analysis was performed using the

scVelo package. Unless otherwise specified, all scRNA-seq analyses were conducted using Python 3.13 or R 4.3.

CRISPR/Cas9-Mediated STAT4 deletion

CRISPR single-guide RNA (sgRNA) sequences targeting STAT4 were synthesized by Integrated DNA Technologies (IDT). Five

sgRNAs were initially screened, and the two with the highest editing efficiency were selected for further experiments. Gene editing,

T cell activation, lentiviral transduction, expansion, and validation were performed as previously described.78 Briefly, CD4+ and CD8+

T cells were mixed at a 1:1 ratio and cultured in OpTmizer T Cell Expansion Medium (Gibco) supplemented with 5 ng/mL each of

human IL-7 and IL-15 (PeproTech) (OPT 7/15 medium). After 24 hours, cells were collected and resuspended at 1 x 10◦8 cells/mL

in P3 electroporation buffer (Lonza). Ribonucleoprotein (RNP) complexes were assembled by incubating sgRNA (5 μg per 10 x

10◦6 cells) with recombinant Cas9 protein (Aldevron; 10 μg per 10 x 10◦6 cells) for 10 minutes at room temperature. Each RNP com-

plex was supplemented with 16.8 pmol of electroporation enhancer (IDT). T cells were electroporated in 100 μL batches (10 x 10◦6

cells) using a 4D-Nucleofector X Unit (Lonza) with program code EH111. Following electroporation, cells were cultured at 5 x 10◦6
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cells/mL in OPT 7/15 medium. T cell activation was initiated 4-6 hours later using anti-CD3/CD28-coated magnetic beads (Gibco).

After 24 hours, T cells were lentivirally transduced with the CAR-IL9R construct and expanded per standard protocol.

Validation of STAT4 deletion

Genomic DNA was extracted, and the target locus was PCR-amplified using LongAmp™ Taq 2X Master Mix (NEB) following the man-

ufacturer’s instructions. Amplicons were purified using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel). Sanger

sequencing was performed, and editing efficiency was quantified using the Inference of CRISPR Edits (ICE) tool by Synthego

(https://ice.synthego.com/).

STAT4 protein depletion was confirmed by Western blot. Briefly, cells were lysed in RIPA buffer supplemented with protease and

phosphatase inhibitors (Thermo Fisher Scientific). Total protein was quantified using a BCA assay (Pierce). Equal amounts of protein

were denatured and resolved on a 4–12% NuPAGE Bis-Tris gel (Thermo Fisher Scientific), then transferred to a PVDF membrane

using the iBlot2 system (Thermo). Membranes were blocked in Odyssey Blocking Buffer (LI-COR Biosciences) for 1 hour at room

temperature and incubated overnight at 4◦C with primary antibodies against STAT4 (Cell Signaling Technology, 2653, 1:1000) and

GAPDH (Cell Signaling Technology, 97166, 1:1000). After washing, membranes were incubated goat anti-mouse 680RD (926-

68070) and goat anti-rabbit 800CW (926-32211) secondary antibodies (LI-COR, 1:10000) for 1 hour. Blots were imaged using the

Odyssey CLx Imaging System.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with Prism version 10 (GraphPad). Each figure legend denotes the statistical test used. Survival

curves were drawn using the Kaplan-Meier method and the differences of 2 curves were compared with the log-rank Mantel-Cox

test. Comparisons between two groups were performed using a two-tailed unpaired Student’s t-test. Kruskal-Wallis one-way anal-

ysis of variance (ANOVA) was used to compare 3 or more groups. Statistical significance between multiple groups of two variables

was assessed by two-way ANOVA with post-hoc tests. For all figures, ns indicates P > 0.05 (non-significant), * indicates P ≤ 0.05, **

indicates P ≤ 0.01, *** indicates P ≤ 0.001, and **** indicates P ≤ 0.0001. Graphs were created by Prism version 10 (GraphPad),

Adobe Illustrator (Adobe), and BioRender.com. All in vitro data presented are representative of at least two biological replicates.

scRNA-seq was performed in three biological replicates (three donors). In vivo animal studies were performed using two biological

replicates, independently.
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