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In brief

Aznar and Good et al. report a phase 1
trial of anti-mesothelin CAR T cells in
pancreatic cancer, demonstrating safety
but limited efficacy. Locally delivered
CAR T cells exhibit GZMK* phenotypes
and a dysfunctional signature including
ID3 and SOX4 upregulation. Dual-
knockout CAR T cells elicit prolonged
relapse-free survival in vivo.
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SUMMARY

Patients with advanced pancreatic ductal adenocarcinoma (PDAC) have a median survival of less than a year,
highlighting the urgent need for treatment advancements. We report on a phase 1 clinical trial assessing the
safety and feasibility of intravenous and local administration of anti-mesothelin CAR T cells in patients with
advanced PDAC. While therapy is well tolerated, it demonstrates limited clinical efficacy. Analyses of patient
samples provide insights into mechanisms of treatment resistance. Single-cell genomic approaches reveal
that post-infusion CAR T cells express exhaustion signatures, including previously identified transcription
factors ID3 and SOX4, and display enrichment for a GZMK* phenotype. Single knockout of ID3 or SOX4 en-
hances efficacy in xenograft models, though with donor-dependent variability. However, single-knockout
cells eventually fail. Conversely, ID3 and SOX4 double-knockout CAR T cells exhibit prolonged relapse-
free survival, demonstrating a sustained therapeutic effect and a potential avenue for engineering more
potent CAR T cells in PDAC. This study was registered at ClinicalTrials.gov (NCT03323944).

INTRODUCTION benefit is marginal, and PDAC remains one of the most lethal

malignancies.'™ Furthermore, despite the success of immune
Combination chemotherapy is the standard of care for metasta-  checkpoint blockade*® and chimeric antigen receptor (CAR)
tic pancreatic ductal adenocarcinoma (PDAC), but the overall T cell therapy”® in various other cancers, their efficacy in
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PDAC remains limited. Mesothelin (MSLN) is an attractive target
for CAR T cell therapies for solid tumors given its overexpression
in numerous cancers, including PDAC.°"'? Moreover, elevated
MSLN levels correlate with a worse prognosis in patients with
PDAC'%"® and are implicated in tumor progression.'*

Our group has performed several phase 1 clinical trials eval-
uating MSLN-directed CAR T cells. First, we treated patients
with chemotherapy-refractory metastatic PDAC with T lympho-
cytes electroporated with the murine anti-human MSLN ScFv
SS-1 mRNA. This yielded a transient expression of the CAR
and was associated with stable disease as the best response
in two of five patients treated.'® A follow-up study evaluated
the stably transduced SS-1-based CAR in patients with malig-
nant pleural mesothelioma, ovarian carcinoma, and PDAC
(ClinicalTrials.gov: NCT02159716). While this treatment was
tolerated, there was limited efficacy as the best response
was stable disease in 11 out of 15 patients, including two
out of five patients with PDAC."” In the phase 1 clinical trial
described here, we evaluated a fully human anti-MSLN CAR
construct (huCART-meso) in patients with histologically
confirmed metastatic PDAC.

Current challenges limiting the efficacy of CAR T cell
therapy for solid tumors include a hostile tumor microenviron-
ment (TME), tumor heterogeneity, poor CAR T cell trafficking,
T cell exhaustion and persistence, and the need for robust
tumor-specific targets.'® Chronic antigen exposure or a sup-
pressive TME leads to exhaustion characterized by dysfunc-
tion of effector responses, sustained co-inhibitory receptor
expression, and reprogrammed transcriptional and epige-
netic states.'®?" This dysfunction contributes to negative
feedback mechanisms of T cell activation,”* ultimately leading
to diminished function.?® Likewise, CAR T cells are suscepti-
ble to exhaustion following prolonged stimulation within
the TME, thereby limiting their function.”*=?° In this regard,
CD19 CAR T cells have demonstrated exhaustion phenotypes
in patients with chronic lymphocytic leukemia and B cell lym-
phomas that do not respond to therapy.?**”

Developing synthetically enhanced CAR T cell therapies for
solid tumors offers a promising strategy to overcome CAR
T cell dysfunction.”® Targeting transcription factors that
regulate exhaustion has shown efficacy in reducing T cell re-
ceptor and CAR T cell exhaustion in vitro and in preclinical
models.”®??*! In our previous work, we developed an
in vitro model to generate exhausted MSLN-directed CAR
T cells and showed that knocking out the transcriptional
regulators inhibitor of DNA binding 3 (ID3) or SRY-box tran-
scription factor 4 (SOX4) in CAR T cells increased their
effector function upon chronic stimulation in vitro.?®

Here, we report the clinical results of a phase 1 study of
huCART-meso cells in patients with metastatic PDAC. To
better understand responses, we report correlative analyses
of blood, ascites fluid, and paired pre- and post-treatment
biopsies of assessable metastases. We coupled these results
with in vivo mouse models using ID3 and SOX4 knockout (KO)
CAR T cells and high-throughput genomics experiments to
provide insight into mechanisms of resistance to CAR T cell
therapy for the treatment of patients with PDAC. We found
that double KO of ID3 and SOX4 in CAR T cells improves
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long-term relapse-free survival in vivo, suggesting a potential
therapeutic strategy.

RESULTS

Efficacy of huCART-meso cell therapy is limited

This was a phase 1, single-institution trial (ClinicalTrials.gov:
NCT03323944) to evaluate the safety and feasibility of both intra-
venous (i.v.) administration and local delivery of lentiviral-trans-
duced huCART-meso cells in patients with histologically
confirmed unresectable or metastatic PDAC who had received
at least 1 prior line of systemic chemotherapy. Patients received
1-3 x 107/m? huCART-meso cells via i.v. infusion (cohort 1), and
the protocol was subsequently amended to include intraperito-
neal (i.p.) (cohort 2) or intrahepatic (i.h.) delivery (via hepatic arte-
rial infusion) (cohort 3). Patients infused on cohorts 2 and 3 were
also eligible for up to two additional infusions of huCART-meso
cells via i.v. administration at the same dose level, given be-
tween 21 and 42 days apart (Figure 1A). Three patients were
infused in cohort 1, two patients were infused in cohort 2, and
four patients were infused in cohort 3. Clinical and disease
characteristics for the 9 patients infused with huCART-meso
cells are listed in Table S1. The median age at study entry was
61 years (minimum 45 years to maximum 74 years) with three
male (33.3%) and six female (66.7%) patients. All infused sub-
jects were Caucasian. All patients (100%) previously received
chemotherapy, while 2 (22.2%) were treated with surgery, 2
(22.2%) received targeted therapy, 2 (22.2%) received radiation
therapy, and 1 (11.1%) received immunotherapy.

All patients received the protocol-specified dose of huCART-
meso cells. All adverse events are summarized in Table 1. In
cohort 1, we observed pulmonary toxicity in patients with
moderate pulmonary metastatic burden, thought to be in part
related to a first pass effect as we have published previously.*
To mitigate this first pass effect and potentially enhance traf-
ficking, we shifted to regional delivery for cohorts 2 and 3. Cyto-
kine release syndrome (CRS) was observed in one patient in
cohort 1 and one patient in cohort 2; the highest CRS grade
was 2. Neurotoxicity was not observed. The infused huCART-
meso cells were tolerated and generally safe with no related
adverse events above grade 3. All subjects died before transi-
tioning to long-term follow-up. For cohort 1, the three infused
subjects were withdrawn from the study prior to transitioning
to hospice. In cohorts 2 and 3, all six subjects died while on
study, five of disease progression and one of acute kidney injury.

Clinical activity of huCART-meso in metastatic PDAC was
limited. All nine subjects received the target dose of huCART-
meso cells and were thus considered evaluable for response.
In cohort 1 (i.v.), the best response was stable disease by
Response Evaluation Criteria in Solid Tumors version 1.1
(RECIST1.1)>*in 1 of 3 patients at the day 28 scans, but progres-
sive disease was noted on scans at month 3 (Table 2). In cohort 2
(i.p.) and cohort 3 (i.h.), all patients had progressive disease by
the day 28 scans. Median overall survival from infusion to date
of death or date of last contact was 6.7 weeks (Figure 1B), and
median progression-free survival was 3.9 weeks (Figure 1C).

The post-infusion kinetics of peripheral huCART-meso cell
expansion and persistence are displayed in Figure 1D
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Figure 1. huCART-meso cells are tolerated and safe in a patient population with minimal cell expansion and cytokine response

(A) Protocol schema for screening, apheresis, T cell manufacture, treatment with huCART-meso cells, and follow-up. i.v., intravenous; i.p.

intrahepatic.

, intraperitoneal, i.h.;

(B and C) (B) Overall survival and (C) progression-free survival of patients enrolled on the trial.

(D) huCART-meso cell engraftment in peripheral blood by gPCR-based detection of CAR-specific sequences in genomic DNA.

(E) huCART-meso cell expansion in pre- and post-infusion biopsy tissue samples by gPCR. Wilcoxon matched-pairs signed rank test, n = 8 patients.

(F) Heatmap grouped by cohort depicting fold changes in proinflammatory cytokine production from baseline/pre-CAR T cell infusion to the peak cytokine level
post infusion. IL-2 levels for patient 07 were below the range of detection of the assay and are indicated as “X” in the figure.

See also Figure S1; Table S1.

(separated patient data in Figure S1A). huCART-meso cells
were detected in all patients by quantitative PCR (qPCR)
amplification of CAR-specific sequences in the genomic DNA.
While peak levels of huCART-meso cells in circulation were
similar, the persistence of huCART-meso cells in the blood
was greater when CAR T cells were administered i.v. compared
to local delivery. huCART-meso cells were also detected
in biopsy and peritoneal fluid cells between days 13 and 26
in patients from all three cohorts (maximum expansion in
Figure 1E and expansion per day in Figure S1B). Three patients
(05, 06, and 09) on the local delivery cohorts received a
subsequent i.v. infusion(s) of huCART-meso cells, but no

additional expansion of CAR™ cells occurred in circulation after
this second infusion, and persistence dropped below the level
of detection within 5 days in two of the three patients.

The kinetics of serum cytokines for 31 different analytes
were assessed (Figure S1C) with further evaluation of six
cytokines (IFNy, interleukin [IL]-6, IL-2, IL-8, IL-10, and granu-
locyte-macrophage colony-stimulating factor [GM-CSF]) and
the soluble IL-2 receptor, comparing the fold changes in cyto-
kine production from baseline (pre-CAR T cell infusion) to the
peak cytokine expansion (Figure 1F). Two patients in cohort 1
experienced a greater than 500-fold change in levels of IL-6
between pre- and post infusion; of these, one experienced
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Table 1. All adverse events

Toxicity category Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 Total
Blood and lymphatic system disorders 0 3 5 0 0 8
Anemia 0 3 4 0 0 7
Disseminated intravascular coagulation 0 0 1 0 0 1
Cardiac disorders 1 1 0 0 0 2
Atrial fibrillation 0 1 0 0 0 1
Sinus tachycardia 1 0 0 0 0 1
Eye disorders 0 1 0 0 0 1
Blurred vision 0 1 0 0 0 1
Gastrointestinal disorders 4 8 5 0 1 18
Abdominal pain 1 2 0 0 0 3
Ascites 0 1 1 0 0 2
Constipation 0 2 0 0 0 2
Diarrhea 1 1 0 0 0 2
Duodenal obstruction 0 0 0 0 1 1
Gastrointestinal disorders — other (tongue 0 1 0 0 0 1
white)

Gastroparesis 0 1 0 0 0 1
lleal obstruction 0 0 1 0 0 1
Nausea 1 0 0 0 0 1
Obstruction gastric 0 0 2 0 0 2
Upper gastrointestinal hemorrhage 0 0 1 0 0 1
Vomiting 1 0 0 0 0 1
General disorders and administration 5 3 3 0 4 15
site conditions

Fatigue 1 3 2 0 0

Fever 0 0 0

General disorders and administration site

conditions — other (disease progression)

General disorders and administration site 0 0 1 0 0 1
conditions — other (generalized edema)

General disorders and administration site 1 0 0 0 0 1
conditions — other (night sweats)

Pain 1 0 0 0 0 1
Hepatobiliary disorders 0 1 1 0 0 2
Hepatic failure 0 0 1 0 0 1
Portal vein thrombosis 0 1 0 0 0 1
Immune system disorders 1 1 0 0 0 2
Cytokine release syndrome 1 1 0 0 0 2
Infections and infestations 0 1 2 1 1 5
Infections and infestations — other (thrush) 0 1 0 0 0 1
Lung infection 0 0 1 0 0 1
Peritoneal infection 0 0 0 0 1 1
Sepsis 0 0 1 1 0 2
Injury, poisoning, and procedural 2 3 0 0 0 5
complications

Injury, poisoning, and procedural 2 3 0 0 0 5
complications — other (citrate reaction)

Investigations 8 5 8 3 0 24
Alanine aminotransferase increased 2 0 0 0 0 2

(Continued on next page)
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Table 1. Continued

Toxicity category

Grade 1

Grade 2

Grade 3 Grade 4 Grade 5 Total

Alkaline phosphatase increased
Aspartate aminotransferase increased
Blood bilirubin increased

Creatinine increased

Fibrinogen decreased

INR increased

Lymphocyte count decreased
Neutrophil count decreased

Platelet count decreased

White blood cell decreased
Metabolism and nutrition disorders
Anorexia

Dehydration

Hyperglycemia

Hyperuricemia

Hypoalbuminemia

Hypocalcemia

Hypokalemia

Hyponatremia

Tumor lysis syndrome

Musculoskeletal and connective tissue
disorders

Back pain

Bone pain

Flank pain

Nervous system disorders
Encephalopathy

Headache

Nervous system disorders — other
(confusion, expressive aphasia secondary
to brain metastases)

Nervous system disorders — other (foot
drop)

Paresthesia

Stroke

Psychiatric disorders

Anxiety

Confusion

Delirium

Renal and urinary disorders

Acute kidney injury

Respiratory, thoracic, and mediastinal
disorders

Cough

Dyspnea

Hypoxia

Skin and subcutaneous tissue disorders

Skin and subcutaneous tissue disorders —
other (raised areas underneath skin)
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Table 1. Continued

Toxicity category Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 Total
Vascular disorders 4 2 1 1 0 8
Flushing 1 0 0 0 0 1
Hematoma 2 0 0 0 0 2
Hypotension 0 1 1 1 0 3
Thromboembolic event 1 1 0 0 0 2
Total 43 51 38 5 7 144

grade 2 clinical CRS. In cohorts 2 and 3, minimal changes in
the levels of various analytes were observed between pre-
and post-infusion time points, consistent with the low peak
expansion of cells.

Cellular analyses reveal a cold-tumor phenotype and
limited T cell infiltration in the metastases of locally
infused patients

Tumor tissue from metastatic lesions and peritoneal fluid were
collected in patients for further analysis (Table 3). Fine needle
aspirates of metastatic lesions were collected pre- and post
therapy to interrogate the underlying mechanisms of resistance
to CAR T cell therapy in PDAC. Flow cytometry was performed
on cells isolated from treatment biopsies of patient 05
(cohort 2) and liver metastasis from patients in cohort 3, except
for patient 08, from whom day 14 post-infusion sample was
not collected for clinical reasons. We monitored changes in
T cells (CD3*/CD4" and CD8™), natural killer (NK) (CD56*CD3"),
NK T (CD56*CD3*), B cells (CD19*CD3~CD45"), monocytes
(CD14*CD3~CD45"), and erythroid progenitor (CD45*CD235a")
subsets and surface CAR expression on T cells and MSLN
expression on EpCAM* cells (Figure S2A). We observed low
CD3* T cell infiltration at baseline and at day 14 post infusion
indicating a persistent cold-tumor phenotype (Figures S2B and
S2C). However, despite low infiltration, in patients from
whom day 14 post-infusion samples could be collected, there
was an increase in the CD3" population compared to baseline
(Figure S2C) (p =0.0124, p = 0.0392, and p = 0.0159 for patients
05, 06, and 09, respectively). Despite this increase in T cells, flow
cytometry analysis using a CAR-specific anti-idiotypic antibody
to detect surface CAR expression revealed no CAR staining in

the metastatic tissue (Figure S2D and data not shown for patient
07 due to complete absence of immune cells in the biopsy
sample analyzed). This observation correlated with the low
CAR vector copy number detected in the blood and liver tissue
from cohort 3 patients at the same time points (Figure S2E).
Interestingly, in contrast to flow analyses in patient 06
(Figure S2D), gPCR detection of CAR revealed high levels of
CART cells in the peripheral blood and in the day 14 liver biopsy
(Figure S2E), potentially indicating CAR downregulation in the
tissue and blood.?®**

MSLN protein levels were assessed in patients 05, 07, and 09
by flow cytometry (Figures S2F and S2G). We detected
decreased MSLN*EpCAM™ viable tumor cells in post-infusion
samples in two out of three patients (Figures S2F and S2G).
However, patients 05 and 06 displayed a minor frequency
(<1%) of MSLN*EpCAM™ cells in the metastatic tissue collected
at baseline (Figures S2F and S2G). Taken together, poor infiltra-
tion of both endogenous non-transduced and huCART-meso
cells into the metastases was observed along with limited persis-
tence; however, a decrease in MSLN protein levels was
observed in patients 05 and 09.

huCART-meso cells acquire an exhausted T cell
phenotype after infusion into the ascites fluid

To better characterize the intratumoral huCART-meso cells, we
collected ascites fluid from patients 04 and 05 (cohort 2)
following i.p. infusion (Figure 2A). Notably, despite the local de-
livery of huCART-meso cells into the peritoneal fluid, we
observed either low levels of T cells expressing the CAR on the
surface at day 7 (Figure 2B) or no surface CAR expression on
T cells (Figure S2H) although the transduction efficiency of the

Table 2. Response data of patients

Subject ID Cohort Days post infusion Total target tumor response Total non-target tumor response Overall tumor response
Patient 01 1 day 28 stable disease progressive disease progressive disease
Patient 02 1 day 28 stable disease progressive disease progressive disease
Patient 03 1 day 28 stable disease stable disease stable disease
Patient 03 1 month 3 progressive disease progressive disease progressive disease
Patient 04 2 day 23 progressive disease not evaluable progressive disease
Patient 05 2 day 25 progressive disease progressive disease progressive disease
Patient 06 3 day 28 progressive disease progressive disease progressive disease
Patient 06 3 month 3 progressive disease progressive disease progressive disease
Patient 07 3 day 27 progressive disease progressive disease progressive disease
Patient 08 3 day 19 progressive disease stable disease progressive disease
Patient 09 3 day 25 progressive disease progressive disease progressive disease
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Table 3. Samples collected from patients

Cohort Subject ID Sample type Trial time point Analysis performed
C2 (intraperitoneal) patient 04 peritoneal fluid day 0, day 7 flow cytometry

C2 (intraperitoneal) patient 04 peritoneal fluid day 7 scRNA-seq

C2 (intraperitoneal) patient 05 peritoneal Met (FNA) day 0, day 14 flow cytometry

C2 (intraperitoneal) patient 05 peritoneal fluid day 26 scRNA-seq

C3 (intrahepatic) patient 06 liver met (FNA) day 0, day 14 flow cytometry

C3 (intrahepatic) patient 07 liver met (FNA) day 0, day 14 flow cytometry

C3 (intrahepatic) patient 08 liver met (FNA) day 0 flow cytometry

C3 (intrahepatic) patient 09 liver met (FNA) day 0, day 14 flow cytometry

FNA, fine needle aspirate; C2, cohort 2; C3, cohort 3; Met, metastasis.

corresponding products was 39.5% and 22.0%, respectively.
This observation aligned with low levels of CAR copies detected
in the blood and peritoneal fluid of both patients (Figures 2C and
2D), indicating low persistence of the infused CAR T cells in the
peritoneal fluid of these patients. Next, we performed single-cell
RNA sequencing (scRNA-seq) on CD3" T cells sorted from the
peritoneal biopsies on days 7 and 26 post CAR T infusion and
integrated the samples for analysis (Figures S21 and S2J). Ca-
nonical marker genes were used to identify T cell subsets
(Figure 2E). CD4 T cell subsets clustered on the left, and
CD8 T cell subsets clustered on the right (Figure 2E). In the
CD4 population, we detected regulatory T cells (Tregs;
FOXP3, IL2RA, and IKZF2),°® naive T cells (SELL, CCR?, and
LEF1),%>*® and effector memory T cells (Tem; IL7R and
KLRB1)*" (Figure 2E). In the CD8 population, we detected
memory T cells (CCR7, LEF1, SELL, IL7R, and TCF7),*® Tem
(IL7R, KLRG1, and NKG7),°%*° GZMK?* effector memory T cells
(GZMK* Tem; GZMK, NKG7, PRF1, GZMH, and CCL5),"" termi-
nally differentiated Tem (NKG7, PRF1, GZMH, and CCL5),*? and
NK-like T cells (NK-like; NCAM1, FCGR3A, GNLY, GZMB,
KLRC1, and KLRC2)*! (Figure 2E). We additionally detected a
CD3" cluster (defined as unknown) that uniquely expresses
several calcium-binding proteins (S100A8 and S100A9) and
complement proteins (C1QB and C1QA). While the peritoneal
fluid consists of mostly endogenous T cells, we detected
T cells expressing huCART-meso RNA in the TME via
scRNA-seq using ALRA imputation (Figure 2F). We detected
380 huCART-meso-positive cells (CARpos) in patient 04 and
157 cells in patient 05. Next, we downsampled the endogenous
CAR-negative (CARneg) dataset to have an equal number of
CARpos and CARneg T cells. We examined the differences
in T cell subset distribution between CARpos and CARneg
T cells and found that CARpos cells were enriched in the
CD8 GZMK™* Tem cluster and depleted in the CD4 naive cluster
(Figure 2G). Together, our data characterizing T cells in malig-
nant ascites suggest that CAR T cells post infusion display a
unique T cell distribution profile that differs from endogenous
CARneg T cells; however, increased replicates would strengthen
this dataset.

In our previous study,”® we identified a 30-gene dysfunction
signature in huCART-meso cells chronically exposed to tumor
antigen in vitro. Strikingly, 19/30 of the dysfunction signature
genes were highly expressed in CARpos cells compared to
CARneg cells in the patient samples, including the transcription

factors SOX4 and ID3 (Figure 2H). Of note, NK receptor genes
(KLRB1, KLRC1, KLRC2, and KLRD1) were not upregulated in
the patient CAR T cells (Figure 2H), agreeing with earlier data
(see Figure 2G). Other T cell exhaustion genes not described in
our 30-gene signature were increased in the patient CARpos
T cells (CTLA4, TIGIT, and PDCD1) (Figure 21, select dysfunction
signature genes also shown for comparison). Taken together,
huCART-meso cells obtained from patient biopsies post CAR
T cell infusion express common T cell exhaustion markers
and the huCART-meso dysfunction signature as previously
described,?® including the transcription factors ID3 and SOXA4.
This finding indicates that the in vitro model replicates many
but not all features of CAR T cell dysfunction in vivo.?®

Donor characteristics influence the in vivo efficacy of
single ID3 or SOX4KO huCART-meso cells

Our previous findings systematically investigated the drivers
of CAR T cell exhaustion; we found that the transcriptional
regulators ID3 and SOX4 were upregulated following chronic
antigen exposure and that genetic deletion of each transcrip-
tion factor demonstrated improved cytotoxicity compared to
wild-type (WT) CAR T cells in chronic activation settings
in vitro.?® Since huCART-meso cells isolated from the perito-
neal fluid of locally infused patients upregulated ID3 and
SOX4, and due to their significant upregulation in exhausted
CAR T cells and prior validation in vitro,”® we hypothesized
that the acquisition of a dysfunctional phenotype in CAR
T cells occupying the TME might contribute to the observed
lack of efficacy in the clinic.

To evaluate whether ID3KO and SOX4KO huCART-meso cells
have improved in vivo killing, we manufactured huCART-meso
ID3 or SOX4KO cells from healthy donor T cells with a high
editing efficiency (Figures S3A and S3B). KO CART cells showed
no differences in viability, population doublings, or cell volume
compared to WT huCART-meso cells (Figure S3C). To evaluate
the antitumor efficacy of these KO CAR T cells in a xenograft
mouse model, suboptimal doses of WT or KO huCART-meso
cells were iv. injected once tumors reached ~250 mm?3
(Figure 3A), allowing a stringent challenge of the CAR T cells
in vivo. Although improved responses were observed in KO
CART cell groups in some donors (Figure 3B, suboptimal doses
for ND561 were 1 x 10° CAR T/mouse), without significant
differences in body weights (Figure 3C), the observed therapeu-
tic benefit was highly variable among CAR T cell products.
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Figure 2. Locally delivered huCART-meso cells are enriched for GzmK* Tem phenotypes and exhibit a dysfunctional T cell phenotype
including upregulation of SOX4 and ID3

(A) Summary of the samples collected for flow cytometry and scRNA-seq analyses.

(B) Representative flow cytometry plot of patient 04 showing detection of peritoneal fluid infiltrating CD3* cells with surface expression of the huCART-meso.
(C and D) CAR detection performed by gPCR on peripheral blood (left) and peritoneal fluid (right) of patient 04 (C) and patient 05 (D).

(E) UMAP projection of scRNA-seq data from sorted CD3*CD45* cells infiltrating the peritoneal fluid 7 days post intraperitoneal infusion (patient 04) or 26 days
post infusion (patient 05). UMAP pilot is labeled with T cell subsets.

(legend continued on next page)
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Intriguingly, SOX4KO CAR T cells consistently demonstrated
better antitumor efficacy compared to ID3KO CAR T cells
(Figure 3B). Thus, we further explored this variability in antitumor
efficacy in SOX4KO huCART-meso cells compared to WT
(Figure 3D). CAR T cell products were classified into good, inter-
mediate, and non-responders based on the improvement
observed with SOX4KO CAR T cells (Figure 3E). Experiments
with donors of different categories were performed together to
rule out cofounding effects in the mouse colony. Curative doses
were repeated in independent experiments to rule out batch
effects on CART cells. Various factors were evaluated to identify
associations with in vivo primary response across donors,
including cell source (frozen vs. fresh), total cells injected,
population doublings at manufacturing, surface CAR expres-
sion, age, and reported gender, among others. However, none
reached statistical significance (Table S2). Additionally, to
investigate if the memory phenotype of the manufactured
product was associated with in vivo primary responses, we
measured CCR7/CD45RO phenotypes using flow cytometry
(Figure 3F) and found no association. Similar distributions were
observed across the different subpopulations between the WT
and KO groups; however, there was variability across donors
within the effector memory (EM) and central memory (CM) sub-
populations denoted by the wide sample distribution (Figure 3F).

Taken together, single SOX4 and, to a lesser extent, single
IDBKO CAR T cells improve efficacy in vivo. However, the
observed variability underscores the complex interplay of CAR
T cell product characteristics, including donor variability influ-
encing therapeutic outcomes upon ID3 or SOX4KO.

Mice injected with single KO of SOX4 or ID3 eventually
experience tumor recurrence

Some WT and KO huCART-meso-treated mice that initially
cleared tumors relapsed at the primary tumor site, beginning
approximately 2 months after CAR T infusion (Figures S3D
and S3E). To dissect factors contributing to the therapeutic
failure of CAR T cells, we worked by exclusion to analyze
relapsing tumors from mice treated with WT or SOX4KO
huCART-meso cells (Figure 4A). T cells infiltrating the recurrent
tumors displayed ~98% editing efficiency at the SOX4 locus,
excluding the possibility of low persistence of the KO cells
(Figure 4B). Next, we analyzed recurrent tumor-infiltrating
human T cells (TILs) in recurrent tumors using flow cytometry,
from donor ND561, which was a good responder (see
Figure 3E, left). Notably, abundant TILs were detected within
the tumors, ruling out issues related to non-persistence
(Figure 4C). Recurrent tumors from mice initially injected with
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SOX4KO huCART-meso cells may show a slightly higher level
of T cell infiltration compared to WT controls (Figure 4C, left;
Figure S4A). Interestingly, both WT and SOX4KO CAR T cells
demonstrated reduced levels of surface CAR expression
compared to the infused product (Figure 4C, right), suggesting
surface CAR downregulation; however, SOX4KO CAR T cells
from recurrent tumors had a higher number of surface CAR*
T cells than WT (Figure 4C, right). Furthermore, surface expres-
sion of MSLN on recurrent tumor cells was confirmed, ruling out
the possibility of escape due to antigen loss, although more
MSLN"EPCAM* cells were found in the SOX4KO CAR
T-treated recurrent tumors (Figure 4D).

To investigate mechanisms underlying tumor recurrence, we
sorted the CD8* T cells infiltrating the relapsing tumors and
performed scRNA-seq. Samples were plotted onto uniform
manifold approximation and projection (UMAP) space, and
integrated samples did not show major differences in cluster
distribution (Figures 4E and S4B). Next, we identified T cell
subsets using the expression of canonical T cell marker genes
(Figure 4F). Seurat identified 11 cell clusters that broadly fit into
two main T cell subsets: an NK-like T cell exhaustion subset
dominated by cluster 2 (Figure 4F, NK-like Tex; on left) and a
GZMK™ T cell exhaustion subset that consists of all the remaining
clusters (Figure 4F, GZMK™* Tex; on right). All clusters expressed
high levels of canonical T cell exhaustion markers (LAGS3,
HAVCR2, TOX, and TIGIT) (Figure S4C) and lacked expression
of memory markers (IL7R and CCRY7) (Figure S4D). The GZMK™*
Tex subset expressed high levels of GZMK and EOMES, a
T-box transcription factor that has been linked to T cell exhaus-
tion*® (Figure S4E). The NK-like Tex subset expressed high levels
of NK receptor genes (KLRC1, KLRC2, KLRB1, and KLRD1)
(Figure S4F) and, of interest, uniquely expressed high levels of
genes found in our 30-gene CAR T dysfunction signature
identified from in vitro-stimulated CAR T cells, including
TNFRSF18, RGS16, CD9, and SRGAP3 (Figure S4G). Of note,
56% of TILs extracted from the recurrent tumors expressed
the CAR (Figure 4G), and thus low persistence did not explain
the delayed failure of tumor control. Taken together, two distinct
CAR T cell exhaustion clusters arise in mice that experience
tumor recurrence: one characterized by the expression of
dysfunction-associated NK receptors, and one characterized
by GZMK and EOMES.

In the recurrent tumor model, SOX4KO CAR T cells did not
protect against tumor recurrence compared to WT CAR
T cells (Figure S3D). Nonetheless, we were interested if
genomic differences between the KO and WT groups could
be identified at the molecular level. We found that WT and

(F) huCART-meso expression associated with (E).

(G) Distribution of huCAR-meso+ (CARpos) and endogenous CAR-negative T cells (CARneg) across cell type clusters defined in (E). Unknown cluster from (E) was
excluded. The y axis represents the percent of cells found within each cell type cluster, calculated by taking the number of cells per condition (condition being
CARpos or CARneg) within each cell type cluster and dividing by the total number of cells in that condition, calculated for each patient individually. Dots represent
the individual patient values, and the bar plot represents the average of the patient values; moderated t test via the propeller method (n = 2 patients). p values

denoted as *p < 0.05 and **p < 0.01.

(H) Expression of the 30-gene CAR T dysfunction signature®® in CD3* CARpos and CARneg T cells of patients 04 and 05 post infusion.
(I) Gene expression levels of huCART-meso, SOX4, ID3, SRGAP3, NDFIP2, CTLA4, TNFRSF9, PDCD1, HAVCR2, and TIGIT in CARpos (left, red) and CARneg
cells (right, green). CARneg cells were randomly downsampled to have an equal number of CARpos and CARneg cells for analyses in (G)—(l).

See also Figure S2.
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Figure 3. Single KO of ID3KO or SOX4KO in huCART-meso cells induces variable antitumor primary responses

(A) Experimental design to evaluate the efficacy of ID3KO and SOX4KO huCART-meso cells in AsPC-1 tumor-bearing mice. Suboptimal doses of huCART-meso
cells were injected i.v. when tumors reached ~250-300 mm?® (day 0, n = 7-12 mice per group).

(B) Tumor growth volumes of AsPC-1 tumor-bearing mice treated with 1 x 10 WT, ID3KO, or SOX4KO ND561 huCART-meso cells or with UTD (untransduced
T cells) at equivalent amounts of total cells; two-Way ANOVA with Geisser-Greenhouse correction and Dunnett’s post hoc test; mean + SEM (n = 8-11 mice per
group). Dashed line indicates the day of infusion. This result is representative of three independent experiments performed with CAR T cells derived from three
different donors.

(C) Percentage of weight loss of mice infused with UTD, WT, ID3KO, or SOX4KO ND561 huCART-meso cells; mean + SEM.

(D) Tumor growth profiles of a representative good (ND539), intermediate (ND582), and non-responder (ND602) compared to mice treated with WT (black) or
SOX4KO huCART-meso cells (green). 1 x 108 and 5 x 10° CAR T cells/mouse administered; two-way ANOVA with Geisser-Greenhouse correction; mean + SEM
(n = 5-11 mice per group).

(E) Tumor volumes of representative WT and SOX4KO huCART-meso-treated mice at day 41-42 after infusion. Two donors were used per group. Good re-
sponders: n = 7-11 animals per donor, totaling 16-21 animals per group and CAR T dose; intermediate responders: n = 5-9 animals per donor, totaling 13-14

(legend continued on next page)
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SOX4KO recurrent tumor TILs did not differ in their cluster
distribution (Figure 4H), suggesting that SOX4KO did not
impact T cell trajectories in the setting of tumor recurrence.
However, additional replicates would strengthen this dataset.
Further, common exhaustion markers (TNFRSF9, TIGIT,
LAGS, and HAVCR2) were highly expressed in WT and SOX4KO
T cells harvested from recurrent tumors (Figure 4l). Our data
suggest that SOX4KO CAR T cells can delay but not prevent
CART cell exhaustion in vivo.

Double KO of SOX4 and ID3 in huCART-meso cells
provides sustained protection against tumor recurrence
Considering that both ID3 and SOX4 were upregulated in ex-
hausted cells and the single-KO CAR T cells experienced tu-
mor relapse, we sought to investigate whether simultaneous
KO of SOX4 and ID3 genes would improve antitumor re-
sponses and long-term protection from relapse. We gener-
ated WT, single-KO, and double-KO (DKO) CAR T cells from
seven healthy donors and achieved high levels of editing effi-
ciency (Figure S5A). DKO CAR T cells exhibited no difference
in proliferation as assessed by population doublings, cell vol-
ume, or viability during expansion compared to WT and single
KOs (Figure 5A), and no differences were observed in the
T cell subset distribution between the groups following expan-
sion (Figure S5B). Further analysis of the DKO revealed that
while the majority of the cells were central memory and
effector memory phenotypes, donor-dependent differences
were observed in the distribution of T cell phenotypes
(Figure 5B).

To assess the antitumor efficacy of DKO CAR T cells,
suboptimal doses of WT, single-KO, or DKO CAR T cells were
injected into AsPC-1 tumor-bearing mice. DKO CAR T cells
demonstrated comparable antitumor efficacy to single KOs at
suboptimal doses (ND584, 5 x 10° CAR T cells per mouse,
Figure 5C), again with no impact on weight (Figure 5D), indicating
that the double KO of SOX4 and ID3 did not improve the
antitumor efficacy of CAR T cells. Next, we evaluated the efficacy
of DKO CART cells in preventing relapse after an initial response.
AsPC-1 tumor-bearing xenografts were injected with optimal
doses of WT, single-KO, and DKO CAR T cells, and mice were
monitored for relapse (Figure 5E). We observed that several
mice in the WT and single-KO arms relapsed at early time points,
starting around 2 months after tumor inoculation. In contrast,
DKO-treated mice experienced fewer and delayed relapses or
remained relapse-free by the end of the study (1 x 10° CAR
T cells per mouse; ND528, Figure 5F; ND584, Figure S5C), and
for those that did relapse, tumor volumes in DKO CAR
T-treated mice were significantly reduced at the end of the
study (Figure 5G). Next, we combined all in vivo studies into
one statistical analysis, which demonstrate that mice treated
with DKO CAR T cells showed long-term antitumor efficacy
with significant increased relapse-free survival (RFS) compared
to WT counterparts (Figures 5H and 5I; Table 4).
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DISCUSSION

This phase 1 study investigated the safety and feasibility of hu-
CART-meso therapy in patients with advanced PDAC and found
limited clinical response. Given this, we conducted an in-depth
analysis of tumor-infiltrating CAR T cells from patients with
PDAC to understand resistance mechanisms in the pancreatic
cancer microenvironment, providing valuable insights into their
behavior in solid tumors.

Following our prior work with murine-derived anti-MSLN SS1
CAR T cells,"®"” we developed a fully human anti-MSLN CAR
construct with a CD3¢/4-1BB costimulatory domain targeting
a membrane-proximal epitope, which has been reported to
enhance activity.** Autologous huCART-meso cells were
administered via three different delivery strategies: systemic
i.v. infusion (cohort 1), or regionally either into the peritoneal fluid
(cohort 2) or via i.h. artery infusion (cohort 3) for patients with
peritoneal and liver metastases, respectively. Our findings
demonstrated that i.v. and regional delivery strategies were
feasible, with no related adverse events above grade 3. The
overall safety of i.p. and i.h. administration aligns with previously
published reports on regional CAR T cell delivery.*>*® Of note,
i.v. delivery was complicated by pneumonitis in patients with
moderate pulmonary metastatic burden, consistent with prior
observations in mesothelioma and ovarian cancer trials using
the same CAR T construct at higher doses.*”> Pneumonitis was
not observed when huCART-meso cells were delivered region-
ally or i.v. in patients with low or no pulmonary metastases.

Despite encouraging safety results, the best response
observed was transient stable disease in a single patient of
cohort 1. This limited clinical efficacy could be explained by a
number of factors. First, huCART-meso cells are present at low
to moderate levels in blood and tumor metastases, with limited
expansion with subsequent infusions. Second, although we
confirmed CAR T cell trafficking into metastases following
hepatic artery infusion (consistent with prior reports using i.h.
delivery®’), the levels of CAR T cells detected in the metastases
were lower than those reported in other solid tumor trials, such
as with CAR T-PSMA-TGFBRDN cells in metastatic prostate
cancer or IL15-GPC3-CART cells in patients with GPC3-positive
cancers.*®*° Our findings align with other clinical trials targeting
MSLN'®"" and CD133,°° where safety was achieved, but effi-
cacy was modest. Together, this underscores the need to
enhance T cell persistence and expansion within the TME.

We observed a decrease in MSLN*Epcam™ tumor cells in two
out of three patients whose metastatic lesions were analyzed for
MSLN expression, suggesting some degree of on-target CAR
T cell activity. However, baseline MSLN expression was hetero-
geneous among patients, and its decrease post infusion may
have been influenced by MSLN protein shedding®' or sampling
variability in different metastatic sites.

Consistent with previous reports, we observed low infiltration
of endogenous T cells at baseline in the metastases of all

animals per group and CAR T dose; non-responders: n = 3-5 animals per donor, totaling 5-8 animals per group and CAR T dose; t test or Mann-Whitney test (for

non-normally distributed data); mean + SEM.

(F) Post-expansion phenotype huCART-meso cells derived from healthy donors.

****p < 0.0001, **p < 0.001,*p < 0.05, ns: not significant. See also Figure S3; Table S2.
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Figure 4. Mice injected with single KO of SOX4 or ID3 eventually experience tumor recurrence

(A) Experimental design for recurrent tumor model.
(B) KO efficiency in sorted T cells from relapsing tumors. Each dot represents a technical replicate (independent sequencing for KO assessment from one mouse

per group); mean + SEM.
(C) CD3*CD45™" T cell infiltration in ND561 WT and SOX4KO relapsing tumors (left) and percent of CD3*CD45* surface huCART-meso in relapsing tumors and
infused products (right). Each dot represents a technical replicate (n = 1 mouse per group); Mann-Whitney U test (left) and two-Way ANOVA and Sidak post hoc

test (right); mean + SEM.

(D) Total number of MSLN*Epcam™ cells (#) per gram of tumor (left) and representative flow cytometry plots (right) of MSLN expression in ND561 WT and
SOX4KO-treated relapsing tumors (n = 1 mouse per group). AsPC-1 cells were used as positive control and MSLN minus as negative control for MSLN staining;
Mann-Whitney U test. Error bars represent variation between technical replicates; mean + SEM.

(legend continued on next page)
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patients analyzed, indicative of a cold-tumor phenotype.®”
Notably, all patients showed increased endogenous CD3*
T cell populations post infusion, suggesting that huCART-meso
therapy may have stimulated endogenous T cell expansion, a
phenomenon previously observed.>® Additionally, flow cytome-
try revealed no surface expression of the chimeric receptor in
the metastatic biopsies from patients in cohorts 2 and 3, possibly
due to limited sample material, heterogeneous MSLN expres-
sion,”* low infiltration, or downregulation of surface CAR expres-
sion due to trogocytosis or chronic antigen exposure.®>>°

To further investigate the molecular basis of this limited
efficacy, we performed scRNA-seq on post-infusion CAR
T cells obtained from the peritoneal fluid. This analysis revealed
a transcriptional phenotype consistent with chronic activation-
induced dysfunction, including the upregulation of transcrip-
tional regulators such as SOX4 and 1D3,°° which have been
implicated in T cell exhaustion. Compared to endogenous
T cells, huCART-meso cells displayed enrichment for a CD8
GZMK" phenotype following local delivery, which has been
associated with limited cytotoxic potential®® and immune
aging®''®? and was found to be an intermediate state between
effector and exhausted T cells.*’ Furthermore, while not signifi-
cant, we observed a higher frequency of the CD4* Treg pheno-
type, suggesting an immunosuppressive effect that may have
further hindered CAR T cell function.®® CAR T cells with a Treg
phenotype have been reported in non-responders to CAR19
therapy for large B cell lymphomas,®*®* where increased CAR
Treg populations were linked to disease relapse.®® It remains
unclear if the observed T cell subsets are present in the infusion
product or if they differentiated due to exposure in the TME. In
either case, this shift in T cell phenotype may impact and
limit the efficacy of huCART-meso cell activity, activation, and
expansion in patients. While these samples provide valuable
information, it is important to note that the number of patients
analyzed was limited and that prior treatments varied in type
and number across individuals. These factors should be consid-
ered when interpreting the findings.

To enhance huCART-meso efficacy, we targeted transcription
factors linked to T cell exhaustion. Our previous work showed
that knocking out SOX4 or ID3 improves effector function
following chronic antigen stimulation in vitro,”® consistent with
other cancer models linking SOX4 and ID3 to T cell exhaus-
tion.*""%>%" |n the present study, anti-MSLN CAR T cells with sin-
gle KOs showed strong but donor-dependent benefits in vivo,
suggesting that larger sample sizes are needed to clarify pheno-
type-response correlations. Variable responses may result from
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functional redundancy among SOX and ID family members,%%°

genetic compensation,”® or donor-specific non-heritable charac-
teristics.”"""® This variability emphasizes the need to account for
patient-specific traits when optimizing CAR T therapies. Recent
studies in CD19 CAR T cells have suggested that a Th2-skewed
phenotype in the pre-infusion products correlates with improved
long-term responses,”® potentially adding another layer of
complexity to donor-specific therapeutic outcomes. The intricate
interplay between genetic modifications and baseline donor
characteristics underscores the importance of understanding
donor-specific factors for improved outcomes. Testing across
multiple donors is essential for robust conclusions.

Given heterogeneity in the single-KO phenotypes, we tested
whether dual KO of ID3 and SOX4 improves CAR T effector
function using xenograft mouse models. Mice treated with dual-
KO CART cells exhibited delayed tumor relapse compared to sin-
gle-KO and WT CAR T cells, suggesting a cooperative role for
SOX4 and ID3 in regulating long-term responses. This supports
findings that targeting multiple transcription factors simulta-
neously, such as NR4A family members,*® improves CAR T dura-
bility.”*"> Although NSG mice lack proper host immunity, WT and
single-KO CAR T cells were dysfunctional in relapsed tumors,
probably due to persistent antigen exposure from the MSLN-ex-
pressing tumor cells. Continuous CAR engagement with tumor
cells likely leads to early cytotoxic activity, followed by gradual
loss of function due to sustained stimulation, ultimately allowing
a small reservoir of tumor cells to persist and drive relapse in
WT and single-KO-treated animals. In contrast, DKO CAR
T cells demonstrated improved control of residual tumors, sug-
gesting enhanced resistance to antigen-driven exhaustion and su-
perior long-term functional persistence. Dissecting the transcrip-
tional and signaling programs of DKO CAR T cells, along with
in vivo tumor re-challenge studies, will be important next steps
to better understand how these factors regulate CAR T cell
exhaustion and contribute to long-term antitumor protection.

Lastly, the challenging TME of PDAC likely played a significant
role in the limited efficacy of huCART-meso as a monotherapy.
Strategies to activate immunity in PDAC are under investigation
and hold promise to boost immunotherapy results.”® Given the
ability of huCART-meso cells to infiltrate metastases and persist
in peritoneal fluid with an acceptable safety profile, combination
strategies could enhance therapeutic outcomes. Potential ap-
proaches include co-administration with checkpoint inhibitors
targeting the programmed cell death 1 (PD-1)/programmed
death-ligand 1 (PD-L1) axis or blocking immunosuppressive tu-
mor-derived factors such as transforming growth factor

E) UMAP projection of scRNA-seq data from recurrent TILs harvested from mice injected with WT CAR T cells (ND561, n = 1 donor) and SOX4-KO CAR T cells

(
(ND561 and ND539, n = 2 donors).
(

F) UMAP projection with broad T cell subsets labeled. NK-like T cells clustered on the left (cluster 2) and all other clusters were defined as GZMK* exhausted

T cells (Tex), right.
(G) huCART-meso expression in recurrent tumor TILs.

(H) Cluster distribution depicting the frequency that WT and SOX4KO-injected recurrent tumor TILs were found within the broad clusters defined in (F). y axis
represents the percent of cells found within each cell type cluster for each condition (WT or SOX4KO). The percent was calculated by taking the number of cells
per condition within each cell type cluster and dividing by the total number of cells in that condition. SOX4KO condition was averaged for the two mice and
visualized via bar plot, and circles depict the individual values for each mouse; moderated t test using the propeller method.

(I) Gene expression levels of TNFRSF9, TIGIT, LAG3, and HAVCR2 in recurrent tumor CARpos TILs extracted from mice injected with WT and SOX4KO CAR
T cells.

****p < 0.0001, **p < 0.001, ns: not significant. See also Figure S4.
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Figure 5. Double KO of SOX4 and ID3 in huCART-meso cells provides sustained protection against tumor recurrence
(A) Population doublings, viability, and average cell volume of ND584 WT, ID3KO, SOX4KO, and DKO huCART-meso (solid lines) and un-transduced cells (UTD)
(dashed lines).

(B) Post-expansion phenotype characterization using flow cytometry of huCART-meso DKO cells derived from healthy donors; mean + SEM. Each dot represents
one donor,n=7.

(C) Tumor growth volumes of AsPC-1 tumor-bearing mice treated with suboptimal doses of UTD (n = 8 mice), WT, ID3KO, SOX4KO, or DKO ND584 huCART-

meso cells (5 x 10° CAR T cells/mouse, n = 12 mice per group); two-Way ANOVA with Geisser-Greenhouse correction and Dunnett’s post hoc test; mean + SEM.
Dashed line indicates the day of huCART infusion (day 0).

(D) Percentage of weight loss of mice shown in (C), mean + SEM.

(legend continued on next page)
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Table 4. Relapse-free survival

Characteristic N Event N Median survival
Overall 170 51 NR (NE, NE)
Treatment

WT 42 17 111 (86, NE)
ID3KO 42 18 115 (100, NE)
SOX4KO 43 12 NR (100, NE)
DKO 43 4 NR (NE, NE)

N, total number of mice; Event N, total number of events (recurrence,
death, or censored); WT, wild type; DKO, double knockout; NR, not
reached; NE, not estimable.

p.?>""7® Preclinical and early-phase clinical studies have shown
improved CAR T cell efficacy with such combination therapies.”®
Additionally, targeting tumor stroma to enhance CAR T cell
extravasation and modulating myeloid compartments via
CD40/CD40L targeting could improve antitumor activity.®%-%°

In conclusion, this study provides important insights
into the challenges of CAR T cell therapy for PDAC. While hu-
CART-meso therapy demonstrated a favorable safety profile,
its efficacy was limited by poor persistence and low hu-
CART-meso tumor infiltration. Future strategies, including
combination therapies and transcription factor modulation,
hold promise for enhancing CAR T cell function in solid tu-
mors. Continued research in these areas will be essential to
unlocking the full therapeutic potential of cell-based immuno-
therapies for PDAC.

Limitations of the study

Limited sample availability, small patient cohorts, and variability
in prior treatments challenge definitive conclusions for certain
aspects of our investigation.

We focused on uncovering the intrinsic mechanisms driving
CAR T cell exhaustion using subcutaneous xenograft models,
which provide a controlled platform for assessing CAR T cell
dynamics but do not fully mimic the pancreatic TME. The use
of immunocompromised mice also limits the evaluation of inter-
actions with endogenous immune cells. Future studies using
orthotopic syngeneic models and tumor re-challenge experi-
ments will be important to further validate the long-term effi-
cacy and durability of DKO CAR T cells in more physiological
settings. Despite these constraints, our in vivo assays provide
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valuable insights into the efficacy and persistence of gene-edi-
ted CART cells.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Dr. Carl H. June (cjune@upenn.edu).

Materials availability

The CAR construct will be available under a material transfer agreement upon
request. The sgRNAs and primer sequences are listed in Table S3. The anti-hu-
CART-MSLN anti-idiotype antibody was generously provided by Novartis.

Data and code availability

® Single-cell RNA-sequencing data generated in this study are available
through GEO. The accession number is listed in the deposited data sec-
tion of the key resources table.

® This paper does not report original code. Seurat was used to analyze
scRNA-seq data; see STAR Methods for details.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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(E) Experimental design for relapse analyses in AsPC-1 tumor-bearing xenografts treated with curative doses of WT, ID3KO, SOX4KO, and DKO huCART-meso

cells (1 x 10° CAR T cells/mouse).

(F) Individual tumor volumes of mice cured with ND528 UTD, WT, ID3KO, SOX4KO, and DKO huCART-meso cells until 4 months after infusion (day 123).

(G) Individual tumor volumes of mice treated with curative doses of ND528 and ND584 WT, ID3KO, SOX4KO, and DKO huCART-meso cells at the end of the study
or last seen, whatever comes first; Kruskal-Wallis plus Dunn’s test (mean + SEM).

(H) Relapse-free survival (RFS) plot for mice treated with WT, ID3KO, SOX4KO, or DKO huCART-meso cells. Plot represents RFS of all groups combined (ND528 +
ND584, n = 170 mice). Multiple independent experiments were performed.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-human CD3 Biolegend Cat# 317322; RRID:AB_2561911
anti-human CD3 Biolegend Cat# 317308; RRID:AB_571913
anti-human CD4 Biolegend Cat# 357412; RRID:AB_2565664
anti-human CD4 Biolegend Cat# 317440; RRID:AB_2562912
anti-human CD4 Biolegend Cat# 317428; RRID:AB_1186122
anti-human CD8 BD Pharmingen Cat# 560179; RRID:AB_1645481
anti-human CD8 Biolegend Cat# 344748; RRID:AB_2629584
anti-human CD14 Biolegend Cat# 301838; RRID:AB_2562909
anti-human CD45 Biolegend Cat# 304032; RRID:AB_2561357
anti-human CD45 Biolegend Cat# 304017; RRID:AB_389314
anti-human CD45 Biolegend Cat# 304028; RRID:AB_893338
anti-human CD56 Biolegend Cat# 304608; RRID:AB_314450
anti-human EpCAM Biolegend Cat# 324226; RRID:AB_2562735
anti-human EpCAM Biolegend Cat# 324238; RRID:AB_2632937
anti-human CD235a Biolegend Cat# 349104; RRID:AB_10613463
anti-human Mesothelin Biolegend Cat# 530203; RRID:AB_2571909
anti-human CD45RO Biolegend Cat# 304244; RRID:AB_2564160

anti-human CCR7
anti-human IgG F(ab’)2

TruStain FeX™ PLUS (anti-mouse
CD16/32) Antibody

Human TruStain FeX™ (Fc Receptor
Blocking Solution)

Anti-human CD45 (CD45-LCA)
Biotinylated goat anti-human IgG F(ab’)2

BD Pharmingen
Jackson ImmunoResearch
Biolegend

Biolegend

Cell Signaling Technology
Jackson ImmunoResearch

Cat# 561271; RRID:AB_10561679
Cat# 109-066-006; RRID:AB_2337634
Cat# 156604; RRID:AB_2783138

Cat# 422302; RRID:AB_2818986

Cat# 13917; RRID:AB_2750898
Cat# 109-066-006; RRID:AB_2337634

Bacterial and virus strains

One Shot™ Stbl3™ Chemically Invitrogen C7373-03

Competent E. coli

Biological samples

T lymphocytes from human healthy donors UPenn Human Immunology Core N/A

Peritoneal fluid CCI Clinical Trials Unit/Translational and N/A
Correlative Studies Laboratory

Tumor biopsies (Fine needle aspirates) CCl Clinical Trials Unit/Translational and N/A
Correlative Studies Laboratory

Blood CCI Clinical Trials Unit/Translational and N/A

Correlative Studies Laboratory

Chemicals, peptides, and recombinant proteins

Live/Dead Aqua

Zombie NIR (Biolegend) Fixable Viability Kits

Ficoll® Paque Plus

Alt-R® Cas9 Electroporation Enhancer,
10 nmol

SpyFi Cas9
P3 Primary cell 4D-nucleofactor X Kit L
OpTmizer T cell Expansion SFM

ThermoFisher

Biolegend

Millipore

Integrated DNA Technologies

Aldeveron
Lonza
Gibco
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Cat# L34957

Cat# 423106

Cat# GE17-1440-0
Cat# 1075916

Cat# 9214
Cat# V4XP-3024
Cat# A1048501
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Human AB Serum GeminiBio Cat#100-512
Recombinant Human IL-7 Peprotech Cat#200-07
Recombinant Human IL-15 Peprotech Cat#200-15
DNAse | Sigma Cat#10104159001
Lipofectamine 3000 Thermo Fisher Scientific Cat#L3000015
Matrigel Membrane Matrix Corning Cat#356234
Collagenase D Sigma Cat# 11088866001
DNase | from bovine pancreas Sigma Cat# 11284932001
Ack lysing buffer Gibco Cat# A1049201
EDTA (0.5 M), pH 8.0, RNase-free Thermo Fisher Cat# AM92 61
BV421 Streptavidin Biolegend Cat# 405225
Alexa Fluor 488 Streptavidin Biolegend Cati# 405235
APC Streptavidin Biolegend Cat# 405235
Critical commercial assays

NEBNext® Library Quant Kit for lllumina® New England Biolabs E7630L

NextSeq 500/550 High Output Kit lllumina 20024906

(75 cycles) v2.5 kit

NextSeq 500/550 High Output Kit v2.5 lllumina 20024907

(150 Cycles)

Chromium Next GEM Single Cell 3’ GEM, 10X Genomics 1000128

Library & Gel Bead Kit v3.1

Single Index Kit T Set A 10X Genomics 1000213

Qubit™ dsDNA HS Assay Kit ThermoFisher Q32854
BioAnalyzer High Sensitivity DNA Kit Agilent 5067-4626
DynaBeads CD3x28 (Human) ThermoFisher Cat# 11131D

NucleoSpin Gel and PCR Clean-up
QIAGEN Plasmid Plus Maxi Kit

EasySep™ Release Human CD45 Positive
Selection Kit for Humanized Mice

CountBright Absolute Counting Beads,
(ThermoFisher)

Milliplex Human 31-plex
Milliplex Human 32-Plex
LongAmp™ Taq 2X Master Mix

Macherey-Nagel
QIAGEN
STEMCELL Technologies

Thermo Fisher

Millipore
Millipore
New England Biolabs

Cat# 74609.50
Cat# 12963
Cat# 100-0140

Cat# C36950

Cat# SPRCUS707
Cat# SPRCUS1673
Cat# M0287S

Vacuum Filter/Storage Systems Corning Cat# 430770

Deposited data

Raw and analyzed data This paper Database: GEO: GSE276061
Experimental models: Cell lines

Human (female) HEK293T ATCC CRL-11268

Human (female) ASPC-1 ATCC CRL-1682

Experimental models: Organisms/strains

NOD/scid/IL2ry—/— (NSG) Jackson Laboratory Cat# 5557
Oligonucleotides

See Table S3 for sgRNA oligonucleotides N/A

and primer sequences

Recombinant DNA

pTRPE M5BBz This paper N/A

Software and algorithms

R version 4.2.0 CRAN https://cran.r-project.org/

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Speckle 1.2.0 (Phipson et al. %) https://www.bioconductor.org/packages/

RStudio 2022.02.2
Seurat_4.3.0.1

Cell Ranger v3.1.0
sctransform_0.3.5

SeuratWrappers 0.3.0
Prism v10 Software
FlowJo™ v10.8 Software

RStudio Team

(Butler et al.?®; Stuart et al. %)
10X Genomics

(Hafemeister and Satija ©')

(Butler et al.?®; Stuart et al. %)
GraphPad Software
BD Life Sciences

release/bioc/html/speckle.html
http://www.rstudio.com/
https://satijalab.org/seurat/
https://www.10xgenomics.com/

https://cran.r-project.org/web/packages/
sctransform/index.html

https://satijalab.org/seurat/articles/install.html
https://www.graphpad.com/
https://www.flowjo.com

Other
CRISPick sgRNA designer ([2020])

The Broad Institute https://portals.broadinstitute.org/gppx/
crispick/public
Benchling sgRNA designer tool Benchling
(https://www.benchling.com, [2020])

https://benchling.com/

Synthego’s Performance Analysis ICE Synthego https://ice.synthego.com/[2021 to 2024]).
(short for Inference of CRISPR Edits) tool
BioRender illustration design tool BioRender https://biorender.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study participants
This trial was conducted in accordance with guidelines from the United States Food and Drug Administration (FDA), the International
Conference on Harmonization for Good Clinical Practice, the Declaration of Helsinki, and applicable institutional review board
(IRB) requirements. The study protocol was approved by the University of Pennsylvania Institutional Review Board (IRB protocol
number 827644). All patients provided written informed consent in accordance with local regulatory review. Patient samples
were collected with written informed consent and ethics approval under the same IRB protocol. The Data Safety Monitoring Board
provided oversight and monitored the safety of the study.

The median age at study entry was 61 years (range: 45-74 years). Among the patients infused with huCART-meso cells, three
(33.3%) were reported as male and six (66.7 %) as female. All participants were Caucasian. Gender information was based on patient
self-report. Patient characteristics are summarized in Table S1.

Cell lines

AsPC-1 (human cell line, female) and HEK293T (human cell line, female) cells were acquired from the American Type Culture
Collection (ATCC), which reports cell line sex information. AsPC-1 cells were cultured in DMEM/F12 (1:1) (Gibco, Life Technologies),
20% fetal bovine serum (FBS), and 1% penicillin/streptomycin (Gibco, Life Technologies). HEK293T cells were maintained in
RPMI-1640 (Gibco, Life Technologies) supplemented with 10% FBS, 2% HEPES (Gibco), 1% GlutaMAX (Gibco), and 1% peni-
cillin/streptomycin. Authentication of all cell lines was regularly performed by the University of Arizona Genetics Core, and myco-
plasma contamination was routinely assessed using the MycoAlert Mycoplasma Detection Kit (Lonza).

Mice

Animal experiments were conducted following protocols approved by the Institutional Animal Care and Use Committee of
the University of Pennsylvania. Six-to eight-week-old NOD/scid/IL2ry—/— (NSG) female mice were obtained from Jackson
Laboratories and bred in the vivarium at the University of Pennsylvania under pathogen-free conditions. The mice were housed
and maintained in a pathogen-free environment throughout the study. Sex was assigned based on provider information and
visual inspection.

Primary human T lymphocytes from healthy donors

Primary T lymphocytes from healthy donors were sourced from the University of Pennsylvania Human Immunology Core, with the
approval of the University of Pennsylvania Institutional Review Board (IRB protocol number 700906) All samples were deidentified
to comply with HIPAA rules. Participants in the study provided written informed consent, adhering to the principles outlined in the
Declaration of Helsinki, the International Conference on Harmonization’s Good Clinical Practice guidelines, and the United States
Common Rule. The reported gender and age for each sample are as follows: ND539 (male, 39), ND561(male, 27), ND410 (female,
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59), ND582 (female, 54), ND602 (male, 40), ND609 (male, 25), ND584 (male, 31), ND528 (male, 31). Gender information was based on
donor’s self-report.

METHOD DETAILS

Lentiviral vector production

The production of lentiviral vectors was conducted following previously established protocols.®® In brief, HEK293T cells were
transfected with lentiviral CAR and packaging plasmids using Lipofectamine 2000 or Lipofectamine 3000 (Invitrogen) according
to the manufacturer’s instructions. Lentiviral supernatants were harvested at 24- and 48-h time points post-transfection and
concentrated using high-speed ultracentrifugation. The resulting concentrated lentivirus batches were then resuspended in cold
media (RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, 1% penicillin-streptomycin) to
generate lentiviral stocks, which were subsequently stored at —80°C.

Transduction of CAR-redirected human T cells

The huCART-meso is a second-generation CAR comprising a human MSLN-binding single-chain variable fragment (scFv),
and CD8a hinge and transmembrane domains fused to 4-1BB and CD3-{ cytoplasmic signaling domains. CAR T cells were
manufactured as previously described.° Briefly, primary human CD8* and CD4* T cells from healthy donors were mixed at 1:1
ratio and activated at a concentration of 1 x 10° cells/ml using Dynabeads CD3/CD28 CTS (Thermo Fisher Scientific) at a 3:1
bead-to-cell ratio. Approximately 24 h later, the T cells were transduced at a multiplicity of infection (MOI) of 3-5. Beads were
magnetically removed from the cultures on day 5. T cell cultures were maintained at a concentration of 8 x 10° cells/ml. Cell number
and volume were monitored daily using a Multisizer 4 Coulter Counter (Beckman Coulter). Transduced T cells were cryopreserved
upon reaching the resting state, as determined by cell size.

Flow cytometry and sorting

Fresh metastatic tissue collected by fine-needle aspiration and recurrent tumors from in vivo experiments were collected, processed
and stained in fresh. Samples were digested in RPMI containing collagenase D (400 Mandl units/mL, Sigma) and DNase | (50 mg/mL,
Sigma) for 15 min at 37°C to generate single cell suspensions. 12 pl/mL EDTA 0.5 M, pH 8 was added to stop the enzymatic
digestion. Samples were then mechanically disrupted and filtered through a 0.7 mm cell strainer (Corning). Ammonium-Chloride-
Potassium (ACK, GIBCO) Lysing Buffer was used for the lysis of red blood cells. Human infiltrating T cells from recurrent mice
were enriched by magnetic sorting prior to FACS sort by using the EasySepTM Release Human CD45 Positive Selection Kit for Hu-
manized Mice (STEMCELL Technologies) according to manufacturer’s instructions. Single-cell suspensions from processed tumors
and in vitro cultures were washed in PBS and stained with Fixable Dead Cell Dyes followed by FcR-Block treatment (Fc Receptor
Blocking Solution, Biolegend) as per manufacturer’s recommendations.

Patient ascites were collected and centrifuged at 500g, at 4C for 20min. Patient’s 04 sample was enriched by Ficoll Paque Plus
density gradient following manufacturer’s protocol.

Viable T cell counts were determined using a trypan blue stain (Invitrogen) and a Countess automated cell counter (Invitrogen).
Samples were then stained in fluorescence-activated cell sorting (FACS) buffer, which consisted of PBS (Gibco), 0.5% bovine serum
albumin (BSA) (GEMINI), 2 mM EDTA (Invitrogen), and 100 pg/mL DNase (Roche). To calculate absolute cell counts in cell suspen-
sions, CountBrightTM Absolute Counting Beads (ThermoFisher) were used as an internal standard following the manufacturer’s
instructions.

Antibodies for surface staining are detailed in the key resources table. Surface expression of huCART-meso was assessed using
either biotinylated goat anti-human IgG F(ab’)2 (Jackson ImmunoResearch, 109-066-006) followed by fluorochrome-conjugated
streptavidin (see the key resources table), or an anti-idiotype antibody (provided by Novartis Pharmaceuticals). The anti-idiotype anti-
body was specifically used for detecting huCART-meso in patient-derived samples.

Live/dead staining was performed using Live/Dead Aqua (Life Technologies) or Zombie NIR (Biolegend) Fixable Viability Kits ac-
cording to the manufacturer’s protocol, followed by cell surface staining for 15 min at 4°C in the dark. Samples were analyzed on an
LSRII Fortessa and BD Symphony A5 Flow Cytometers (BD Biosciences) and processed using FlowdJo v10 software (FlowJo, LLC).
Sorting assays were performed using a FACS Aria Fusion Cytometer (BD Biosciences).

Clinical trial design

This was a single-center, single-arm phase 1 study designed to evaluate the safety and feasibility of both intravenous and local
administration of lentivirally transduced huCART-meso cells in patients with histologically confirmed unresectable or metastatic
pancreatic adenocarcinoma. The rationale for the phase 1 study was informed by previous CAR T cell trials conducted by our group.
Based on prior experience with MSLN-directed CAR T cell therapies, we hypothesized that local delivery of the maximum tolerated
dose (MTD) of huCART-meso cells (established by i.v. infusion under NCT03054298, 1-3x10” huCART-meso cells/m?) may reduce
the risk to patients by mitigating the potential for off-tumor, on-target toxicities. To further balance toxicity and efficacy, the study
permitted repeat i.v. infusions of huCART-meso cells every 21-42 days at the clinical discretion of the physician-investigator after
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the initial local dose. We aimed to test if the repeat i.v. infusions would bolster the anti-tumor effect of persistent huCART-meso cells,
which could lead to improved clinical outcomes while mitigating risk of toxicities observed at higher i.v. doses.

Eligible patients for the study have histologically confirmed unresectable or metastatic pancreatic adenocarcinoma. Additional
enrollment criteria included: (1) failure of at least one prior standard of care chemotherapy for advanced stage disease; (2) measur-
able disease as defined by RECIST 1.1 criteria; (3) patients >18 years of age; (4) Eastern Cooperative Oncology Group performance
status of 0 or 1; (5) satisfactory organ and bone marrow function; (6) blood coagulation parameters: PT such that internal normalized
ration is <1.5and a PTT <1.2 time the upper limit of normal unless the patient is therapeutically anti-coagulated for history of cancer-
related thrombosis and has stable coagulation parameters; (7) provides informed written consent; and (8) patients of reproductive
potential must agree to use acceptable birth control methods.

All subjects who received the target dose of huCART-meso cells were considered evaluable for response, including progression-
free survival and overall survival. All subjects with radiologically confirmed measurable disease (per RECIST 1.1) at baseline were
considered evaluable for overall radiologic response.

Clinical Cell manufacture

Enrolled patients underwent apheresis at the Hospital of the University of Pennsylvania Apheresis Center. The manufacture and release
testing of huCART-meso cells were performed by the Clinical Cell and Vaccine Production Facility at the University of Pennsylvania,
according to Phase 1 IND current Good Clinical Manufacturing Practice guidelines and FACT Common Standards for Cellular Thera-
pies. huCART-meso cells are autologous T cells that have been engineered to express an extracellular single chain antibody with mes-
othelin specificity and 4-1BB/TCRC intracellular signaling domains. T cells were enriched from autologous leukapheresis products and
activated with anti-CD3/CD28 antibody-coated magnetic beads, followed by transduction with the lentiviral vector containing the hu-
CART-meso transgene. T cells were expanded in culture and washed, de-beaded, and cryopreserved in infusible grade cryomedia prior
to product release following confirmation of FDA-specified release criteria for sterility, purity, and identity.

Quantitative PCR analysis of clinical samples

Each ampilification reaction contained 200 ng of genomic DNA per time point for peripheral blood and tumor samples. To determine
copy number per unit DNA, an eight-point standard curve was generated consisting of between 5 and 10° copies of huCART-meso
lentivirus plasmid spiked into 200 ng of nontransduced control genomic DNA. The number of copies of plasmid present in the stan-
dard curve was verified using digital gPCR with the same primer/probe set and performed on a QuantStudio 3D digital PCR instru-
ment (Life Technologies). Each data point (sample and standard curve) was evaluated in triplicate with a positive cycle threshold
value in three out of three replicates with a percentage coefficient of variation <0.95% for all quantifiable values. To control for the
quantity of interrogated DNA, a human genomic DNA reference assay was performed using 10 ng of genomic DNA and a primer-
probe combination specific for a nontranscribed genomic sequence upstream of the CDKN1A (p21) gene, as previously described. %
These amplification reactions generated a correction factor to adjust for calculated versus actual DNA input. Copies of transgene per
microgram DNA were calculated according to the formula: copies/microgram genomic DNA = copies calculated from huCART-meso
standard curve x correction factor/amount of DNA evaluated (ng) x 1000 ng.

Serum cytokine profiling
Serum samples obtained before and after huCART-meso infusion and cryopreserved at —80°C were thawed and analyzed for cyto-
kine measurements using a 31-plex panel (Millipore Sigma) as previously described.”’

Production of human CRISPR-Engineered CAR-T cells

The design and synthesis of single guide RNA (sgRNA) sequences targeting ID3 and SOX4 were performed according to previously
established methods.?® Gene disruption, T cell activation, transduction, expansion, and knockout validation followed an optimized
protocol as described.®” Briefly, primary T cells were cultured in OPT 7/15 media, which consist of OpTmizer T cell expansion media
(Gibco) supplemented with 5 ng/mL of hulL-7 and hulL-15 each (Preprotech). After 24 h, cells were electroporated using the Lonza
4D-Nucleofector Core/X Unit and the P3 Primary Cell 4-D Kit. For Cas9 and sgRNA delivery, RNP complexes were formed by sepa-
rately incubating 10ug of each sgRNA with the Cas9 nuclease (Aldevron, 10 pg) for 10 min at room temperature (RT). Cells were spun
down at 300xg for 5 min and resuspended at a concentration of 5-10x10° cells/100pL in the specified buffer (P3 Solution with Sup-
plement). The RNP complex, 100uL of resuspended cells, and 4uL of 100uM IDT Electroporation Enhancer (a non-homologous
ssDNA oligonucleotide) were combined and electroporated in a cuvette. Following electroporation, the cells were cultured in OPT
7/15 media at a concentration of 5 x 10°cells/mL at 37°C and activated 4 to 6h later using anti-CD3/anti-CD28 monoclonal anti-
body-coated magnetic beads. After 24 h, T cell were lentivirally transduced and expanded as described above.

For each target locus defined by two sgRNA cut sites (spanning 100 and 130 bp for SOX4 and ID3, respectively), PCR
and sequencing primers were designed to detect the target loci. LongAmp Taqg 2X Master Mix (NEB) was utilized for target
sequence amplification following the manufacturer’s protocol, and DNA purification was performed using NucleoSpin Gel and
PCR Clean-up (Macherey-Nagel). Gene editing efficiency was evaluated by Sanger sequencing as previously described.?®
Synthego’s Performance Analysis ICE tool was employed to calculate the editing efficiency. Primer sequences used for KO gen-
eration and editing efficiency validation are provided in Table S3.
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Mouse experiments

NOD/scid/IL2ry—/— (NSG) mice were purchased from The Jackson Laboratory and bred and housed in the vivarium at the University
of Pennsylvania in pathogen-free conditions. Animal studies were approved by the University of Pennsylvania Institutional Animal
Care and Use Committee. Mice were subcutaneously injected with 2 x 10° AsPC-1 cells suspended in 200 pL Matrigel:PBS (1:1)
into the right flank. When the mean of tumor volumes reached 250-300 mm?, mice were treated with 0.5 or 1 x 108 huCART-
meso cells generated from different healthy donors. Tumor volumes were calculated as length x with® +2. Tumor growth was weekly
assessed by caliper measurement. After primary antitumor response mice were monitored for recurrence. Mice bearing recurrent
tumors were sacrificed when reached the maximum size or showed evident signs of disease, and tumors were collected.

Standard immunohistochemistry (IHC) analyses

Recurrent tumors were collected and processed for standard IHC analysis by the Comparative Pathology Core at the School of
Veterinary Medicine of the University of Pennsylvania. Formalin-fixed tissues were routinely processed for paraffin embedding,
sectioning, and staining. 5-pm-thick paraffin sections were mounted on ProbeOn slides (Thermo Fisher Scientific). The immunostain-
ing procedure was performed using a Leica BOND RXm automated platform in combination with the Bond Polymer Refine Detection
Kit (Leica). Rabbit monoclonal primary antibody against human CD45 (CD45-LCA; Cell Signaling Technology, catalog no. 13917) was
used at concentrations of 1:300 and incubated on the sections for 45 min at room temperature. A biotin-free polymeric IHC detection
system, consisting of horseradish peroxidase—conjugated anti-rabbit immunoglobulin G (IgG), was applied for 25 min at room
temperature. Immunoreactivity was visualized using the diaminobenzidine chromogen. CD45 infiltration was quantified using Aperio
ImageScope v12.4 (Aperio Technologies, Vista, CA, USA).

Single-cell RNA-seq library preparation

scRNA-seq libraries were generated using a Chromium Single-Cell 3’ v3.1 Library and Gel Bead Kit (10x Genomics) following
the manufacturer’s protocol. Briefly, for recurrent mouse tumor and chronic antigen stimulation assays, CD8" T cells were sorted
by FACS and washed with ice-cold PBS +0.04% BSA. After washing, 15,000 cells were loaded onto the chromium controller to
generate single-cell gel beads in emulsion. For patient samples, approximately 35,000-100,000 CD3* T cells were sorted by
FACS and cells were washed twice with ice-cold PBS +0.04% BSA and spun down at 600g for 5 min. After washing, cells were
resuspended in up to 45 pL of ice-cold PBS +0.04% BSA. Five microliters of cell suspension were mixed with 5 pL of trypan blue,
and cell numbers were counted via hemacytometer under the microscope. Approximately 10,000-16,000 cells were loaded to create
the gel bead in emulsion. Following reverse transcription, gel beads in emulsion were disrupted and barcoded complementary
DNA was isolated and amplified. After fragmentation, end repair, and poly A tailing, sample indexes were added and amplified
following the manufacturer’s protocol. The final libraries were quality control checked and sequenced on an lllumina NextSeq
500. Patient 04 was sequenced with a 75-cycle kit with parameters Read 1: 28, Read 2: 56, Index 1: 8, Index 2: 0. Recurrent mouse
tumors and patient 05 were sequenced with a 150-cycle kit with parameters Read 1: 28, Read 2: 91, Index 1: 8, Index 2: 0.

Single-cell RNA-seq analysis

To assess the expression of huCART-meso CAR in the scRNA-seq data, the cellranger reference was reindexed (mkref) by adding a
single contig for the 818 bp WPRE sequence (a unique sequence in the CAR plasmid) to the GRCh38 assembly of the human genome
(the gene annotation GTF file was appended with CDS and exon entries spanning the entire sequence and gene_id “CAR-Ligand”).
Sequencing data were aligned to the GRCh38 genome with the WPRE sequence and then barcodes and unique molecular identifiers
were counted using the Cell Ranger v3.1.0 command cellranger count. See below detailed analyses for each experiment.
Patient and recurrent tumor TILS single cell (Figures 2 and 4)

Data were further analyzed in R (version 4.2.0) using Seurat version 4.3.0.1.5%° Briefly, genes that were not detected in at least 3
cells and cells with >10% mitochondrial reads were excluded, as well as cells that express <200 genes or >5000 genes. Data
were normalized using NormalizeData. CellCycleScoring was performed using s_genes and g2m_genes. Data were normalized using
sctransform V 0.3.5 &” with assay = RNA, new.assay.name = ‘SCT’, vst.flavor = ”v2”, vars.to.regress = S.Score, G2M.Score, percent.
mt. RunPCA was performed with npcs = 30. Samples were integrated using Seurat’s integration method®® with the following
parameters. SelectintegrationFeatures (nfeatures = 3000) and FindIntegrationAnchors using “SCT” was run. Next, we used
RunUMAP on integrated datasets with “pca” reduction and dims = 1:20. FindClusters was performed with a resolution of 0.4 and
UMAPs were generated.

Patient single cell (Figure 2)

Marker genes were determined using the FindAlIMarkers function in Seurat using SCTransform normalized expression values where
at least 25% of the cells must be expressing the gene with a logfc.threshold = 0.25. Next, ALRA imputation method®® was performed
to reduce the number of technical zeros. ALRA imputed data was used to generate the UMAP feature plot of CAR expression. To
isolate CARpos cells, subset function was used with parameter CAR-Ligand>0 using ALRA imputed values. 537 CARpos cells
were identified. Next, CARneg cells were randomly downsampled to 537 cells using set.seed equals 12. CARpos and downsampled
CARneg Seurat objects were merged using the merge function. After merging, RUnALRA was performed on the merged object.
Genes differentially expressed between CARpos and CARneg cells were identified using FindMarkers. Imputed values were plotted
via violin plot to show expression changes between CARpos and CARneg cells. Z scores were calculated from imputed values for the
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30 dysfunction signature genes and pheatmap was used to generate heatmaps with ward.D clustering method using down-
sampled data.

T cell subpopulations were defined using canonical markers. In the CD4 population, we detected regulatory T cells (Tregs; FOXP3,
IL2RA, IKZF2), naive (SELL, CCR7, LEF1), and effector memory T cells (Tem; IL7R, KLRB1). In the CD8 population, we detected mem-
ory T cells (Tmem; CCR7, LEF1, SELL, IL7R, TCF7), effector memory (Tem; IL7R, KLRG1, NKG7), GZMK+ effector memory (GZMK+
Tem; GZMK, NKG7, PRF1, GZMH, CCL5), terminally differentiated Tem (Temra; NKG7, PRF1, GZMH, CCL5), and an NK-like T cell
population (NK-like; NCAM1, FCGR3A, GNLY, GZMB, KLRC1, KLRC2). To display changes in T cell subpopulations, the number of
cells found within each cluster for each condition was normalized by the total number of cells per condition and expressed as per-
centages. Cell type composition analysis in single-cell data was implemented using propeller from speckle R package.®* Briefly,
moderated t-tests method was performed on cell type proportion between huCAR-meso+ (CARpos) and endogenous CAR negative
T cells (CARneg) replicates for all cell types, excluding the unknown annotated cluster. P-values were reported as statistical
significance.

Recurrent tumor TILs single cell (Figure 4)

To isolate CARpos cells, the subset function was used with parameter CAR-Ligand>0. SCTransform normalized expression values
were used to make violin plots and UMAP feature plots. Genes differentially expressed between WT and SOX4KO recurrent tumor
CARpos TILs were identified using FindMarkers. Wilcoxon Rank-Sum test was used to measure significance and adjusted p-values
were calculated based on Bonferroni correction to determine the level of significance comparing WT to SOX4KO recurrent tumor TILs
and data was plotted via violin plot.

T cell subpopulations were defined using canonical markers. All cell clusters expressed exhaustion markers LAG3, HAVCR2, TOX,
TIGIT. Clusters were further classified by NK-like Tex which expressed high levels of NK receptors and CAR T cell exhaustion genes
identified in ® (KLRC1, KLRC2, KLRB1, KLRD1, CD9, TNFRSF18, RGS16, and SRGAP3.) The GZMK+ Tex population was identified
as having high expression of GZMK and EOMES and low to no expression of NK receptors and CAR T dysfunction signature genes.
To display changes in T cell subpopulations, the number of cells found within each cluster for each condition was normalized by the
total number of cells per condition and expressed as percentages. Cell type composition analysis in single-cell data was imple-
mented using propeller from speckle R package.®* Briefly, moderated t-tests method was performed on cell type proportion between
WT and SOX4KO replicates for all cell types. P-values were reported as statistical significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism 10.1.2 GraphPad (GraphPad software) are represented by the following
***p < 0.0001, **p < 0.001, **p < 0.01, “p < 0.05.

Statistical details for all experiments, including the statistical tests used, exact values of n, definitions of n, measures of central
tendency, and measures of variability are provided in the figure legends.

For CAR T cell expansion in biopsy samples, statistical analysis was performed using a Wilcoxon matched-pairs signed rank test.
For in vitro and in vivo assays, Normality tests (D’Agostino & Pearson test, Kolmogorov-Smirnov test and Shapiro-Wilk test) were
used to assess normality of distribution of the variables. Statistical significance between two groups was determined using two-tailed
unpaired Student’s test or the equivalent non-parametric Mann-Whitney. For tumor growth data analyses, Mixed effects two-Way
ANOVA was used to compare the average tumor growth rates among groups by assessing the significance of the treatment by
time interaction term within the timepoints showing linear growths. Statistical significance between multiple groups of two variables
was assessed by two-Way ANOVA with post hoc tests.

Kaplan-Meier curves were generated for relapse-free survival (RFS) analyses, defined as the number of days between the date of
infusion and the first of the following dates: recurrence, death, end of the experiment (censored). A log rank test for RFS, restricting to
WT or DKO subjects was performed.

To identify changes in cell populations from single-cell RNA-seq datasets, significance was evaluated using the moderated t-test
using the propeller method, speckle package in R. Data were visualized using the following R packages and functions ggplot2, pheat-
map, RColorBrewer, gplots, dplyr, plotly. RFS was analyzed using the survival, SurvMisc, survminer packages in R. See key
resources table for versions of R packages utilized in this study.
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