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SUMMARY
Chimeric antigen receptor (CAR) T cells demonstrate remarkable success in treating hematological malig-
nancies, but their effectiveness in non-hematopoietic cancers remains limited. This study proposes
enhancing CAR T cell function and localization in solid tumors by modifying the epigenome governing tis-
sue-residency adaptation and earlymemory differentiation.We identify that a key factor in human tissue-resi-
dent memory CAR T cell (CAR-TRM) formation is activation in the presence of the pleotropic cytokine, trans-
forming growth factor b (TGF-b), which enforces a core program of both ‘‘stemness’’ and sustained tissue
residency by mediating chromatin remodeling and concurrent transcriptional changes. This approach leads
to a practical and clinically actionable in vitro production method for engineering peripheral blood T cells into
a large number of ‘‘stem-like’’ CAR-TRM cells resistant to tumor-associated dysfunction, possessing an
enhanced ability to accumulate in situ and rapidly eliminate cancer cells for more effective immunotherapy.
INTRODUCTION

The adoptive transfer of chimeric antigen receptor (CAR) T cells

has demonstrated significant success in treating hematopoietic

malignancies.1–8 Given this advancement in the field of cellular

immunotherapy, a growing number of trials now focus on solid

tumors, which are responsible for more than three-quarters of

cancer-related deaths worldwide.9 However, to date, therapeu-

tic successes in these indications, including results from our

own clinical studies, have been modest (reviewed in Nguyen10

and Martinez11). The reasons for poor efficacy are unknown but

likely multifactorial. Unlike the situation in hematologic malig-

nancies, CAR T cells must successfully localize from the blood

to solid tumor sites despite potential T cell-/tumor-derived che-

mokine mismatches12,13 and subsequently infiltrate cancer-

derived extracellular matrix components to elicit cytotoxicity,14

frequently in the setting of antigen heterogeneity or loss.15 Even

with adequate trafficking and infiltration, engineered T cells

become rapidly hypofunctional in the tumor microenvironment

(TME).16,17 In addition to tumor-mediated immunosuppression,
This is an open access article under the CC BY-N
lack of therapeutic levels of in vivo CAR T cell expansion, local

persistence at tumor sites, and elicitation of robust effector

functions are attributed to T cell-intrinsic mechanisms that

hamper intratumoral accumulation, resulting in treatment resis-

tance and disease progression.18,19

Attrition of CAR T cell-intrinsic memory functions has been

implicated in poor CAR T cell persistence and lack of durable tu-

mor control.20 Memory CD8+ T cell subsets can be generally

categorized into circulating stem cell memory (TSM), central

memory (TCM), and effector memory (TEM) T cells,21 in addition

to tissue-resident memory (TRM) T cells, which mainly persist in

non-lymphoid compartments without recirculation.22–25 Current

CAR T cell production methods incorporating circulating

T cells have been heavily influenced by use in hematological ma-

lignancies where the ideal CAR T cells would traffic to secondary

lymphoid organs and bonemarrow. Thus, TSM and TCMwith high

levels of homing receptor expression and the ability to persist in

lymphoid compartments have been favored. However, for solid

tumor indications, CAR T cells need to localize within non-

lymphoid tissues, persist, and maintain durable antitumor
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activity. Thus, changing the phenotype of conventional circu-

lating CAR T cells to more efficiently accumulate, persist, and

maintain potency in the TME is an important goal.

Large fractions of tumor-infiltrating lymphocytes (TILs) are

composed of TRM cells, with the degree of TRM infiltration directly

correlating with effective endogenous antitumor responses as

well as successful immunotherapy.26–29 CD8+ TRM cells upregu-

late multiple adhesion molecules, including CD103 and CD49a,

to enable T cell interactions with tumor cells and the surrounding

extracellular matrix. In addition, TRM cells decrease expression

of migratory pathways governed by Kr€uppel-like factor 2

(KLF2), which dictate T cell commitment to recirculation.30 These

specific molecular features enable TRM cells to accumulate at tu-

mor sites and exert robust effector functions.

Transcription factors such as RUNX3 and cytokines including

transforming growth factor beta (TGF-b), interleukin (IL)-7, and

IL-15 regulate the differentiation, localization and function of

long-lived CD8+ T cells residing in healthy non-lymphoid tis-

sues.31–33 In recent studies, TRM cells possessing characteris-

tics of ‘‘stemness’’ were observed in normal peripheral tissues

and tumor-draining lymph nodes of syngeneic mice.34,35 These

stem-like TRM cells exhibit superior polyfunctionality as well as

memory functions relative to their conventional resident T cell

counterparts and can give rise to fully differentiated TRM prog-

eny cells in an antigen-dependent manner. Neoantigen-specific

TILs possessing these characteristics have been implicated

in mediating effective antitumor immunity in the setting of im-

mune checkpoint blockade (ICB) therapies.36 Thus, the differ-

entiation trajectory of CAR T cells can be modulated through

targeted chromatin remodeling and subsequent transcriptional

changes, a process referred to as epigenetic reprogramming.

By inducing these changes, we aim to create populations of

CAR T cells that efficiently accumulate in tumors while main-

taining robust effector functions and self-renewal capacity,

potentially representing a promising treatment modality for

certain cancers.

Here, we intended to enhance CAR T cell accumulation and

function in solid tumors through modulation of TRM fate speci-

ficity. In this vein, we explored different methods to endow hu-

man CAR T cells with both early memory features and the ability

to establish tissue residency. We report the preclinical develop-

ment of the proposed CAR-TRM cell therapy evaluated in both

solid and liquid cancer models, in addition to exploring the mo-

lecular signals promoting tissue residency, exhaustion, and early

memory T cell differentiation.

RESULTS

TGF-b induces resident memory CAR T cell
differentiation
TGF-b has been implicated in TRM cell differentiation in non-

lymphoid tissues.37–39 Because CAR T cells are generally pro-

duced in vitro after activation through CD3 and CD28 ligation,

we hypothesized that the presence of TGF-b during CAR T cell

production would enhance the formation of engineered TRM
cells. To evaluate the impact of TGF-b on the phenotype of

CAR T cells, different levels of TGF-b were treated during the

manufacture of anti-mesothelin (M5) CAR T cells (Figure S1A).
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The expression of resident memory markers progressively

increased as the concentration of TGF-b was increased and

reached saturation at concentrations above 2 ng/mL (Fig-

ure S1B). However, the expansion capacity of the CAR T cells

was compromised at 10 ng/mL (Figure S1C). To determine the

optimal duration of TGF-b treatment, we tested different dura-

tions (Figure S1D). The addition of TGF-b after day 3 significantly

reduced the development of the resident memory population

(Figure S1E), and the CAR T cell expansion was consistent

regardless of the duration of TGF-b exposure (Figure S1F).

Based on these results, we used a concentration of 2 ng/mL

TGF-b starting on day 0 in subsequent experiments. We then

characterized the phenotype of M5 CAR T cells produced under

these optimal culture conditions. Compared with conventional

CAR T cells (CAR-TCONV) cultured in IL-2 alone, CAR T cells

that were also exposed to TGF-b (CAR-TRM) upregulate several

classical TRM markers, including CD103, CD39, and CD49a

(Figures 1A and 1B). In addition to these adhesion molecules,

increased expression of inhibitory receptors is a hallmark of

TRM cells.37,38,40,41 Consistent with this previous finding, CAR-

TRM cells showed elevated expression of PD1, LAG3, and

TIM3 inhibitory receptors as well as the exhaustion-related tran-

scription factor, TOX (Figure 1C). Intriguingly, unlike differenti-

ated effector-like resident memory T cells, CAR-TRM products

express high levels of proteins that play a central role inmaintain-

ing stemness, such as TCF1 and IL7R and the lymph node hom-

ing receptor, CCR7, suggesting that TGF-b exposure repro-

grams T cells toward a stem-like resident memory fate

(Figure 1D).31,34,35

TGF-b is known to have immunosuppressive effect on

T cells.42,43 We co-cultured M5 CAR T cells with the target

pancreatic cancer cell, AsPC-1, to assess theantigen-dependent

effector function of CAR-TRM cells. Despite a marked increase in

the expression of CD103, which is known be associated with

enhanced cytolytic activity of resident memory T cells,44 CAR-

TRM cell cytotoxic function is diminished (Figures 1E and 1F).

However, CAR-TRM cells show enhanced production of multiple

effector cytokines (i.e., interferon gamma [IFN-g], IL-2, tumor ne-

crosis factor alpha [TNFa], IL-6), comparedwith CAR-TCONV cells

and exhibit a comparable level of ex vivo expansion during pro-

duction, implying that proliferative capacity and certain T cell

effector functions are not compromised by TGF-b (Figures 1G

and 1H).

The function of CAR-TRM cells was also evaluated during

chronic antigen stimulation. Despite having lower cytolytic

activity compared with CAR-TCONV cells, CAR-TRM cells

showed a high production of IFN-g, TNFa, and IL-6 and an

increased proliferative capacity after repetitive CAR activation

(Figures S2A–S2C). To determine the susceptibility of CAR

T cells that were exposed to TGF-b during manufacturing to

high levels of TGF-b present in the TME, CAR-TCONV, and

CAR-TRM cells were co-incubated with target pancreatic can-

cer cells, with or without exogenous TGF-b. The results showed

that both CAR-TCONV and CAR-TRM cells decreased in cytotox-

icity and effector cytokine production when exposed to TGF-b

(Figures S2D and S2E). However, CAR-TRM cells maintained

higher levels of effector cytokine production even after expo-

sure to TGF-b, compared with CAR-TCONV cells. This suggests
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Figure 1. Phenotypic and functional characterization of CAR-TRM cells

CAR T cells were cultured in T cell mediumwith or without 2 ng/mL TGF-b. (A) Representative flow cytometry plot showing CD39 and CD103 expression on CD8+

CAR T cells after manufacturing.

(B–D) Expression markers associated with (B) residency (CD39, CD103, CD49a), (C) exhaustion (PD1, LAG3, TIM3, TOX), and (D) memory/stemness (TCF1, IL7R,

CCR7) in CD8+ CAR T cells.

(E) Anti-mesothelin M5 CAR T cells were co-cultured with AsPC-1 tumor targets at an effector to target (E:T) ratio of 1:2. Cytolytic activity of CAR-TCONV and

CAR-TRM cells was measured in real time using the xCELLigence RTCA system. Cytotoxic capacity at 7 h post co-culture is shown.

(F and G) M5 CAR T cells were challenged with AsPC-1 targets at an E:T ratio of 2:1. Supernatant was collected at 18 h after coincubation, and cytokine levels

were measured. (F) Granzyme A; (G) effector cytokines (IFN-g, IL-2, TNFa, IL-6).

(H) CAR T cell expansion levels weremeasured during ex vivomanufacturing. Data represent results from four independent CART cell manufacturing experiments

(paired t test). All in vitro experiments were performed using CAR T cells derived from various healthy subjects as biological replicates (n = 4–6). (A–G) Repre-

sentative results from one donor. *p < 0.05; *p < 0.01; ***p < 0.001; ns, not significant (Mann-Whitney U test).
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that adding TGF-b during CAR T cell manufacturing does not

make the CAR T cells more susceptible to the immunosuppres-

sive effects of TGF-b.

In recent studies, an increase in the population of regulatory

CAR T cells (CAR-TREG) cells has been linked to resistance to

CD19 CAR T cell therapy.45,46 To assess whether TGF-b treat-

ment during CAR T cell manufacturing could lead to the develop-

ment of CAR-TREG cells, we analyzed the frequencies of

FOXP3+CD4+ or FOXP3+IL2RA+ CD4+ or CD8+ cells between

CAR-TCONV cells and CAR-TRM populations in multiple healthy

subjects. Our results showed no significant differences, implying

that transient exposure to TGF-b at the 2 ng/mL concentration

used to program residency may not be sufficient to induce

CAR-TREG cells (Figure S2F), which is concordant with the find-

ings of a previous study.47

CAR-TRM cells exhibit a residentmemory transcriptional
program
Flow cytometric analysis of CAR-TRM cells reveals acquisition of

a resident memory phenotype through TGF-b signaling. To

expand this finding, we sought to obtain a comprehensive view

of the transcriptional landscape of CAR-TRM cells by performing

bulk RNA sequencing (RNA-seq). Principal-component analysis

of transcriptome data indicated that TGF-b exposure was the

strongest driver of transcriptional variance across multiple do-

nors (Figure 2A). Consistent with our flow cytometry data,

CAR-TRM cells are significantly enriched in CD69+CD103+CD8+

resident memory T cell gene signatures and exhibit reduced

CD69�CD103�CD8+ non-resident memory T cell transcriptional

profiles (Figure 2B). Specifically, CAR-TRM express high levels

of resident memory-associated genes encoding cell surface

molecules (ITGAE, PDCD1) and transcription factor genes

(BHLHE40, EGR2, NR4As, IRF4) while downregulating KLF2,

which is essential for T cell recirculation and inhibition of TRM
cell differentiation (Figures 2C and 2D).30 This increased resident

memory transcriptional program in CAR-TRM cells may be

partially attributed to hypoxia pathway upregulation, which is

known to facilitate resident memory T cell differentiation, indi-

cating a possible overlap between TGF-b signaling and re-

sponses to low oxygen tension (Figures 2E and S3).44,48

One of the major barriers that limits the antitumor potency of

cell therapies derived from circulating lymphocytes is poor traf-

ficking and infiltration to tumors surrounded by an extracellular

matrix (ECM). CAR-TRM cells upregulate genes encoding integ-

rins, laminin, type I heparan sulfate proteoglycan, and matrix

metalloproteinases (MMPs), which degrade various ECM pro-

teins and enriched pathways related to ECM regulation and

cell migration (Figures 2F and 2G; Table S1). Accordingly, tu-

mor-infiltrating T cells (TILs) that clonally expand in response

to ICB therapy exhibit a tissue-resident memory transcriptional

program in responding oral cancer patients.49 We thus sought

to examined whether TGF-b-generated CAR-TRM cells share

transcriptional features of these favorable resident memory sub-

sets observed in ICB responders. Gene set enrichment analysis

indicates that CAR-TRM cells significantly upregulate signatures

enriched in pre- and post-treatment TILs that expand upon

response to anti-programmed cell death protein 1 (PD-1)/cyto-

toxic T lymphocyte–associated protein 4 (CTLA-4) treatment,
4 Cell Reports Medicine 4, 101053, June 20, 2023
while downregulating gene sets found in tumor-infiltrating

T cells that fail to respond to ICB (Figure 2H). Altogether, our

bulk RNA-seq analyses suggest that CAR-TRM cells acquire a

favorable and clinically relevant transcriptional program of tissue

residency.

CAR-TRM cells show transcriptional features of stem-
like resident memory T cells
Our bulk analyses indicate that CAR-TRM cells elevatemarkers of

both tissue residency and T cell stemness (Figures 1B and 1D).

We further explored how these residency- and stemness-related

transcriptional programs are regulated in CAR-TRM cells using

single-cell RNA-seq (scRNA-seq). CAR-TCONV and CAR-TRM
were harvested after 9 days of expansion and processed for

scRNA-seq. After removal of low-quality cells, 12,230 cells

were obtained. Uniform Manifold Approximation and Projection

(UMAP) clustering of CD8+ T cells reveal three clusters with

discrete transcriptional features (Figure 3A). Notably, a

TCF7+CD8+ CAR-TRM subset expresses high levels of stem-

ness-related genes such as TCF7 and IL7R (Figures 3B, S4A,

and S4B). Consistent with this gene expression profile,

TCF7+CD8+ CAR-TRM cells are enriched in a core transcriptional

program of stem-like CD8+ T cells possessing self-renewal

potential (Figure S4C). In addition, MKI67+CD8+ CAR-TRM cells

upregulate G2M and S phase pathways as well as other cell cy-

cle-related genes (MKI67, CDCA8, CDCA6, CDKN3, CDK1,

CDC25B) while downregulating memory-related genes and sig-

natures associated with successive linear T cell differentiation

(Figures 3A, 3B, and S4A–S4C). These findings are consistent

with the proposed model and support the idea that

MKI67+CD8+ CAR T cells predominantly represent the repli-

cating fraction. CD27+CD8+ CAR-TRM cells exhibit intermittent

transcriptional features between those of TCF7+CD8+ and

MKI67+CD8+ populations, asmanifested by elevated expression

of central memory T cell genes (CD27, SELL), along with T cell

activation and cytotoxic effector genes (HLA-B, GZMA, HLA-B,

HLA-A, CD69) (Figure 3B). In accordance with a previous report

of TGF-b preserving TCF1+ precursor cells in chronic infection,50

CAR-TRM cells are enriched in stem-like TCF7+CD8+ T cells with

concordant gene signatures and composed of reduced fre-

quencies of more differentiated subsets (e.g., CD27+CD8+ and

MKI67+CD8+) compared with the CAR-TCONV counterpart

(Figures 3A and S4C).

As observed in bulk RNA-seq analysis, CAR-TRM cells in-

crease expression of resident memory T cell genes and related

signatures and reduce KLF2 and CD69�CD103�CD8+ gene

set expression (Figures 3C and 3D; Table S2). A series of recent

studies demonstrated that stem-like progenitor and resident

memory cells that persist in tumors give rise to the proliferative

burst of neoantigen-specific T cells and drive antitumor activity

in response to ICB blockade.27,36,49,51,52 These reports suggest

that stemness and resident memory programs could be optimal

transcriptional features for cellular immunotherapies. Thus, we

asked whether the resident memory transcriptional program

is preserved in the stem-like CAR-TRM cells by conducting

gene expression and pathway analysis in the TCF7+CD8+

cluster. Similar to what we observed in bulk CD8+ populations,

CAR-TRM increased resident memory-associated genes
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Figure 2. CAR-TRM cells possess a core resident memory transcriptomic signature

Bulk RNA-seq experiments were conducted using CD8+ CAR-TCONV and CAR-TRM cells.

(A) Principal-component analysis was carried out with RNA expression data.

(B) Gene set enrichment analysis (GSEA) using gene sets associated with resident memory T cells.

(C) Heatmap showing differentially expressed genes from CD69+CD103+ and CD69�CD103�CD8+ T cell signatures.

(D) Heatmap displaying expression of transcription factor genes known to promote and suppress resident memory T cell differentiation.

(E) GSEA (hypoxia pathways: MSigDB C2).

(F) Pathway analysis incorporating genes upregulated in CAR-TRM-cells using Enrichr.

(G) GSEA analysis (migration pathways: MSigDB C2). GSEA with gene signatures of tumor-infiltrating T cells associated with response to ICB. Bulk RNA-seq

experiments were conducted using CAR T cells derived from n = 3 distinct healthy donors, serving as biological replicates.
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(e.g., ITGAE, BHLHE40, CCL5) and TRM transcriptional signa-

tures as well as early memory genes (IL7R, STAT3), whereas it

downregulated genes associated with circulation (e.g., KLF2)

and non-resident memory signatures (Figures 3E–3G;
Table S2). These data suggest that TGF-b-produced CAR-TRM
cells harbor a pool of stem-like cells, which could potentially

persist and give rise to large numbers of differentiated resident

memory progeny cells in tumors.34,35
Cell Reports Medicine 4, 101053, June 20, 2023 5
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Figure 3. TGF-b-generated CAR-TRM cells transcriptionally resemble stem-like TRM cells
(A) UMAP imbedding of CD8+CAR T cell (top, CD8 subclusters; middle, CAR T cell samples; bottom, cell cycle). Frequencies of three CD8+ clusters in CAR-TCONV

and CAR-TRM cells are shown.

(B) Bubble plot displaying expression levels of marker genes in each CD8+ subcluster.

(C) Violin plots showing expression of KLF2 and ITGAE.

(legend continued on next page)
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Epigenetic reprogramming of stem-like CAR-TRM cells
sustains a persistent resident memory phenotype
during chronic antigen stimulation
Epigenetic modification leads to durable changes in gene

expression, sets thresholds for future gene transcription, and

plays an important role stabilizing T cell differentiation

fate.53–56 In this regard, we investigated whether transient expo-

sure to TGF-b during CAR T cell production can induce epige-

netic rewiring of CAR-TRM cells to sustain the acquired stem-

like resident memory phenotype. We thus conducted assay for

transposase-accessible chromatin with sequencing (ATAC-

seq) to assess the global chromatin accessibility of CAR-TCONV

and CAR-TRM cells. As seen in our transcriptional studies,

CAR-TRM differentiation mediates the largest epigenetic vari-

ance across donors and induces global chromatin remodeling

(Figures 4A and 4B). Gene set enrichment analysis with differen-

tially accessible regions suggests that CAR-TRM cells are en-

riched in a CD69+CD103+CD8+ signature while downregulating

a CD69�CD103�CD8+ chromatin landscape profile (Figures 4C

and 4D). Consistent with these observations, chromatin accessi-

bility is significantly increased at resident memory gene loci (e.g.,

ITGAE, ITGAV, ENTPD1, IRF4) and decreased at non-resident

memory genes (e.g., KLF2) in CAR-TRM cells (Figures 4E and

4F). Additionally, peaks were enriched in stemness-related

gene regions such as TCF7 and IL7R in CAR-TRM cells (Fig-

ure 4G). Based on these findings, we then asked whether this

epigenetic rewiring of stem-like CAR-TRM cells can sustain

a resident memory phenotype during chronic antigen stimula-

tion. We therefore repetitively challenged mesothelin-directed

CAR-TRM cells with irradiated AsPC-1 tumor targets without

additional supplementation of exogenous TGF-b and assessed

their resident memory phenotype over time. Notably, TGF-

b-generated CAR-TRM cells maintain both tissue-resident

(CD103+CD39+CD8+ and CD103+CD49a+CD8+) and stem-like

resident memory (CD103+IL7R+CD8+) phenotypes following re-

petitive tumor challenge, suggesting that epigenetic reprogram-

ming may contribute to the stability of these differentiation fates

(Figures 4H and S5).

CAR-TRM cells exhibit transcriptional and epigenetic
features of exhaustion but show enhanced effector
function
One of the major barriers to efficacious CAR T cell therapy is

T cell exhaustion, which is characterized by sustained expres-

sion of multiple inhibitory checkpoint receptors, reduced

proliferative capacity, and diminished antitumor effector func-

tions.57–59 TRM cells are known to exhibit certain transcriptional

features of T cell exhaustion, such as upregulation of inhibitory

receptor encoding genes.44,60 Given that CAR-TRM cells show

increased expression of PD1, LAG3, TIM3, as well as the

exhaustion-related transcription factor, TOX (Figure 1C), we

sought to further investigate the transcriptional and epigenetic

properties of exhaustion in CAR-TRM cells. We first conducted
(D) CD69�CD103� and CD69+CD103+CD8+ T cell signature scores calculated fo

(E) A UMAP plot showing CAR T cell sample origin in TCF7+CD8+T cells.

(F) Expression of resident memory (ITGAE, BHLHE40, CCL5) and early memory

(G) Module score comparison for CD69�CD103� and CD69+CD103+ CD8+ T cel
motif analysis to identify transcription factors involved in CAR-

TRM cell differentiation and found that basic leucine zipper

(bZIP) and interferon regulatory factor (IRF) binding sites were

the most significantly enriched in CAR-TRM cells, which is an

epigenetic hallmark of exhausted CAR T cells (Figure 5A).61

Consistent with these findings, transcriptional analysis reveals

that several bZIP and IRF transcription factor genes (ATF3,

IRF4, ATF4, BATF3, ATF2, ATF6) were highly elevated in

CAR-TRM cells, while canonical AP-1 transcription factors

(JUN, FOS), which are required for optimal T cell expansion

and effector function, were downregulated (Figure 5B). Tran-

scriptional signatures associated with human T cell exhaustion

were also enriched in CAR-TRM cells (Figure 5C). We investi-

gated whether the enrichment of exhaustion signatures is spe-

cific to a particular subpopulation of CD8+ CAR-TRM cells. We

compared the exhaustion signature scores of CAR-TCONV and

CAR-TRM cells within each CD8+ CAR T cell subset identified

in scRNA-seq. Our results showed that, in all three CD8 sub-

sets, CAR-TRM cells displayed an upregulation of exhaustion

pathways compared with CAR-TCONV cells. This suggests that

the programming of TRM cells regulates exhaustion indepen-

dently of the cell state (Figures S6A and S6B).

Altogether, these results indicate that despite sustained anti-

gen-specific proliferation and enhancement of effector cytokine

production (Figures 1G and 1H), CAR-TRM cells exhibit several

epigenetic and transcriptional signs of exhaustion (Figures 5B

and 5C). The enhanced effector cytokine production capability

of CAR-TRM cells can be partly attributed to the distinctive

transcriptional and epigenetic characteristics that set CAR-

TRM cells apart from terminally exhausted T cells. Notably,

CAR-TRM cells exhibit decreased expression of PRDM1

(logFC = �1.26, p < 0.001), ID2 (logFC = �0.34, p = 0.007),

and TOX2 (logFC = �0.73, p = 0.002), and increased transcript

levels of ID3 (logFC = 0.61, p = 0.007) (Table S1). PRDM1, ID2,

and TOX2 are known to promote terminal differentiation, T cell

exhaustion, CAR T cell dysfunction, and loss of stemness and

polyfunctionality,19,62–66 while ID3 has been shown to preserve

stemness, enhance IL-2 and TNFa production, and prevent ter-

minal exhaustion.34,67 Correspondingly, CAR-TRM cells demon-

strate reduced chromatin accessibility at PRDM1, ID2, and

TOX2 gene regions (Figure S6C).

Resident memory and exhaustion-related transcriptomic pro-

grams share several transcription factors, such as IRF4, NR4A

family genes, and EGR2 (Figure 5B).38,68–70 To gain a deeper

understanding of the role of these transcription factors on the

regulation of T cell residency and exhaustion programs, we

deleted these transcription factor genes in CAR-TCONV and

CAR-TRM cells and assessed the immunophenotype of these

knockout variants. Interestingly, IRF4 deletion significantly

decreased the number of PD1+TOX+CD8+ T cells (Figure 5D).

Furthermore, IRF4 knockout resulted in higher production of

effector cytokines (IL-2, IFN-g) and cytotoxic molecules (per-

forin, granzyme A) in CAR-TRM cells, enhancing their cytolytic
r CAR-TCONV and CAR-TRM cells.

(IL7R) markers in TCF7+CD8+ T cells.

l signatures between CAR-TCONV and CAR-TRM TCF7+CD8+ T cells.
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Figure 4. Chronically stimulated stem-like CAR-TRM cells sustain a resident memory phenotype in association with epigenetic re-

programming

(A) Principal-component analysis of ATAC-seq data.

(B) Volcano plot demonstrating differentially accessible peaks between CAR-TRM and CAR-TCONV CD8+ cells.

(C–G) GSEA showing enrichment of (C) CD69+CD103+CD8+ and (D) CD69�CD103�CD8+ T cell signatures. ATAC-seq tracks of genes associated with (E) resident

memory T cells (ITGAE, ITGAV, ENTPD1, IRF4), (F) circulating T cells (KLF2), and (G) stemness (TCF7, IL7R). Differentially accessible regions are highlighted in

blue.

(legend continued on next page)
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capability, although IRF4-deficient CAR T cells showed

a decreased capacity to proliferate (Figures 5E–5G and S6D).

Moreover, IRF4 knockout CAR-TRM cells maintained a resident

memory phenotype, showing a comparable level of CD103

expression and increased expression of CD49a compared

with the AAVS1-deleted CAR-TRM control (Figure 5H). Collec-

tively, these studies demonstrate that IRF4 promotes T cell

exhaustion and is dispensable for induction of the resident

memory phenotype in CAR-TRM cells.

Stem-like CAR-TRM cells demonstrate superior
antitumor potency against solid and liquid tumors
We next examined the in vivo antitumor activity of CAR-TRM cells

in both solid and blood cancermodels. M5 anti-mesothelin CAR-

TRM cells exhibit remarkable tumor control compared with CAR-

TCONV cells, as demonstrated in both a mesothelin-expressing

xenogeneic AsPC-1 pancreatic tumor model (Figure 6A) and in

the suppression of mesothelin-expressing Capan-2 pancreatic

ductal adenocarcinoma (Figure 6B). To understand the pheno-

type of intratumoral CAR T cells, we harvested tumors on day

13 post CAR T cell injection, when the tumor size was similar

among experimental groups (�600 mm3). We found that the

improved antitumor activity was due to a significant increase in

the number of CAR-TRM cells within the tumors (Figure 6C).

This increase was partially due to improved early localization of

the T cells in the tumor, as a higher number of CAR-TRM cells

were observed as early as 2 days after CAR T cell infusion (Fig-

ureS7A).BothCAR-TCONVandCAR-TRMcells are highly enriched

with CD103+CD39+CD8+ TILs, suggesting that CAR T cells with a

resident memory phenotype preferentially accumulate at tumor

sites (Figure 6D). Notably, mice treated with CAR-TRM cells

show a significant increase in the absolute number of tumor-infil-

tratingCD103+CD39+CD8+ cells (Figure 6D), which indicates that

the TGF-b-induced stem-like resident memory population can

give rise to a largenumber of residentmemoryCAR-TILs.Consis-

tent with our in vitro results, CAR-TRM cells in the tumor show up-

regulated expression of IL7R and other early memory markers

(Figures 6E and S7B). Additionally, CAR-TRM cells increased fre-

quencies of T cells co-expressing multiple inhibitory receptors

(Figure 6F). Despite this exhaustion-like phenotype, CAR-TRM
cells harvested from pancreatic tumors demonstrate enhanced

TNFa, perforin, and granzyme B production compared with

CAR-TCONV products, further underscoring that the exhaustion-

like phenotype andCAR T cell antitumor effector function are de-

coupled (Figures 6G and S7C). Given the high expression of

memory markers in CAR-TRM cells, we investigated their ability

to provide durable antitumor activity against a secondary tumor

challenge. Mice that had previously rejected Capan-2 tumors

and received CAR-TRM cell treatment were re-challenged with

Capan-2 cells, while a control group of CAR-TRM-naive mice

was also given Capan-2 cells (Figure 6H, left). Notably, the

CAR-TRM cells successfully prevented tumor growth, while the

control group did not (Figure 6H, right). These results suggest
(H) M5 CAR T cells were repetitively challenged with AsPC1 cells, and frequenc

(CD103+IL7R+CD8+) T cells are shownover time. Bulk ATAC-seq experiments wer

biological replicates. Restimulation assays were performed with CAR T cells gene

Results from one representative donor are shown.
thatCAR-TRMcells confer long-lastingprotection against tumors.

Next, to investigate the contribution of the resident memory cell

population to the degree of antitumor activity, we depleted the

CD103+ population in CAR-TRM cell products and assessed their

potency in vivo (Figure 6I). The removal of CD103+ T cells partially

impairs tumor control mediated by CAR-TRM cells, suggesting

that this subset is required for optimal efficacy (Figure 6J). We

also tested CAR-TRM cells in an aggressive B cell leukemia xeno-

graft model. Anti-CD19CAR-TRM cells prevent tumor growth and

markedly improvemouse survival (Figures 6Kand6L). Analysis of

peripheral blood revealed that CAR-TRM cells increase in vivo

CAR T cell expansion capacity due to enhanced early memory

differentiation (Figures 6M and 6N).

Building on the findings from previously examined solid and

blood cancer models, we evaluated the in vivo antitumor activity

of CAR-TRM cells in an intraosseous prostate tumor model, using

PC3 prostate tumor cells engineered to express PSMA (PC3-

PSMA). A single infusion of PSMA CAR-TRM cells led to a signif-

icant reduction in bioluminescent tumor burden compared with

CAR-TCONV cells in mice bearing intraosseous tumors generated

by PC3-PSMA cell engraftment (Figure S7D). Moreover, CAR-

TRM cells not only effectively controlled tumor growth but also

resulted in prolonged survival for the mice compared with

CAR-TCONV cells (Figure S7E), further highlighting the potential

therapeutic advantages of CAR-TRM cells.

RUNX3 is a key transcription factor essential for the estab-

lishment of tissue-resident T cells, and ectopic overexpression

of this transcription factor enhances CD103+CD8+ T cell differ-

entiation in murine models.31 We therefore compared forced

expression of RUNX3 with TGF b treatment in the context of

generating optimally potent CAR-TRM cells. To compare these

engineering strategies, we employed an in vivo CAR T cell

stress test based on the use of a tonically signaling anti-mes-

othelin CAR construct (SS1)71 and our previously character-

ized, highly treatment-resistant mesothelioma model incorpo-

rating a human mesothelioma cell line transduced to express

mesothelin (EMMESO cells).72 Clinically, this CAR construct

demonstrates limited clinical efficacy against malignant

pleural mesothelioma, pancreatic ductal adenocarcinoma,

and ovarian cancer due to poor persistence and a low level

of tumor infiltration.73 Human RUNX3 was successfully over-

expressed in SS1 CAR T cells through lentiviral transduction

(Figure 7A). Notably, unlike TGF-b-generated CAR-TRM prod-

ucts enriched with resident memory CD8+ T cells, RUNX3

overexpression was unable to induce expression of tissue-

resident markers such as CD103, CD39, and CD49a despite

an increase in T cell activation as indicated by CD25 expres-

sion (Figure 7B). We next assessed the in vivo antitumor

potency of these differentially engineered CAR T cells in

mice engrafted with EMMESO cells. While TGF-b-reprog-

rammed CAR-TRM cells successfully enhance tumor control,

CAR T cells overexpressing RUNX3 fail to suppress tumor

growth (Figure 7C).
ies of resident memory (CD103+CD39+CD8+) and stem-like resident memory

e performed usingmanufacturedCD8+CAR T cells from n= 2 healthy donors as

rated from n = 3 distinct healthy subjects, also serving as biological replicates.
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Figure 5. Highly functional CAR-TRM cells appear to be transcriptionally and epigenetically exhausted

(A) Top transcription factor motifs enriched in CAR-TRM cells.

(B) Heatmap showing expression of bZIP and IRF transcription factor genes (left) and genes associated with CAR T cell exhaustion in CD8+CAR T cells (right).

(C) GSEA showing enrichment of exhaustion signatures.

(D) The frequency of exhausted CAR T cells (PD1+TOX+ CD8+) is shown (two-way ANOVA, n = 3 biological replicates).

(E and F)M5CAR T cells were challengedwith AsPC-1 tumor cells at an E:T ratio of 2:1. Supernatants were collected at 18 h after coincubation and cytokine levels

measured. (E) IL-2 production levels (two-way ANOVA, n = 4 biological replicates). (F) Heatmap showing effector cytokine and cytotoxic molecule production

levels.

(legend continued on next page)
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DISCUSSION

In this study, we demonstrate that epigenetic rewiring of human

peripheral blood T cells can produce stem-like TRM CAR T cells

with improved ability to accumulate in solid tumors and resist

dysfunction. We explored different methods to endow CAR

Tcellswith both earlymemory features and the ability to establish

tissue residency. Although TGF-b is traditionally thought of as an

inhibitor of T cell function,74 we found that human T cell exposure

to TGF-b during the ex vivo engineering process alters the epige-

netic landscape of CAR T cells to a stem-like fate, which enables

CAR-TRM products to sustain a resident memory phenotype dur-

ing experimental stress tests involving chronic antigen challenge.

Furthermore, we found that although CAR-TRM cells exhibit

epigenetic and transcriptional characteristics commonly associ-

atedwith exhaustion, these T cells were highly resistant to tumor-

imposed dysfunction. Through evaluation of CAR-TRM cells in

both solid and liquid cancermodels,we show that theseproducts

exhibit superior antitumorpotencyover conventionalCARTcells,

asmanifested by enhanced accumulation at tumor sites and elic-

itation of robust effector functions.

Current CAR T cell production methods rely on periph-

eral-blood-derived lymphocytes as the starting point for

manufacturing. In the treatment of hematological malignancies,

protocols that lead to enrichment of TSM and TCM cells with

high levels of CCR7 and CD62L expression for persistence

within secondary lymphoid organs and bone marrow are

desired. In contrast, for solid tumors, CAR T cells need to ac-

quire the capacity to localize and expand within non-lymphoid

tissues to exert sustained antitumor activity. TRM cells that

naturally reside in healthy non-hematopoietic tissues and tu-

mors may represent a promising CAR-engineered cell popula-

tion for adoptive transfer to treat these latter indications. How-

ever, TRM-based cell therapy approaches have been limited to

date due to the technical challenges associated with the isola-

tion and expansion of TRM cells.

We sought to reprogram readily abundant circulating T cells to

CAR-TRM cells using a simple and actionablemanufacturing pro-

cess. Accordingly, we show that the presence of TGF-b during

CAR T cell production promotes the robust expansion of a

TRM-like population. This strategy for generating CAR-TRM cells

induces CD103 upregulation and promotes CD103+ CD8 TRM
cell differentiation, which is important for the long-term retention

of T cells in tissues.37,38,75 The observed partial attenuation of tu-

mor control following depletion of CD103+ T cells from adop-

tively transferred products supports the conclusion that acquisi-

tion of a residency phenotype is a critical element of increased

CAR-TRM cell potency.

We found that CAR-TRM cells are enriched in a core TRM tran-

scriptomic signature composed of a transcription factor gene

expression profile, including BHLHE40, NR4A family genes,

AHR, IRF4, and EGR2,44,76–78 with a concomitant downregula-
(G) Cytolytic activity of M5 CAR T cells was determined by coculturing the ce

stimulations. The normalized cell index at 31 h post co-culture was measured

replicates (two-way ANOVA).

(H) Frequencies of resident memory CAR T cells (CD103+ or CD49a+ CD8+) ar

***p < 0.001; ns., not significant.
tion of EOMES79 and KLF2,30 which normally function to counter

T cell residency programs and promote egress from tissues/re-

circulation. Additional molecules whose upregulation is associ-

ated with tissue retention, such as CD39 and CD49a, are also

highly expressed by TGF-b-generated CAR-TRM cells, indepen-

dently of other environmental cues, such as low oxygen ten-

sion.48 These findings suggest that TGF-b alone is sufficient to

induce transcriptional and functional attributes of tissue resi-

dency in the setting of CAR-engineered T cells.

Although it was previously reported that RUNX3 programsmu-

rine CD8+ TRM cell differentiation,31 forced expression of RUNX3

in human CAR-TRM cells was not sufficient to promote formation

or enhance in vivo antitumor efficacy. Recently, it was reported

that RUNX3 promotes a CD8+ T cell tissue-residency program

in a TGF-b-signaling-dependent manner.80 Thus, additional

work is needed to determine if the combination of RUNX3 over-

expression and TGF-b signaling increases the potency of CAR-

TRM cells. There are appreciable similarities and critical differ-

ences between the phenotypes and functional attributes of

mouse and human TRM cells,41,81–83 which highlights the need

to investigate human TRM cell differentiation further to under-

stand the molecular underpinnings of fate programs and

enable effective translational application. Thus, these findings

contribute to the advancement of the use of tissue-resident

T cells in cancer therapy.

An interesting aspect of this study is that human CAR T cells

activated and expanded in the presence of TGF-b are epigenet-

ically reprogramed toward a stem-likememory state, manifested

at least in part by increased expression of the stemness tran-

scription factor TCF1 (encoded by TCF7) in association with

chromatin accessibility at the TCF7 locus. TGF-b-generated

stem-like CAR-TRM cells display an epigenetic program

composed of tissue-residency signatures. Although this epige-

netically rewired stem-like program allowed CAR-TRM cells to

maintain a TRM phenotype during chronic antigen stimulation,

additional investigations are needed to better determine whether

these imprints are fixed or amenable to epigenetic remodeling

following CAR-TRM cell trafficking to specific tumor tissues.

Exhaustion-related transcriptional programs are often shared

between TRM cells and dysfunctional T cells.44 We demonstrate

that human CAR-TRM cells not only upregulate surface inhibitory

receptors but also share high correlation among their chromatin

profiles with those of dysfunctional CAR T cells, including

increased accessibility of bZIP and IRF motifs and overexpres-

sion exhaustion-related transcription factor genes. In reference

to our findings, as shown in Figure 5, the bZIP and IRF transcrip-

tion factor genes (ATF3, IRF4, ATF4, BATF3, ATF2, ATF6) were

found to be highly elevated in CAR-TRM cells, while the canonical

AP-1 transcription factor genes (JUN, FOS) were downregu-

lated. However, as a recent study reported, the enrichment of

AP-1, bZIP, and IRF motifs and upregulation of BATF, JUNB,

and IRF8 in CAR T cells was associated with enhanced tumor
lls with Capan-2 cells at an effector to target ratio of 1:6 after three antigen

using the xCELLigence RTCA system. Results are shown as mean ± SEM of

e shown (two-way ANOVA, n = 3 biological replicates). *p < 0.05; *p < 0.01;
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Figure 6. CAR-TRM cells with stem-like features mediated superior antitumor efficacy

(A) NOD scid gamma (NSG) mice were subcutaneously engrafted with 4 3 106 AsPC-1 pancreatic cancer cells. On day 32 post tumor implantation, M5 CAR-

TCONV, CAR-TRM, or irrelevant (control) CD19-targeting CAR T cells (19BBz) were infused (n = 7 biological replicates for CAR-TCONV and CAR-TRM, n = 2 biological

replicates for 19BBz). Tumor size was measured by taking caliper measurements over time.

(B–G) 5 3 106 Capan-2 pancreatic adenocarcinoma cells were subcutaneously injected into NSG mice. M5 CAR-TCONV and CAR-TRM were intravenously

administered on day 29 following tumor engraftment (n = 6 biological replicates).

(legend continued on next page)
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Figure 7. Comparison of CAR-TRM cell differentiation methods

(A) RUNX3 expression measured in various anti-mesothelin SS1 CAR T cell products: standard T cell medium culture (control CAR T), standard T cell medium

supplemented with TGF-b (TGF-b CAR T) and engineered to overexpress RUNX3 (RUNX3 OE CAR T) (MFI, geometric mean fluorescence intensity).

(B) TRM (CD103, CD39, CD49a) and activation (CD25) markers were assessed after CAR T cell manufacturing.

(C)NSGmice (n = 7 biological replicates per group)were injectedwith theEMMESOcell line.Once tumors reacheda size of�120mm3,mice receiveda single dose of

1 3 107 SS1 CAR T cells. Activated non-transduced T cells served as a negative control. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant (one-way ANOVA).
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control, despite exposure to tonic CAR signaling.84 This sug-

gests that the presence or absence of specific transcription fac-

tors alone may not determine the function of CAR T cells, but

rather a complex interplay of multiple factors is involved.

These findings suggest that the epigenetic and transcriptional

programs of exhausted CAR T cells and CAR-TRM cells are
(B) Longitudinal tumor growth was monitored. Tumors were collected to charac

U test, n = 7 biological replicates).

(C) Absolute number of human T cells in the tumor.

(D) Frequency (left) and absolute number (right) of CD103+CD39+CD8+ T cells in

(E and F) Frequencies of hCD45+CD8+ cells expressing (E) IL7R and (F) PD1, LA

(G) Tumor-infiltrating CAR T cells were reactivated ionomycin and phorbol 12-myri

(TNFa, perforin, granzyme B) production.

(H) 4 3 106 Capan-2 cells were subcutaneously inoculated into NSG mice that ha

CAR T-naive mice as a control group. Longitudinal tumor growth after the secon

(I) Flow cytometry plots showing CD103 expression on CAR-TRM cells with or wi

(J) CAR-TCONV, CAR-TRM, and CD103+ cell-depleted CAR-TRM cells were intrave

Tumor growth was monitored over time (Mann-Whitney U test, n = 7 biological r

(K–N) 106 NALM6 B cell leukemia cells were intravenously injected into NSG mic

(K) Tumor growth measured by bioluminescent imaging is shown.

(L) Kaplan-Meier curves depicting survival of mice (log rank test). On day 12 afte

munophenotyping.

(M) Peripheral blood human T cell count is shown.

(N) Expression of early memory markers (TCF1, CD62L). All in vivo efficacy da

***p < 0.001; ns., not significant.
intertwined; however, despite these hallmarks of exhaustion,

CAR-TRM cells display enhanced in vitro cytokine production

compared with conventional CAR T cells and exhibit resistance

to cancer-imposed dysfunction, which leads to superior in vivo

antitumor efficacy. This indicates that certain epigenetic and

transcriptional features of classical T cell exhaustion are
terize the immunophenotype of tumor-infiltrating CAR T cells (Mann-Whitney

harvested tumors.

G3, and TIM3.

state 13-acetate and ionomycin, followed bymeasurement of effector molecule

d cleared an initial Capan-2 tumor and had survived until day 138 (left) or into

d tumor challenge was monitored (right).

thout magnetic depletion of CD103+ cells.

nously administered to NSG mice harboring subcutaneous Capan-2 tumors.

eplicates).

e, and anti-CD19 CAR T cells were infused on day seven.

r CAR T cell injection, peripheral blood samples were collected for T cell im-

ta are representative of two independent experiments. *p < 0.05; *p < 0.01;
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decoupled from CAR-TRM cell functionality. Furthermore, we

identified IRF4 as a transcription factor implicated in both

exhaustion and residency programming, specifically regulating

exhaustion without promoting a resident memory phenotype.

Our study of transcription factor KOs thus provides valuable

insight into the co-regulation of tissue-residency and exhaustion

pathways and indicates that exhaustion and tissue-residency

features may be uncoupled for further improvement of CAR-

TRM cells.

In conclusion, our study demonstrates the potential of CAR-

TRM cells to overcome the limitations of current CAR T cell thera-

pies by providing a source of immune cells with enhanced tumor

accumulation and sustained resistance to dysfunction. Our study

also provides a straightforward and practical method for gener-

ating these human stem-like CAR-TRM cells, which stands apart

from previous attempts to create resident memory cells in murine

T cells (e.g., RUNX3 transcription factor overexpression31 or Von

Hippel Lindau [VHL] knockout44 methods). Our findings also pro-

vide valuable insights into the regulation of tissue-residency and

exhaustion pathways in human TRM cells and how these two fea-

tures can be uncoupled for further improvement of CAR-TRM-

based therapies. Thus, this work collectively supports the use

of TGF-b-generated CAR-TRM cells in early-phase clinical trials

currently underway at our center, with the potential to revolu-

tionize the treatment of various diseases, including infectious dis-

eases, autoimmunity, and cardiac disease.

Limitations of the study
Potential limitations of our study include the use of xenograft

models for human T cells, lacking the presence of host-derived

cells such as regulatory T cells and myeloid-derived suppressor

cells, which may affect the results. To better reflect human patho-

physiology, further testing of CAR-TRM cells in immunocompetent

models is required. However, transitioning to an immunocompe-

tent model would necessitate the use of mouse T cells, which

exhibit numerous dissimilarities from their human counterparts.

Despite these limitations, xenogeneic mouse models still provide

goodmethods for assessment of potential CARTcell-augmenting

strategies,with subsequent direct testing in humansbeing critical.

The pleiotropic roles of TGF-b inCART cell therapy should also be

furtherexamined in the future, aspreviousstudieshaveshown that

TGF-b inhibitionand ICBproduce thebest responsesandTcell re-

invigoration.85,86 In addition, our proposed strategy must be eval-

uated in light of previous research thatdemonstrates theenhance-

ment of antitumor function through blocking TGF-b signaling in

CAR T cells.42,87–89 Notably, our findings indicate that exposure

to TGF-b during the manufacturing process of CAR T cells, opti-

mized for concentration and exposure time, leads to anepigenetic

reprogramming that enforces a durable T cell tissue-residency

state without compromising antitumor immunity. Thus, while our

study has some limitations, it provides a foundation for further

exploring the potential of CAR-TRM cells as a promising therapy

for various diseases.
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66. Seo, H., Chen, J., González-Avalos, E., Samaniego-Castruita, D., Das, A.,
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J., Kapoor, V., Scholler, J., Puré, E., Milone, M.C., et al. (2014). Multifacto-

rial T-cell hypofunction that is reversible can limit the efficacy of chimeric

antigen receptor-transduced human T cells in solid tumors. Clin. Cancer

Res. 20, 4262–4273. https://doi.org/10.1158/1078-0432.CCR-13-2627.

73. Haas, A.R., Tanyi, J.L., O’Hara, M.H., Gladney, W.L., Lacey, S.F., Torigian,

D.A., Soulen, M.C., Tian, L., McGarvey, M., Nelson, A.M., et al. (2019).

Phase I study of lentiviral-transduced chimeric antigen receptor-modified

T cells recognizing mesothelin in advanced solid cancers. Mol. Ther. 27,

1919–1929. https://doi.org/10.1016/j.ymthe.2019.07.015.

74. Oh, S.A., and Li, M.O. (2013). TGF-beta: guardian of T cell function.

J. Immunol. 191, 3973–3979. https://doi.org/10.4049/jimmunol.1301843.

75. Lee, Y.T., Suarez-Ramirez, J.E., Wu, T., Redman, J.M., Bouchard, K.,

Hadley, G.A., and Cauley, L.S. (2011). Environmental and antigen recep-

tor-derived signals support sustained surveillance of the lungs by path-

ogen-specific cytotoxic T lymphocytes. J. Virol. 85, 4085–4094. https://

doi.org/10.1128/JVI.02493-10.

76. Cretney, E., Xin, A., Shi, W., Minnich, M., Masson, F., Miasari, M., Belz,

G.T., Smyth, G.K., Busslinger, M., Nutt, S.L., and Kallies, A. (2011). The

transcription factors Blimp-1 and IRF4 jointly control the differentiation

and function of effector regulatory T cells. Nat. Immunol. 12, 304–311.

https://doi.org/10.1038/ni.2006.

77. Li, C., Zhu, B., Son, Y.M., Wang, Z., Jiang, L., Xiang, M., Ye, Z., Becker-

mann, K.E., Wu, Y., Jenkins, J.W., et al. (2019). The transcription factor

Bhlhe40 programs mitochondrial regulation of resident CD8(+) T cell

fitness and functionality. Immunity 51, 491–507.e7. https://doi.org/10.

1016/j.immuni.2019.08.013.

78. Zaid, A., Mackay, L.K., Rahimpour, A., Braun, A., Veldhoen, M., Carbone,

F.R., Manton, J.H., Heath, W.R., and Mueller, S.N. (2014). Persistence of

skin-resident memory T cells within an epidermal niche. Proc. Natl. Acad.

Sci. USA 111, 5307–5312. https://doi.org/10.1073/pnas.1322292111.

79. Mackay, L.K., Wynne-Jones, E., Freestone, D., Pellicci, D.G., Mielke, L.A.,

Newman, D.M., Braun, A., Masson, F., Kallies, A., Belz, G.T., andCarbone,

F.R. (2015). T-Box transcription factors combine with the cytokines TGF-

beta and IL-15 to control tissue-resident memory T cell fate. Immunity 43,

1101–1111. https://doi.org/10.1016/j.immuni.2015.11.008.

80. Fonseca, R., Burn, T.N., Gandolfo, L.C., Devi, S., Park, S.L., Obers, A., Ev-

rard, M., Christo, S.N., Buquicchio, F.A., Lareau, C.A., et al. (2022). Runx3

drives a CD8(+) T cell tissue residency program that is absent in CD4(+)

T cells. Nat. Immunol. 23, 1236–1245. https://doi.org/10.1038/s41590-

022-01273-4.

81. Pallett, L.J., Davies, J., Colbeck, E.J., Robertson, F., Hansi, N., Easom,

N.J.W., Burton, A.R., Stegmann, K.A., Schurich, A., Swadling, L., et al.

(2017). IL-2(high) tissue-resident T cells in the human liver: sentinels for

hepatotropic infection. J. Exp. Med. 214, 1567–1580. https://doi.org/10.

1084/jem.20162115.

82. Kumar, B.V., Ma, W., Miron, M., Granot, T., Guyer, R.S., Carpenter, D.J.,

Senda, T., Sun, X., Ho, S.H., Lerner, H., et al. (2017). Human tissue-resi-

dent memory T cells are defined by core transcriptional and functional sig-

natures in lymphoid and mucosal sites. Cell Rep. 20, 2921–2934. https://

doi.org/10.1016/j.celrep.2017.08.078.
Cell Reports Medicine 4, 101053, June 20, 2023 17

https://doi.org/10.4049/jimmunol.180.12.8102
https://doi.org/10.4049/jimmunol.180.12.8102
https://doi.org/10.1016/j.immuni.2009.05.006
https://doi.org/10.1146/annurev.immunol.23.021704.115715
https://doi.org/10.1146/annurev.immunol.23.021704.115715
https://doi.org/10.1038/ni.2035
https://doi.org/10.1038/ni.2035
https://doi.org/10.1016/j.immuni.2012.08.021
https://doi.org/10.1016/j.it.2013.10.001
https://doi.org/10.3389/fimmu.2020.595707
https://doi.org/10.3389/fimmu.2020.595707
https://doi.org/10.1038/s41586-019-1805-z
https://doi.org/10.1038/s41587-022-01639-x
https://doi.org/10.1038/s41587-022-01639-x
https://doi.org/10.1182/blood.2021012714
https://doi.org/10.1182/blood.2021012714
https://doi.org/10.1084/jem.20171584
https://doi.org/10.4049/jimmunol.1300099
https://doi.org/10.1073/pnas.1905675116
https://doi.org/10.1038/s41590-020-0760-z
https://doi.org/10.1073/pnas.1417215111
https://doi.org/10.1126/sciimmunol.aaz6894
https://doi.org/10.1073/pnas.2014553118
https://doi.org/10.1158/2326-6066.CIR-14-0186
https://doi.org/10.1158/1078-0432.CCR-13-2627
https://doi.org/10.1016/j.ymthe.2019.07.015
https://doi.org/10.4049/jimmunol.1301843
https://doi.org/10.1128/JVI.02493-10
https://doi.org/10.1128/JVI.02493-10
https://doi.org/10.1038/ni.2006
https://doi.org/10.1016/j.immuni.2019.08.013
https://doi.org/10.1016/j.immuni.2019.08.013
https://doi.org/10.1073/pnas.1322292111
https://doi.org/10.1016/j.immuni.2015.11.008
https://doi.org/10.1038/s41590-022-01273-4
https://doi.org/10.1038/s41590-022-01273-4
https://doi.org/10.1084/jem.20162115
https://doi.org/10.1084/jem.20162115
https://doi.org/10.1016/j.celrep.2017.08.078
https://doi.org/10.1016/j.celrep.2017.08.078


Article
ll

OPEN ACCESS
83. Mackay, L.K., Minnich, M., Kragten, N.A.M., Liao, Y., Nota, B., Seillet, C.,

Zaid, A., Man, K., Preston, S., Freestone, D., et al. (2016). Hobit and Blimp1

instruct a universal transcriptional program of tissue residency in lympho-

cytes. Science 352, 459–463. https://doi.org/10.1126/science.aad2035.

84. Freitas, K.A., Belk, J.A., Sotillo, E., Quinn, P.J., Ramello, M.C., Malipatlolla,

M., Daniel, B., Sandor, K., Klysz, D., Bjelajac, J., et al. (2022). Enhanced

T cell effector activity by targeting the Mediator kinase module. Science

378, eabn5647. https://doi.org/10.1126/science.abn5647.

85. Mariathasan, S., Turley, S.J., Nickles, D., Castiglioni, A., Yuen, K., Wang,

Y., Kadel, E.E., III, Koeppen, H., Astarita, J.L., Cubas, R., et al. (2018).

TGFbeta attenuates tumour response to PD-L1 blockade by contributing

to exclusion of T cells. Nature 554, 544–548. https://doi.org/10.1038/

nature25501.

86. Tauriello, D.V.F., Palomo-Ponce, S., Stork, D., Berenguer-Llergo, A.,

Badia-Ramentol, J., Iglesias, M., Sevillano, M., Ibiza, S., Cañellas, A., Her-
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https://github.com/BenLangmead/bowtie2
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Samtools Heng Li, Bob Handsaker, and colleagues https://github.com/samtools/samtools

The Integrative Genome Viewer (IGV) Broad Institute https://github.com/igvteam/igv

MACS2 Tao Liu and colleagues https://github.com/taoliu/MACS

ENCODE blacklisted regions Anshul Kundaje Lab https://sites.google.com/site/anshulkundaje/
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edgeR v3.34.0 Gordon Smyth, Yunshun Chen, Matthew
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bioc/html/edgeR.html
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GSEABase Martin Morgan, Dan Tenenbaum, and

colleagues

https://github.com/Bioconductor/GSEABase

kallisto v0.46.0 Páll Melsted, Lior Pachter, and colleagues https://github.com/pachterlab/kallisto

tximport 1.24.0 Michael Love, Charlotte Soneson, Mark

Robinson, and colleagues
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reviewed to determine if they involve any intellectual property considerations. Materials eligible for sharing will be released following

the execution of a material transfer agreement.

Data and code availability
d The sequencing data reported in this paper is deposited in theGene Expression Omnibus (GEO) database with accession num-

ber GSE224866. The data is available for public access and download from the GEO database, with no restrictions on its use or

redistribution.

d No original code is featured in this paper.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
The NALM6 B-cell acute lymphoblastic leukemia cell line, pancreatic ductal adenocarcinoma cell lines Capan-2 and AsPC-1 ex-

pressing mesothelin, the PC3 prostatic adenocarcinoma cell line, and HEK 293T cells were acquired from the American Type Culture

Collection (ATCC). PC3 cells were modified to express PSMA (PC3-PSMA), and both PC3-PSMA and NALM6 cells were engineered

to express click beetle green luciferase and green fluorescent protein (CBG-GFP). A human mesothelioma cell line, EMP (parental),

derived from a patient’s tumor in March 2010, was also used. EMP was altered to express human mesothelin (EMMESO) as it does
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not endogenously express it. Antigen expression was confirmed in these cell lines before functional assays. Capan-2, PC3-PSMA,

and HEK 293T cells were cultured in D10 media with Dulbecco’s Modified Eagle Medium (DMEM, Gibco), supplemented with high

glucose, GlutaMAX, 10% fetal bovine serum (FBS, Gibco), and 1% penicillin/streptomycin. NALM6, AsPC-1, and EMMESO cells

were maintained in Roswell Park Memorial Institute (RPMI) 1640 media containing 10% FBS and 1% streptomycin/penicillin

(R10). The University of Arizona Genetics Core authenticated all cell lines used in this study, and mycoplasma contamination was

tested using the MycoAlert Mycoplasma Detection kit (Lonza) according to the manufacturer’s protocol.

Primary human T-cells
For the generation ofCART-cells,mononuclear cells fromperipheral blood (PBMC)were acquired through leukapheresis fromhealthy

volunteers. These cells were obtained from the Human Immunology Core at the University of Pennsylvania, with the approval of the

university’s Institutional Review Board. Study participants provided written informed consent, in compliance with the Declaration of

Helsinki, the International Conference on Harmonization’s Good Clinical Practice guidelines, and the United States Common Rule.

Mice
Animal studies were conducted using both male and female NOD/SCID/IL-2Rg-null (NSG) mice aged between eight and twelve

weeks, obtained from the University of Pennsylvania StemCell and Xenograft Core. These experiments were carried out under a pro-

tocol approved by the Institutional Animal Care and Use Committee. This ensured that all experiments involving the mice adhered to

the highest ethical standards and guidelines for animal care and use in scientific research. The mice were housed in a pathogen-free

environment, subjected to a 12-h light/dark cycle, and maintained at a consistent temperature of 21 ± 2�C with 60 ± 20% relative

humidity. The animals were given unrestricted access to acidified water and sterilized food.

METHOD DETAILS

Lentivirus production
Lentivirus manufacturing was carried out previously described.42 Briefly, the pTRPE lentiviral transfer plasmid was modified to facil-

itate expression of the human RUNX3 transcription factor or second-generation CAR constructs comprised of extracellular anti-mes-

othelin (M5 and SS1), -PSMA or anti-CD19 single chain variable fragments, CD8a hinge/transmembrane domains, and 4-1BB and

CD3z cytoplasmic signaling modules. At 70–80% confluency, low passage HEK 293T cells were transfected with lentiviral transfer

plasmid and packaging vectors using Lipofectamine 2000 (ThermoFisher Scientific). At 24- and 48-h post-transfection, lentivirus su-

pernatant was harvested, followed by concentration using high-speed ultracentrifugation. After removal of supernatant, R10 media

was added for resuspension of viral pellets and stored at stored at �80�C.

T-cell culture and lentiviral transduction
PBMCs were isolated from buffy coats and cryopreserved at 4 3 107 cells per vial. Cryopreserved PBMCs were thawed, and T-cell

purification was carried out using the Pan T Cell Isolation Kit according to the manufacturer’s instructions (Miltenyi Biotec). For CAR-

TCONV manufacturing, T-cells were activated with CD3/CD28 Dynabeads (ThermoFisher Scientific) at a bead to cell ratio of 3:1 for

three days in T-cell OpTmizer CTS SFM media (Gibco) supplemented with 5% human AB serum and 100U/mL human IL-2 (T-cell

media). At 24-h post-T-cell activation, T-cells were transduced with the above lentiviral vectors at a multiplicity of infection (MOI)

of three. T-cell media was added to cultures every two days, and on day nine, CAR T-cells were cryopreserved in T-cell media

supplemented with 20% human AB serum and 10% dimethyl sulfoxide. For CAR-TRM production, T-cell culture media was supple-

mented with 2 ng/mL of TGF-b (R&D Systems or Cell Signaling Technology) in addition to IL-2, and the CAR T-cell engineering pro-

cess was carried out as specified above.

Gene editing using CRISPR/Cas9
At three days following T-cell activation, CD3/CD28 Dynabeads were magnetically removed. T-cells were washed with phosphate-

buffered saline (PBS), and electroporation was carried out using the P3 primary cell 4D-nucleofector kit (Lonza). Ribonucleoprotein

(RNP) complexes were generated by preincubating 12 mg TrueCut S. Cas9 (ThermoFisher Scientific), 0.2 nmol Alt-R tracrRNA (trans-

activating CRISPRRNA), and crRNA (crispr RNA) (IntegratedDNA Technologies) for 10min. Threemillion CART-cells resuspended in

P3 buffer were added to the appropriate RNP complexes, followed by transfer to nucleocuvette strips for electroporation using the

4D-Nucleofactor (Lonza, protocol EO-115). After electroporation, CAR T-cells were maintained in T-cell media supplemented with or

without 2 ng/mL of TGF-b. Three days post-electroporation, CAR T-cells were collected for genomic DNA isolation. Target regions

flanking double-strand brake sites were amplified by polymerase chain reaction (PCR) for Sanger sequencing. Editing efficiencies

were determined by Inference of CRISPR Edits (ICE) analysis.

Flow cytometry
For flow cytometric characterizations, CAR T-cells were first stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (ThermoFisher

Scientific) in PBS. Samples were subsequently washed and incubated with antibodies diluted in FACS buffer (PBS +2% FBS).

Expression of anti-mesothelin CARs and the anti-CD19 CAR was measured using a PE-conjugated mesothelin protein and an
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APC-conjugated anti-FMC63 idiotype antibody, respectively. PSMACAR expressionwas assessed using a biotinylated recombinant

human PSMA protein sourced from Sino Biological, followed by a secondary stain with APC-conjugated streptavidin. Additional sur-

face proteins were stained using the following antibodies: BV 421 anti-human CD279 (PD-1), BV 570 anti-human CD45RO, BV 650

anti-human CD8a, BV 785 anti-human CD4, BV 570 anti-human CD127 (IL-7Ralpha), PE anti-human CD366 (Tim-3), PE/Cyanine 5

anti-human CD62L, PerCP/Cyanine 5.5 anti-mouse CD45, FITC anti-human CD103 (Integrin alphaE), APC-H7 anti-human CD8, PE-

CF594 anti-humanCD197 (CCR7), APC-H7 anti-humanCD45, APC anti-humanCD25, APC/Fire 750 anti-humanCD49a, PE/Cyanine

7 anti-human CD223 (LAG-3), and/or BV 711 anti-human CD39. For intracellular protein staining, cells were first fixed and permea-

bilized using the Foxp3 Transcription Factor Staining Buffer Set (ThermoFisher Scientific), followed by staining with the following an-

tibodies: PE-CF594 anti-human IL-2, BV 570 anti-human IFN-gamma, AF 700 anti-human TNF-alpha, BV 421 anti-human Perforin,

APC anti-human Perforin, PE anti-human RUNX3, PE/Cyanine 5.5 anti-human Granzyme B, and/or APC anti-human TOX. Fluores-

cence intensity for each sample was measured using an LSRII Fortessa cytometer (BD Biosciences), and analysis was performed

with FlowJo software v10 (FlowJo, LLC).

In vitro restimulation assay
The resident memory phenotype of CAR T-cells was assessed using an in vitro restimulation assay. Briefly, 53 105 irradiated AsPC-1

cells were seeded a day before coincubation with CAR T-cells. M5 CAR T-cells were magnetically isolated using anti-mesothelin-

coated beads (ACROBiosystems). The isolated 1 3 106 CAR T-cells were then added to AsPC-1 cells at an effector to target ratio

of 2:1. After 18-h of coincubation, supernatant was collected for cytokine measurements using the 13-plex LEGENDplex human

CD8 panel (BioLegend). On every fifth day following tumor cell challenge, CAR T-cells were harvested for immunophenotyping,

and 1 3 106 viable CAR T-cells were transferred into plates containing AsPC-1 cells to facilitate chronic stimulation.

Cytotoxicity assay
The xCELLigence system (ACEA Biosciences Inc.) was used to monitor that cytolytic capacity of anti-M5 CAR-TCONV and CAR-TRM
cells. For this assay, 4 3 104 AsPC-1 cells were seeded in E-Plate VIEW 96 PET microwell plates, and after 24-h, 2 3 104 M5 CAR

T-cells or irrelevant CD19 CAR T-cells were added at an effector to target ratio of 1:2. Tween 20 was used as a positive control for full

cell lysis. The real-time cell index was monitored in 20-min intervals over seven days, and the degree of CAR T-cell-mediated cyto-

toxic activity was calculated using the normalized cell index and percent cytolysis.

Mouse xenograft studies
To assess the in vivo antitumor potency of M5 CAR-TCONV and CAR-TRM cells in solid tumor indications, 4 3 106 AsPC-1 cells or

5 3 106 Capan-2 cells were premixed with Matrigel (Corning) and subcutaneously inoculated in the right flanks of 6- to 8-week-old

NSG mice. For the AsPC-1 model, 3 3 105 M5 CAR T-cells were intravenously infused on day thirty-two following tumor engraft-

ment. For Capan-2 xenograft experiments, 1 3 105 CAR T-cells were intravenously given to Capan-2-bearing mice on day twenty-

nine. To examine the role of the resident memory population in mediating CAR-TRM cell antitumor responses, the CD103+ pop-

ulation in CAR-TRM products was magnetically depleted using biotinylated anti-human CD103 antibody and anti-biotin microbeads

(Miltenyi Biotec). Following isolation, CD103+cell-depleted CAR-TRM cells were administered to mice. Longitudinal tumor growth

was monitored using caliper measurements (tumor volume = (length 3 width2)/2) in AsPC-1 and Capan-2 models. To assess the

trafficking of CAR T-cells, the M5 CAR-TCONV and CAR-TRM cells were labeled with 320 mg/mL IVISense DiR 750 fluorescent cell

labeling dye (PerkinElmer) for 30 min. After washing the CAR T-cells twice with PBS, they were intravenously injected into the mice

on day thirty-three post-Capan-2 engraftment. The migration of the CAR T-cells was monitored using the Xenogen IVIS Imaging

System (PerkinElmer) with a 710 nm excitation and 760 nm emission filter.

To assess the immunophenotype of tumor-infiltrating CAR T-cells, Capan-2 tumors were harvested on day thirteen post-CAR-T

cell injection and minced with a scalpel. Tumors were subsequently dissociated with 100 U/mL Collagenase Type IV (STEMCELL

Technologies) and 0.25 mg/mL DNase I (STEMCELL Technologies) for 30 min at 37�C. Tumor-infiltrating CAR T-cells were then re-

activated with 50 ng/mL of phorbol 12-myristate 13-acetate 1210 (PMA) and 1 mg/mL ionomycin in the presence of 5 mg/mL Brefeldin

A for 6-h. Expression of effector cytokines and cytotoxic proteins were assessed by flow cytometry. To assess the antitumor efficacy

of SS1 CAR T-cells, NSG mice were injected with EMMESO mesothelin-expressing mesothelioma cells. When tumor volume

reached a size of �120 mm3, mice were infused with a single dose of 107 CAR T-cells.

For the NALM6 B-cell leukemia model, NSG mice were engrafted with 106 NALM6 cells intravenously. On day seven post-tumor

injection, anti-CD19 CAR-TCONV, CAR-TRM cells, or irrelevant PSMACAR T-cells (negative control), were infused. Longitudinal tumor

growth was assessed weekly using bioluminescent imaging with the Xenogen IVIS Imaging System. On day nineteen after tumor in-

jection, peripheral bloodwas collected frommice to evaluate CAR T-cell expansion capacity and differentiation phenotype. The num-

ber of human peripheral blood T-cells wasmeasured using 123count eBeads (ThermoFisher Scientific), and surfacememorymarkers

were stained for flow cytometric analysis according to the above methods.

In the intraosseous PC3-PSMA model, 2 3 105 PC3-PSMA cells were intrafemorally transplanted into male NSG mice. After

21 days, themice received an intravenous infusion of 13 105 anti-PSMACAR-TCONV or -CAR-TRM cells. Tumor burdenwas assessed

by administering an intraperitoneal injection of luciferin to the mice, followed by quantifying bioluminescence using the Xenogen IVIS

Imaging System.
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Bulk RNA-seq
Anti-mesothelin M5 CAR-TCONV and CAR-TRM cells were harvested after nine days of in vitro expansion. CD8+ CAR T-cells were

magnetically isolated using anti-mesothelin-coated beads (ACROBiosystems) and anti-CD8 microbeads (Miltenyi Biotec), followed

by resuspension in 500mL of TRIzol (Invitrogen). Total RNA was prepared using RNA Clean & Concentrator kits (Zymo Research)

following the manufacturer’s instructions. Transcriptome sequencing was performed by Novogene using the NovaSeq 6000 system

(Illumina, 150bp paired end reads). Paired-end reads were pseudoaligned to the human genome (GRCh38) using kallisto v0.46.0, and

count estimates at the gene level were summarized using tximport 1.24.0.

Differential gene expression analyses between CAR-TRM and CAR-TCONV cells was conducted using edgeR v3.34.0. Briefly,

filtered RNA-seq data was normalized using a TMMmethod (TrimmedMean ofM-values) and logarithmically transformed into counts

per million (cpm). Generalized linear models were used to determine differential expression in a paired design using edgeR. Gene set

enrichment analysis (GSEA) was conducted using enrichr and GSEABase on the following gene sets: resident-memory gene sets48

(Table S1: genes differentially expressed between CD69+CD103+ and CD69�CD103�CD8+ T-cells, adjusted p value <0.05 and

log2FC R 1), hypoxia and migration gene sets (MSigDB C2), and response to ICB signature.49

Single-cell RNA sequencing
For scRNA-seq, dead cells were eliminated using the Dead Cell Removal Kit (Miltenyi Biotec). Mesothelin-directed M5 CAR-TCONV

and -TRM cells were magnetically isolated using anti-mesothelin-coated beads, as described above. After isolation, T-cell viability

and quantity were evaluated using trypan blue exclusion and cells were resuspended in PBS containing 0.04% BSA. Approximately

20,000 cells were loaded per reaction to capture �10,000 cells for scRNA-seq library preparation using the Chromium Next GEM

Single Cell 50 Kit v2 (10X Genomics) according to manufacturer’s protocol. Sequencing was performed on a NovaSeq 6000 instru-

ment at a depth of >20,000 reads per cell.

Raw read files were processed and aligned to the human reference genome (GRCh38) using Cell Ranger 6.1.2. Expression data

were then analyzed in R using Seurat version 4.1.1. Poor quality cells with more than 10%mitochondrial reads were eliminated, and

cells that express less than 1,000 genes or more than 7,000 genes were also eliminated. After cell filtration, 12,230 cells were ob-

tained for subsequent analysis. Analyses were carried out using various additional packages of reproducible R code. Individual

data sets were normalized via regularized negative binomial regression using SCTransform. Normalized expression datasets from

CAR-TCONV and CAR-TRM samples were integrated with SelectIntegrationFeatures, PrepSCTIntegration, FindIntegrationAnchors,

and IntegrateData commands. Principal component analysis was carried out on scaled data using RunPCA, followed by clustering

of cells using FindNeighbors, and FindClusters. UMAP embedding was done with the runUMAP function. Differential gene expres-

sion analyses between CD8 clusters or CAR T-cell samples were performed using the FindMarkers and FindAllMarkers commands.

We queried expression datasets for the expression of resident-memory48 and ‘stemness’-related (GSE83978) gene signatures and

calculated module scores using AddModuleScore.

ATAC-seq analysis
Anti-mesothelin M5 CAR-TCONV and CAR-TRM cells were harvested after nine days of in vitro expansion. CAR T-cells were magnet-

ically isolated according to the methods described above. After elimination of dead cells, 100,000 CD8+ CAR T-cells were cryopre-

served. Library preparation was performed by Novogene as follows: a reaction mixture consisting of Tn5 transposase and equimolar

adapter1 and adapter 2 was added to nuclei pellets and incubated at 37�C for 30 min. The library was enriched using PCR, and pu-

rification of final libraries was carried out using AMPure beads (Beckman Coulter). Paired-end sequencing (150bp reads) was con-

ducted on a NovaSeq 6000 instrument.

Cutadapt was used to trim FASTQ files of adapter contamination. Reads were aligned to the hg19 reference genome using Bow-

tie2, retaining only properly aligned and paired reads from 10 to 1000 base pairs. Mitochondrial reads were then eliminated using

removeChrom. Aligned reads were converted to BAM files and sorted with samtools, and Picard was used to remove PCR dupli-

cates. BAM files were indexed using samtools to display tracks in the Integrative Genome Viewer (IGV). MACS2 was used to call

peaks with an FDR q-value cutoff of 0.01. The R package Diffbind was used to remove ENCODE blacklisted regions, then to identify

peaks differentially opened between the CAR-TCONV and -TRM populations. The findMotifsGenome script from HOMER was imple-

mented to map differentially opened peaks for occurrences of known transcription factor motifs.

Statistical analyses
Statistical tests between two groups were carried out using a two-tailed unpaired/paired Student’s t t-test (for parametric data) or a

Mann-Whitney U test (for non-parametric data). The Benjamini–Hochberg procedure was used to adjust p values for multiple com-

parisons testing following differential gene expression analyses. For statistic comparisons involving three or more groups, one- or

two-way ANOVA tests were performed, followed by post-hoc testing for multiple comparisons. Mouse survival was assessed using

the Log rank (Mantel-Cox) test. Statistical analyses were carried out using GraphPad Prism v9.1.0 (GraphPad), and p values <0.05

were considered significant. *p < 0.05, *p < 0.01, ***p < 0.001, ns: not significant.
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