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IL-4 drives exhaustion of CD8+ CART cells

Carli M. Stewart 1,2,3, Elizabeth L. Siegler1,4, R. Leo Sakemura 1,4,
Michelle J. Cox 1, Truc Huynh 1,4, Brooke Kimball 1,4, Long Mai1,4,
Ismail Can 1,4, Claudia Manriquez Roman1, Kun Yun 1,2,5, Olivia Sirpilla 1,2,3,
James H. Girsch1,2,5, Ekene Ogbodo1,4, Wazim Mohammed Ismail 6,
Alexandre Gaspar-Maia 6, Justin Budka7, Jenny Kim7, Nathalie Scholler 7,
Mike Mattie7, Simone Filosto7 & Saad S. Kenderian 1,4,8

Durable response to chimeric antigen receptor T (CART) cell therapy remains
limited in part due toCART cell exhaustion. Here, we investigate the regulation
of CART cell exhaustion with three independent approaches including: a
genome-wide CRISPR knockout screen using an in vitro model for exhaustion,
RNA and ATAC sequencing on baseline and exhausted CART cells, and RNA
and ATAC sequencing on pre-infusion CART cell products from responders
and non-responders in the ZUMA-1 clinical trial. Each of these approaches
identify interleukin (IL)-4 as a regulator of CART cell dysfunction. Further, IL-4-
treated CD8+ CART cells develop signs of exhaustion independently of the
presence of CD4+ CART cells. Conversely, IL-4 pathway editing or the combi-
nation of CART cells with an IL-4 monoclonal antibody improves antitumor
efficacy and reduces signs of CART cell exhaustion in mantle cell lymphoma
xenograftmousemodels. Therefore,we identify both a role for IL-4 in inducing
CART exhaustion and translatable approaches to improve CART cell therapy.

Chimeric antigen receptor T (CART) cell therapy has evolved as a
potentially curative therapy in a subset of patients with hematological
malignancies1. While CART cell therapy results in impressive overall
response rates over 70%, durable response rates remain limited to
30–40%, and most patients relapse within the first year of therapy2–4.
Several mechanisms of CART cell failure have been identified, includ-
ing the limited in vivo expansion and persistence of CART cells5,6.

It has become increasingly evident that T cell exhaustion con-
tributes to CART cell failure in the clinic7,8. T cell exhaustion is an
epigenetically regulated state of dysfunction that results from chronic
stimulation through either the T cell receptor (TCR) in CD8+ T cells or
through the CAR in CART cells9–12. Exhaustion is characterized by
phenotypic, functional, transcriptional, and epigenetic changes. Phe-
notypic alterations include the upregulation of multiple inhibitory
receptors on a cell such as programmed cell death protein 1 (PD-1), T
cell immunoglobulin and mucin domain-containing protein 3 (TIM-3),

cytotoxic T-lymphocyte associated protein 4 (CTLA-4), and
lymphocyte-activation gene 3 (LAG-3)9. Functional alterations include
a decreased ability to proliferate and to produce effector cytokines
such as interleukin (IL)-2 and tumor necrosis factor (TNF)-α, followed
by losing the ability to produce interferon (IFN)-γ at later stages9. In
addition, exhausted T cells experience metabolic changes such as
impaired glycolysis13. Transcriptional and epigenetic changes include
alterations in the activity of several transcription factors including:
TCF-7, TOX, T-BET, EOMES, PRDM1, NR4A3, BATF, and EGR2, as well as
AP-1 and RUNX family members14–26. In an effort to control the epige-
netic response to chronic stimulation, several studies have used
genetic engineering tools to overexpress or knockout individual
molecules. Some examples include the overexpression of the AP-1
family member c-Jun and the deletion of molecules such as the
methyltransferase DNMT3A, the inflammatory regulators REGNASE-1
and ROQUIN-1, and the transcription factors PRDM1 andNR4A311,25,27,28.
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While these approaches have both enhanced the field’s understanding
of CART cell exhaustion as well as established a framework to prevent
its development, a complete understanding of molecular pathways
and potential targets for therapeutic intervention has not been
achieved thus far.

It is likely that the occurrence of CART cell exhaustion varies by
CAR construct and disease type. For example, independent studies
have demonstrated that CD28-costimulated CART cells are more sus-
ceptible to a state of exhaustion as compared to 41BB-costimulated
CART cells5,29,30. In addition, CAR constructs that experience a higher
occurrence of tonic signaling have also been positively associatedwith
the development of CART cell exhaustion29. Further, current literature
supports a higher risk of exhaustion in CART cells used for the treat-
ment of solid tumors due to the added challenges of an immunosup-
pressive tumor microenvironment31.

We focused our studies on the epigenetic regulation of exhaus-
tion in CART cells targeting the CD19 antigen (CART19) and containing
a CD28 costimulatory domain (CART19-28ζ) as a model. To do so, we
employed the following three independent strategies: (1) a genome-
wide clustered regularly interspaced short palindromic repeat
(CRISPR) knockout screen in healthy donor CART19-28ζ cells using an
in vitro model for exhaustion, (2) RNA and assay for transposase-
accessible chromatin (ATAC) sequencing on baseline and chronically
stimulated CART19-28ζ cells from healthy donors using an in vitro
model for exhaustion, and (3) RNA and ATAC sequencing on pre-
infusion axicabtagene ciloleucel (axi-cel) products from patient
responders and non-responders in the pivotal ZUMA-1 clinical trial that
led to the initial FDA approval of axi-cel32. Collectively, our indepen-
dent approaches identified IL-4 as a key regulator of CART cell
exhaustion. Subsequently, we performed validation studies to confirm
the role of IL-4 on CART cell function using in vitro and in vivomodels,
ultimately proposing IL-4 neutralization as a strategy to improve CART
cell anti-tumor activity.

Results
Establishing an in vitro model for CART19 cell exhaustion
To better understand the development of CART cell exhaustion, we
first designed an in vitro model to induce exhaustion in CART19 cells
generated from healthy donor T cells (Fig. 1a and Supplementary
Fig. S1). This model was designed both to be scalable and to focus
specifically on the development of exhaustion through chronic sti-
mulation of the T cells. In CD8+ T cells, exhaustion has been modeled
in vitro by the chronic stimulation of the T cells through the T cell
receptor (TCR)9,33. Tomodel this phenomenon in CART19-28ζ cells, we
chronically stimulatedCARTcells through theCARwith the additionof
fresh CD19+ target cells to the culture every other day. When CART19-
28ζ cells were chronically stimulated with the CD19+ mantle cell lym-
phoma cell line, JeKo-1, they became progressively dysfunctional as
evident by reduced CART cell antigen specific expansion in vitro
(Fig. 1b). Additionally, chronically stimulated CART cells exhibited
phenotypical and functional signs of exhaustion such as the increased
co-expression of multiple inhibitory receptors and the decreased
production of effector cytokines such as IL-2 and TNF-α (Supplemen-
tary Fig. S2a–d). Furthermore, these cells exhibited reduced poly-
functionality as determined by the number of T cells secreting three or
more cytokines (Supplementary Fig. S2e). Importantly, changes in
antigen specific expansion, the co-expression of inhibitory receptors,
and the production of effector cytokines appear to be a result of
chronic stimulation and not due to a change in the percentage of CAR+

T cells (Supplementary Fig. S2f) or due to long-term co-culture (Sup-
plementary Fig. S3).

To further examine the function and phenotype of chronically
stimulated CART cells, we utilized a mantle cell lymphoma xenograft
mouse model that stress tests CART19 cells (Supplementary Fig. S4a).
In thismodel, mice are allowed to develop high disease burden so that

standard CART19 doses fail to induce a complete remission of the
tumor. Mice were then randomized to receive treatment with either
baseline (Day 8) or chronically stimulated (Day 22) CART19-28ζ cells.
Treatment with chronically stimulated CART19-28ζ cells resulted in a
significant reduction in anti-tumor activity (Fig. 1c and Supplementary
Fig. S4b) and overall survival (Fig. 1d, e and Supplementary Fig. S4c),
compared to treatment with baseline CART19-28ζ. In addition, there
was a trend for decreased CART expansion (Fig. 1f and Supplementary
Fig. S4d) and a significant upregulation of multiple inhibitory recep-
tors (Fig. 1g and Supplementary Fig. S4e, f) on CART cells in the per-
ipheral blood of mice treated with chronically stimulated CART19-28ζ
cells. Further, peripheral blood cytokine analysis two weeks following
CART cell injection showed significantly decreased levels of several
effector cytokines (Supplementary Fig. S4g), including IL-2 (Fig. 1h)
and IFN-γ (Fig. 1i), in mice treated with chronically stimulated CART-
cells. These mice also showed significantly elevated levels of the inhi-
bitory cytokine IL-10 (Fig. 1j). These findings corroborate our in vitro
data and align with an exhausted phenotype.

Having demonstrated that our in vitro model for CART cell
exhaustion leads to phenotypic and functional changes associated
with T cell exhaustion, we next tested whether this model is applicable
to other tumor models and CAR constructs. Consistent with our initial
data, chronic stimulation of CART19-28ζ cells with the CD19+ acute
lymphoblastic leukemia cell line, NALM-6 (Supplementary Fig. S5), or
chronic stimulation of 4-1BB-costimulated CART19 (CART19-BBζ) cells
with JeKo-1 cells (Supplementary Fig. S6) resulted in functional and
phenotypical signs of T cell exhaustion. As such, our in vitromodel is a
representative model for inducing CART cell exhaustion in different
tumor models and different CAR constructs.

CRISPR screen identifies a role for the IL-4 pathway in CART
failure
To investigate genes and pathways that can be altered to protect
CART cells from exhaustion, we conducted a genome-wide CRISPR
knockout screen using healthy donor CART19-28ζ cells. To do this, we
scaled our in vitro model for CART cell exhaustion by transducing 1 ×
108 CART cells with the GeCKO v2 library A on Day 2 at amultiplicity of
infection (MOI) of 0.3 (Fig. 2a)34. Then,we selected for transduced cells
through treatment with puromycin from Day 3 to Day 8.

By Day 22 of the chronic stimulation assay, we observed positive
selection of guide RNAs (gRNAs) as seen by an increase in the Gini
index from Day 8 to Day 22 (Fig. 2b) and principal component analysis
(PCA) (Fig. 2c). Additionally, there were little changes in the presence
of non-targeting gRNAs from Day 8 to Day 22 of the CRISPR screen
(Supplementary Fig. S7a). However, to adequately assess changes in
gRNA representation throughout the screen, we normalized all gRNA
counts to counts from the list of 1000non-targeting gRNAs. To further
verify thequality of theCRISPR screen,we examined the topnegatively
and positively selected genes. Top results from gene set enrichment
analysis of the negatively selected genes include pathways associated
with ribosomal genes and translational processes (Supplementary
Fig. S7b). This is expected as knockout of these pathways leads to a
strong negative selection phenotype35. Among the top positively
selected genes, there are several genes that have previously been
associated with CART cell dysfunction (CSF2, SOCS1, and PTPN2)
(Fig. 2d). Knockout of these genes with CRISPR Cas9 in previously
published studies has resulted in increased proliferative ability and
decreased signs of CART cell dysfunction36–39. Together, these data
indicate that the genome-wide CRISPR knockout screen effectively
identified positively, and negatively selected genes associated with
CART cell dysfunction.

To investigate key pathways associated with CART cell exhaus-
tion, we performed gene ontology enrichment analysis on the list of
positively selected genes. This analysis revealed a role for several
cytokine signaling pathways in CART cell exhaustion including the IFN-
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Fig. 1 | An in vitro model for chronic stimulation induces phenotypic and
functional signs of exhaustion in CART19-28ζ cells. a Schematic depicting an
in vitro model for exhaustion in CART cells (Fig. 1a was created with BioRender.com
released under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0
International license).bAbsoluteCD3+ cell count, as determinedwithflowcytometry,
after Day 8 (baseline), Day 15 (1 week of chronic stimulation), and Day 22 (2 weeks of
chronic stimulation) CART19-28ζ cells were co-culturedwith JeKo-1 target cells at a 1:1
ratio for 5 days (One-way ANOVA with average of two technical replicates for three
biological replicates, mean ± standard deviation (SD)). c In vivo antitumor activity of
Day 22 and Day 8 CART19-28ζ cells in a JeKo-1 xenograft model. NOD-SCID-IL2rγ−/−
(NSG) mice were engrafted with the CD19+ luciferase+ JeKo-1 cells (1 x 106 cells I.V.).
Mice underwent bioluminescent imaging weekly to confirm engraftment and to
monitor tumor burden. Total flux is depicted over time following treatment with
CART19-28ζ (0.9 x 106 cells I.V.) on Day 0 (Two-way ANOVA, n= 5 mice per group,

mean ± SD). d Overall survival curve based on JeKo-1 xenograft mouse model com-
paring treatment with Day 8 or Day 22CART19-28ζ cells (Log-rank (Mantel–Cox) test,
n= 5 mice per group) e Bioluminescent imaging of the tumor growth in the JeKo-1
xenograft mouse model. f In vivo CART cell expansion as determined by absolute
count of hCD45+CD3+ cells per μL of blood by flow cytometry on Day 15 of the JeKo-1
xenograft model. (two-sided t test, n= 5 mice per group, mean ± SD) g Circle graphs
showing the average portion of CART cells expressing multiple inhibitory receptors
(0—black, 1—pink, 2—green, 3—dark purple) based onflowcytometry detectionof PD-
1, CTLA-4, andTIM-3onhumanCD3+ cells in theperipheral bloodofmiceonDay 15of
the JeKo-1 xenograft model. (Average portion from n= 5mice per group) h–jHuman
cytokine levels for IL-2, IFN-γ, and IL-10 as determined by Multiplex bead assay of
mouse serum collected from peripheral blood on Day 15 of the JeKo-1 xenograft
model. (two-sided t test, n= 5mice per group,mean ± SD). Source data for (b–d) and
(f–j) are provided in the Source Data file.
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γ, IL-2, and IL-4 pathways (Fig. 2e). In an independent causal network
analysis of the positively selected genes with QIAGEN ingenuity path-
way analysis (IPA), the IL-4 receptor (IL4R) was identified as a top
regulator (Supplementary Fig. S8). Upon closer investigation of the
gRNAs targeting IL-4 in the screen, two out of the three gRNAs tar-
geting IL-4 had enhanced representation in the chronically stimulated
(Day 22) samples as compared to baseline (Day 8) samples (Fig. 2f).
This suggests that the IL-4 pathway is involved inCARTcell exhaustion.

IL-4 is involved in regulation of exhaustion
To further interrogate the top pathways identified with the genome-
wide CRISPR knockout screen, and to enhance the field’s under-
standing of the epigenetic regulation of CART cell exhaustion, we
interrogated the transcriptome and chromatin accessibility pattern of

baseline and chronically stimulated CART19-28ζ cells from our in vitro
model for exhaustion. RNA sequencing of baseline (Day 8) and
chronically stimulated (Day 15) CART19-28ζ cells revealed the devel-
opment of a distinct transcriptomic profile (Fig. 3a). Several genes that
have previously been correlatedwith an exhausted phenotype, such as
EOMES, IL10RA, and HAVCR2 (TIM-3), were confirmed to be upregu-
lated in chronically stimulated CART19-28ζ cells (Fig. 3b). Additionally,
the transcription of AP-1 family members that have previously been
negatively correlatedwith the development of exhaustion, such as FOS
and FOSL2, were downregulated (Fig. 3b)27. These findings further
validate the development of CART exhaustion in our model.

To determine the activity of signaling pathways during the
development of exhaustion, we performed pathway analysis using
both the list of differentially expressed genes and their respective fold
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Fig. 2 | A genome-wide CRISPR knockout screen identifies a role for the IL-4
pathway in the development of CART cell dysfunction resulting from chronic
stimulation. a Schematic depicting the in vitro genome-wide CRISPR knockout
screen conducted in healthy donor CART19-28ζ cells (Fig. 2a was created with
BioRender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license). b The Gini index on Day 8 and Day 22 of the
CRISPR screen (Gini index was calculated with MAGeCK-VISPR and compared with
a two-sided t test, three biological replicates). c Principal component analysis plot
of gRNA representation in the CRISPR screen at Day 8 and Day 22 (MAGeCK-VISPR
maximum likelihood estimation (MLE) analysis with three biological replicates).

d Volcano plot showing genes that were positively (red) or negatively (green)
selected by Day 22 of the CRISPR screen as compared to Day 8 (Results from
MAGeCK-VISPR MLE analysis with three biological replicates). e Top pathways
identified by gene ontology enrichment analysis of the positively selected genes
(FDR<0.25 as determined with MAGeCK-VISPR analysis with three biological
replicates). fAverage fold-changeof IL-4 gRNA representation fromDay8 toDay 22
of the CRISPR screen from three biological replicates (fold change calculated with
normalized counts of IL-4 targeting gRNAs as determined with MAGeCK-MLE with
three biological replicates). Source data for (b) and (f) are provided in the Source
Data file.
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changes. This analysis revealed a strong downregulation in pathways
associated with metabolism such as glycolysis and gluconeogenesis
and highlighted the importance of cytokine signaling in the develop-
ment of exhaustion (Fig. 3c).

Next, we performed ATAC sequencing on baseline (Day 8) and
chronically stimulated (Day 15) CART19-28ζ cells to investigate the

epigenetic changes responsible for the development of exhaustion.
Consistent with the transcriptomic changes and existing literature,
therewas enhanced chromatin accessibility at exhaustion-related gene
loci (e.g., PDCD1 and ENTPD1) in our chronically stimulated samples
(Supplementary Fig. S9a, b) as well as enhanced motif accessibility for
AP-1 and RUNX family members (Fig. 3d, e)27,33.
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After verifying that known transcriptomic and epigenetic changes
associated with exhaustion are seen following chronic stimulation of
CART cells in our in vitromodel for exhaustion, we next asked how the
development of exhaustion was being regulated. To uncover epige-
netic regulators of CART cell exhaustion, we overlapped the genes that
were both differentially expressed and differentially accessible. Then,
using QIAGEN IPA, we evaluated top affected pathways and upstream
regulators by using both the list of overlapped genes and their
respective fold changes, as determined with RNA sequencing. The top
enriched pathway was the T cell exhaustion pathway (Fig. 3f). Other
pathways with indeterminant enrichment statuses include pathways
involved with Th1, Th2 or T helper cell activation or differentiation
(Fig. 3f). Top predicted upstream regulators include IL-2, IL-15, TCF-7,
ITK, and IL-4 (Fig. 3g). IL-2, IL-15, TCF-7 and ITK have previously been
linked to the development of T cell exhaustion9,16,40–42. However, while
IL-4 has classically been associated with Th2 polarization in CD4+

T cells, its role in the development of CART cell exhaustion has not
been well-studied.

IL-4 production in CD8+ CART cells increases upon chronic
stimulation
Given both the identification of IL-4 as a top upstream regulator in the
development of exhaustion and the inclusion of pathways related to T
helper cell differentiation in the top affected pathways, we asked
whether IL-4 was identified as a top upstream regulator as a result of
changes in the T helper cell polarization or as a result of the devel-
opment of exhaustion.

To approach this question, we utilized multiple independent
approaches to differentiate T cell exhaustion from T helper cell
polarization in our in vitro model for CART cell exhaustion. First, we
observed a sharp decrease in the CD4+ population of CART19-28ζ cells
following chronic stimulation, an established finding during the
development of exhaustion (Fig. 3h)9. Second, we inspected the Th1
and Th2 populations of cells within the declining CD4+ population and
observed a significant decrease in the Th2 population within the CD4+

cells (Fig. 3i) and an increase in the Th1 population (Supplementary
Fig. S10a). Third, we evaluated the serum cytokine levels of the Th2
cytokines IL-5 and IL-13 in JeKo-1 xenograft mice treated with either
baseline (Day 8) or chronically stimulated (Day 22) CART19-28ζ cells
and observed a reduction in the levels of these cytokines in mice
treated with chronically stimulated CART19-28ζ cells (Supplementary
Fig. S10b, c). Fourth, we observed an increase in IL-4 production in
CART19-28ζ cells following chronic stimulation with JeKo-1 cells
(Fig. 3j). Notably, there was a significant increase in IL-4 production in
CD8+ CART19-28ζ cells, but not in CD4+ CART19-28ζ cells (Fig. 3j).

Overall, IL-4 was identified as a top upstream regulator of
exhaustion based on epigenetic changes observed from Day 8 to Day
15 of our in vitromodel for exhaustion.While thismodel also produces
a shift in the T helper cell population, the shift is towards a Th1
population. This is unexpected given the role of IL-4 in polarizing CD4+

T cells towards a Th2 phenotype. However, we believe IL-4 is mainly
identified as a top upstream regulator as a result of its impact on the
CD8+ populationofCARTcells. This is supportedbyboth an increase in
the production of IL-4 by CD8+ CART cells and a significant reduction
in CD4+ CART cells following chronic stimulation.

IL-4 is enriched in CART cell products from non-responders
Next, we aimed to determine the significance of our findings in
patients treated with CART19-28ζ cells. We interrogated the tran-
scriptome and chromatin accessibility pattern of pre-infusion axi-cel
products from responders and non-responders in the pivotal ZUMA-1
clinical trial that led to the initial FDA approval of axi-cel32. In this
analysis, responders were defined as patients who achieved complete
remission as best response while non-responders were defined as
patients who experienced stable or progressive disease. There was no
observed difference in the percent of T cells expressing CAR between
responders and non-responders (Supplementary Fig. S11a).

Interrogation of the transcriptome with RNA sequencing of pre-
infusion axi-cel products from 6 responders and 6 non-responders
showed clustering of non-responder samples (Fig. 4a). The top upre-
gulated genes in non-responders include IL-4 and CCR3, a chemokine
receptor that is known to be induced by IL-4 and IL-2 (Fig. 4b)43.
Additionally, analysis of the differentially expressed genes with QIA-
GEN IPA identified IL-4 as one of the upstream regulators, along with
other genes such as TNF and STAT3 (Fig. 4c). Interestingly, when we
evaluate changes in chromatin accessibility between baseline axi-cel
products from responders and non-responders, we see many simila-
rities to the findings observed following chronic stimulation of healthy
donor CART19-28ζ cells in our in vitro model for exhaustion. Motif
analysis revealed an enrichment of motif binding sites for EOMES and
PRDM1 (Fig. 4d, e). Both of these transcription factors have previously
been associated with the development of exhaustion22,23. Additionally,
non-responders showed similar enhancement of chromatin accessi-
bility to exhausted cell populations at exhaustion-related gene loci
such as PDCD1, HAVCR2 (TIM-3), EOMES, and IL-10 (Supplementary
Fig. S12a–d). These findings indicate that epigenetic changes in base-
line CART cell products contribute to CART cell exhaustion and failure
in the clinic.

Looking more specifically at the IL-4 locus, we see enhanced
chromatin accessibility in non-responder samples as compared to
responders (Fig. 4f). The chromatin accessibility pattern mirrors the
change in accessibility observed when healthy donor CART19-28ζ cells
are chronically stimulated. In particular, there is enhanced accessibility
in both non-responder and chronically stimulated samples at a
hypersensitivity site in intron 2 (Fig. 4f). This site correlates with an
enhancer locus for IL-4, HS2, that specifically regulates IL-4 without
impacting other Th2 cytokines44. Collectively, these data indicate that
IL-4 regulation in non-responders is consistent with changes seen fol-
lowing the development of CART cell exhaustion in our in vitromodel
for exhaustion.

Fig. 3 | Transcriptomic and chromatin accessibility interrogation reveals a role
for IL-4 in the development of CART cell exhaustion that is independent of its
classical role in Th2 polarization. a, b Heat map and volcano plot showing dif-
ferentially expressed genes when comparing chronically stimulated (Day 15) to
baseline (Day 8) CART19-28ζ cells (DESEQ2 with three biological replicates, padj <
0.05). In the volcano plot, significantly differentially expressed genes (padj < 0.05)
are colored red. c Top differentially regulated pathways as determined by QIAGEN
IPA of differentially expressed genes (DESEQ2 with three biological replicates,
padj < 0.05). d, e Motifs enriched in chronically stimulated as compared with
baseline CART19-28ζ cells (MEME/TOMTOM analysis with three biological repli-
cates). f, g Top canonical pathways and upstream regulators as identified by QIA-
GEN IPA of genes that were both differentially expressed (DESEQ2 with three
biological replicates, padj < 0.05) and differentially accessible (DiffBind with
DESEQ2 using three biological replicates, padj < 0.05). h Ratio of CD4+ to CD8+

CART19-28ζ cells in baseline (Day 8) and chronically stimulated (Day 15) cell
populations from the in vitromodel for exhaustion (Paired two-sided t test, average
of two technical replicates for three biological replicates,mean ± SD). i The percent
of CD4+ CART19-28ζ cells that are Th2 polarized as determined by
CCR6-CCR4+CXCR3- via flow cytometry in baseline (Day 8) and chronically (Day 15)
stimulated CART19-28ζ cell populations (Paired two-sided t test, average of two
technical replicates for three biological replicates, mean ± SD). j The percent of
either CD3+, CD4+, or CD8+ CART19-28ζ cells producing IL-4 as determined by
intracellular staining for IL-4 by flow cytometry following four hours of antigen-
specific CAR stimulation through co-culturing Day 8 or Day 15 CART19-28ζ cells
with JeKo-1 cells at a 1:5 effector-to-target (E:T) cell ratio (Two-way ANOVA, average
of two technical replicates for three biological replicates, mean ± SD). Source data
for (h–j) are provided in the Source Data file.
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IL-4 induces exhaustion independently of the presence of CD4+

CART cells
Due to our identification of IL-4 as a key regulator of CART cell
exhaustion through three independent approaches, we performed
in vitro studies to directly evaluate phenotypic and functional changes
that occur when CART19-28ζ cells are treated with human recombi-
nant IL-4 (hrIL-4). In addition, we also performed experiments to
determine if IL-4 regulates CART cell function independently of CD4+

CART cells.
Upon stimulating either bulk (CD3+) or CD8+ CART19-28ζ cells

once with JeKo-1 target cells in the presence of 20 ng/mL hrIL-4 (vs.
diluent), CART19-28ζ cells showed signs of dysfunction such as
reduced cytotoxicity (Fig. 5a) and reduced proliferative ability as

determined through CFSE staining (Supplementary Fig. S13a). These
changes appear to be independent of a direct impact of hrIL-4 on JeKo-
1 cells as treatment of JeKo-1 cells with hrIL-4 alone did not affect their
growth or survival (Supplementary Fig. S13b). Additionally, these
changes appear to be independent of a change in the percentage of
CAR+ T cells as treatment of CART cells with hrIL-4 does not change
CAR expression (Supplementary Fig. S13c).

Next, we sought to evaluate the impactof IL-4onCART19-28ζ cells
in the presence of chronic stimulation using our in vitro model for
CART cell exhaustion. Upon chronic stimulation of either bulk or CD8+

CART19-28ζ cells in the presence of 20 ng/mL hrIL-4 (vs. diluent),
CART19-28ζ cells showed enhanced functional andphenotypic signs of
exhaustion such as (1) reduced expansion (Fig. 5b), (2) reduced

a. b.

c.

d. e.

f.

Fig. 4 | Transcriptomic and chromatin accessibility interrogation of pre-
infusion axi-cel products from responders and non-responders in the ZUMA-1
clinical trial identifies IL-4 as a regulator of response. a, bHeatmap and volcano
plot showing differentially expressed genes when comparing pre-infusion axi-cel
products from non-responders to pre-infusion axi-cel products from responders
(DESEQ2, six biological replicates per condition, p <0.05). In the volcano plot,
significantly differentially expressed genes (p <0.05) are colored red. c Top
upstream regulators as determined by QIAGEN IPA of differentially expressed

genes between non-responder and responder samples (DESEQ2, six biological
replicates per condition, p <0.05). d, e Enriched motifs in pre-infusion products
from non-responders as compared to pre-infusion products from responders
(MEME/TOMTOM analysis with six biological replicates per condition). f ATAC
signal track of IL-4 gene locus from averaged signal for each experimental condi-
tion (axi-cel products from non-responders (n = 6), axi-cel products from respon-
ders (n = 6), Day 15 CART19-28ζ cells (n = 3), and Day 8 CART19-28ζ cells (n = 3)) as
visualized with the UCSC genome browser.
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production of effector cytokines such as IL-2 and IFN-γ (Fig. 5c, d and
Supplementary Fig. S13d, e), and (3) an increase in the percent of cells
coexpressing inhibitory receptors (Fig. 5e and Supplementary
Fig. S13f, g). The increase in the coexpression of inhibitory receptors

appears to be dose-dependent with the greatest increase seen at the
highest dose of hrIL-4 tested, 20 ng/mL (Supplementary Fig. S13h).

With evidence that IL-4 induces CART cell exhaustion indepen-
dently of CD4+ CART cells, we next investigated the transcriptional
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Fig. 5 | Treatment of CART19-28ζ cells with hrIL-4 leads to phenotypical and
functional signs of exhaustion in a CD4-independent manner. a Percent killing
as measured with bioluminescent imaging after Day 8 CD3+ or CD8+ CART19-28ζ
cells were co-cultured with luciferase+ JeKo-1 cells at various E:T cell ratios for
48 hours in the presence of either 20ng/mL human recombinant IL-4 (hrIL-4) or
diluent (Two-way ANOVA, average of two technical replicates for three biological
replicates, mean ± SD). b, f CD3+ and CD8+ CART19-28ζ cells were kept in media
supplemented with 100 IU/mL hrIL-2 and chronically stimulated from Day 8 to Day
15 of the in vitro model for exhaustion in the presence of either 20ng/mL hrIL-4 or
diluent control. b Absolute CD3+ cell count as measured with flow cytometry after
Day 15 CART19-28ζ cells were co-cultured with JeKo-1 cells at a 1:1 E:T cell ratio for
five days. (Two-way ANOVA, average of two technical replicates for three biological

replicates). c, d The percent of CD3+ cells producing IL-2 and IFN-γ as determined
with intracellular staining and flow cytometry after Day 15 CART19-28ζ cells were
co-cultured with JeKo-1 cells at a 1:5 E:T cell ratio for four hours (Two-way ANOVA,
average of two technical replicates for three biological replicates). e The percent of
CART19-28ζ cells co-expressingmultiple inhibitory receptors (0—black, 1—pink, 2—
green, 3—dark purple, 4—light purple) on Day 15 as determined by flow cytometric
detection of PD-1, CTLA-4, TIM-3, and LAG-3 on CD3+ cells (Circle plots from one
representative biological replicate). f The change in the transcription of EOMES as
determined with RT-qPCR of Day 15 CD3+ or Day 15 CD8+ CART19-28ζ cells (Paired
two-sided t-tests average of two technical replicates for three biological replicates,
mean ± SD). Source data are provided as a Source Data file.
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changes responsible for IL-4-induced CART cell dysfunction. Given
that 1) a prior study in CD8+ T cells showed the induction of the tran-
scription factor EOMES by IL-445 and that 2) EOMES is enriched in both
chronically stimulated healthy donor CART cells and non-responder
axi-cel products, we askedwhether treatment of CART19-28ζ cellswith
hrIL-4 would induce the expression of EOMES. After chronically sti-
mulating either bulk or CD8+ CART19-28ζ cells in the presence of hrIL-
4, EOMES transcription is induced as compared to the diluent-treated
group (Fig. 5f).

Next, to evaluate if IL-4-induced CART cell dysfunction is depen-
dent on additional interactions between the CART19-28ζ cells and
target cells, we evaluated functional and phenotypical changes when
CART19-28ζ cells are chronically stimulated with CD19-conjugated
beads in the presence of either hrIL-4 or diluent. In this tumor-free
assay, chronic stimulation of CART19-28ζ in the presence of hrIL-4
enhances the exhaustionprofile as seen by (1) decreasedproduction of
IL-2, (2) increased coexpression of inhibitory receptors, and (3)
decreased CART cell expansion (Supplementary Fig. S14a–d). This
suggests that IL-4-induced CART cell exhaustion is due to a direct
effect on CART cells and is independent of CART-tumor interactions.

Given the direct effect of hrIL-4 on CART19-28ζ cells, we next
assessed if hrIL-4 induces CART cell exhaustion in different CAR con-
structs and tumor models. To test this, we generated a variety of
CART cells by using CAR constructs that are similar to the constructs
used in the clinic, including 1) CART19-BBζ, 2) BCMA-targeting 4-1BB-
costimulated CART cells (BCMA CART-BBζ), and 3) CS1-targeting
CD28-costimulated CART cells (CS1 CART-28ζ) (Supplementary
Fig. S1b)46–49. Chronic stimulation of CART19-BBζ with JeKo-1 cells
(Supplementary Fig. S15), BCMA CART-BBζ with OPM-2 multiple
myeloma cells (Supplementary Fig. S16), or CS1 CART-28ζ with OPM-2
cells (Supplementary Fig. S17) in the presence of hrIL-4 enhanced the
exhaustion phenotype. These data indicate that IL-4 supplementation
can drive CART cell exhaustion independent of construct design or
tumor models.

IL-4 neutralization improves the longevity and efficacy of
CART cells
Given that IL-4 induces signs of CART cell exhaustion, we next exam-
ined whether disrupting the IL-4 pathway in CART cells with gene
editing could reduce the prevalence of exhaustion. To start, we used
CRISPR Cas9 to create IL-4 knockdown CART cells. Using two separate
gRNAs, we were able to create targeted mutations to reduce CART19-
28ζ production of IL-4 upon stimulation with CD19+ JeKo-1 cells (Sup-
plementary Fig. S18a, b). At baseline, IL-4 knockdownCART19-28ζ cells
showed enhanced cytotoxicity (Supplementary Fig. S18c, d) as com-
paredwith control gRNACART19-28ζ cells. IL-4 knockdownCART cells
also showed reduced phenotypical and functional signs of exhaustion
following chronic stimulation such as (1) increased CART expansion
(Supplementary Fig. S18e, f), (2) increased production of effector
cytokines such as IL-2 and IFN-γ (Supplementary Fig. S18g–i), and (3)
reduced co-expression of multiple inhibitory receptors (Supplemen-
tary Fig. S18j).

Importantly, IL-4 knockdown did not significantly alter the CD4-
to-CD8 ratio at baseline or following chronic stimulation (Supple-
mentary Fig. S19a–c). This indicates that IL-4’s role in driving CART cell
exhaustion is not due to a change in the CD4-to-CD8 ratio. Further,
given our previous finding that IL-4 supplementation can drive an
exhausted phenotype in CD8+ CART cells, we looked at functional and
phenotypical changes in CD8+ CART cells following chronic stimula-
tion of IL-4 knockdown CART19-28ζ cells with JeKo-1 cells. IL-4
knockdown appears to reduce the exhausted phenotype of CD8+

CART19-28ζ cells as seen by an increase in the production of effector
cytokines such as IL-2 and IFN-γ (Supplementary Fig. S20a–c) and a
reduction in the co-expression of multiple inhibitory receptors (Sup-
plementary Fig. S20d).

Next, to further evaluate if IL-4 reception by CART cells can drive
an exhausted phenotype, we generated IL4R knockdown CART19-28ζ
cells by using CRISPR Cas9 (Supplementary Fig. S21a). Following
chronic stimulation with JeKo-1 cells, IL4R knockdown CART cells
showed reduced phenotypical and functional signs of exhaustion such
as (1) increased proliferative ability (Supplementary Fig. S21b), (2)
decreased co-expression of multiple inhibitory receptors (Supple-
mentary Fig. S21c), and (3) increased production of effector cytokines
(Supplementary Fig. S21d, e). Further, the CD8+ population of IL4R
knockdown CART cells also showed reduced phenotypical and func-
tional signs of exhaustion (Supplementary Fig. S22). This further sup-
ports the notion that IL-4 can drive an exhausted phenotype in CD8+

CART cells.
To validate our in vitro findings that IL-4 pathway editing can

improve the activity of CART19-28ζ cells, we also tested IL-4 and IL4R
knockdown CART cells in vivo. We utilized a CD19+ JeKo-1 stress
xenograft mouse model, similar to the one previously described
(Supplementary Fig. S23a). In this model, both IL-4 and IL4R knock-
down CART cells showed improved antitumor activity as compared
with control gRNA CART19-28ζ cells (Supplementary Fig. S23b).
Additionally, IL-4 and IL4R knockdownCART cells appeared to expand
more in vivo (Supplementary Fig. S23c). This indicates that editing of
the IL-4 pathway in CART cells can improve the activity of CART cells
both in vitro and in vivo.

While CRISPR editing of the IL-4 pathway showed promise both
in vitro and in vivo, we also decided to explore the use of an IL-4
monoclonal antibody (mAb) to neutralize IL-4. This represents a
translatable strategy to improve CART cell outcomes in the clinic, as
there are currently available, FDA-approved IL-4 mAbs50–52.

The addition of 10μg/mL of a commercially available IL-4 mAb
(clone MP4-25D2) in co-cultures of CART19 and JeKo-1 cells showed
complete neutralization of IL-4 (Supplementary Fig. S24a) and an
increase in cytotoxicity (Supplementary Fig. S24b) as compared to
treatment with an IgG control antibody. Further, when CART19-28ζ
cells are chronically stimulated in the presence of 10μg/mL IL-4 mAb,
there is a significant decrease in the percent of CART19-28ζ cells that
express the inhibitory receptor PD-1 (Supplementary Fig. S24c).
Chronic stimulationofCART19-28ζ cells in thepresenceof 10 µg/mL IL-
4 mAb does not significantly alter the percentage of CAR+ T cells
(Supplementary Fig. S24d).

To further investigate the combination of CART19-28ζ cells with
an IL-4 mAb, we used our CD19+ JeKo-1 stress xenograft mouse model
(Fig. 6a), similar to the one depicted in Supplementary Fig. S3a. Fol-
lowing CART cell injection, mice were randomized based on tumor
burden to weekly intraperitoneal (i.p.) injections of either 10mg/kg IL-
4 mAb or an IgG control antibody for 5 weeks. In this model, the
majority of mice treated with CART19-28ζ cells and an IgG control
antibody were unable to effectively clear their tumor burden
(Fig. 6b, c). In contrast, all mice treatedwith a combination of CART19-
28ζ cells and an IL-4 mAb were able to effectively clear their tumor
burden and delay tumor relapse (Fig. 6b, c). Thus, combining CART19-
28ζ cells with an IL-4 mAb resulted in enhanced antitumor activity
(Fig. 6b, c) and a trend for prolonged overall survival (Fig. 6d).

Within this model, we evaluated CART19-28ζ cell function and
phenotype through peripheral blood sampling two weeks following
CART cell injection. The combination of the IL-4mAbwith CART19-28ζ
cells improved CART cell expansion (Fig. 6e), reduced the percent of
CART cells expressing multiple inhibitory receptors (Fig. 6f), and
reduced the secretion of the inhibitory cytokine IL-10 (Fig. 6g and
Supplementary Fig. S25a). Consistent results were observed in a low-
tumor burden CD19+ JeKo-1 xenograft mouse model, where all mice
were able to clear tumor load regardless of combination therapy
(Supplementary Fig. S25b–d). Together, our data demonstrates that IL-
4 neutralization with a mAb reduces exhaustion and improves anti-
tumor activity of CART19-28ζ cells.
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Discussion
Our study started with the goal of investigating the development of
CART cell exhaustion due to its known role in negative therapeutic
outcomes in CART cell therapy8. We therefore developed and utilized
an in vitromodel for CART cell exhaustion that resulted in phenotypic,
functional, transcriptional, and epigenetic changes associated with
exhaustion. Using this in vitro model for exhaustion, we performed a

genome-wideCRISPRknockout screen that helpedusdetermine genes
and pathways that can be altered to protect CART cells from exhaus-
tion, including the IL-4 pathway. In a secondapproach,we identified IL-
4 as a top upstream regulator of CART cell exhaustion by performing
RNA and ATAC sequencing on baseline and chronically stimulated
CART19-28ζ cells. Finally, in a third approach, we evaluated clinically
relevant determinants of CART cell response by performing RNA and
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ATAC sequencing on pre-infusion axi-cel products from responders
and non-responders in the pivotal ZUMA-1 clinical trial. This inde-
pendent approach not only showed epigenetic changes associated
with exhaustion in pre-infusion CART cells fromnon-responders, but it
also identified IL-4 as a top regulator of CART cell dysfunction. Thus,
three independent approaches highlighted the involvement of IL-4 in
CART cell exhaustion using both preclinical models and clinical trial
samples.

Our results demonstrated that IL-4 induces a state of exhaustion,
as evident by reducedT cell effector functions, increased expressionof
inhibitory receptors, as well as a transcriptional and epigenetic sig-
nature of exhaustion. Collectively, these studies showed that 1) IL-4 has
a direct impact on CART cells that is independent of the presence of
tumor cells, 2) IL-4 supplementation drives CART cell exhaustion in
various CAR constructs with both CD28 and 4-1BB costimulatory
domains, and in lymphomaormyelomamodels, 3) IL-4 regulates CART
cell exhaustion in both retrovirally (as seen in our RNA and ATAC
sequencing studies of preinfusion products from the ZUMA-1 clinical
trial) and lentivirally (as seen in our in vitro and in vivo experiments)
transducedCARTcells and4) IL-4 drives exhaustion inCD8+ CARTcells
even in the absence of CD4+ CART cells. However, interestingly, and
consistent with data showing a higher level of exhaustion with CD28-
costimulated CART cells, IL-4 appears to have a more dramatic impact
on CART19-28ζ cells (Fig. 5) than CART19-BBζ cells (Supplementary
Fig. S15). Together, our data indicate a role for IL-4 in the development
of exhaustion regardless of CAR construct, tumormodel, transduction
method, or the presence of CD4+ T cells53.

Importantly, our results indicate that IL-4-mediated CART cell
exhaustion is associated with lack of response in the clinic. RNA and
ATAC sequencing of axi-cel products from the ZUMA-1 clinical trial
demonstrated IL-4 to be significantly upregulated inCART19 cells from
non-responders prior to their infusion. This finding is different from
what has been reported for how Th2 CART cells are associated with
response to CART19 cell therapy in the clinic54. In one report of single-
cell RNA sequencing of 41BB co-stimulated CART19 cells (tisagenle-
cleucel products), it was found thatCART19 cells with a Th2 phenotype
are associated with durable remission after therapy54. In another study
for outcomes post-TCR therapies, CD4+ Th2 cell cytokine profiles were
associated with inferior outcomes55.

Our study also validated three approaches to mitigate CART cell
exhaustion through IL-4 pathway interruption. In one approach, we
generated IL-4 knockdown CART19-28ζ cells which showed improved
antitumor activity both in vitro and in vivo and reduced phenotypical
and functional signs of exhaustion following chronic stimulation
in vitro. In a second approach, we generated IL4R knockdownCART19-
28ζ cells which showed improved antitumor activity in vivo and
reduced signs of exhaustion in vitro. Finally, in a third approach, we
used a mAb to neutralize IL-4’s activity. IL-4 neutralization with a mAb
resulted in improved CART cell antitumor efficacy both in vitro and
in vivo while also reducing signs of exhaustion. While the first two
approaches were limited due to incomplete knockout, all three of

these approaches appear to be promising therapeutic strategies to
improve response to CART cell therapy through IL-4 depletion.

In particular, we believe the combination of CART cell therapy
with an IL-4 mAb is an actionable approach to improve durable
response. This strategy is highly clinically translatable, as IL-4-targeted
therapies are in various stages of clinical development and are gen-
erallywell-tolerated. The IL-4mAb, pascolizumab,waswell-tolerated in
a phase II clinical trial for the treatment of asthma50; dupilumab, amAb
blocking IL-4 and IL-13, is FDA-approved for multiple allergic diseases,
including eczema and asthma51; and pitrakinra, a small molecule inhi-
bitor of IL-4 signaling, has been shown to be safe in a phase II clinical
trial for the treatment of asthma52. The combination of FDA-approved
CART19 cellswith existing therapeutics toneutralize or antagonize IL-4
is an attractive approach because it avoids further genetic editing of
CART cells, which carries additional risks and complicates the already
lengthy and expensive CART production process.

In addition, IL-4 neutralization with amAb would also account for
IL-4productionbyother componentsof the tumormicroenvironment.
In previous studies, it has been shown that IL-4 is upregulated in the
tumor microenvironment due in part to cancer-associated fibroblasts
and M2 macrophages56–58. Additionally, IL-4 is said to promote the
progression of solid tumors, enhance the generation of immunosup-
pressive myeloid cells, and dampen antitumor immune responses57.
Thus, the combination of CART cell therapy with an IL-4 neutralizing
antibody in the treatment of solid tumors holds the potential to not
only directly improve the activity of the CART cells, but also to mod-
ulate the tumor microenvironment to promote tumor killing.

In summary, our findings utilized relevant preclinical models as
well as patient samples from a pivotal clinical trial to identify a role for
IL-4 in CART cell exhaustion that is independent of the known role of
IL-4 in polarizing CD4+ CART cells. This study also presents IL-4 neu-
tralization as a clinically feasible strategy to prevent CART exhaustion
and to enhance CART antitumor efficacy. CART intrinsic dysfunction
remains a major challenge to clinical efficacy in both hematological
and solid tumors. This study illuminates a mechanism for preventing
CART exhaustion and proposes a strategy to develop more effective
CART cell therapies.

Methods
The research described in this article complies with all relevant ethical
regulations. The use of recombinant DNA in the laboratory was
approved by the Mayo Clinic Institutional Biosafety Committee (IBC),
IBC numberHIP00000252.43. De-identified healthy donor T cells were
isolated from blood samples that were obtained from apheresis donor
cones collected during platelet apheresis at Mayo Clinic. Specific
experiments to study resistance to CART cell therapy were approved
by Mayo Clinic Institutional Review Board (IRB 18-005745). Mice were
purchased from Jackson Laboratories and were cared for within the
Department of Comparative Medicine at the Mayo Clinic under an
approved Institutional Animal Care and Use Committee protocol
(A00001767-16-R22).

Fig. 6 | Combination of CART19-28ζ cells with an IL-4 monoclonal antibody
improvesoverall treatment efficacy andCARTcell function inan in vivomouse
model for mantle cell lymphoma. a Schema for mantle cell lymphoma xenograft
mouse model in NSG mice used to test the treatment efficacy of CART19-28ζ cells
combined with 10mg/kg IL-4 monoclonal antibody (mAb) as compared with
CART19-28ζ combinedwith 10mg/kg IgG control antibody (Fig. 6awas createdwith
BioRender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license). b, c Tumor progression as monitored by bio-
luminescence imaging over time following injection of CART cells on Day 0 (Two-
way ANOVA, n = 5 mice per group, mean ± SD). dOverall survival curve comparing
CART19-28ζ cell treatment combined with either an IL-4 mAb or IgG control anti-
body (Log-rank (Mantel–Cox) test, n = 5 mice per group). e Absolute hCD45+CD3+

cells perμL of bloodonDay 15of the in vivo studyasdeterminedbyflowcytometric

measurement of cells that are human CD45+ and human CD3+ after collecting
peripheral blood via tail vein bleeding (two-sided t test, n = 5 mice per group,
mean ± SD). f Circle graph showing the average portion of CART cells positive for
multiple inhibitory receptors (0—black, 1—pink, 2—green, 3—dark purple) as deter-
mined with flow cytometric detection of human CD3+ cells positive for PD-1, TIM-3,
and/or CTLA-4 in the peripheral blood ofmice on Day 15 of the in vivo study (Average
value from n=5mice per group). g The concentration of IL-10 in the serumofmice in
the in vivo model two weeks after the injection of CART cells. Serum was collected
through tail vein bleeding of the mice, and cytokine concentration was determined
with the use of the Milliplex MAP Human High Sensitivity T Cell Panel Premixed
13-plex (two-sided t test, n= 5 mice per group, mean ± SD). Source data for (c–g) are
provided in the Source Data file.
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Cell Lines
The mantle cell lymphoma cell line, JeKo-1, the acute lymphoblastic
leukemia cell line, NALM6, and the epithelial-like cell line, 293T, were
purchased fromATCC,Manassas, VA, USA (cat. #CRL-3006, cat. #CRL-
3273, and cat. #CRL-3216). Themultiplemyeloma cell line, OPM-2, was
purchased from DSMZ, Braunschweig, Germany (cat. #ACC 50). For
cytotoxicity and in vivo experiments, JeKo-1 cells were transducedwith
luciferase-ZsGreen lentivirus (Addgene, Cambridge, MA, USA) and
sorted to 100% purity prior to use. JeKo-1 and OPM-2 cells were cul-
tured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco,
Gaithersburg, MD, USA) with 1% penicillin-streptomycin-glutamine
(Gibco, Gaithersburg, MD, USA) and 20% fetal bovine serum (FBS,
Sigma, St. Louis, MO, USA). NALM6 cells were cultured in RPMI 1640
medium with 1% penicillin-streptomycin-glutamine and 10% FBS.
293T cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Corning, Glendale, Arizona, USA) with 1% penicillin-
streptomycin-glutamine and 10% FBS. These cell lines were passaged
less than 20 times, and they were tested monthly to confirm negative
mycoplasma contamination.

CART cell production for in vitro and in vivo studies
The use of recombinant DNA in the laboratory was approved by the
Mayo Clinic Institutional Biosafety Committee (IBC), IBC number
HIP00000252.43. Healthy donor CART cells used in vitro and in vivo
validation studies were generated as shown in Supplementary Fig. S1a.
Briefly, peripheral blood mononuclear cells (PBMCs) were isolated
using SepMate PBMC Isolation Tubes (STEMCELL Technologies, Van-
couver, Canada) from blood samples that were obtained from apher-
esis donor cones collectedduring platelet apheresis at theMayoClinic.
Next, T cells were isolated from the PBMCs through negative selection
with an EasySep Human T Cell Isolation Kit with a RoboSep machine
(STEMCELL Technologies, Vancouver, Canada). Then, the T cells were
activated through the addition of CTSTM (Cell Therapy Systems)
DynabeadsTM CD3/CD28 beads (Life Technologies, Oslo, Norway) at a
3:1 bead-to-cell ratio. After 24 hours of bead stimulation, T cells were
transduced with lentiviral particles encoding the specific CAR at a
multiplicity of infection (MOI) of 3. To generate lentiviral particles, we
transiently transfected 293T cells with a CAR expression plasmid with
Lipofectamine 3000 transfection reagent (cat. # L3000001, Invitro-
gen, Carlsbad, CA, USA). The studies included in this paper utilized the
following CARs: (1) a second-generation CAR targeting CD19 through
an scFv derived from an anti-human CD19 antibody clone FMC63 with
a CD28 costimulatory domain (CART19-28ζ), (2) a second-generation
CAR targetingCD19 through an scFv derived fromananti-humanCD19
antibody clone FMC63 with a 4-1BB costimulatory domain (CART19-
BBζ), (3) a second-generation CAR targeting CS1 through an scFv tar-
geting CS1 through antibody clone Luc90 with a CD28 costimulatory
domain, and 4) a second-generation CAR targeting BCMA through
C11D5.3 clone with a 4-1BB costimulatory domain (Supplementary
Fig. S1b)49.

CART cells were maintained at a concentration of 1x106 cells/mL
throughout the production period with T cell media made with
X-Vivo15 (Lonza, Walkersville, MD, USA) supplemented with 10%
human serum albumin (Corning, NY, USA) and 1% penicillin-
streptomycin-glutamine (Gibco, Gaithersburg, MD, USA). On Day 6
of theproductionperiod, theCD3/CD28beadswere removed from the
cell suspension using magnetic separation before CAR expression was
evaluated via flow cytometry as shown in Supplementary Fig. S26.
Then, the CART cells were rested in T cell media until Day 8. On Day 8,
CART cells were either cryopreserved for future experiments or used
fresh for experiments, as indicated. Before use in functional experi-
ments, the cells were thawed in T cell medium and rested overnight.

Similar to the above protocol, to generate IL-4 or IL4R knockdown
CART19-28ζ cells, T cells were isolated from PBMCs originating from
de-identified healthy donor and activated with CTSTM (Cell Therapy

Systems) DynabeadsTM CD3/CD28 beads (Life Technologies, Oslo,
Norway) at a 3:1 bead-to-cell ratio. After 24hoursof stimulation, onDay
1, T cells were transduced with lentiviral particles encoding the CD19
CAR with a CD28 costimulatory domain at a multiplicity of infection
(MOI) of 3. On day 2, CART cells were transduced with an IL-4, IL4R, or
non-targeting control gRNA lentiCRISPRv2 lentivirus. To make lenti-
virus for these studies, we transiently transfected 293T cells with a
lentiCRISPRv2 plasmid that contained a specified gRNA. Two separate
gRNAs targeting IL-4 were tested (IL-4 gRNA1: TGATATCGCAC
TTGTGTCCG and IL-4 gRNA2: CAAGTGCGATATCACCTTAC) and
compared to a non-targeting control gRNA (GTATTACTGATATT
GGTGGG). One gRNA targeting IL4R (TGAGCATCTCTACTTGCGAG)
was tested and compared to the non-targeting control gRNA. The
lentiCRISPRv2 plasmids for each gRNA are publicly available and
were ordered through GenScript. Starting on Day 3, CART cells
transduced with the CRISPR lentivirus were selected by supple-
menting the T cell media with 1μg/mL puromycin. On Day 6, the
CD3/28 beads were removed from the cell suspension using mag-
netic separation before CAR expression was evaluated via flow
cytometry as described above. Then, the CART cells were rested in T
cell media supplemented with 1μg/mL puromycin until Day 8. OnDay
8, CART cells were washed three times to remove the puromycin
before use in functional assays.

CART cell production for RNA and ATAC sequencing
Healthy donor and pre-infusion patient CART cells used for RNA and
ATAC sequencing (Figs. 3a–g, 4) were generated by KITE Pharma and
sent to the Kenderian laboratory for sequencing2,3,32.

Multi-parametric flow cytometry
Antibodies were purchased from BioLegend, eBioscience, or BD
Biosciences (Table S1). Flow cytometry was performed with a three-
laser CytoFLEX (Beckman Coulter, Chaska, MN, USA). Analyses were
performed with Kaluza Analysis 2.1 software (Beckman Coulter) or
FlowJo X10.0.7r2 software (Becton Dickenson). More specifically, we
performed the following:

CAR detection. Protein L staining with a Biotin Protein L primary
antibody (cat. #M00097, GenScript, Piscataway, NJ, USA) and a sec-
ondary antibody for streptavidin (cat. #405203, BioLegend, SanDiego,
CA, USA)were used to detectCARon lentivirally generatedCART cells,
and an anti-Whitlow linker antibody was used to detect CAR expres-
sion on retrovirally generated CART cells used for RNA and ATAC
sequencing experiments. Positive staining was determined based on
staining of a T cell from the same biological replicate that was not
transduced with CAR lentivirus (Supplementary Fig. S26)

Intracellular staining of cytokines. A degranulation and intracellular
cytokine assay was used to determine changes in the production of
cytokines. Briefly, CART cells were co-cultured with JeKo-1, NALM6, or
OPM-2 target cells at a 1:5 effector-to-target cell ratio for four hours
with the addition of CD28 (clone L293, cat #348040, BD Biosciences,
San Diego, CA, USA), CD49d (clone L25, cat #340976, BD Biosciences,
San Diego, CA, USA), monesin (cat #420701, BioLegend, San Diego,
CA, USA), and CD107a (clone H4A3) FITC (cat #555800, BD Bios-
ciences, San Diego, CA, USA). After four hours of co-culture, intracel-
lular staining of T cells was performed by first staining with Live/Dead
Aqua (cat #L34966, Invitrogen, Carlsbad, CA, USA) before using the
FIX & PERMTM Cell Permeabilization Kit (cat #GAS001S100 and cat
#GAS002S100, Life Technologies, Oslo, Norway). Then, intracellular
staining was performed with the following antibodies: IL-2 (clone
5344.111) PE-CF594 (cat #562384, BD Biosciences, SanDiego, CA, USA),
IL-4 (clone MP4-25D2) APC (cat #554486, BD Biosciences, San Diego,
CA, USA), IFN-γ (clone 4S.B3) APC-efluor 780 (cat #47-7319-42,
eBioScience, San Diego, CA, USA), GM-CSF (clone BVD2-21C11) BV421
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(cat #562930, BD Biosciences, San Diego, CA, USA), and TNF-α (clone
Mab11) AF700 (cat #502928, BioLegend, San Diego, CA, USA). Positive
gating for each cytokine was determined based on unstained controls
(Supplementary Fig. S28).

Surface staining for inhibitory receptors. To determine changes in
the expression of inhibitory receptors from in vitro assays, cells were
stained with the following antibodies: CD3 (clone SK7) APC-Cy7 (cat
#344818, BioLegend, San Diego, CA, USA), CD8 (clone SK1) PerCP (cat
#344708, BioLegend, San Diego, CA, USA), PD-1 (clone EH12.2H7) BV-
421 (cat #329920, BioLegend, San Diego, CA, USA), TIM-3 (clone F38-
2E2) PE (cat #345006, BioLegend, San Diego, CA, USA), CTLA-4 (clone
BNI3) PE-Cy7 (cat #369614, BioLegend, SanDiego,CA,USA), and LAG-3
(clone 3DS223H) FITC (cat #11-2239-42, eBioscience, San Diego, CA,
USA). Positive gating for each inhibitory receptor was determined
based on unstained controls (Supplementary Fig. S29).

Evaluating changes in the Th1/Th2 phenotype by flow cytometry.
To determine changes in the Th1/Th2 phenotype of the CART cells,
T cells were stained with the following antibodies: CD4 (clone OKT4)
FITC (cat #11-0048-42, eBioscience, San Diego, CA, USA), CCR4 (clone
L291H4) PerCP (cat #L291H4, BioLegend, San Diego, CA, USA), CCR6
(clone 11A9) APC (cat #560619, BD Biosciences, San Diego, CA, USA),
and CXCR3 (clone G02H7) APC-Cy7 (cat #353722, BioLegend, San
Diego, CA, USA). Th2 cells were identified as CD4+CCR6-CCR4+CXCR3-

and Th1 cells were identified as CD4+CCR6-CCR4-CXCR3+ (Supple-
mentary Fig. S30).

In vitro model for CART cell exhaustion
Following CART cell production, baseline (Day 8) CART cells were co-
cultured with target cells at a 1:1 effector-to-target cell ratio. Every
other day for a week, CART cells were restimulated with target cells by
adding the same number of target cells that was added to baseline
CART cells (Fig. 1a). Following one week of chronic stimulation (Day
15), CART cells were isolated through the combined use of CD4 and
CD8 microbeads (cat #130-045-101 and cat #130-045-201, Miltenyi
Biotec, Auburn, CA, USA). Briefly, CD4 and CD8 beads were added to
the washed cell pellet at a 1:1 ratio according to product instructions.
Following magnetic separation with LS columns (cat #130-042-401,
Miltenyi Biotec, Auburn, CA, USA), purity was verified through staining
with anti-human CD3 (clone SK7) APC-Cy7 (cat #344818, BioLegend,
San Diego, CA, USA) and Live/Dead Aqua (cat #L34966, Invitrogen,
Carlsbad, CA, USA). Then, the function and phenotype of the
CART cells were interrogated by evaluating inhibitory receptor
expression, cytokine production, and proliferative ability. The
remaining Day 15 CART cells were further chronically stimulated by
continuing the in vitro model for exhaustion for an additional week to
generate two-week chronically stimulated CART cells (Day 22). During
this additional week, CART cells were re-stimulated every other day
with the same number of target cells that was added on Day 15. Bead
separation of the CART cells from the co-culture did not impair the
activity of the CART cells (Supplementary Fig. S27).

Experiments utilizing the in vitro model for exhaustion for CD8+

CART cell exhaustion (Fig. 5) followed the same protocol as described
above, but the media was supplemented with 100 IU/mL hrIL-2 (cat
#78145, STEMCELL Technologies, Vancouver, Canada).

Tumor-free in vitro model for exhaustion
Similar to our in vitro model for exhaustion that utilizes target cells,
CART cells were chronically stimulated with CD19-coupled magnetic
beads (cat #MBS-K005, AcroBiosystems,Newark, DE, USA). Todo this,
CART19-28ζ cells were stimulated on Day 8 by adding 10μg/mL CD19-
coated beads to the co-culture. Then, every other day for one or two
weeks (Fig. 1a), CART cells were restimulated with CD19-coated beads
by adding an additional 10μg/mL CD19-coated beads to the cell

suspension. Finally, on Days 8, 15, and 22, the function and phenotype
of the CART cells were interrogated by evaluating inhibitory receptor
expression, cytokine production, and proliferative ability.

T cell functional experiments
To determine changes in a CART cells ability to expand, CART cells
were plated at a 1:1 effector-to-target cell ratio on Day 0 of the pro-
liferation assay. OnDay 3, 100μL ofmediawas removed from eachwell
and cryopreserved for cytokine release experiments as described in a
subsequent section. Cells were then fedwith 100μL of T cellmedia and
incubated until Day 5. On Day 5, the absolute CD3+ cell count was
determined via flow cytometry with CD3 (clone SK7) APC-Cy7 (cat
#344818, BioLegend, SanDiego, CA, USA). For proliferation assays that
tested the effects of hrIL-4 on baseline CART cells, the 100μL of media
added on Day 3 contained 20ng/mL hrIL-4 (cat #78045, STEMCELL
Technologies, Vancouver, Canada).

For proliferation assays that utilized CFSE staining, CART19 cells
were stained with the CellTrace CFSE Cell Proliferation Kit (cat
#C34554, Invitrogen, Carlsbad, CA, USA) on Day 0 according to man-
ufacturer instructions. Then, the cells were washed and counted prior
to being plated at a 1:1 effector-to-target cell ratio with JeKo-1 target
cells. OnDay3, 100µLofmediawas removed fromeachwell, and 100µL
of fresh T cell media was added to each well. On Day 5, the percent of
CFSE- CART cells was determined via flow cytometry after staining for
CD3 (clone SK7) APC-Cy7 (cat #344818, BioLegend, San Diego, CA,
USA). Negative gating was determined by CFSE stained CART cells that
were kept in T cell media for 5 days without stimulation.

Briefly, for cytotoxicity assays, luciferase+ target cells (JeKo-1)
were incubated at the indicated effector-to-target cell ratios for
48 hours as listed in the specific experiment. Killing was calculated by
bioluminescence imaging on a GloMax Explorer (Promega, Madison,
WI, USA) after treating samples with 1μL D-luciferin (30μg/mL) per
100μL sample volume (Gold Biotechnology, St. Louis, MO, USA) for
5 minutes prior to imaging.

Real time-quantitative polymerase chain reaction
Total RNA was extracted with QIAzol lysis reagent (Qiagen, Gaithers-
burg,MD,USA),RNeasyPlusMini Kit (Qiagen, Gaithersburg,MD,USA),
and RNase-Free DNase Set (Qiagen, Gaithersburg, MD, USA) according
to the manufacturer’s protocol. cDNA was generated using iScript
Advanced cDNA Kit for RT-qPCR (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions. Real Time-Quantitative
Polymerase Chain Reaction (RT-qPCR) was completed according to
the manufacturer’s instructions for RT-qPCR SsoAdvanced Universal
SYBR Green Supermix (cat # S7563, Invitrogen, Carlsbad, CA, USA).
Theprimer sequences usedwere as follows: forwardprimer EOMES (5’-
GGCCTCTGTGGCTCAAATTC-3’), reverse primer EOMES (5’-GCAGT
GGGATTGAGTCCGTT-3’), forward primer GAPDH (5’-GGAGCGAGATC
CCTCCAAAAT-3’)59, reverse primer GAPDH (5’-GGCTGTTGTCA-
TACTTCTCATGG-3’)59, forward primer TBP (5’-CTCACAGGTCAA
AGGTTTAC-3’)60, reverse primer TBP (5’-GCTGAGGTTGCAGGAA
TTGA-3’)60.

Mantle cell lymphoma xenograft mouse model
Male and female 6- to 8-week-old NOD-SCID-IL2rγ−/− (NSG) mice were
purchased from Jackson Laboratories and were cared for within the
Department of Comparative Medicine at the Mayo Clinic under an
approved Institutional Animal Care and Use Committee protocol
(A00001767-16-R22). Mice were allowed to acclimate for two weeks
before being included in experiments. The mice were housed in a
pathogen-free, biosafety level 2+ animal facility in social housing (2-5
mice per cage). As part of their housing, themicewere exposed to a 12-
hour dark/12-hour light cycle with an ambient temperature at 21 °C ±
1 °C and a humidity of 50% ± 10%. After tumor inoculation, mice were
monitored regularly to assess weight changes and body condition. As
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part of our IACUC approved protocol, micewere euthanized following
weight loss of greater than or equal to 20% weight loss, worsening
body condition as seen by an inability to ambulate and reach food or
water, or a body condition score of 1 or less.

In the mantle cell lymphoma xenograft mouse model which
stress-tested CART19-28ζ cells, 0.8–1 × 106 luciferase+ JeKo-1 cells were
engrafted via tail vein injection. Tumor burdenwasmonitored through
bioluminescent imaging with a Xenogen IVIS-200 Spectrum camera
(PerkinElmer, Hopkinton, MA, USA). 10 min prior to imaging, mice
were injectedwith 3mgD-luciferin (Gold Biotechnology, St. Louis,MO,
USA) through an intraperitoneal injection. Once the tumor burden
reached approximately 1x108 photons/second,micewereweighed and
randomizedbasedon tumor burden into treatment groups. CARTcells
were administered via tail vein injection as indicated in each specific
experiment. For the mice receiving a combination of CART19-28ζ cells
and either an IL-4 mAb (MP4-25D2, cat #BE0240, BioXCell, Lebanon,
NH, USA) or an IgG control antibody (cat #BE0088, BioXCell, Lebanon,
NH, USA), mice received weekly intraperitoneal injections of 10mg/kg
antibody.

Following the start of treatment, mice were followed for tumor
burden as determined with bioluminescence imaging, CART cell
expansion and cytokine profile of peripheral blood, and overall sur-
vival. Following peripheral blood sampling, 50μL of bloodwas lysed of
red blood cells with FACSTM Lysing Solution (cat #349202, BD Bios-
ciences, San Diego, CA, USA) prior to antibody staining with anti-
human CD45 (clone HI30) BV421 (cat #304032, BioLegend, San Diego,
CA, USA), anti-mouse CD45 (clone 30-F11) APC-eFluor780 (cat #47-
0451-82, eBioscience, San Diego, CA, USA), anti-human CD3 (clone
SK7) BV605 (cat #344836, BioLegend, San Diego, CA, USA), anti-
human CD20 (clone 2H7) APC (cat #302310, BioLegend, San Diego,
CA,USA), anti-humanCD8 (clone SK1) PerCP (cat #344708, BioLegend,
SanDiego, CA,USA), anti-humanPD-1 (cloneMIH4) FITC (cat #11-9969-
42, eBioscience, SanDiego, CA, USA, anti-humanTIM-3 (clone F38-2E2)
PE (cat #345006, BioLegend, San Diego, CA, USA), and anti-human
CTLA-4 (clone BNI3) PE-Cy7 (cat #369614, BioLegend, San Diego, CA,
USA). Flow cytometry was then performed to determine the absolute
CD3+ T cell count and the expression of inhibitory receptors (Supple-
mentary Fig. S31). Serum from peripheral blood was then used for
multiplex analysis of cytokines as described below.

Serum and supernatant analysis of cytokine concentration
Cytokine concentration in the supernatant of in vitro assays and in the
serum of mice was determined with MILLIPLEX MAP Human High
Sensitivity T Cell Panel Premixed 13-plex (cat #HSTCMAG28PMX13BK,
Millipore Sigma, Ontario, Canada) according to the kit’s instructions
with 25μL of either serum or supernatant per sample. Analysis was
completed with Belysa software after running the samples on a
Luminex 200 (Millipore Sigma, Ontario, Canada).

RNA sequencing
For RNA sequencing of healthy donor CART cells, CART cells were first
isolated from co-culture using combined CD4 and CD8 microbeads
(cat #130-045-101 and cat #130-045-201, Miltenyi Biotec, Auburn, CA,
USA) as described above. Then, RNA was isolated from 1 × 106 cells by
using the miRNeasy Micro kit (Qiagen, Gaithersburg, MD, USA) and
treated with RNase-Free DNase Set (Qiagen, Gaithersburg, MD, USA).
RNA quality was assessed by High Sensitivity RNA Tapestation (Agilent
Technologies Inc., California,USA) before library constructionwith the
SMARTer Stranded Total RNA-Seq Kit v2—Pico Input Mammalian
(Takara Bio USA INC., California, USA). Next, RNA sequencing was
performed on an Illumina NovaSeq S4 (Illumina, California, USA). CD
Genomics provided the output as fastq files through a file transfer
protocol (ftp). Fastqfileswerefirst evaluated for quality using FASTQC.
Then, Cutadapt was used to remove Illumina adapters before FASTQC
was run again to evaluate quality after adapter removal. Next, the

paired-end reads for each condition were aligned with STAR using the
genome reference consortium human build 38 patch release 13
(GRCh38.p13) downloaded from NCBI61. HTSeq was used to generate
expression counts for each gene, and DESeq2 was used to normalize
the data and calculate differential expression62,63. Differentially
expressed genes were determined based on a false discovery rate
(FDR) less than 0.05. Volcano plots were generated with the package
EnhancedVolcano64. Heatmaps were generated with the R package
pheatmap. Pathway analysis was conducted through the use of Qiagen
IPA (Qiagen Inc., https://digitalinsights.qiagen.com/IPA)65.

RNA sequencing of pre-infusion axi-cel sampleswas completed by
Kite Pharma and the sequencing files were shared with the Kenderian
Laboratory. Briefly, frozen cell pellets were used for RNA isolation and
library preparation. Then, strand-specific RNA sequencing (2 × 150 bp)
with Poly-A selected RNA was performed. Following sequencing, the
latest humangenome (GRCh38.84)was downloaded from the Ensembl
database and STAR was used to align the paired-end reads for each
sample to the genome. HTSeqwas used to generate expression counts
for each gene, and DESeq2 was used to normalize the data and cal-
culate differential expression62,63. Differential expression was deter-
mined based on a p-value less than 0.05. Volcano plots were generated
with the package EnhancedVolcano64. Heatmaps were generated with
the R package pheatmap. Pathway analysis was conducted through the
use of Qiagen IPA (Qiagen Inc., https://digitalinsights.qiagen.com/IPA).

ATAC sequencing
For all samples, 1 × 105 cells were washed in PBS and pelleted. The cell
pellet was resuspended in 100 μL freezing medium, composed of 10%
dimethyl sulfoxide (Sigma, St. Louis,MO,USA) and90%FBS (Sigma, St.
Louis,MO, USA). Then, it was stored at −80 °C prior to shipment to CD
Genomics for library preparation with the Nextera kit and sequencing
services with the HISEQ 4000. CD Genomics provided the output as
fastq files through ftp. Quality checkwasperformed firstwith FASTQC.
Then, the Nextera adapter sequences were trimmed and a minimum
length of 45 base-pairs was employed per ENCODE recommendations
using Cutadapt. FASTQC was then re-run to ensure quality. Next,
paired-end reads for each sample were aligned to the UCSC reference
genome for human genome 38 (hg38), patch release 13 with Bowtie2.
The resulting bam file was sorted with samtools and mitochondrial
reads were removed with the BAMQC program. Peak calling was per-
formed on the sorted and cleaned bam file using the MACS2 package
with broad peak calling. Differential peak accessibility analysis was
conducted with DESeq2 in the DiffBind package after removing the
blacklisted regions associated with hg38 and normalizing the data
based on library size. Next, the differentially accessible peaks were
annotated using the R package “ChIPSeeker”66. Differentially acces-
sible genes were determined with using FDR less than 0.05 for healthy
donor CART samples and with p-value less than 0.05 for patient CART
samples. Motif analysis was conducted using MEME suites. Chromatin
accessibility profileswere createdwith theUCSCgenomebrowserwith
averaged BigWig files for each condition. Briefly, BigWig files were
created from sorted BAM files using the bamCoverage function. Then,
averaged BigWig files for each experimental condition were generated
with the mean function of Wiggletools.

CRISPR screen considerations
The protocol used for this CRISPR screen was adapted from a pre-
viously published article67. Briefly, the library A of the Human CRISPR
Knockout Pooled Library (GeCKO v2) (cat #1000000048, AddGene,
Cambridge, MA, USA) was amplified through the use of Endura Elec-
trocompetent Cells (cat # 60242-1, Biosearch Technologies, Mid-
dlesex, UK). An even sgRNA distribution of the amplified library was
verified through next-generation sequencing and the use of MAGeCK
analysis based on the calculated Gini index and the number of gRNAs
in the library with zero counts68.
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After verifying a low Gini index and a low number of unrepre-
sented gRNAs in the amplified library, lentivirus was generated as
described above. Lentivirus for the library was titered using a pur-
omycin selection method. On Day 2 of the CRISPR screen, CART cells
were transducedwith library lentivirus at anMOI of 0.3. FromDays 3-8
of the screen, puromycin selection was conducted to purify the
population of CART cells successfully transduced with the GeCKO
library A lentivirus. Then, on Days 8 and 22 of the screen, CART cells
were isolated from co-culture using combined CD4 and CD8
microbeads (cat #130-045-101 and cat #130-045-201, Miltenyi Biotec,
Auburn, CA, USA) as described above and a pellet of 3.5x107 cells
CART cells were cryopreserved.

CRISPR screen analysis
To prepare for sequencing, 3.5 × 107 cells from baseline (Day 8) and
chronically stimulated (Day 22) timepoints were washed and pel-
leted before storage at −20 °C. Next, genomic deoxyribonucleic
acid (gDNA) was isolated from each cell pellet with the Quick-DNA
Midiprep Plus Kit (cat #D4075, Zymo Research, Irvine, CA, USA)
according to the manufacturer’s protocol. An ethanol precipitation
protocol was performed to enhance the purity of the gDNA fol-
lowing isolation. Next, the gDNA was prepared for sequencing
through library PCR. For the library PCR, the NEBNext® High-
Fidelity 2X PCR Master Mix (cat #M0541S, New England BioLabs,
Ipswich, MA, USA) was used with the primers (Supplementary
Table S2) and the cycling conditions (Supplementary Table S3) that
were developed and described in the referenced protocol paper67.
Finally, the PCR reactions for each sample were pooled and the
product was purified by running it on a 2% (wt/vol) agarose gel
before extracting it with the QIAquick Gel Extraction Kit (cat
#28704, Qiagen, Gaithersburg, MD, US).

Next, amplicon deep sequencing was performed by CDGenomics
using the PE150 (Illumina, SanDiego, CA, USA). CDGenomics provided
the output as paired end fastq files through ftp. Paired-end read files
for each sample were merged with bbmerge before using MAGeCK-
VISPR to perform quality and differential expression analysis68. The
maximum likelihood estimation method within MAGeCK-VISPR was
used to determine selection of gRNAs in the screen as normalized to
the list of 1000 non-targeting gRNAs included in the GeCKO library A.
Volcano plots depicting the positively and negatively selected gRNAs
was generated with ggplot and gene set enrichment analysis was per-
formed on both the top negatively and the top positively-selected
genes (FDR <0.25) to identify the top affected pathways using Enrichr
and QIAGEN IPA65,69,70.

Statistics
In vitro and in vivo experiments were performed using technical and
biological replicates for appropriate statistical analyses. The method
of p-value calculation is indicated in the respective figure legends. The
pairing of biological replicates was used for statistical tests. GraphPad
Prism (La Jolla, CA, USA) and Microsoft Excel (Redmond, WA, USA)
were used to analyze the experimental data. Fold change calculations
for RT-qPCR results were calculated with the delta-delta Ct method71.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw and processed files from the in vitro genome-wide CRISPR
screen are available in the Gene Expression Omnibus (GEO) repository
under accession code GSE273299. The raw and processed files from
RNA sequencing of baseline and chronically stimulated healthy donor
CART19-28ζ cells are available in GEO under accession code
GSE273294. The raw and processed files from ATAC sequencing of

baseline and chronically stimulated healthy donor CART19-28ζ cells
are available in GEO under accession code GSE273297. Due to patient
privacy, we have provided processed files from RNA (Supplementary
Data S1) and ATAC sequencing (Supplementary Data S2-S13) of pre-
infusion patient CART cells. For RNA sequencing, we have provided a
supplementary file with non-normalized counts, and for ATAC
sequencing we have provided supplementary peak files. Source data
from in vitro and in vivo experiments are provided as a supplementary
file. Source data are provided with this paper.
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