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Abstract

Chimeric antigen receptor (CAR) T cell therapy is revolutionizing cancer immunotherapy for 

patients with B cell malignancies and is now being developed for solid tumors and chronic 

viral infections. Although clinical trials have demonstrated the curative potential of CAR T cell 

therapy, a substantial and well-established limitation is the heightened contraction and transient 

persistence of CAR T cells during prolonged antigen exposure. The underlying mechanism(s) 

for this dysfunctional state, often termed CAR T cell exhaustion, remains poorly defined. Here, 

we report that exhaustion of human CAR T cells occurs through an epigenetic repression of the 

T cell’s multipotent developmental potential. Deletion of the de novo DNA methyltransferase 3 

alpha (DNMT3A) in T cells expressing first- or second-generation CARs universally preserved 

the cells’ ability to proliferate and mount an antitumor response during prolonged tumor exposure. 

The increased functionality of the exhaustion-resistant DNMT3A knockout CAR T cells was 

coupled to an up-regulation of interleukin-10, and genome-wide DNA methylation profiling 

defined an atlas of genes targeted for epigenetic silencing. This atlas provides a molecular 

definition of CAR T cell exhaustion, which includes many transcriptional regulators that limit 

the “stemness” of immune cells, including CD28, CCR7, TCF7, and LEF1. Last, we demonstrate 

that this epigenetically regulated multipotency program is firmly coupled to the clinical outcome 

of prior CAR T cell therapies. These data document the critical role epigenetic mechanisms play in 

limiting the fate potential of human T cells and provide a road map for leveraging this information 

for improving CAR T cell efficacy.

INTRODUCTION

Cellular immunotherapy with adoptively transferred chimeric antigen receptor (CAR)–

modified T cells is an attractive approach to improve outcomes for patients with cancer. 

However, even for the most successful CAR T cell therapy (1), CD19-CAR T cell therapy 

for CD19+ acute lymphoblastic leukemia (ALL), only 50% of patients have responses 

that last more than 1 year (2). Complete responses are much lower for CD19+ chronic 

lymphocytic leukemia (CLL) (3), and only a few long-term survivors have been reported 

for CAR T cell therapies targeting solid tumor or brain tumor antigens such as human 

epidermal growth factor receptor 2 (HER2), mesothelin, carcinoembryonic antigen-related 

cell adhesion molecule 5 (CECAM5), disialoganglioside (GD2), epidermal growth factor 

receptor variant III (EGFRvIII), and interleukin-13 (IL-13) receptor subunit α 2 (IL13Rα2) 

(4–9). Thus, there is a great need to further enhance the efficacy of CAR T cells and identify 

underlying biological mechanisms that dictate an individual patient’s responsiveness to such 

therapies.

Given that the therapeutic efficacy of CAR T cell approaches has been closely linked to the 

in vivo persistence of transferred T cells and to their sustained effector functions (8–10), a 

critical and universally agreed upon goal for the field is to identify the mechanism(s) that 

restricts CAR T cell survival and function. Several studies have reported that prolonged 

stimulation of CAR T cells results in a functional exhaustion of their antitumor properties 

and promotes a rapid contraction in their quantity (11, 12). These hallmarks suggest that 

CAR T cells have undergone the developmental process of exhaustion; however, a more 

refined definition for CAR T cell exhaustion is lacking. In model systems that have 
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established the concept of T cell exhaustion, it is now clear that this developmental state is 

epigenetically reinforced to maintain exhaustion-associated gene expression programs (13–

17). Epigenetic modifications can provide a cell-intrinsic mechanism that enables memory 

T cells to retain acquired gene expression programs during their antigen-independent 

homeostasis, indicating that, once acquired, exhaustion-associated epigenetic programs can 

be long-lived (13, 15–23).

We have recently reported that conditional deletion of the DNA methyltransferase 3a 

[Dnmt3a conditional knockout (cKO)] in murine T cells responding to a murine chronic 

viral infection preserves their effector functions and prevents their acquisition of canonical 

exhaustion gene expression programs (15). Although this work demonstrates that DNA 

methylation is a critical regulator of exhaustion programming in murine model systems, it 

remains to be determined whether this mechanism plays a causal role in the reinforcement 

of human memory T cell fates and specifically whether it is, at least in part, responsible 

for exhaustion of human CAR T cells. To better define the role of epigenetic programming 

in the efficacy of CAR T cell therapy and determine the broader impact of epigenetic 

regulation on human memory T cell differentiation potential, we investigated the effect of 

DNMT3A deletion on the effector function and survival of human CAR T cells. Here, we 

report that blocking de novo methylation programming in human CAR T cells preserved 

their differentiation capacity, allowing for sustained proliferation and effector function in the 

setting of chronic antigen exposure. From these studies, we defined an epigenetic signature 

of human CAR T cell exhaustion and gained new insight into the efficacy of prior CAR 

T cell trials, laying a foundation for the rational design of T cell therapies that provide 

long-lived antitumor activity and immunological protection.

RESULTS

DNMT3A KO preserves CAR T cell proliferative capacity and effector functions during 
chronic antigen stimulation in vitro

To evaluate the effects of DNMT3A-mediated de novo methylation on CAR T cell function, 

we developed a CRISPR-Cas9–based method for generating DNMT3A KO CAR T cells 

(Fig. 1A and fig. S1A). Briefly, T cells were electroporated with Cas9–single-guide RNA 

(sgRNA) ribonucleoprotein (RNP) complexes (Fig. 1A) targeting the catalytic domain (exon 

19) (24) of DNMT3A (guide 2; fig. S1B) or mCherry, which served as a control (Ctrl) 

followed by transduction with retroviral vectors encoding a CAR. This method resulted in 

highly efficient (Fig. 1B and fig. S1C) and stable (fig. S1D) KO of DNMT3A irrespective of 

CAR construct with no effect on CAR cell surface expression (fig. S2A) or phenotype (fig. 

S2B) and with limited off-target gene disruptions (fig. S3).

To determine whether there were functional differences between DNMT3A KO and Ctrl 

CAR T cells, we used a repeat stimulation assay (Fig. 1C) (25, 26), in which CAR T cells 

were counted and stimulated with fresh tumor cells (U373) in the presence of IL-15 every 

7 days at an effector-to-target (E:T) ratio of 2:1 throughout the duration of the assay. For 

effectors, we used T cells expressing HER2-CARs (27), IL13Rα2-CARs (28), or ephrin 

type-A receptor 2 (EphA2)-CARs (29) with a CD28ζ endodomain (second-generation 

CARs) or HER2-CARs with a ζ endodomain (first-generation CAR). Regardless of the 
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CAR T cell population, DNMT3A KO CAR T cell expansion was significantly greater than 

Ctrl CAR T cells (P < 0.01) (Fig. 1, D and E), with an average difference of 1.3-fold 

after the first stimulation, 2.5-fold after the second stimulation, 6.4-fold after the third 

stimulation, and 22.6-fold after the fourth stimulation, respectively (Fig. 1E). The expansion 

of DNMT3A KO CAR T cells followed an exponential growth pattern to a significantly 

greater extent than Ctrl T cells [mean R2 values of fitted growth curves (n = 17): 0.9374 

versus 0.6856; P < 0.05; fig. S4A], and DNMT3A KO CAR T cells required significantly 

fewer stimulations to double than Ctrl T cells (P < 0.01; fig. S4B). DNMT3A KO CAR T 

cell expansion was strictly antigen dependent, because culturing DNMT3A KO CAR T cells 

without tumor cells for 7 days resulted in a mean 93.2% of dead/dying DNMT3A KO CAR 

T cells (Fig. 1F and fig. S5). In addition, deletion of DNMT3A did not enhance expansion 

of nontransduced (NT) T cells or CAR T cells in the presence of antigen-negative tumor 

cells, further demonstrating that improved expansion of DNMT3A KO CAR T cells required 

antigen-mediated activation (fig. S6). We next evaluated whether the increased expansion of 

DNMT3A KO CAR T cells was due to increased proliferation or decreased apoptosis. We 

assessed Ki67 expression 24 hours after the fourth stimulation with tumor cells and found 

that a greater proportion of DNMT3A KO CAR T cells were Ki67 positive in comparison 

to Ctrl CAR T cells (fig. S7A). To assess apoptosis in Ctrl and DNMT3A KO CAR T 

cells after the fourth antigen stimulation, we used LIVE/DEAD Aqua (LDA) and annexin 

V staining. Flow cytometric analyses showed no change in the proportion of apoptotic 

DNMT3A KO CAR T cells compared with Ctrl KO CAR T cells (fig. S7B). These results 

suggest that the enhanced expansion of DNMT3A KO CAR T cells is due to increased 

proliferation, not decreased apoptosis. To confirm that the observed benefit was DNMT3A 

specific, we validated our findings using additional DNMT3A-targeting guide RNAs, one 

that also targeted the catalytic domain in exon 19 (guide 3) and two that targeted exon 3 

(guide 1 and guide 7) (fig. S8), and a second tumor cell line (LM7, positive for HER2 and 

EphA2) (fig. S9), performed cocultures without exogenous IL-15 (fig. S10), and performed 

gain-of-function studies, in which we expressed a KO- resistant DNMT3A with a mutated 

protospacer adjacent motif (PAM) sequence in DNMT3A KO CAR T cells (fig. S11). Last, 

we demonstrated that the enhanced expansion associated with deletion of DNMT3A also 

occurred in CAR T cells with a 41BB, CD27, or OX40 costimulatory domain (fig. S12).

Having demonstrated that DNMT3A KO CAR T cells have a preserved capacity to expand 

in the presence of sustained tumor exposure compared to Ctrl CAR T cells, we next assessed 

their ability to produce cytokines and quantified their cytolytic activity. DNMT3A KO and 

Ctrl HER2.ζ-, HER2.CD28ζ-, or IL13Rα2.CD28ζ-CAR T cells were cultured with U373 

cells. After 24 hours, the concentration of T helper cell 1 (TH1) [granulocyte-macrophage 

colony-stimulating factor (GM-CSF), interferon-γ (IFN-γ), tumor necrosis factor–α (TNF-

α), and IL-2] and TH2 (IL-4, IL-5, IL-6, IL-10, and IL-13) cytokines was determined by 

multiplex analysis (Fig. 2A). Comparison of Ctrl and DNMT3A KO CAR T cells after 

one round of stimulation revealed that all analyzed cytokines were secreted at similar 

concentrations, except IL-10, which was significantly higher in samples from DNMT3A KO 

CAR T cells (P < 0.001; Fig. 2A and fig. S13, A and B). The same analysis was performed 

after the fourth stimulation, further highlighting IL-10 as the only differentially expressed 

cytokine and suggesting a role for IL-10 signaling in CAR T cell survival (Fig. 2B). To 
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determine whether the observed increase in IL-10 depended on the costimulatory domain of 

the CAR, we repeated our analysis using EphA2-CAR T cells with a CD28, 41BB, CD27, 

or OX40 costimulatory domain. DNMT3A KO CAR T cells produced higher concentrations 

of IL-10 at both the first and fourth stimulation regardless of the costimulatory domain 

used (fig. S13C). The cytolytic capacity of Ctrl and DNMT3A KO CAR T cells was also 

determined at the first and fourth stimulation. DNMT3A KO allowed CAR T cells to retain 

the ability to kill target cells at later stimulations compared to Ctrl CAR T cells (Fig. 2C). 

Deletion of DNMT3A did not affect the antigen specificity of the CAR as IL13Rα2.CD28.ζ 
DNMT3A KO CAR T cells had minimal cytokine production or cytotoxicity against U373 

IL13Rα2 KO tumor cells (fig. S14). The decrease in functionality of Ctrl CAR T cells 

was also mirrored by phenotypic analysis, showing that DNMT3A KO HER2.ζ-CAR T 

cells were significantly enriched for a central memory T cell (Tcm) phenotype (CD45RO+ 

CCR7+) (P < 0.001) and expressed lower amounts of T cell immunoglobulin and mucin 

domain-containing protein 3 (TIM3) relative to Ctrl CAR T cells after the fourth stimulation 

(fig. S15A). Collectively, our data demonstrate that deletion of DNMT3A preserves CAR T 

cell proliferative capacity and effector functions during extended in vitro tumor challenge.

DNMT3A KO CAR T cells retain a stem-like epigenetic program during prolonged 
stimulation

Having established that DNMT3A KO enhances CAR T cell expansion and effector 

function during prolonged antigen exposure, we next sought to characterize the cell-

intrinsic properties responsible for these differences by performing whole-genome bisulfite 

sequencing (WGBS) methylation profiling of Ctrl and DNMT3A KO CAR T cells after 

the fourth tumor cell stimulation (Fig. 3A and fig. S15B). We focused our analyses on 

CD8+ T cells because CD8+ CAR T cells were highly enriched (>90%) after four rounds 

of stimulation (fig. S15B). We identified more than 1600 genes that had differentially 

methylated regions (DMRs) among Ctrl KO and DNMT3A KO CAR T cells at the 4-week 

time point. These DMRs were predominantly localized to gene bodies (fig. S16A). Among 

the DNMT3A-mediated DMRs, we observed a notable enrichment of genes encoding 

transcription factors [transcription factor 7 (TCF7) and lymphoid enhancer binding factor 

1 (LEF1)] that have been previously reported to become repressed during T cell terminal 

differentiation (30–32). Ctrl KO CAR T cell promoter regions became fully methylated in 

contrast to DNMT3A KO CAR T cells (Fig. 3B and figs. S16 and S17). These findings 

were further validated at the protein level using flow cytometry, which showed a higher 

abundance of TCF7 and LEF1 expression in DNMT3A KO CAR T cells after chronic 

antigen stimulation (fig. S18). Further, thymocyte selection–associated high mobility group 

box (TOX), a transcription factor recently found to promote T cell exhaustion (33–35), was 

among the list of transcriptional regulators upstream of DNMT3A target genes (fig. S16). 

We also observed methylation of the CD28 promoter in Ctrl but not in DNMT3A KO CAR 

T cells, indicating that the Ctrl T cells were exhausted, because CD28 promoter methylation 

is a prominent feature of chronically stimulated CD8+ T cells isolated from individuals 

living with HIV infection (Fig. 3C). In addition, the loci of several homing molecules, 

including ITGAE, CCR7, and SELL, also remained unmethylated in DNMT3A KO CAR 

T cells (figs. S17 and S18). Thus, the epigenetic programming of DNMT3A KO CAR T 

cells resembles the epigenetic signature of naïve or stem cell–like memory T cells (fig. S17), 

Prinzing et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2022 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



providing a mechanistic link to the preserved proliferative capacity and effector function 

observed in the DNMT3A KO CAR T cells. To gain insight into the kinetics for acquisition 

of these programs, we performed WGBS before and after four daily stimulations with tumor 

cells. Although a small subset of DNMT3A-mediated DMRs, including those that occur 

in the TCF7 and LEF1 loci, were acquired within the first week of tumor exposure (fig. 

S19), most DNMT3A-mediated DMRs, including methylation of the CD28 promoter, were 

acquired after prolonged stimulation of CAR T cells.

To further explore the biological pathways engaged by DNMT3A, we performed a gene 

ontology (GO) analysis of the methylation datasets. This analysis revealed involvement 

of the T cell receptor (TCR) and β-catenin pathways (Fig. 3D). Further characterization 

of the biological pathways affected by DNMT3A-regulated genes revealed statistically 

enriched pathways (P < 0.001) associated with T cell effector differentiation, including 

TCR signaling, leukocyte migration, cytokine signaling, and apoptotic regulation (Fig. 3E). 

Ingenuity pathway analysis (IPA) of the DNMT3A- regulated genes indicated that they were 

coupled to TCR signaling, TH1 and TH2 activation, and costimulation through CD28 (Fig. 

3F).

Given the apparent preservation of stem-like features among the DNMT3A KO CAR T 

cells, we sought to further interrogate their developmental potential. We recently used 

a machine learning approach to analyze our collection of human CD8+ T cell WGBS 

datasets and identified 245 CpG sites throughout the genome whose methylation status can 

predict the multipotent capacity of human T cells (36). Using this normalized multipotency 

index (MPI), we found that DNMT3A KO CAR T cells are predicted to have greater 

developmental plasticity than the stem-like subset of human memory T cells (Tscm) (Fig. 

3G). In contrast, Ctrl KO CAR T cells had a predicted MPI similar to short-lived effector 

memory T cells (Tem) (Fig. 3G). The progressive decline in effector function of CAR 

T cells experienced during chronic stimulation has been ascribed to the process of T 

cell exhaustion (37). DNMT3A-mediated de novo DNA methylation programming was 

previously demonstrated to be a critical regulator of murine T cell exhaustion (37). To 

compare murine and human DNMT3A-controlled epigenetic programs, we cross-referenced 

our published murine exhaustion DMR list with our newly identified human CAR T cell 

DNMT3A-mediated DMRs (Fig. 3H). We found that, among the 1043 DNMT3A-targeted 

genes in chronically stimulated human CAR T cells (data file S1), 337 were also specifically 

targeted by DNMT3A during murine T cell exhaustion (Fig. 3H). This enrichment for 

epigenetically regulated exhaustion-associated genes in our human CAR T cell dataset 

indicates that epigenetic imprinting of exhaustion programs is a conserved biological 

mechanism limiting T cell effector responses.

Last, to assess whether knocking out DNMT3A improves the developmental potential of 

the total pool of T cells or whether it preserves or selectively enriches for T cells that 

inherently have a heightened differentiation capacity, we performed a gene set enrichment 

analysis (GSEA) on DNMT3A-targeted genes and existing gene expression profiles from 

resting human naïve and memory CD8+ T cell subsets (fig. S20A). DNMT3A-associated 

gene enrichment scores were most similar to memory T cell subsets in comparison to naïve 

T cells. We next proceeded to determine whether DNMT3A deletion results in selective 
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survival of a population of T cells by establishing DNMT3A KO CAR T cells from purified 

naïve or memory CD8+ T cell subsets. We generated these cells by first sorting naïve/Tscm 

(CD45RO−,CCR7+) and memory (CD45RO+CCR7−; CD45RO+CCR7+; CD45RO−CCR7−) 

CD8+ T cells (fig. S20B), followed by CAR transduction and DNMT3A KO. For all four 

donors, DNMT3A KO CAR T cells derived from the naïve/Tscm T cell subset showed 

robust expansion; however, expansion was variable from DNMT3A KO CAR T cells derived 

from memory T cells (fig. S20C). Thus, DNMT3A deletion promotes the selective survival 

of developmentally plastic CD8+ T cells during chronic stimulation.

IL-10 promotes DNMT3A KO CAR T cell survival in the setting of chronic antigen exposure

From our in vitro chronic stimulation studies, we had identified IL-10 as the dominant 

differentially expressed cytokine produced by DNMT3A KO CAR T cells. To investigate 

whether IL-10 plays a causal role, we first established an IL-10 gene expression signature 

on the basis of the published gene expression profiles of human T cells cultured with or 

without IL-10. Cross-referencing this signature with our DNMT3A gene target list, we 

found an enrichment of genes that are coupled to IL-10 signaling among the DNMT3A 

target genes (fig. S21A). To determine the role of IL-10 in the context of DNMT3A KO, 

we generated HER2.ζ-CAR T cells in which either IL-10 or DNMT3A, or both [double 

KO (DKO)] were deleted by CRIPSRCas9 gene editing (Fig. 4A and fig. S21, B to F). 

Ctrl, DNMT3A KO, IL-10 KO, and DKO CAR T cells were stimulated weekly with U373 

tumor cells in the presence of IL-15 with or without exogenous IL-10 (Fig. 4A), and the 

lack of IL-10 production by IL-10 KO and DKO CAR T cells was confirmed by enzyme-

linked immunosorbent assay (ELISA) (Fig. 4B). Although DNMT3A KO CAR T cells 

had an expected proliferative advantage in comparison to Ctrl CAR T cells, this sustained 

proliferative capacity was diminished in DKO CAR T cells (Fig. 4, C and D). In the 

presence of IL-10, this difference was reversed, confirming that IL-10 supports proliferation 

of CAR T cells.

We next performed whole-genome methylation profiling to assess the epigenetic state of all 

four CAR T cell populations before the first and after the fourth stimulation with tumor 

cells. Principal components analysis (PCA) of whole-genome methylation profiles revealed 

that DNMT3A-deficient (DNMT3A KO, DKO) and DNMT3A-intact (Ctrl, IL-10 KO) CAR 

T cell populations formed distinct clusters (fig. S22). Consistent with our previous findings, 

DNMT3A-mediated methylation of the stem-associated genes, TCF7 and LEF1, occurred 

early in contrast to acquisition of methylation at other loci, including CD28 (fig. S23). 

Likewise, DNMT3A KO CAR T cells retained a high methylation-based MPI in contrast 

to Ctrl CAR T cells (Fig. 4E). Consistent with the PCA, the DMRs were highly conserved 

between DNMT3A KO versus IL-10 KO and DKO versus IL-10 KO CAR T cells (Fig. 

4F). Shared DMRs included aforementioned genes regulating T cell stemness such as TCF7, 

LEF1, and CD28 (Fig. 4G and fig. S23). However, GO analysis also highlighted differences 

between DNMT3A KO and DKO DMR lists, including costimulation (Fig. 4H). Together 

with our observation that exhaustion-associated CD28 promotor methylation occurred in 

Ctrl but not DNMT3A KO CAR T cells, these data support a model in which IL-10 

signaling serves as a negative feedback loop to limit CD28 costimulation in the setting of 

chronic antigen exposure.
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DNMT3A deletion enhances the therapeutic efficacy of CAR T cells in preclinical solid 
tumor models

Next, we evaluated the impact of DNMT3A KO on the antitumor activity of T cells 

expressing EphA2.CD28ζ-, HER2.ζ-, or IL13Rα2. CD28α-CARs in vivo. We validated 

CAR expression and DNMT3A KO for each CAR T cell population used in the in vivo solid 

tumor studies (fig. S24). We first compared the antitumor activity of Ctrl and DNMT3A 

KO EphA2-CAR T cells in an intraperitoneal locoregional osteosarcoma (LM7) model. 

Gene-edited EphA2-CAR T cells were injected into LM7.GFPffLuc-bearing NOD-scid 
IL2Rgammanull (NSG) mice. Whereas Ctrl and DNMT3A KO EphA2-CAR T cells both 

initially had potent antitumor activity, only DNMT3A KO CAR T cells maintained tumor 

control, resulting in a significant survival advantage (P < 0.05; Fig. 5, A to C). To investigate 

whether superior tumor control correlated with a less differentiated state of DNMT3A KO 

EphA2-CAR T cells in vivo, Ctrl and DNMT3A KO CAR T cells were purified using 

fluorescence-activated cell sorting (FACS) from tumor-bearing mice 1 week after injection 

and subjected to whole-genome methylation profiling (fig. S25, A and B). DNMT3A KO 

CAR T cells had a higher MPI score compared to the Ctrl CAR T cells, providing evidence 

for retained developmental plasticity (fig. S25C). Further, GO analysis of the DMR list 

highlighted the β-catenin–TCF complex, consistent with results from our in vitro studies 

(fig. S25, D to F).

We next evaluated DNMT3A KO HER2.ζ-CAR T cells in vivo in an intravenous lung-

disseminated osteosarcoma model (26). On day 28 after LM7.GFPffLuc intravenous 

injection, mice received a single intravenous dose of Ctrl or DNMT3A KO HER2.ζ-CAR 

T cells. Whereas tumors progressed in Ctrl CAR T cell–treated mice, 5 of 10 mice treated 

with DNMT3A KO HER2.ζ-CAR T cells had a complete response, resulting in a significant 

survival advantage (P < 0.01; Fig. 5, D to F). Last, we examined the benefit of DNMT3A 

KO in CAR T cells targeting glioma. The antitumor activity of these glioma-specific 

CAR T cells had already been optimized by expressing IL-15 (IL13Rα2-CAR/IL-15) (25). 

U373.eGFP.ffLuc brain tumor–bearing NSG mice received one intratumoral injection of Ctrl 

or DNMT3A KO IL13Rα2-CAR/IL-15 T cells 7 days after tumor cell injection (Fig. 5, G 

and H, and fig. S26A). Mice treated with DNMT3A KO CAR T cells had a median survival 

advantage of 33 days in comparison to mice treated with Ctrl CAR T cells (DNMT3A KO: 

117 days; Ctrl: 84 days). Although DNMT3A KO CAR T cell treatment did not extend 

survival relative to Ctrl CAR T cells (Fig. 5I), tumors in mice treated with DNMT3A KO 

CAR T cells grew significantly slower after initial progression as judged by bioluminescence 

imaging (P < 0.05; fig. S26B). In addition, histological examination of tumors demonstrated 

a greater T cell infiltrate in tumors treated with DNMT3A KO CAR T cells relative to Ctrl 

CAR T cells (fig. S26, C and D). Last, one antigen loss variant was observed (fig. S26E) 

after DNMT3A KO CAR T cell therapy. This finding suggests that, in addition to increasing 

T cell effector function, targeting multiple antigens as reported by us and other investigators 

(8, 9, 25) will be critical to improve clinical outcomes of CAR T cell therapy.
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DNMT3A-mediated gene expression programs regulate CD19-CAR T cell in vivo antitumor 
response and predict clinical outcome

Having established that DNMT3A KO improves antitumor activity in solid tumor models, 

we next sought to corroborate these findings in the most successful CAR T cell product 

to date, CD19-CAR T cells. We generated DNMT3A KO CAR T cells expressing a 

CD19-CAR with the same structure (including antigen binding and signaling domains; fig. 

S27) used in several previously published clinical studies (2, 3, 38, 39). As expected, the 

DNMT3A-edited CD19-CAR T cells exhibited improved antitumor activity and survival 

in a CD19- positive leukemia xenograft model (Fig. 6, A to D). To determine whether 

mice treated with DNMT3A KO CAR T cells had established functional memory, the two 

complete responders were rechallenged with an additional dose of BV173 at day 113 (fig. 

S28A), which they successfully rejected (fig. S28, B and C). To ensure that the rejection was 

fully dependent on CD19-CAR–mediated cytotoxicity, we then injected the animals with 

BV173.CD19 KO cells (fig. S28A), which were successfully implanted (fig. S28, D and E).

Next, to gain insight into whether our epigenetically regulated multipotency program 

predicts the outcome of CAR T cell therapy, we took advantage of a publicly available 

RNA sequencing expression dataset of 34 CD19-CAR T cell products that were infused 

into patients with CLL (3). Patients with CLL on the clinical study could be divided into 

four groups according to their clinical response and median peak expansion (MPE) of CAR 

T cells: 21 nonresponders (NRs; MPE: 205), 4 partial responders (PRs; MPE: 13,257), 5 

complete responders (CRs; MPE: 58,570), and 3 PRs followed by relapse with transformed 

B cell lymphoma (PRTD; MPE: 130,258). On the basis of our analysis, the generated 

preinfusion CAR T cell product of responders (CR, PR, or PRTD) had significantly higher 

expression of DNMT3A-targeted genes compared to those of nonresponders (NR versus 

CR: P < 0.01; PR: P < 0.01; and PRTD: P < 0.05; Fig. 6E; individual DNMT3A-targeted 

genes are shown in fig. S29). Because responder CAR T cells also had a 65- to 635-fold 

greater expansion after infusion relative to nonresponder CAR T cells, these data, similar to 

our preclinical studies, highlight that the expansion potential of T cells is closely linked to 

expression of DNMT3A-targeted genes.

We next used the list of differentially expressed genes (DEGs) between DNMT3A KO 

and Ctrl CAR T cells obtained from our in vitro stimulation experiments (Fig. 3A) to 

determine whether transcripts, directly or indirectly regulated by DNMT3A, could predict 

clinical responders or peak expansion. On their own, the transcriptional programs indirectly 

affected by DNMT3A deletion were not predictive (fig. S30A). We then used the DNMT3A 

DMR list to filter out DEGs that were indirectly linked to DNMT3A programming (genes 

that do not have DNMT3A-associated changes in DNA methylation programming but are 

differentially expressed between Ctrl and DNMT3A KO CAR T cells). The gene expression 

profile that focused on genes that contain DMRs was able to differentiate between 

responders and nonresponders and peak expansion (fig. S30B). Thus, as in our preclinical 

models, DNMT3A-regulated genes play a critical role in determining the antitumor potential 

of human CAR T cells.
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DISCUSSION

Collectively, our studies demonstrate that genetic disruption of DNMT3A in CAR T cells 

prevents methylation of several key genes regulating human T cell differentiation. The 

resulting stem-like CAR T cells maintain their antigen-dependent proliferative capacity 

and effector functions during prolonged stimulation both in vitro and in vivo where 

they exhibit superior tumor control. Broadly, our results have identified a mechanism 

in which DNMT3A-mediated methylation of the TCF7 and LEF1 loci, as well as other 

transcriptional regulators, serves to stably limit T cell developmental potential under 

conditions of persistent antigen exposure. These findings are consistent with previous 

reports that show that calibrating T cell activation to maintain expression of naïve and 

memory-associated genes and suppress T cell differentiation yields a durable antitumor 

response with maintenance of effector functions in CAR T cells (40). Additional studies 

have shown that CD4+ and CD8+ CAR T cells derived from naïve, stem cell memory, 

and central memory subsets were more effective in clearing tumors than those from the 

effector memory subset (41–43). Prior studies documenting a correlation between antitumor 

activity and peak proliferation of CD4+ and CD8+ CAR T cells have served as the basis for 

identifying determinants of CAR T cell peak expansion (44). Thus, our data further support 

a rationale for epigenetic-based approaches to extend the survival and effector response of 

CAR T cells.

Our whole-genome DNA methylation profiles suggest that DNMT3A KO CAR T 

cell’s retained survival and effector capacity are coupled to maintenance of preexisting 

epigenetically permissive programs at stemness-associated loci, including TCF7, LEF1, 

and CCR7. These data are consistent with recently published results indicating that the 

presence of the transcription factor TCF7 in CD8+ T cells is predictive of positive clinical 

outcomes in patients treated with immune checkpoint therapy (15). Moreover, transcriptional 

profiling analyses of the CD8+ T cells from the patients treated in these studies revealed 

two major T cell states. One CD8+ T cell subset associated with increased expression of 

genes linked to memory, activation, and cell survival was enriched in responders to immune 

checkpoint blockade. Conversely, the other subset exhibited genes linked to exhaustion 

and was associated with nonresponders (43, 45). In addition, a recent case report has 

highlighted the role of epigenetic reprograming in determining T cell fate (46). The patient 

received a CAR T cell product in which a single CAR T cell had one disrupted tet 

methylcytosine dioxygenase 2 (TET2) allele, an enzyme that regulates DNA demethylation, 

due to lentiviral integration, and a hypomorphic mutation in the second TET2 allele. This 

resulted in selective CAR T cell expansion, which induced CLL remission (46). CAR T 

cell dysfunction can also be overcome with other approaches. For example, one study 

assessing the role of the activator protein 1 (AP-1) transcriptional network in CAR T cells 

demonstrated that sustained expression of cellular JUN (cJUN) in CAR T cells can enhance 

their proliferative functions and antitumor activity (47). Additional studies are needed to 

further define transcriptional networks and epigenetic programs that reinforce the functional 

state of T cells. In addition, longitudinal epigenetic and transcriptional analysis of CAR T 

cells infused into xenograft models is warranted. These published results, together with our 
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new findings, demonstrate the importance of preserving a stem-like differentiation state of 

human T cells in establishing effective cellular therapies.

Although our results focus on CAR T cells, this approach can be broadly applied to the field 

of T cell therapy. Given that TCR-driven suppression of effector and memory potential are 

hallmarks of T cell exhaustion, we leveraged our past analyses of bona fide exhausted mouse 

CD8+ T cells from the lymphocytic choriomeningitis virus (LCMV) model system (48, 49) 

to provide a molecular definition for human T cell exhaustion. Our data have identified the 

downstream T cell stemness (TCF7 and LEF1) pathways as targets for epigenetic silencing 

during the progressive development of T cell exhaustion. Recent efforts to identify the 

population of T cells that contribute to therapeutic efficacy in models of immunotherapy 

have similarly identified CD28+ T cells as the primary source for antitumor responses (50, 

51). These results, together with our data presented here, as well as studies reporting a 

critical role for IL-10 in suppressing T cell effector responses (52), suggest that the increase 

in IL-10 signaling that we observe in exhaustion-resistant DNMT3A KO CAR T cells 

serves to limit the cells from becoming overstimulated. These data highlight DNMT3A as a 

central mediator of T cell exhaustion and suggest that this epigenetic process may serve as a 

universal mechanism to restrict mammalian T cell fate potential.

An increase in IL-10 production was observed in DNMT3A KO CAR T cells, and knocking 

out IL-10 in DNMT3A KO CAR T cells abrogated their proliferative advantage over Ctrl 

CAR T cells. IL-10 has been previously shown to stimulate the proliferation of activated 

CD8+ T cells and augment the survival and function of memory-type T cell effectors (53). 

The up-regulated secretion of IL-10 in DNMT3A KO CAR T cells appears to be coupled 

to the retained proliferative capacity of the DNMT3A KO CD8+ T cells and may suggest 

that epigenetic reprogramming of the cells selectively enriches for the survival of a memory 

population. Recent studies have reported that IL-10 increases the antitumor activity of 

transgenic TCR T cells by metabolically reprogramming the T cells to increase oxidative 

phosphorylation (54), suggesting that further studies evaluating metabolic changes incurred 

by deletion of DNMT3A in CAR T cells are warranted. Although the precise mechanism 

requires further investigation, our study clearly demonstrates that there is a link between 

IL-10 signaling and epigenetically regulated CAR T cell expansion in the context of chronic 

antigen stimulation.

We tested the effect of DNMT3A KO in T cells expressing CARs with ζ, CD28ζ, 

41BBζ, CD27ζ, or OX40ζ endodomains targeting tumor-associated antigens expressed 

on solid tumors (HER2, EphA2, and IL13Rα2). For all CAR T cell populations, we 

observed improved antigen-dependent T cell expansion and sustained cytolytic activity, 

highlighting the universal role of DNMT3A-dependent epigenetic programs in restricting the 

developmental potential of CAR T cells. In vivo, DNMT3A KO CAR T cells efficiently 

eradicated tumors, resulting in an overall survival advantage compared to controls in 

three of four animal models. Of interest, in the only model in which the overall survival 

advantage was not improved, we observed, as previously reported (25), antigen loss variants, 

highlighting that, in addition to increasing expansion and persistence, targeting of multiple 

antigen will be necessary to prevent immune escape.
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Although DNMT3A mutations have been previously associated with myelodysplastic 

syndromes and leukemia (55–57), note that these occur in hematopoietic progenitor cells 

or lineage precursors. For example, the pathologic phenotype of DNMT3A-mutated T 

cell–derived leukemias is usually consistent with an early T cell precursor–derived lesion 

(57). This is confirmed in murine models, where cooperative KO of DNMT3A with 

activating mutations of Notch1 in hematopoietic cells and early progenitors accelerates 

leukemogenesis, but, in mature T cells, is not sufficient to promote leukemogenesis (57). 

Likewise, we have shown that the retained proliferative capacity of DNMT3A KO CAR T 

cells reported here is strictly antigen dependent. In addition, our prior analysis of murine 

CD8+ T cells responding to an acute viral infection demonstrates that deletion of DNMT3A 

after T cell activation does not impair the cell’s ability to undergo contraction after viral 

control. Furthermore, there was no evidence of T cell or natural killer cell lymphoma or 

leukemia in these murine T cell studies (57, 58). Thus, preservation of DNMT3A KO CAR 

T cells’ proliferative capacity occurs without resulting in uncontrolled cellular division. Last, 

a report of one individual with somatic mosaicism for DNMT3AR771Q mutation revealed 

a long- term enrichment of DNMT3A mutant cells in hematopoietic lineages without 

accelerated mutagenesis or development of malignancy (59).

Potential limitations of our study include (i) the fact that we used exogenous IL-15 in 

our in vitro studies, (ii) potential for alloreactivity, and (iii) limited testing of DNMT3A 

KO in Food and Drug Administration (FDA)–approved CAR T cell products. Although 

we did perform our in vitro repeat stimulation assays in the presence of IL-15, we did 

not administer IL-15 to mice. In repeat stimulation assays without IL-15, DNMT3A KO 

CAR T cells still had a proliferative advantage and produced more IL-10 in comparison 

to Ctrl KO CAR T cells; however, the effect was less pronounced. We and others have 

observed differential in vitro and in vivo requirements for exogenous cytokines of CAR T 

cells with second genetic modifications (47, 60), highlighting differences between in vitro 

culture systems and preclinical in vivo models, which more closely mimic human tumors. 

Alloreactivity through endogenous TCRs is a concern when second genetic modifications 

are introduced into CAR T cells (61). However, our in vitro studies revealed no evidence 

of increased alloreactivity of DNMT3A KO CAR or NT T cells in comparison to their 

unmodified counterparts. Likewise, DNMT3A KO CAR T cells did not induce xenogeneic 

graft versus host disease and, in rechallenge experiments, only rejected antigen-positive 

tumor cells. Last, we only evaluated DNMT3A KO in one of the currently FDA-approved 

CAR T cell products (CD19.41BB.ζ CAR T cells). Future studies should focus on extending 

our findings to other CAR T cell products, which are currently used in the clinic, including 

CD19.CD28ζ-CAR T cells.

In conclusion, we have shown that human CAR T cell exhaustion is coupled to de novo 

DNA methylation of genes that regulate T cell multipotency. Results from our study further 

highlight the relationship between DNA methylation programs, T cell differentiation, and 

clinical outcomes. Although our study documents the feasibility of exploiting epigenetic 

programs to improve current CAR T cell therapy approaches and develop combinatorial 

therapies, the identified DNMT3A exhaustion signature might also be useful as a biomarker 

to select patients and predict responses.
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MATERIALS AND METHODS

Study design

The objective of this study was to define the functional effects of DNMT3A KO in CAR 

T cells. For all experiments, the number of replicates, statistical test used, and P values 

are reported in the figure legends. The reported replicates refer to biological replicates 

(T cells from different healthy donors). All in vitro experiments in the main text were 

performed at least three times, and no outliers or other data points were excluded. For in 

vivo experiments, NSG mice were treated with CAR T cells from one to two different 

healthy donors. Cages of mice were randomly assigned to treatment groups. The technicians 

injecting and imaging the mice were not blinded to the names of treatment groups, but they 

were unaware of their meaning or expected results. The bioluminescence-defined end point 

(total flux greater than 1 × 1010 photons/s) was selected to maximize animal welfare as 

larger tumor burdens were associated with clinical signs of pain and distress.

Cell lines

U373 glioma and 293T (human embryonic kidney) cells were purchased from the American 

Type Culture Collection (ATCC). LM7 osteosarcoma cells were provided by E. Kleinerman 

(MD Anderson Cancer Center) in 2011. U373 cells were maintained in RPMI 1640 

supplemented with 10% fetal bovine serum (FBS) and 2 mM GlutaMAX. LM7 and 293T 

were maintained in Dulbecco’s modified Eagle’s medium with the same supplements. The 

production of U373 and LM7 cells expressing enhanced green fluorescent protein (GFP) 

and firefly luciferase (eGFP.ffLuc) has been previously described (26, 62). BV173 (B cell 

precursor ALL) cells were obtained from the German Collection of Microorganisms and 

Cell Cultures and maintained in RPMI 1640 with 10% FBS and 2 mM GlutaMAX. BV173 

cells were modified to express a previously described yellow fluorescent protein (YFP) 

and firefly luciferase (YFP.ffLuc) vector (vCL20SF2-Luc2a-YFP) (63) using lentiviral 

transduction. The production of BV173 with CD19 KO has been previously described 

(64).Cell lines were routinely validated using the ATCC short tandem repeat (STR) Profiling 

Cell Authentication Service and tested for mycoplasma on a regular basis.

Production of viral vectors

The generation of retroviral vectors encoding the EphA2-CAR with a 41BBζ endodomain 

as well as HER2-, IL13Rα2-, or EphA2-CARs with a CD28 transmembrane domain and 

CD28ζ signaling domain or IL-15 has been previously described (27–29). The retroviral 

vector encoding the first-generation HER2.ζ-CAR was created by subcloning the HER2-

specific single-chain variable fragment (scFv), FRP5 (27, 65), into a retroviral vector 

encoding an expression cassette with a CD28 transmembrane and ζ signaling domain 

(66). The retroviral vectors encoding the second-generation EphA2 CD27ζ and OX40ζ 
endodmains were cloned with In-Fusion cloning, using the EphA2.CD28ζ-CAR as a vector 

and our previously published CD70 and IL13Rα2-CARs as the template for polymerase 

chain reaction (PCR) of the CD27 and OX40 costimulatory domains, respectively (28, 67). 

To create transgenic DNMT3A, DNMT3A open reading frame (NM_175629.2, GenScript) 

was cloned into a retroviral pSFG vector downstream of CD20 and a 2A sequence with 

a FLAG-tag added to the C terminus using NEBuilder [New England Biolabs (NEB)]. 

Prinzing et al. Page 13

Sci Transl Med. Author manuscript; available in PMC 2022 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To make the sequence resistant to cleavage by Cas9, two silent mutations, one in the 

sgRNA recognition sequence and one in the PAM, were incorporated using the QuikChange 

lightning mutagenesis kit (Agilent Technologies). RD114-pseudotyped retroviral particles 

were generated as previously described (62) by transient transfection of 293T cells using 

GeneJuice Transfection Reagent (EMD Millipore). Viral supernatants were collected 48 

hours after transfection for the same-day T cell transduction, or snap-frozen, and stored 

at −80°C until use. The self-inactivating third-generation lentivirus vector that encodes 

a CD19-specific CAR with signaling domains of 41BB and CD3ζ driven by an MND 

promoter has been described previously (68, 69) and was produced by transient transfection 

of 293T cells followed by vector particle purification by anion- exchange chromatography 

(70).

Generation of DNMT3A KO CAR T cells

This study was conducted with approval from the St. Jude Children’s Research Hospital 

Institutional Review Board (IRB). Peripheral blood mononuclear cells (PBMCs) were 

isolated from consented healthy donors (IRB XPD15–086) by density gradient separation 

using Lymphoprep (STEMCELL Technologies, Vancouver, BC). Cells were then plated in 

24-well non–tissue culture–treated plates precoated with 250 ng each of anti-CD3 and anti-

CD28 monoclonal antibodies (Miltenyi Biotec). Culture medium for initial stimulation was 

RPMI 1640 supplemented with 10% FBS and 2 mM GlutaMAX (Thermo Fisher Scientific). 

IL-7 and IL-15 (PeproTech) were added at 10 and 5 ng/ml, respectively, 24 hours later. The 

following day, cells were electroporated with Streptococcus pyogenes Cas9-sgRNA RNP 

complexes targeting DNMT3A, IL-10, or mCherry (Ctrl) 24 hours later by transduction on 

RetroNectin-coated plates (Takara Bio). RNPs were precomplexed at an sgRNA:Cas9 ratio 

of 4.5:1, prepared by adding 3 μl of 60 μM sgRNA (Synthego) to 1 μl of 40 μM Cas9 

(MacroLab, University of California, Berkeley) and frozen for later use. For single-gene 

KO, 6 × 105 T cells were resuspended in 20 μl of R buffer and added to 4 μl of RNP. For 

double-gene KO, 6 × 105 T cells were resuspended in 16 μl of R buffer and added to 4 

μl of RNP1 (DNMT3A) and 4 μl of RNP2 (IL-10). Ten microliters of cells + RNP was 

electroporated with three pulses of 10 ms at 1600 V using the Neon Transfection System 

(Thermo Fisher Scientific). Two 10-μl electroporation reactions were pooled in one well 

of a 48-well tissue culture-treated plate containing RPMI 1640 supplemented with 20% 

FBS, GlutaMAX, IL-7 (10 ng/ml), and IL-15 (5 ng/ml) for 72 hours. After recovery, the 

medium was switched to RPMI 1640 containing 10% FBS and GlutaMAX. The cells were 

then expanded for 10 to 12 days with IL-7 and IL-15 added every 2 to 3 days at the same 

concentrations indicated above.

For CAR T cells expressing transgenic DNMT3A (tD), cells were prepared mostly as 

described previously. The lone modification was that T cells were electroporated in the 

morning and transduced with the vector encoding tD in the afternoon. T cells were 

transduced again the following morning with the vector encoding the HER2.ζ-CAR.

CD4+ and CD8+ T cells were purified using CliniMACS Plus instrument and reagents 

(Miltenyi Biotec) and were cultured in X-VIVO 15 medium (Lonza) containing 5% Human 

AB serum (Valley Biomedical) and 10 ng/ml each of recombinant human IL-7 and IL-15 
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(Miltenyi Biotec) (referred to as expansion medium) and activated with 1:87.5 (v/v) of T 

Cell TransAct reagent (Miltenyi Biotec) for 18 to 24 hours in T75 flasks. On day 1, activated 

T cells were transduced with CD19-CAR lentiviral vector at a multiplicity of infection of 

25 in the presence of protamine sulfate (4 μg/ml) for 18 to 24 hours. On day 2, cells were 

washed with MaxCyte Electroporation Buffer (GE Healthcare Life Science), mixed with 

precomplexed RNP at 4 μM, and electroporated with the MaxCyte ATX Electroporation 

System using T cell program 1. After electroporation, cells were transferred to prewarmed 

expansion medium and incubated at 37°C for 1 hour before being transferred to a G-Rex-6M 

culture plate (Wilson Wolf) for expansion. On day 5, IL-7 (10 ng/ml) and IL-15 (10 ng/ml) 

were added again into the medium. On day 7 or 8, expanded gene-edited CAR T cells were 

harvested, washed with Plasma-Lyte A containing 4% human serum albumin (HSA), and 

cryopreserved in Plasma-Lyte A containing 6% pentastarch, 5.75% HSA, and 5% dimethyl 

sulfoxide (DMSO) using a controlled-rate freezer. Cells were thawed and cultured in the 

expansion medium for 2 days, washed, and resuspended in phosphate-buffered saline (PBS) 

for tail vein injection into NSG mice.

Guide RNA design and validation

All guide RNAs were designed and validated by the Center for Advanced Genome 

Engineering at St. Jude Children’s Research Hospital. sgRNAs were designed to target 

unique sites within the genome with at least 3 base pairs (bp) of mismatch between 

the target site and any other site in the genome whenever possible, and common single- 

nucleotide polymorphisms were avoided. To disrupt DNMT3A function, we designed 

sgRNAs targeting the DNMT3A catalytic domain located in exon 19 (g2; figs. S1B and S8) 

(24). To mitigate the risk of any off-target–mediated functional effects, we used additional 

sgRNAs (guides 1, 3, and 7; fig. S8). Guide 3 was previously validated and published (24). 

As an additional control, sgRNAs were designed to a sequence in mCherry that does not 

occur in the human genome with up to 3 bp of mismatch. To assess initial guide RNA 

activity, mCherry, DNMT3A, or IL10 sgRNAs were nucleofected as RNPs (100 μM sgRNA 

and 50 μM Cas9 protein using solution P3 and program FF-120) into K562; genomic DNA 

from transfected cells was harvested 3 days after nucleofection; and nonhomologous end 

joining rates were determined using targeted next-generation sequencing (NGS) followed by 

analysis with CRIS.py (71). sgRNAs were then transfected into T cells as described in the 

previous section, and Western blots were used to further validate activity (loss of protein) or 

NGS. Protospacer sequences and primer sequences for NGS are provided in table S1.

Western blot analysis

KO efficiency was determined by Western blot. Ctrl and DNMT3A KO CAR T cells 

were washed with PBS and lysed with radioimmunoprecipitation assay buffer (Cell 

Signaling Technologies) with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo 

Fisher Scientific) the day of their first use in experiments. Protein quantification was 

performed using a bicinchoninic acid protein assay (Thermo Fisher Scientific), and 30 μg 

of total protein was loaded on a polyacrylamide gel and then transferred to nitrocellulose 

membranes (Bio-Rad). Membranes were blocked with 5% milk in tris-buffered saline 

+ 0.1% Tween 20 (Sigma-Aldrich) for 1 hour at room temperature. The membranes 

were then probed with a monoclonal rabbit anti-human DNMT3A antibody (clone 
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D23G1, Cell Signaling Technologies) or a monoclonal mouse anti-human glyceraldehyde 

phosphate dehydrogenase (GAPDH) antibody (clone 0411, Santa Cruz Biotechnologies) 

overnight at 4°C. Membranes were then washed and probed with a secondary anti-rabbit 

immunoglobulin G (IgG)–horseradish peroxidase (HRP) (Jackson ImmunoResearch) or anti-

mouse IgG-HRP (sc-2005, Santa Cruz Biotechnology) for 1 hour at room temperature. 

Protein expression was visualized using Femto Enhanced Chemiluminescent Substrate 

(Thermo Fisher Scientific), and images were acquired and analyzed using a LI-COR 

Odyssey instrument and software (LI-COR Biosciences).

Mouse tumor xenograft models

NSG mice were obtained from breeding colonies maintained by the St. Jude Animal 

Resource Center. All animal experiments were performed on protocols approved by the St. 

Jude Institutional Animal Care and Use Committee. Eight- to 10-week-old male and female 

mice were used in both the glioma and osteosarcoma models. For the local LM7 model, 1 × 

106 LM7.eGFP.ffLuc cells were injected intraperitoneally on day 0. EphA2.CD28ζ-CAR T 

cells (1 × 105) were injected intraperitoneally on day 7. For the disseminated LM7 model, 

mice were injected intravenously with 2 × 106 LM7.eGFP.ffLuc cells and, on day 28, with 

1 × 106 HER2.ζ-CAR T cells. The orthotopic U373 glioma model has been described 

previously (28). Briefly, 5 × 104 U373.eGFP.ffLuc cells were injected through a burr hole 

1 mm anterior and 2 mm to the right of the bregma at a depth of 3 mm. IL13Rα2.CD28ζ-

CAR/IL-15 T cells (2 × 106) were injected 7 days later in the same location. For the BV173 

B-Cell acute lymphoblastic leukemia (B-ALL) xenograft model (72), 3 × 106 BV173. 

eGFP.ffLuc cells were injected intravenously on day 0. CD19.41BBζCAR T cells (2 × 

106) were injected intravenously on day 7. The rechallenge experiment with BV173 cells 

is described in detail in fig. S28A. For each model, CAR T cells were generated from a 

different healthy donor. Tumor burden was assessed weekly using bioluminescent in vivo 

imaging system (IVIS). Quantification of tumor burden was performed using Living Image 

software (PerkinElmer). A region of interest (head for U373 and total body for LM7) was 

drawn around each mouse, and total flux was recorded in units of photons per second.

Isolation of T cells for WGBS

NSG mice were injected intraperitoneally with 1 × 106 LM7 tumor cells on day 0. On day 7, 

mice were injected with 1 × 105 EphA2.CD28ζ-CAR T cells. On day 14, an intraperitoneal 

wash was performed to isolate T cells for WGBS. Briefly, each mouse was injected with 3 

to 5 ml of PBS into the peritoneal cavity, the belly was gently massaged, and the PBS was 

withdrawn with a syringe. For the five mice receiving the same treatment (Ctrl or DNMT3A 

KO CAR T cells), the contents of each peritoneal wash were pooled before being spun down 

and FACS-purified.

Repeated stimulation assay

Ctrl and DNMT3A KO CAR T cells were cocultured with U373 or LM7 cells at an E:T ratio 

of 2:1 in the presence of IL-15 (5 ng/ml). Seven days later, T cells were counted and replated 

with fresh tumor cells at the same 2:1 ratio in the presence of IL-15 (5 ng/ml). The T cells 

continued to be counted and stimulated with fresh tumor cells on a weekly basis until the T 
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cells stopped killing tumor cells. Cocultures with Ctrl, DNMT3A KO, IL-10 KO, and DKO 

CAR T cells were also performed in the presence or absence of IL-10 (5 ng/ml; PeproTech).

Measurement of cytokine production

At each stimulation of the repeated stimulation assay, culture supernatant was collected 24 

hours after plating T cells with tumor cells for analysis of cytokine production. Cytokine 

production was assessed by a 14-plex human cytokine quantification kit (Millipore Sigma). 

Analysis was performed using a Luminex FLEXMAP 3D instrument and software (Luminex 

Corporation). An IL-10 ELISA (PeproTech) was used to confirm successful KO of IL-10.

Cytotoxicity assays

A CellTiter96 AQueous One Solution Cell Proliferation Assay (Promega) was used to 

assess CAR T cell cytotoxicity as previously described (26). Briefly, tumor cells were 

incubated with varying amounts of CAR T cells to assess cytotoxicity at a range of E:T 

ratios. Twenty-four hours later, the medium and T cells were removed, and the remaining 

tumor cells were quantified with the CellTiter96 AQueous One Solution Reagent containing 

a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt (MTS)] and an electron coupling reagent [phenazine 

ethosulfate (PES)]. Medium only and tumor only served as controls to assess percent 

cytotoxicity. Cytotoxicity assays were performed using unstimulated CAR T cells (first 

stimulation) and CAR T cells that had previously been exposed to tumor cells three times 

(fourth stimulation).

CAR T cell antigen dependence assay

Survival of serially stimulated DNMT3A KO CAR T cells in the absence of tumor was 

assessed by the positive selection of CD3+ coculture cells (Miltenyi Biotec) followed by 

a 7-day culture in the absence of tumor cells with or without IL-15. Live and dead cells 

were enumerated by flow cytometry. Samples were washed with PBS, stained with a 1:1000 

dilution of viability dye LDA (Invitrogen) or eFluor 520 (Invitrogen), washed with PBS, 

and resuspended in 1× annexin V staining buffer (BD Biosciences) with 5 μl of annexin 

V phycoerythrin (PE) or annexin V allophycocyanin (APC) (BD Biosciences). Data were 

acquired on a BD FACSCanto and analyzed using FlowJo version 10.5.3.

Immunophenotyping by flow cytometry

Samples were phenotyped before and after coculture with tumor cells. All surface antibody 

and viability dye staining was performed in PBS + 1% FBS at 4°C for 30 min. Intracellular 

staining was performed using the eBioscience Foxp3/Transcription Factor Staining Buffer 

Set (Invitrogen). For these samples, after staining with surface antibodies and viability dye 

as described above, cells were washed with PBS + 1% FBS, fixed/permeabilized for 1 hour 

at 4°C, washed with permeabilization buffer twice, stained with intracellular antibodies at 

room temperature for 30 min, and again washed with permeabilization buffer twice before 

being resuspended in PBS + 1% FBS. For live cell discrimination, samples were stained 

with a 1:1000 dilution of one of the following viability dyes: Fixable Viability Dye eFluor 

506 (Invitrogen), Fixable Viability Dye eFluor 520 (Invitrogen), Fixable Viability Dye 
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eFluor 780 (Invitrogen), LDA (Invitrogen), or Ghost Dye Violet 510 (Tonbo Biosciences). 

The following antibodies were used in phenotypic analysis: CD3 Brilliant Violet (BV) 605 

(BD Biosciences, clone SP34–2; 2.5 μl per test), CD3 BV421 (BD Biosciences, clone SK7; 

2.5 μl per test), CD4 PE-Cy7 (BD Biosciences, clone SK3; 2.5 μl per test), CD4 APC-Cy7 

(BD Biosciences, clone SK3; 2.5 μl per test), CD8 Peridinin chlorophyll protein complex 

(PerCP)-Cy5.5 (BD Biosciences, clone HIB22; 2.5 μl per test), CD8 AF488 (BioLegend, 

clone HIT8a; 2.5 μl per test), CD8 BV785 (BioLegend, clone RPA-T8; 2.5 μl per test), 

CD28 PE (BD Biosciences, clone CD28.2; 5 μl per test), CD45RO APC-Cy7 (BioLegend, 

clone UCHL1; 2.5 μl per test), CCR7 Alexa Fluor (AF) 488 (BioLegend, clone G043H7; 

2.5 μl per test), Tim3 PE-Cy7 (BioLegend, clone F38–2EZ; 2.5 μl per test), TCF7 AF488 

(Cell Signaling Technologies, clone C63D9; 1 μl per test), LEF1 AF647 (Cell Signaling 

Technologies, clone C12A5; 1 μl per test), and Ki67 BV510 (BD Biosciences, clone B56; 

2.5 μl per test). Isotype-matched controls were run for each experiment. Samples were 

acquired on a BD FACSLyric, BD FACSCanto, or BD LSRFortessa, and list mode files were 

analyzed using FlowJo version 10.5.3 (BD Biosciences).

FACS sorting for WGBS

WGBS was performed on CAR T cells that were taken directly from culture or had 

been previously stimulated with fresh U373 tumor cells four times, with the stimulations 

separated by 1 week or 1 day, as indicated in the text. WGBS was also performed on T cells 

extracted from intraperitoneal LM7-bearing mice by intraperitoneal wash 7 days after T cell 

injection. Ctrl KO, DNMT3A KO, and, for some conditions, IL-10 KO and DKO CAR T 

cells were FACS-purified on the basis of live CD8+ phenotyping using a BD FACSAria II 

(BD Biosciences). DNA was extracted, and bisulfite was converted using a Zymo EZ DNA 

methylation-direct kit per the manufacturer’s instructions. This converted all unmethylated 

cytosines to uracils and protected the methylated cytosines from deamination. Bisulfite- 

modified DNA libraries were sequenced using Illumina HiSeq, and sequencing data were 

mapped to the HG19 human genome. Differences in CpG methylation across the genome 

were visualized using the Integrated Genome Viewer software (73) and quantified using a 

Bayesian hierarchical model to detect regional methylation differences with at least three 

CpG sites (74).

T cell subset isolation

For experiments using purified cell populations, PBMCs from fresh blood from healthy 

consented donors were isolated by centrifugation in BD Vacutainer CPT tubes (BD 

Biosciences) and enriched before sorting. After CD8+ T cell enrichment, naïve and memory 

CD8+ T cell compartments were FACS-purified. Cells were stained in sterile PBS containing 

4% FBS with the same antibodies described above. Individual cell populations were sorted 

using a BD FACSAria II (BD Biosciences). Naïve CD8+ T cells were defined as live CD8+, 

CCR7+, and CD45RO− cells. The memory CD8+ T cell compartment was sorted on the basis 

of live CD8+, CD45RO+ expression. The memory compartment included Tem (CCR7−) and 

Tcm (CCR7+) CD8+ T cells. Sorted cells were checked for purity and determined to be at 

least 95% of the desired phenotype.
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Transduction efficiency evaluation

Efficiency of retroviral transduction was determined by flow cytometry. All staining and 

washing was performed with PBS + 1% FBS. For the IL13Rα2-CAR and CD19-CAR, 

T cells were washed, incubated with 7 μl of recombinant IL13Rα2-Fc fusion protein 

(R&D Systems) or 3 μl of recombinant human CD19-Fc fusion protein (R&D Systems) 

at room temperature for 1 hour, washed, and stained with 1 μl of anti-human IgG Fc PE 

(SouthernBiotech) for 30 min at 4°C. All other transgene staining was performed at 4°C 

for 30 min with the following antibodies: HER2-CAR: anti-mouse Fab AF647 (Jackson 

ImmunoResearch; 2 μl per test); EphA2-CAR: anti-human CD19 PE (Beckman Coulter; 3 

μl per test) or anti-human Fab AF647 (Jackson ImmunoResearch; 2 μl per test); and IL-15 

vector: anti-human nerve growth factor receptor (NGFR) BV421 (BD Biosciences; 5 μl per 

test). Samples were acquired on a BD FACSLyric or BD FACSCanto, and list mode files 

were analyzed using FlowJo version 10.5.3 (BD Biosciences).

Bisulfite sequencing methylation profiling and data analysis

Genomic DNA was isolated from FACS-purified T cells and processed as previously 

described (21). Briefly, DNA was extracted from the sorted cells using a DNA extraction 

kit (QIAGEN) and then bisulfite-treated using an EZ DNA methylation kit (Zymo 

Research) or an EZ DNA methylation-direct kit (Zymo Research). The bisulfite-modified 

DNA sequencing library was generated using the EpiGnome kit (Epicentre) per the 

manufacturer’s instructions and then sequenced using an Illumina HiSeq or NovaSeq 

instrument. Sequencing data were aligned to the hg19 genome using BSMAP2.74 (75). 

DMRs were identified using Bioconductor package dispersion shrinkage for sequencing 

(DSS) (76). We first performed a statistical test of differentially methylated locus (DML) 

using the DMLtest function (smoothing = TRUE) in DSS; the results were then used to 

detect DMRs using the CallDMR function in DSS, and the P value threshold for calling 

DMR was 0.01. The minimum length for defining a DMR was set to 50 bp, and the 

minimum number of CpG sites for defining a DMR was 3. The methylation plots are 

a visualization of the DMRs (using ≤30 or >30% differences in methylation) in genes 

predetermined to be statistically significant. The GSEA analyses were performed using 

108 DNMT3A-target transcription factors as gene signature on gene expression data from 

GSE23321 (77). IPA was performed using DNMT3A-targeted genes. Enrichr was used for 

GO analysis.

We previously established a human CD8+ T cell DNA methylation–based MPR using 

a machine learning approach (78). Briefly, to identify the methylation state of CpG 

sites associated with the T cell multipotent potential, a supervised analysis was 

performed between the methylomes from two naïve and four HIV-specific CD8+ T cells 

[methylation difference ≥ 0.4 and false discovery rate (FDR) ≤ 0.01]. This analysis 

results in identification of 245 CpG sites that were hypomethylated in naïve CD8+ 

T cells compared to HIV-specific CD8+ T cells. This set of the CpGs was then 

used as an input to the one-class logistic regression to calculate the multipotency 

signature using only the HIV-specific and naïve CD8+ T cells (training datasets) (79, 

80). Once the signature was obtained, it was then applied to the naïve CD8+ T cells, 

Tscm, and Tem from healthy donors, and CAR T cell methylomes (test datasets). The 
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score was calculated as the dot product between the DNA methylation value and the 

signature. The score was subsequently converted to the [0, 1] range. Datasets with 

multipotency indices closer to 1 were more similar to naïve cells. In addition, data were 

analyzed through the use of IPA (QIAGEN Inc.; https://apps.ingenuity.com/ingsso/login?

service=https%3A%2F%2Fanalysis.ingenuity.com%2Fpa%2Flogin%2Fcas).

CHANGE-seq

Genomic DNA from T cells was isolated using the Gentra Puregene Kit (QIAGEN) 

according to the manufacturer’s instructions. Purified genomic DNA was tagmented with a 

custom Tn5 transposome to an average length of 400 bp, followed by gap repair with KAPA 

HiFi HotStart Uracil+ DNA Polymerase (KAPA Biosystems) and Taq DNA ligase (NEB). 

Gap-repaired tagmented DNA was treated with USER enzyme (NEB) and T4 polynucleotide 

kinase (NEB). Intramolecular circularization of the DNA was performed with T4 DNA 

ligase (NEB), and residual linear DNA was degraded by a cocktail of exonucleases 

containing Plasmid-Safe ATP-dependent DNase (Lucigen), Lambda exonuclease (NEB), 

and exonuclease I (NEB). In vitro cleavage reactions were performed with 125 ng of 

exonuclease-treated circularized DNA, 90 nM SpCas9 protein (NEB), Cas9 nuclease buffer 

(NEB), and 270 nM sgRNA in a 50-μl volume. Cleaved products were A-tailed, ligated 

with a hairpin adaptor (NEB), treated with USER enzyme (NEB), and amplified by PCR 

with barcoded universal primers NEBNext Multiplex Oligos for Illumina (NEB), using 

KAPA HiFi Polymerase (KAPA Biosystems). Libraries were quantified by quantitative PCR 

(KAPA Biosystems) and sequenced with 150-bp paired-end reads on an Illumina NextSeq 

instrument. Circularization for high-throughput analysis of nuclease genome-wide effects by 

sequencing (CHANGE-seq) data analyses were performed using open-source circularization 

for in vitro reporting of cleavage effects by sequencing (CIRCLE-seq) analysis software 

(https://github.com/tsailabSJ/circleseq).

Histology and immunohistochemistry

Formalin-fixed tissues were decalcified in formic acid and were processed and embedded 

in paraffin by standard techniques, sectioned at 4 μm, mounted on positively charged 

glass slides (Superfrost Plus, Thermo Fisher Scientific), and dried at 60°C for 20 

min. Tissue sections were then stained with hematoxylin and eosin or subjected to 

immunohistochemical staining for CD3+ T cells using a rabbit polyclonal antibody raised 

against CD3 (1:1000; catalog no. sc1127, Cell Signaling Technologies). Tissue sections 

underwent antigen retrieval in prediluted Cell Conditioning Solution (CC1; catalog no. 950–

124; Ventana Medical Systems) for 32 min on a Discovery Ultra immunostainer (Ventana 

Medical Systems). Binding of primary antibodies was detected using OmniMap anti-rabbit 

(#760–4311, Ventana Medical Systems), with the DISCOVERY ChromoMap DAB Kit 

(Ventana Medical Systems) as chromogenic substrate. Stained sections were examined by a 

pathologist blinded to the experimental group assignments.

To quantify CD3+ cells in brain tumors, whole-section imaging of sections was completed 

using a NanoZoomer S210 digital slide scanner (Hamamatsu). Scanned tissue sections, 

with CD3-positive cells labeled using 3,3′-diaminobenzidine (DAB) immunohistochemistry, 

were analyzed using the Indica Labs HALO image analysis platform. A pathologist 
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manually annotated tumor outlines on each slide and used Indica Labs analysis modules 

CytoNuclear v2.0.5 to detect DAB-positive and DAB-negative cells within tumors. The 

total tumor area and numbers of CD3-positive and CD3-negative cells within tumors were 

automatically detected and counted using the Indica Labs CytoNuclear v2.0.9 analysis 

module.

DNMT3A gene expression score

Transcript counts were obtained from Fraietta et al. (46) “table S5B: Transcriptomic 

profiling of CAR-stimulated CTL019 infusion products” and then filtered, normalized, 

and analyzed using the R packages “edgeR” (81) and “limma” (82). PCA was conducted 

on the entirety of the expression data, revealing a single partial responder data point 

that was an obvious outlier in comparison to the other samples (and therefore excluded 

from downstream analyses). One thousand thirty-three gene identifiers matched the 1298 

previously identified DNMT3A targets and were used to calculate a relative DNMT3A-

target expression score; briefly, the log2 expression of each target gene was scaled to its 

mean-centered variation across the samples of the dataset, and those normalized expression 

values were then summed for each sample. In subsequent analyses, this score was also 

calculated using a limited gene set that included either only those DEGs between in vitro 

DNMT3A KO and wild-type cells (as assayed by Affymetrix Clariom S human microarray; 

Ctrl, n = 3; KO, n = 8) or the intersection between these DEGs and the previously identified 

DNMT3A targets.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software Inc., 

La Jolla, CA). Statistical analyses were only performed when the number of replicates 

was at least three. For comparisons of two groups, a paired or unpaired t test was used. 

Two-tailed t tests were performed in all instances unless otherwise specified in the figure 

legend. For comparisons of three or more groups, a one- or two-way analysis of variance 

(ANOVA) was used followed by either Dunnett’s, Sidak’s, or Tukey’s multiple comparisons 

test. A Shapiro- Wilk test was performed to confirm normality before ANOVA, or t tests 

were performed. When the assumption of normality could not be met, nonparametric tests 

including Mann-Whitney, Kruskal-Wallis, or Wilcoxon signed-rank test were performed 

instead. In instances where multiple Mann-Whitney tests were performed, a two-stage 

step-up Benjamini, Krieger, and Yekutieli procedure was applied to account for multiple 

comparisons, with an FDR of 5%. Survival data were analyzed using a log-rank (Mantel-

Cox) test. For all experiments, P values of less than 0.05 were considered significant. For 

DNMT3A expression score statistical analysis, the nonparametric Kruskal-Wallis test and 

Mann-Whitney U test were used to assess significant variation across the patient outcomes 

defined by the originating study, and plots were generated with ggplot2 (83).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. DNMT3A deletion enhances CAR T cell expansion during repeat stimulation in vitro.
(A) Human T cells were transduced with retroviral vectors encoding CARs and DNMT3A 

was deleted using CRISPR-Cas9. gRNA, guide RNA. (B) A Western blot of DNMT3A 

protein expression in control (Ctrl) and DNMT3A KO (g2) IL13Rα2- and EphA2-CAR 

T cells is shown. GAPDH was used as a loading control; two independent donors are 

shown. (C) The schematic of the repeat stimulation coculture assay is shown. (D) Ctrl and 

DNMT3A KO CAR T cell expansion was measured after weekly stimulations with U373 

cells for HER2.ζ-CAR (n = 3), HER2.CD28ζ-CAR (n = 5), IL13Rα2.CD28ζ-CAR (n = 4), 
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or EphA2. CD28ζ-CAR (n = 5) T cells. (E) Expansion of DNMT3A KO relative to Ctrl 

CAR T cells at each of the first four stimulations is shown (n = 17). Data were analyzed 

using Mann-Whitney tests with a two-stage step-up Benjamini, Krieger, and Yekutieli 

procedure applied to account for multiple comparisons and a false discovery rate (FDR) 

set to 5%. Horizontal bars indicate means. (F) After the fourth stimulation with tumor 

cells, DNMT3A KO HER.ζ- or HER2.CD28ζ-CAR T cells were sorted and plated without 

antigen (U373 tumor cells) in the presence or absence of IL-15. After 7 days, T cells were 

stained with a viability dye [LIVE/DEAD Aqua (LDA)] and annexin V and classified as 

live (LDA−, annexin V−), preapoptotic/dying (LDA−, annexin V+), or dead (LDA+, annexin 

V+) using flow cytometry. Data are presented as means ± SEM. Data were analyzed using 

a Kruskal-Wallis test with Dunn’s multiple comparisons test. ns, not significant; **P < 0.01 

and ****P < 0.0001.
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Fig. 2. DNMT3A KO CAR T cells exhibit sustained cytokine secretion and cytolytic activity after 
repeat antigen stimulation.
To assess TH1 and TH2 cytokine production, Ctrl and DNMT3A KO CAR T cells were 

stimulated as described in Fig. 1C. Cell culture supernatants were harvested 24 hours after 

each stimulation, and a multiplex assay was used to determine cytokine production. (A) A 

summary of TH1 and TH2 cytokine production and fold change in cytokine production of 

Ctrl versus DNMT3A KO CAR T cells after the first stimulation with tumor cells is shown. 

Data are presented as means ± SEM (n = 3 per CAR construct). Gray boxes indicate a 
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fold change from 0.5 to 1.5. Data were analyzed using a Wilcoxon signed-rank test. (B) 

Cytokine production as described above was measured after the fourth stimulation with fresh 

tumor cells. Data are presented as means ± SEM (n = 3 per CAR construct). Gray boxes 

indicate a fold change from 0.5 to 1.5. Data were analyzed using a Wilcoxon signed-rank 

test; #: value was set to 100-fold (actual value: 174-fold). (C) A 24-hour MTS assay was 

used to assess the cytolytic activity of Ctrl and DNMT3A KO HER.ζ-, HER2.CD28ζ-, and 

IL13Rα2.CD28ζ-CAR T cells at their first (1st stim) or fourth (4th stim) exposure to tumor 

cells at the indicated effector:target (E:T) ratios. Data are presented as means ± SEM (n = 

3 to 5 per group). Data were analyzed using a two-tailed paired t test. All statistical tests 

compared Ctrl to DNMT3A KO; ns, not significant; **P < 0.01, ***P < 0.001, and ****P < 

0.0001.
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Fig. 3. De novo methylation of T cell plasticity–associated genes is coupled to CAR T cell 
exhaustion.
(A) The experimental design is shown with a representative graph of Ctrl versus DNMT3A 

KO CAR T cell expansion with subsequent data analysis using samples collected at week 4. 

Cells were stimulated as described in Fig. 1C. (B) WGBS nucleotide- resolution methylation 

profiling of plasticity-associated signature genes including LEF1, TCF7, and DNMT3A 
is shown for Ctrl and DNMT3A KO CAR T cells. Individual CpG sites are represented 

by vertical lines, with red indicating methylation and blue indicating lack of methylation. 
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Differentially methylated regions (DMRs) are represented by a purple box. (C) WGBS 

methylation profiles are shown for CD28 in Ctrl CAR T cells, DNMT3A KO CAR T 

cells, and endogenous CD8+ T cell subsets. (D) Gene ontology (GO) analysis of DNMT3A-

targeted genes is shown. P values are based on Fisher’s exact test. PML, promyelocytic 

leukemia nuclear body. (E) A graph-based visualization of statistically enriched (P < 0.001) 

nonredundant GO biological processes regulated by DNMT3A-target genes is shown. Color 

intensity indicates –log P value. (F) Ingenuity pathway analysis (IPA) predicting the top 

canonical pathways of DNMT3A gene targets is shown. (G) A methylation-based T cell 

multipotency index (MPI) was used to analyze the whole-genome methylation profiles of 

IL13Rα2-and HER2-CAR T cells obtained after 4 weeks of repeat stimulation. (H) A 

Venn diagram representation of common versus unique DNMT3A-targeted genes among the 

current human DNMT3A KO CAR T cell analyses and published LCMV mouse exhaustion 

studies is shown (15). Of note, only human genes with a mouse homolog were used for the 

analysis.

Prinzing et al. Page 34

Sci Transl Med. Author manuscript; available in PMC 2022 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. IL-10 promotes DNMT3A KO CAR T cell survival.
(A) Activated human T cells were electroporated with Ctrl (mCherry), DNMT3A, IL-10, 

or DNMT3A and IL-10 (DKO) RNPs. At day 3, gene-edited T cells were transduced with 

retroviral vector encoding HER2.ζ-CAR. (B to E) CAR T cells were incubated with U373 

tumor cells at a 2:1 E:T ratio in the presence of exogenous IL-15 and restimulated with 

fresh tumor cells on a weekly basis until the T cells stopped killing tumor cells. (B) Cell 

culture supernatants were harvested 24 hours after each stimulation, and an IL-10 ELISA 

was used to determine IL-10 cytokine production. Data are presented as means ± SEM 
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(n = 5). (C) Gene-edited CAR T cell expansion was measured after weekly stimulations 

with U373 cells for HER2.ζ-CAR. Each graph represents one healthy donor. (D) Left: 

A summary graph of CAR T cell expansion (relative to Ctrl) for all donors up to five 

stimulations is shown (n = 4 donors). Right: A summary graph of CAR T cell expansion 

(relative to Ctrl) for all donors in the presence of exogenous IL-10 is shown (n = 3 donors). 

A two-way ANOVA with Sidak’s multiple comparisons test was used to compare DNMT3A 

KO and DNMT3A IL-10 DKO at each stimulation; ns, not significant; **P < 0.01. Data 

are presented as means ± SEM. (E) MPIs of Ctrl, IL-10 KO, DNMT3A KO, and DKO 

CAR T cells were measured before stimulation and after 4 weeks of chronic stimulation 

(n = 3). Data were analyzed by an unpaired t test; *P < 0.05. Each dot represents data 

from a single donor. (F) The total number of DMRs between week 4 DNMT3A KO (D3A 

KO), IL-10 KO, and DKO CAR T cells is shown. (G) Representative methylation profiles 

are shown for the CD28, LEF1, and TCF7 loci among week 4 Ctrl, DNMT3A KO, IL-10 

KO, and DKO CAR T cells. DMRs are represented by a purple box. (H) GO analysis 

of DMRs between week 4 DNMT3A KO, IL-10 KO, and DKO CAR T cells is shown. 

VEGFA-VEGFR2, vascular endothelial growth factor A–vascular endothelial growth factor 

receptor 2; GPCRs, G protein–coupled receptors; miRNA, microRNA; ECM, extracellular 

matrix. TYROBP, protein tyrosine kinase-binding protein; NRF2-ARE, nuclear erythroid 

2-related factor 2-antioxidant response element; ATM, ATM Serine/Threonine Kinase.
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Fig. 5. DNMT3A deletion enhances CAR T cell antitumor activity in vivo.
(A) A timeline for the intraperitoneal (ip) LM7 model is shown. NSG mice were injected 

intraperitoneally with 1 × 106 LM7-ffLuc tumor cells on day 0 and, 7 days later, received 

a single intraperitoneal dose of 1 × 105 Ctrl or DNMT3A KO EphA2.CD28ζ-CAR T 

cells (CARTs). (B) Quantitative bioluminescence imaging is shown as total flux in photons 

per second (p/s). The vertical dashed line indicates time of CAR T cell injection. (C) 

A Kaplan-Meier curve shows overall survival (OS) of Ctrl or DNMT3A KO CAR T cell–

treated mice (n = 5 mice per group). Data were analyzed using a log-rank (Mantel-Cox) 

test; *P < 0.05. (D) A timeline for the intravenous (iv) LM7 model is shown. NSG mice 

were injected intravenously with 2 × 106 LM7-ffLuc tumor cells and, 28 days later, received 

a single intravenous dose of 1 × 106 Ctrl or DNMT3A KO HER2.ζ-CAR T cells or PBS. 

(E) Quantitative bioluminescence imaging is shown as total flux. The vertical dashed line 

indicates time of CAR T cell injection. (F) A Kaplan-Meier survival curve is shown (n = 5 

mice per group). Data were analyzed using a log-rank (Mantel-Cox) test; **P < 0.01. (G) 

A timeline for the intracranial (ic) U373 model is shown. NSG mice were injected with 5 × 
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104 U373-ffLuc tumor cells (intracranially) and, 7 days later, received a single intratumoral 

(it) dose of 2 × 106 Ctrl or DNMT3A KO IL13Rα2-CAR/IL-15 T cells. (H) Quantitative 

bioluminescence imaging is shown as total flux. The vertical dashed line indicates time of 

CAR T cell injection. (I) A Kaplan-Meier survival curve is shown (Ctrl: n = 4 mice, KO: n = 

5 mice). Data were analyzed using a log-rank (Mantel-Cox) test; ns, not significant.
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Fig. 6. DNMT3A-mediated gene expression programs regulate CD19-CAR T cell antitumor 
responses in vivo and predict the clinical outcome.
(A) A timeline of intravenous (iv) BV173 model is shown. NSG mice that were injected 

intravenously with 3 × 106 BV173-ffLuc tumor cells on day 0 received a single intravenous 

dose of 2 × 106 NT (non-transduced), Ctrl, or DNMT3A KO CD19.41BBζ-CAR T cells 7 

days later. (B) Quantitative bioluminescence imaging (total flux) data are shown for each 

mouse. (C) Representative bioluminescence images of each treatment group are shown. (D) 

Kaplan-Meier survival curve with log-rank test for significance (n = 5 mice per group; *P 
< 0.05). (E) DNMT3A-targeted gene expression is shown for CAR T cell products before 

infusion. Patients were separated on the basis of in vivo expansion and clinical response 

[NR, nonresponders (n = 21); PR, partial responders (n = 4); CR, complete responders (n 
= 5); PRTD, PRs followed by relapse with transformed B cell lymphoma (n = 3)] after 
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CD19-CAR T cell infusion for CLL. MPE indicates median peak expansion. Statistical 

significance was determined by a Mann-Whitney test. Error bars are defined on the basis of 

the minimum and maximum quartile; *P < 0.05 and **P < 0.01.
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