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Abstract:

CD8" T-cell exhaustion hampers disease control in cancer and chronic infections and limits
efficacy of T-cell-based therapies, such as CAR T-cells. Epigenetic reprogramming of CAR T-
cells by targeting TET2, a methylcytosine dioxygenase that mediates active DNA demethylation,
has shown therapeutic potential; however, the role of TET2 in exhausted T-cell (Tex) development
is unclear. In CAR T-cell exhaustion models and chronic LCMV infection, TET2 drove the
conversion from stem cell-like, self-renewing Tex progenitors towards terminally differentiated
and effector (Terr)-like Tex. In mouse T-cells, TET2-deficient terminally differentiated Tex
retained aspects of Tex progenitor biology, alongside decreased expression of the transcription
factor TOX, suggesting that TET2 potentiates terminal exhaustion. TET2 also enforced a Terr-like
terminally differentiated CD8* T-cell state in the early bifurcation between Terr and Tex,
indicating a broad role for TET2 in mediating the acquisition of an effector biology program that
could be exploited therapeutically. Finally, we developed a clinically actionable strategy for TET2-
targeted CAR T-cells, using CRISPR/Cas9 editing and site-specific adeno-associated virus
transduction to simultaneously knock-in a CAR at the TRAC locus and a functional safety switch
within TET2. Disruption of TET2 with this safety switch in CAR T-cells restrained terminal Tex
differentiation in vitro and enhanced anti-tumor responses in vivo. Thus, TET2 regulates pivotal
fate transitions in Tex differentiation and can be targeted with a safety mechanism in CAR T-cells
for improved tumor control and risk mitigation.

One Sentence Summary:

Modulation of exhausted CD8" T-cell differentiation by targeting TET2 improves therapeutic potential
of CAR T-cells in cancer.
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INTRODUCTION

T-cell exhaustion limits disease control in cancer and chronic viral infections. In the
context of persistent antigen exposure, exhausted CD8* T-cells (Tex) co-express multiple
inhibitory receptors (IRs) and exhibit altered cytokine secretion, impaired proliferation and
metabolic deficiencies compared to memory (Tmem) and effector (Terr) T-cells (1). While Tex
cells hold significant clinical relevance, our understanding of Tex development and the
fundamental cellular and molecular mechanisms governing Tex formation, maintenance, and
activity, particularly in the setting of immunotherapies, is incomplete. Addressing these knowledge
gaps could offer new strategies for enhancing patient outcomes.

Cellular immunotherapies such as chimeric antigen receptor (CAR) T-cells have
transformed the treatment of cancer. However, T-cell exhaustion compromises the persistence and
anti-tumor effector function of CAR T-cells in vivo, resulting in relapses in hematological
malignancies and limited efficacy against solid tumors (2). Strategies including genetic
modification of CAR T-cells to avert exhaustion (3-6) or use of immunotherapies such as PD1
blockade to reinvigorate Tex cells have been proposed to enhance treatment efficacy (7). However,
current reinvigoration strategies are insufficient to permanently reverse exhaustion (8), limiting
therapeutic potential.

Tex are a distinct epigenetic lineage and the discovery of regulators that govern the
epigenetic remodeling events underpinning Tex development holds promise for improving cell-
based immunotherapies (9, 10). We previously reported massive clonal expansion of a single CAR
T-cell in a patient undergoing therapy for chronic lymphocytic leukemia (CLL) that resulted in
enhanced anti-tumor activity and subsequent complete and sustained disease remission (10). This

unique clone had the CAR transgene integrated into TET2, accompanied by a pre-existing
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87  hypomorphic mutation in the patient’s second TET2 allele. As a methylcytosine dioxygenase,
88 TET2 plays a pivotal role in active DNA demethylation by initiating the conversion of 5-
89  methylcytosine (5-mC) into 5-hydroxymethylcytosine (5-hmC), a first step in removal of the
90 methyl group (11, 12). This finding suggested that modulation of TET2 could be used to alter the
91  epigenetic landscape of Tex and CAR T-cells for therapeutic benefit. Accordingly, biallelic
92  disruption of TET2, with concomitantly sustained expression of the AP-1 factor BATF3, resulted
93 inclonal proliferation of CAR T-cells with altered effector function (13). These data are consistent
94  with skewed Twmem versus Terr differentiation of TET2-deficient T-cells observed following acute
95 viral infection (14). However, the role of TET2 in the precise T-cell fate transitions that govern
96  Tex cell differentiation remain unknown. Given that TET2 loss augments CAR T-cell efficacy (10,
97  13), unravelling the diverse roles of TET2 in the differentiation of CD8" T-cells, particularly the
98  epigenetic programming of Tex cells across key developmental checkpoints, is critical for
99  deciphering the underlying mechanisms of T-cell exhaustion and further enhancing the

100 effectiveness of immunotherapies.
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101 RESULTS

102  TET2 is a frequent locus of transgene integration in CAR T-cell treated patients.

103 Our previous report on TET2-disruption driving enhanced proliferation and sustained
104  tumor clearance mediated by a single CAR T-cell in one patient (10) led us to investigate other
105  potential occurrences of lentiviral integration into TETZ2 in additional patients who underwent CAR
106  T-cell therapy for CLL and acute lymphocytic leukemia (ALL) (3) (tables S1 and S2). Within
107  these cohorts, 36% of CLL patients and 51% of ALL patients had at least one instance of lentiviral
108 integration into TET2 (fig. S1A). In total, 33 and 75 unique sites of integration were identified
109  within CLL and ALL cohorts, respectively (fig. S1B). Most of these integration sites were of low
110  abundance (fig. S1C) and occurred only once (tables S1 and S2); however, one CLL patient
111 (p04409-09) exhibited a CAR transgene insertion at chr4+105190185 which was observed at
112 multiple time points, at two weeks following adoptive transfer in purified CAR T-cells and at one
113 month in whole blood (table S1). Lentiviruses favor integration into actively transcribed sites (15),
114  and tend to integrate within the gene body rather than near promoters, suggesting low risk for
115  oncogenic transformation (16). Indeed, of the integration events we identified within 50kB of
116  TET2, ~94% of CLL sites and ~93% of ALL sites occurred within the transcriptional boundary of
117  the TET2 transcriptional unit (fig. S1D). The repeated lentiviral integration of a CAR transgene
118  into TET2 motivates deeper analysis of the role of TET2 in T-cell biology and especially in CAR

119  T-cell differentiation.

120 TET2-deleted CAR T-cells adopt a central memory-like state post manufacturing.
121 TET2 loss correlates with clinical response to CAR T-cell therapy (10) and its deletion
122 promotes acquisition of a memory CD8"* T-cell fate in the setting of acute infection (14). To

123 investigate the impact of TET2 loss in human CAR T-cell differentiation, we generated TET2-
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124  deficient CAR T-cells (TET2ko) through CRISPR/Cas9 gene-editing (Fig. 1A and fig. S2, A-C).
125  Following lentiviral CAR transduction and primary expansion, we observed a slightly elevated
126 proportion of central memory CAR T-cells in the TET2-deficient condition (Fig. 1B).
127  Mitochondrial respiration profiling indicated that, post-production, TET2ko CAR T-cells were
128  programmed for enhanced oxidative phosphorylation (Fig. 1C), with increased basal respiration,
129  maximal respiration, and spare respiratory capacity (SRC) (Fig. 1D). TET2ko CAR T-cells also
130  had increased aerobic glycolysis (Fig. 1E). Thus, TET2 deficiency augments cellular metabolism,
131 potentially providing a greater ATP reserve during heightened cellular activity or metabolic stress,

132 aligning with the bioenergetic advantage and rapid recall capability of memory CD8" T-cells (17).

133 TET2 loss increases expansion and reduces IR expression after chronic stimulation for
134  multiple CAR constructs.

135 CD8" T-cell exhaustion is characterized by bioenergetic insufficiencies and altered
136  glycolysis (18, 19). The metabolic profile of TET2ko CAR T-cells suggested that targeting TET2
137  might improve CD8" T cell survival and function in the setting of chronic antigen stimulation. To
138  examine the role of TET2 in the long-term persistence of CAR T-cells and to investigate the role
139  of specific co-stimulatory domains (Fig. 1F), we used an in vitro “stress test” incorporating chronic
140  antigen stimulation that recapitulates several features of progressive T-cell exhaustion (Fig. 1G).
141 Both TET2ko 41BB-costimulated CAR T-cells (CD19.BB() and TET2ko CD28-costimulated CAR
142 T-cells (CD19.280) demonstrated greater proliferative capacity following repeated antigen
143 stimulation when compared to AAVSlko control CAR T-cells and CAR T-cells lacking a
144  costimulatory domain (CD19.¢) (Fig. 1H and 1). Given this increased proliferative capacity, we
145  nextinvestigated the differentiation and phenotype of chronically stimulated TET2«ko CAR T-cells.

146  After chronic stimulation, CD8* TET2ko CAR T-cells skewed towards a CCR7* CD45RO" central
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147  memory-like population (Fig. 1J, fig. S2D). High IR expression and decreased expression of the
148  transcription factor (TF) TCFL1 is associated with terminal differentiation of CD8" T-cells (20).
149  However, CD8" TET2ko CAR T-cells had decreased co-expression of IRs including PD1 and
150  TIM3 (Fig. 1K) and increased expression of TCF1 (Fig. 1L) compared to AAVS1ko control CAR
151 T-cells, suggesting that, in the absence of TET2, CAR T-cells were less terminally differentiated.
152  Moreover, TET2 loss resulted in increased IL-2 and TNF production from the total CAR T-cell
153  product following overnight re-stimulation with tumor cells after chronic antigen stimulation (Fig.
154  1M). Finally, TET2 knockout similarly impacted the phenotype of both 41BB- and CD28-
155  costimulated CAR T-cells, suggesting that the role of TETZ2 is independent of the co-stimulatory
156  domain used. Together, these data implied that loss of TET2 restrained CAR T-cell terminal

157  differentiation during chronic antigen stimulation.

158  TET2 loss enhances CAR T-cell efficacy in a tonic CAR signaling model.

159 To further investigate the potential role of TET2 in CAR T-cell terminal differentiation,
160  we next knocked out TET2 in HA.28(-CAR T-cells (fig. S2E), which exhibit robust tonic signaling
161  and attain functional, transcriptomic and epigenetic features of exhaustion by day 11 of culture
162  (3). Expression of progenitor/stem cell-associated markers CCR7 (fig. S2F), CD27 and CD62L
163  (fig. S2G) were increased on TET2xo compared to AAVS1ko HA.28(-CAR T-cells, supporting the
164  idea that TET2xko CD8"* T-cells are less terminally differentiated. Next, we tested whether the
165  phenotypic reprogramming of exhausted CAR T-cells induced by TET2 loss would confer
166  enhanced efficacy. TET2ko HA.28(-CAR T-cells exhibited superior expansion (fig. S2H),
167  increased cytotoxicity by the bulk CAR T-cell product (fig. S21-J), and enhanced cytokine
168  secretion (fig. S2K) compared to AAVS1lko HA.28(-CAR T-cells when co-cultured with 143B-GL

169  osteosarcoma or with NALM-6-GD2 leukemia (fig. S2, L-M) cells. Together, these data indicate
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170  that TET2 deletion may improve CAR T-cell efficacy in the setting of chronic antigen exposure
171 and tonic CAR signaling, potentially by limiting terminal differentiation and increasing expression

172 of proteins involved in T-cell survival/persistence.

173  TET2 mediates the transition out of the Tex progenitor pool and towards terminal
174  exhaustion in chronic viral infection.

175 In CAR T-cell exhaustion models using chronic antigen stimulation or tonic antigen
176  receptor signaling, TET2 disruption limited acquisition of some features of exhaustion, such as IR
177  expression, and enriched for expression of proteins associated with cell renewal, including TCFL1.
178  Despite the utility of CAR T-cell exhaustion models, the distinct and complex developmental
179  trajectory of CD8" T-cell exhaustion is likely incompletely recapitulated in reductionist in vitro
180  systems (21). Furthermore, CAR T-cell systems require T-cell activation for CRISPR-Cas9-
181  mediated TET2xo and CAR transduction, preventing the study of TET2-deficient Tex generated
182  from naive T-cells. To further investigate the role of TETZ2 in the developmental trajectory of Tex,
183  we used the well characterized LCMV clone 13 chronic infection model (22-25). TET2% CD4Cre*
184  mice were crossed with T-cell receptor (TCR) transgenic P14 mice that express a TCR specific for
185 LCMV DPGP*! to generate TET2ko P14 mice (TET2"M CD4C"* P14). TET2ko P14 cells were
186  adoptively co-transferred with WT P14 cells at a 1:1 ratio into recipient mice. Recipient mice were
187  then infected with LCMV clone 13 and co-transferred P14 cells were analyzed throughout chronic
188 infection (Fig. 2A and fig. S3A).

189 The impact of TET2 loss on frequencies of antigen specific CD8" T-cells over the course
190  of chronic infection was variable and influenced by factors in the LCMV model. For example,
191  when recipient wild-type CD4" T-cells were present (i.e., no CD4" T-cell depletion prior to

192 infection), WT P14 outnumbered TET2ko P14 cells by ~7:1 in blood during the early stage of
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193  chronic infection (~day 8 post-infection, p.i., fig. S3B), despite initial transfer at a 1:1 ratio.
194  However, once exhaustion was established (26) TET2ko P14 cells expanded, outcompeting WT
195 P14 cells by ~1.8:1 at ~day 60 pi (fig. S3B) and reflecting the expansion seen in human CAR T-
196  cell models. In contrast, when CD4" T-cells were depleted by in vivo administration of anti-CD4
197  antibody GK1.5, TET2ko P14 cells often did not rebound and remained underrepresented
198 compared to WT P14 cells in blood throughout infection (fig. S3C). Furthermore, despite
199  underrepresentation in blood, the frequency of TET2ko P14 cells in spleen was often more
200 comparable to that of WT P14 cells (fig. S3D). Together, these data suggest that the role of TET2
201 in Tex proliferation/survival may be impacted by CD8" T-cell extrinsic pressures that regulate
202  exhaustion, such as chronic antigen burden/vial load and CD4" T-cell help.

203 CD8" T-cell exhaustion is characterized by high IR expression and decreased production
204  of effector cytokines (reviewed in (1)). We first asked whether TET2xo P14 cells retained core
205  features of exhaustion in the LCMV chronic infection model. Expression of some IRs such as PD1
206 (Fig. 2B) and LAG3 (fig. S3E) remained high on TET2ko P14 cells and was comparable to co-
207  transferred WT P14 cells. However, TET2 loss strongly decreased expression of other IRs
208 including CD39 and 2B4 (Fig. 2B). For example, at day 30 p.i. in spleen, only ~20% of TET2ko
209 P14 cells expressed 2B4 compared to ~63% of WT P14 (Fig. 2B). However, TET2ko P14 cells did
210  not acquire surface characteristics of classical Terr and Tmewm that arise during acute resolving
211 infections (27, 28). Rather, TET2ko KLRG1" Terr-like P14 cells were effectively absent from the
212 spleen at day 30 p.i., whereas WT KLRG1" P14 cells were detectable at low frequencies as
213 expected (fig. S3F-G). Although TET2ko P14 cells had moderately increased expression of the IL-
214 7 receptor CD127, which is associated with memory-like differentiation, protein levels remained

215 low and consistent with expression in chronic rather than acute infection (fig. S3F-G).
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216  Furthermore, despite decreased expression of some key IRs, TET2xko P14 cells remained
217  functionally exhausted, as a similar frequency of TET2«ko P14 cells produced IFNy or co-produced
218  IFNy and TNF following in vitro restimulation with LCMV peptide as WT P14 cells (Fig. 2, C
219 and D).

220 To investigate transcriptional changes associated with loss of TET2 during chronic
221 infection, we next performed bulk RNA-sequencing on WT and TET2ko P14 cells at day 15 p.i.
222 with LCMV clone 13. TET2xo P14 cells had a distinct transcriptional profile, with ~1750 genes
223 differentially expressed between WT and TET2xo P14 cells (FDR<0.05, fig. S3H, table S3),
224  including decreased expression of the IRs Entpdl (CD39) and Cd244 (2B4), supporting protein
225  expression data. The Tex lineage is functionally diverse. Tex progenitor cells retain proliferative
226  potential, express TCF1, and have decreased expression of specific IRs such as CD39 and TIM3
227  (29-35) despite high expression of the exhaustion-associated TF TOX (36-41). Tex progenitors
228  differentiate into a terminal Terr-like subset that have reacquired some effector functions and
229  contribute to viral control (35, 42-46) or into terminally exhausted Tex cells with increased IR
230  expression and decreased proliferative capacity (43). Loss of TET2 decreased expression of genes
231  associated with terminal differentiation and effector biology, including Zeb2 (47, 48), 1d2 (49),
232 Kilrgl (50, 51), Nkg7 (52, 53), Gzma and Gzmk (54) (fig. S3H). The loss of effector TFs and
233 molecules, along with decreased expression of certain IRs, as well as our initial CART-cell data,
234  provoked the hypothesis that TET2 may have a role in terminal Tex differentiation. Gene Set
235  Enrichment Analysis (GSEA) revealed depletion of a terminally differentiated Tex gene set in
236 TET2ko P14 cells (Fig. 2E), suggesting a decrease in terminal exhaustion compared to WT
237  controls. Conversely, a Tex progenitor gene set was enriched in TET2ko P14 cells (Fig. 2F);

238 indeed, genes associated with Tex progenitor biology including Slamf6é (LY108) and Tnfsf4

10
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239  (OX40L) were upregulated when TET2 was knocked out (fig. S3H). These gene expression
240  differences were associated with robust changes in Tex subset distribution. TET2ko P14 cells had
241  a relative increase in the proportion of Tex progenitor cells (TCF1" GZMB") with a marked
242 reduction in terminally differentiated Tex (TCF1-GZMB™) (Fig. 2G). These observations suggest
243 that TET2 regulates differentiation into terminally differentiated Tex subsets, including effector-

244 like Tex cells, during chronic infection.

245  Loss of TET2 limits terminal differentiation of exhausted CD8"* T-cells.

246 Bulk RNA-seq comparing WT and TET2ko P14 cells suggested that TET2 acts at a
247  checkpoint in the epigenetic transition between Tex progenitor and terminally differentiated Tex
248  cell fates, driving terminal exhaustion at the expense of a stem cell-like state. To determine if TET?2
249  functions at the transition between Tex subsets, or regulates Tex differentiation within these
250  subsets, we isolated LY108" Tex progenitor and LY 108" terminally differentiated Tex from WT
251  and TET2ko P14 cells at day 15 p.i. with LCMV clone 13 and performed RNA-seq and Assay for
252 Transposase Accessible Chromatin Sequencing (ATAC-seq) on the isolated subsets (Fig. 3, A and
253  B). Tex progenitor and terminally differentiated Tex cells are transcriptionally and epigenetically
254  distinct (34). Principal component analysis (PCA) revealed that cell subset (LY108" versus
255  LY108™9 Tex) was the major contributor to sample-to-sample variation and separated samples
256 along PC1 regardless of genotype (Fig. 3, C and D). In contrast, PC2 was driven by genotype,
257  withall isolated TET2ko P14 populations localized in distinct regions compared to WT P14 subsets
258  (Fig. 3, C and D). Therefore, although TET2xo Tex cells retain key features of WT Tex (Fig 2. B-
259 D, fig. S3H), loss of TET2 may impact differentiation within Tex subsets.

260 To examine the potential role of TET2 within Tex subsets, we directly compared WT and

261  TET2ko Tex within isolated Tex subsets and identified differentially expressed genes (DEG) and

11
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262  differentially accessible chromatin regions (DACR). These analyses revealed two major features
263 of TET2 function in Tex differentiation. First, 1855 DACR and 2744 DEG distinguished WT from
264  TET2xo LY108™9 terminally differentiated Tex compared to only 255 DACR and 1018 DEG
265  between WT and TET2ko LY108" Tex progenitors (Fig. 3, E and F; fig. S4, A and B, table S3
266 and S4). Reflecting these relative differences, WT and TET2ko LY108" Tex progenitors were
267  closer to each other in PCA space than WT and TET2xo terminally differentiated Tex (fig. S4, C
268 and D), indicating that terminally differentiated Tex cells are more transcriptionally and
269  epigenetically distinct following loss of TETZ2 than the Tex progenitor subset. Second, within the
270  terminally differentiated Tex subset, the majority of DACR (82.7%; FDR<0.05, log2 fc > 0.5)
271 were less accessible following TET2 knockout. Together, these data suggest that TETZ2 is required
272 to sustain and/or increase chromatin accessibility at, and expression of, genes associated with
273 terminal Tex differentiation.

274 We next asked which genes were unable to be upregulated in LY108™9 terminally
275  differentiated Tex in the absence of TET2. Multiple genes associated with effector functions,
276  including KLR family members (Klrgl, Klrblb, Kirblc and Klrel), cytotoxic markers Gzma and
277  Gzmk and the TF-encoding genes Zeb2, Btgl and Rora were decreased in expression in TET2xo
278  compared to WT terminally differentiated Tex (Fig. 3G). Furthermore, TF motif analysis revealed
279  that binding sites for Terr-associated TFs including RUNX and TBET were less accessible in
280 terminally differentiated Tex following removal of TET2 (fig. S4E). Thus, in terminally
281  differentiated Tex cells lacking TET2, binding sites for key effector-driving TFs are less accessible
282  and expression of effector genes is diminished. These data support the notion that TET2 promotes

283  the reacquisition of effector-associated genes in the terminally differentiated Tex subset.
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284 RNA and protein expression of key IRs including CD39 (Entpdl) was lower on total
285  TET2ko P14 cells than WT P14 cells (Fig. 2B, S3H). To determine if this change in IR expression
286  reflected the population shift towards Tex populations with decreased IR expression (Tex
287  progenitor cells) or differential regulation of IRs within terminally differentiated subsets, we next
288  assessed IR expression within isolated Tex subsets. Inhibitory receptor expression, including
289  Cd200rl (CD200R), Entpdl (CD39), Cd274 (PDL1) and Cd244 (2B4), was decreased in TET2xo
290 terminally differentiated Tex (Fig. 3G and H), whereas levels of these IRs were low and more
291  comparable to WT controls for TET2ko Tex progenitors (fig. S4F and G). LY108 (Slamf6)
292 decreases in expression as Tex terminally differentiate (34); however, LY 108 expression remained
293  high in TET2ko terminally exhausted Tex cells (fig. S4H). Together, these data support the
294  hypothesis that TET2 regulates loss of Tex progenitor biology and is required for complete
295  differentiation within the terminally exhausted Tex population.

296 The transcription factor TOX has been proposed to regulate terminal exhaustion (34).
297  Therefore, we interrogated if the decreased differentiation with the terminal Tex subset following
298  TET2ko was associated with changes in TOX. Indeed, Tox expression was decreased within
299 TET2ko LY108™9 terminal Tex and this decreased expression was associated with reduced
300 chromatin accessibility at the Tox locus (Fig. 3, I and J). These changes in RNA expression and
301 chromatin accessibility translated to markedly reduced TOX protein expression in TET2ko
302  terminal Tex compared to WT terminal Tex (Fig. 3, K and L). Therefore, TET2 may coordinate

303  with TOX to regulate the terminal differentiation of Tex.
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304 TET2 regulates early bifurcation of Tex from Tere-like cells.

305 At least three major epigenetic remodeling events underpin the developmental trajectory
306  of Tex cells. The first occurs immediately following naive CD8" T-cell activation. The second
307 occurs early, within days of initial activation, when terminally differentiated Terr-like cells
308  bifurcate from TCF1" Tex precursors. Analysis of TET2ko P14 cells late in chronic infection
309  suggested that TETZ2 regulates the third major rewiring event occurring in established Tex, when
310  Tex progenitors transition into effector-like and terminally exhausted Tex subsets (34). RNA-seq
311  and ATAC-seq analysis of terminally differentiated Tex cells suggested a role in coordinating the
312 re-acquisition of effector-like biology. To interrogate the role of TET2 in the second bifurcation
313 event prior to fate-commitment to exhaustion, we set up an adoptive co-transfer of WT and TET2xo
314 P14 cells as described above, then analyzed CD8" T-cell responses to chronic LCMV infection at
315  early timepoints (Fig. 4A). At day 6 and 8 p.i. the proportion and absolute frequency of PD1'"
316 KLRG1" Terr were markedly reduced in the absence of TET2 (Fig. 4, B and C, fig. S4l).
317  Furthermore, TET2ko P14 cells skewed towards TCF1* Tex precursors at the expense of granzyme
318  B-expressing Terr-like cells (Fig. 4D). Together, these findings imply that TET2 regulates the
319  acquisition of effector-like biology at multiple steps in Tex differentiation, both in the early
320  bifurcation between Tex precursors and Terr and in established exhaustion.

321 These data suggested that TET2-deficiency limits acquisition of effector T-cell-like
322  biology. To test whether forced TET2 expression rescues the phenotypes observed TET2ko P14
323  cells or promotes T-cell effector biology, we overexpressed the TET2 catalytic domain (TET2 CD)
324  in TET2ko P14 and compared the impact of TET2 “rescue” to TET2ko P14 cells, as well as WT
325 P14 cells transduced with an empty vector (MIGR1) (Fig. 4E). As previously observed, Tex subset

326  distribution in TET2ko P14 was skewed towards Tex progenitors at the expense of terminal Tex
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327  differentiation (Fig. 4, F and G). In contrast, expression of the TET2 catalytic domain normalized
328  the proportions of Tex subsets and pushed Tex slightly towards terminal differentiation (Fig. 4, F
329 and G). Furthermore, whereas KLRG1* TET2ko P14 cells were effectively absent, expression of
330 the TETZ2 catalytic domain increased KLRG1 expression by ~2-fold compared to WT P14 cells
331 and ~11.6-fold compared to TET2xo P14 cells (Fig. 4, H and 1). Therefore, TET2 promotes
332 terminal Tex differentiation and the TET2 catalytic domain is sufficient for this activity.

333 Together, these data imply that TET2 acts a rheostat to regulate terminal differentiation
334 and the acquisition of effector-like biology at multiple checkpoints in CD8" T-cell development
335  (Fig. 4J). In acute infection, TET2 modulates the bifurcation between classical short-lived Terr
336 and memory precursors (14), enforcing terminal differentiation and the acquisition of effector
337  functions. TET2 plays parallel roles in chronic infection. In the initial stages of chronic infection,
338 TET2 drives CD8" T-cells towards Terr-like cells and away from the formation of the Tex
339  precursor pool (55). Once exhaustion is established, TET2 pushes Tex progenitors towards a
340 terminally differentiated and Terr-like Tex state, again mirroring the role of TET2 as an enforcer
341  of differentiation. These data further provoke the hypothesis that similar epigenetic programs are
342  used and reused throughout CD8" T-cell differentiation to regulate function in distinct contexts

343 (56).

344 TET2-edited dual knock-in allogeneic CAR T-cells resist terminal Tex differentiation,
345  allowing enhanced tumor control.

346 Data from the chronic infection model suggested that TET2 regulates CD8* T-cell
347  differentiation, and that loss of TET2 limits terminal exhaustion. Our initial TET2xko CAR T-cell
348  data implied that targeting TET2 to restrain terminal differentiation could improve CAR T-cell

349  expansion and efficacy. However, bi-allelic loss of TET2 with BATF3 expression led to clonal
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350 proliferation of CAR T-cells (13) and highlighted the additional considerations required to safely
351  manipulate epigenetic regulators in the clinic. Therefore, we next applied synthetic biology
352 principles to design a clinically actionable CAR T-cell with disrupted TET2 for improved efficacy.
353 A key element of our strategy involved a dual knock-in (K1), simultaneously editing the TRAC and
354  TET2 loci using CRISPR/Cas9 and introducing new genetic templates at these sites. First, we
355  designed a single-guide (sg) RNA to target the 5° end of the first exon of TRAC. This enabled
356 integration of an anti-CD19 CAR from an adeno-associated virus (AAV) donor DNA cassette into
357 the TRAC locus and simultaneously resulted in TCR knock-out (Fig. 5A). The KI construct
358 (TRAC-CARL19) featured a 41BB co-stimulatory endodomain and co-expressed a truncated nerve
359 growth factor receptor (tNGFR) for selection (Fig. 5B). This approach was designed to delay
360 effector T-cell differentiation and exhaustion through CAR insertion at the TRAC locus as
361  previously described (57), while leveraging the potential benefits of 41BB co-stimulation (4).
362  Furthermore, this TCR knockout strategy could enhance therapeutic safety by reducing risks of
363 TCR-induced autoimmunity and alloreactivity. In addition, expression of the TRAC-CAR19
364  construct is controlled by the endogenous TRAC promoter, thus driving physiological CAR
365 expression on the cell surface. The TRAC-CAR19 KI efficiency was proportional to the AAV
366  dosage, achieving over 70% efficiency at a multiplicity of infection (MOI) of 50,000 (Fig. 5B and
367 fig. S5A) and between 72-98% of CAR™ T-cells were CD3-negative (Fig. 5C and fig. S5A),
368  validating this dual knock-out and knock-in strategy.

369 In parallel with targeted modifications at the TRAC locus, we used CRISPR/Cas9 and a
370  second AAV vector repair matrix to both disrupt TET2 (TET2-TRAC-CAR19) and integrate a
371 truncated human epidermal growth factor receptor tEGFR) cDNA at the TET2 locus (Fig. 5A and

372 fig. S5A), under the regulation of an exogenous human EFla promoter. The successful
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373  incorporation and functionality of the tEGFR enabled in vitro selection of TET2-edited cells (fig.
374  S5B). We next tested if tEGFR expression could function as a ‘safety switch” and allow targeted
375 elimination of TET2-disrupted CAR T-cells. TET2-TRAC-CAR19 T-cells were cultured in vitro
376  with natural killer (NK) cells and the FDA-approved antibody Cetuximab. Cetuximab targets
377 EGFR and induces antibody-dependent cellular cytotoxicity (ADCC) (Fig. 5D). Following co-
378  culture, EGFR-expressing CAR T-cells were selectively depleted (Fig. 5E). Thus, tEGFR provides
379  acritical safety switch that allows for controlled depletion of CRISPR-edited cells.

380 We next confirmed that our dual CRISPR-editing and AAV knock-in CAR T-cell
381  engineering approach did not negatively impact manufacturing. Indeed, TRAC-CAR19 T-cells
382  expanded as expected (fig. S5C) and TET2-TRAC-CAR19 T-cells exhibited similar metabolic
383  potency enhancements as TET2ko CAR T-cells (fig. S5D) during manufacturing.

384 To test if targeting TET2 in TRAC-CAR19 T-cells could provide an advantage in settings
385  of chronic antigen, we isolated edited (tEGFR" and tNGFR"; (fig. S5B)) TRAC-CAR19 and
386 TET2-TRAC-CAR19 T-cells and subjected them to the in vitro restimulation assay described
387  above to recapitulate features of progressive T-cell exhaustion (Fig. 1G). During restimulation,
388 TET2-TRAC-CAR19 T-cells demonstrated significant proliferative potential, with a sixfold
389 increase in cumulative expansion by day 25 compared to TRAC-CAR19 T-cells (Fig. 5F) that was
390 antigen dependent (fig. S5E). This increased expansion only became apparent by the fourth round
391  of stimulation (day 20), suggesting that this proliferative advantage was associated with chronic
392  antigen exposure. The proliferative advantage of TET2 disruption was most apparent for CD8" T-
393  cells, as CD8" TET2-TRAC-CAR19 T-cells expanded more than the CD4" T-cell equivalent (Fig.
394  5G). Concurrently, TET2-TRAC-CAR19 CD8" T-cells maintained a higher expression of the

395  progenitor-associated receptor CCR7 (Fig. 5H) and exhibited lower frequencies of IR co-
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396  expression (PD1, LAG3, TIM3) (Fig. 51) than control TRAC-CAR19 CD8" T-cells following
397  chronic antigen stimulation. Together, these data demonstrate that TET2-deficiency improves
398  maintenance of a less terminally differentiated TRAC-CAR19 CD8" T-cell pool under conditions
399  of chronic antigen stimulation, supporting our findings with TET2xko CAR T-cells and TET2ko in
400  chronic infection.

401 To gain a more detailed understanding of the impact of TET2 loss on CAR T-cell responses
402  to chronic antigen stimulation we performed bulk RNA-sequencing on isolated TET2-TRAC-
403 CAR19 CD8" T-cells following four rounds of in vitro restimulation. TET2-TRAC-CAR19 cells
404  upregulated progenitor and memory-associated genes typically lowly expressed in terminally
405  exhausted CD8* T-cells including TCF7, CCR7, SELL, and TOX2 (58) (Fig. 6, A and B, table S5)
406  compared to control TRAC-CAR19 cells. This increase in expression of progenitor-associated
407  genes was accompanied by a downregulation of genes related to calcium signaling and TF activity
408 including BRS3, GJA1, CAP2, NANOGNB and GBX1 (Fig. 6A). GSEA further supported the
409 notion that TET2-TRAC-CAR19 cells retained features of more stem-like cells, with an
410  enrichment for both a Tex progenitor signature and a stem cell/central memory CD8" T cell
411  signature (Tscm/Tem) (Fig. 6C). In contrast, a terminally exhausted tumor-infiltrating lymphocyte
412  signature (59) was negatively enriched in TET2-TRAC-CAR19 (Fig. 6D). In line with GSEA
413  results, chronic stimulation led to an increase in the proportion of CD8* TET2-TRAC-CAR19 cells
414  expressing the progenitor-associated TF TCF1 (60) and a decrease in the proportion of cells
415  expressing the terminal differentiation-associated effector molecule granzyme B (61) compared to
416 TRAC-CAR19 control cells (Fig. 6E, fig. S5F). Furthermore, TET2-TRAC-CAR19 cells retained
417 the CD8" TCF1" CD62L" population suggested to be essential for Tex progenitor proliferative

418  responses (62) (Fig. 6F, fig. S5G). Together, these data further suggest that the role of TET2 in
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419  chronically stimulated TRAC-CAR19 CD8" T-cells mirrors that identified in chronic LCMV
420 infection, whereby TET2 drives terminal differentiation, and loss of TET2 supports maintenance
421  of a progenitor-like phenotype.

422  Dual knock-in CAR T-cells display enhanced tumor control in aggressive B-ALL.

423 Finally, we tested the in vivo anti-tumor function of CAR T-cells lacking TET2 in an NSG
424  xenograft mouse model for aggressive B-cell ALL (NALM-6) (Fig. 7A). NALM-6 cells
425  expressing CD19 and Click Beetle Green luciferase were engrafted into recipient mice and tumor
426  growth was tracked through luminescent imaging. First, we found that TET2ko CAR T-cells (fig.
427  S6A) mediated superior anti-tumor control (fig. S6B) and increased survival compared to
428  AAVSlko CAR T-cells (fig S6C). We next evaluated if TET2-TRAC-CAR knock-in also provided
429  improved tumor control. TRAC-CAR19 T-cells or TET2-TRAC-CAR19 T-cells were
430  administered seven days post-tumor injection. PBS only (i.e., no cells), unedited T-cells (without
431 CRISPR editing or CAR transduction) and TET2-KI only T-cells (without CAR) were
432  administered as controls. All control groups had rapid disease progression and succumbed to ALL
433  byday 31 (Fig. 7, B-E), whereas both CAR T-cell experimental groups demonstrated considerable
434  tumor control (Fig. 7, B, F-G). TET2-TRAC-CAR19 T-cells showed enhanced efficacy compared
435 to TRAC-CAR19 T-cells (Fig. 7H) that was reflected in a substantial reduction in tumor burden
436 by day 32 post-tumor injection (Fig. 71). Sustained tumor control following TET2-TRAC-CAR19
437  T-cell administration translated into improved survival of mice compared to both the control and
438  TRAC-CAR19 T-cell groups (Fig. 7J). Thus, precise TET2 disruption under the control of a safety

439  switch in allogenic CAR T-cells enhances tumor control and animal survival.

440
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441  DISCUSSION

442 We previously reported a case of CAR transgene integration at the TET2 locus, which
443  shifted T-cell differentiation towards a central memory-like phenotype (10). Here, we identified
444  similar insertions among multiple leukemia patients receiving CAR T-cell therapy. The prevalence
445  of these integrations and disruption of TET2 prompted further investigation into the role of TET2
446  in regulating T-cell fate and suggested a mechanism through which TET2 could be manipulated
447  to improve CAR T-cell efficacy. Using both in vitro and in vivo approaches, we identified a role
448  for TET2, a key enzyme in active DNA demethylation, in driving the epigenetic transitions of
449 CD8" T-cells towards terminal differentiation, at the expense of retaining the stem cell-like
450  characteristics of progenitor cells. We took advantage of this function to engineer TET2-disrupted
451  CD19 CAR T-cells with improved tumor control. Crucially, the addition of a functional safety
452  switch into this CAR T-cell design provides a therapeutically viable approach to alter T-cell fate
453  for potential patient benefit.

454 TET2 deletion restrained terminal differentiation in both chronic LCMV infection in vivo
455  and in two in vitro CAR T-cell models of exhaustion. In CAR T-cell exhaustion models, this
456  decrease in terminal differentiation resulted in improved proliferative capacity and cytokine
457  production and decreased expression of IRs. A previous study showed that disruption of TET2
458  enhanced the in vivo expansion of 41BB-costimulated but not CD28-costimulated CAR T-cells
459  (13). However, here, loss of TET2 impacted CAR-T cell phenotype comparably for both 41BBC-
460  and CD28(- CD19 CAR T-cell constructs in vitro. The difference in these findings likely reflects
461  differences in the timing of the measured responses and/or context of antigen stimulation. Thus,

462  the role of co-stimulatory domains in TET2-deficient CAR T-cells warrants further investigation,
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463  as our data suggest that modulation of TET2 could be used to improve expansion for CAR T-cell
464  products that typically have shorter persistence (63).

465 The decreased terminal differentiation observed in chronically stimulated TET2-deficient
466  CAR T-cells was accompanied by elevated expression of several stem cell and memory-associated
467  genes, including TCF1. Expression of stem cell-like features is a hallmark of the Tex progenitor
468  cells that sustain exhausted CD8" T cell responses during cancer and chronic viral infection (29-
469  35). To investigate where TET2 might function in the developmental trajectory of CD8" T cell
470  exhaustion, we turned to the well-characterized LCMV chronic infection model. Indeed, TET2
471 deficiency in this setting also protected the Tex progenitor population and restrained development
472 of terminally exhausted Tex cells. Thus, disruption of TET2 enabled maintenance of a progenitor-
473 like population in CAR T-cells and CD8" T cells exposed to chronic viral infection. Furthermore,
474  in chronic viral infection, the terminally exhausted Tex cells that escaped this differentiation block
475  retained key features of Tex progenitors, including decreased expression of several IRs and
476  effector-associated genes. Indeed, TET2 ablation limited chromatin accessibility for Terr-
477  associated TFs in terminally differentiated Tex cells and reduced expression of TOX. TOX has
478  been proposed to regulate terminal exhaustion (34); thus, together these data suggest that TET2
479  may coordinate with TOX and Terr-associated TFs to initiate and/or maintain the terminal
480  differentiation of Tex.

481 In transitioning to a progenitor-like memory state and away from terminal differentiation,
482  T-cells undergo metabolic reprogramming, including a shift to oxidative metabolism (64), that
483  augments proliferation and function. Accordingly, Tcm and Tscm cells demonstrate superior anti-
484  tumor potency compared to effector-like cells in CAR T-cell therapies (10, 65-67). Metabolic

485  programming also shifts during CD8" T-cell exhaustion. Metabolic fitness, including glucose
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486  uptake capacity, may decrease as Tex progenitors increase PD1 expression and terminally
487  differentiate (18, 68). Together, these findings highlight commonalities in how metabolic
488  programing is associated with both progenitor-associated biology and terminal differentiation
489  across multiple contexts. TET2ko CAR T-cells displayed enhanced metabolic fitness post-
490  manufacturing, potentially providing a growth and/or survival advantage. As these metabolic
491  changes were accompanied by an increase in frequency of central memory T-cells, it will be
492  important to disentangle how TET2 may regulate metabolism independently of memory
493  differentiation. However, these data imply first that TET2 could play a critical role in regulating
494  metabolic reprogramming during early T-cell differentiation, and second, that loss of TET2
495  promotes more progenitor-like metabolism. Therefore, TET2 loss may limit terminal exhaustion,
496 at least in part, through regulation of metabolic function either early in CD8" T-cell differentiation
497  before establishment of exhaustion or as exhaustion progresses.

498 In settings of both acute and chronic antigen exposure in vitro and in vivo, TET2 regulated
499  the acquisition (or re-acquisition) of effector-like biology and drove terminal differentiation. These
500 findings suggested that TET2 orchestrates the development of a core effector and terminal
501 differentiation program that coordinates with context dependent TFs and the epigenetic landscape
502  to result in distinct CD8" T-cell fates. Supporting this hypothesis, we also identified a role for
503 TET2 in promoting effector biology and Terr differentiation before fate-commitment to
504  exhaustion, driving development of short-lived Terr-like cells and away from the formation of the
505  Tex precursor pool (55). Thus, TET2 regulates terminal differentiation and the acquisition of
506  effector-like biology at multiple checkpoints in CD8" T-cell differentiation, implying that
507 analogous epigenetic programs are reused throughout CD8" T-cell differentiation. Furthermore,

508 TET2 has been reported to regulate self-renewal and terminal differentiation of additional cell
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509 types, including hematopoietic stem cells (69). This implies that TET2 may have a broad, cell
510 lineage-independent role in orchestrating terminal differentiation. Further work is needed to
511  understand how TET2 and DNA methylation coordinates these epigenetic transitions and functions
512  with other epigenetic regulators and TFs to regulate cell differentiation in distinct contexts.

513 TET2 disruption decreased expression of effector-associated molecules, including
514  granzymes, in both chronic stimulation CAR-T cell models and in chronic infection. However,
515 loss of TET2 did not negatively impact CD8" T-cell anti-tumor efficacy. Indeed, TET2-TRAC-
516 CAR19 T-cells exhibited improved tumor control compared to TRAC-CAR19 T-cells. One
517  possible explanation for our findings is that this increased anti-tumor efficacy results from
518 enhanced CD8" T cell proliferation and/or survival, potentially driven by improved maintenance
519 or expansion of the self-renewing stem cell-like progenitor population. Importantly, Tex
520  progenitors retain the ability to produce cytokines, including IL-2, despite low expression of
521  cytotoxic markers (32). Thus, strategies that increase the maintenance of progenitor populations,
522 inaddition to enhancing effector function, may have potential as a means to improve CAR T-cell
523  efficacy.

524 Understanding the epigenetic regulation of Tex cell development holds promise for
525 advancing immunotherapies like CAR T-cells. The hyperproliferative phenotype of TET2-
526  deficient CAR T-cells underscores the efficacy of epigenetic reprogramming, yet raises substantial
527  long-term safety concerns (10, 13). Individual mutations implicated in T-cell lymphoma alone
528 typically do not lead to lymphomagenesis directly; instead, they are often detected in aberrant cells
529  contributing to autoinflammatory or autoimmune disorders (70). Additionally, prior studies
530 leveraging gene knockout strategies targeting T-cell lymphoma tumor suppressors have shown no

531  signs of malignant transformation (71). However, deliberate disruption of TET2 for CAR T-cell
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532  therapy warrants caution, especially in elderly patients susceptible to acquiring DNMT3A
533  mutations (72), which can cooperate with TET2 loss, potentially leading to T-cell oncogenesis
534  (73). To address these concerns, we utilized synthetic biology to develop a next-generation cell
535 therapy product. This approach improves the anti-tumor efficacy of CAR T-cells, modulating
536 TET2 to limit terminal exhaustion, while also reducing the risk of lymphomagenesis,
537 autoimmunity, or graft-versus-host disease. First, disrupting TRAC mitigates the risk of
538  pathological signaling from the endogenous TCR. Second, our dual knock-in strategy ensures
539  precise insertion of transgenes at specific loci, averting random genomic integration. Third,
540 incorporating a safety switch allows for depletion of TET2-disrupted cells if necessary. Additional
541  mitigation strategies could be applied, such as screening for pre-existing mutations predisposing
542  engineered cell products to hyperproliferation or transformation (74), administering
543  corticosteroids, which TET2«o T-cells are highly sensitive to (10, 13), and transient or partial
544  suppression of TET2 during CAR T-cell production and/or after infusion. Our findings thus
545 underscore the practical significance and feasibility of targeted epigenetic reprogramming to shape

546  CAR T-cell differentiation, highlighting the potential of TET2 modulation to redirect Tex cell fate.
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547 MATERIALS AND METHODS

548  Study design

549 The study investigated the role of TET2 in regulating exhausted CD8" T-cell differentiation
550 (Tex) in cancer and chronic viral infection, employing human CAR T-cells and a murine
551  lymphocytic choriomeningitis virus (LCMV) model. We evaluated the impact of TET2 disruption
552 on Tex phenotypes, differentiation fate, and functional outcomes both in vitro and in vivo. Flow
553  cytometry assessed protein expression related to T-cell exhaustion and memory differentiation,
554  while ATAC-seq explored chromatin accessibility landscapes across Tex subsets. Transcriptomic
555 analysis elucidated underlying pathways and transcriptional regulation by TET2. Additionally, we
556  developed a novel CRISPR/Cas9-based genome editing approach to engineer allogeneic CAR T-
557  cells for enhanced anti-tumor responses through TET2 modulation of Tex. Sample sizes were
558  estimated based on preliminary experiments, with in vitro functional assays performed at least

559 three times. Investigators were not blinded during experiments or outcome assessment.

560  Primary human cells

561 CAR T-cells and control samples were generated from healthy donor peripheral blood
562  mononuclear cells (PBMCs) through leukapheresis, following University of Pennsylvania
563 Institutional Review Board-approved protocols. Written informed consent was obtained from all
564  participants, consistent with the principles outlined in the Declaration of Helsinki, International

565  Conference on Harmonization Guidelines for Good Clinical Practice, and the U.S. Common Rule.

566  Cell lines
567 For viral vector production, HEK 293T cells and GP2-293, a HEK 293-derived retroviral
568  packaging cell line, were cultured in hR10 medium (RPMI 1640 supplemented with 10% heat-

569 inactivated FBS, 2% Hepes buffer, 1% GlutaMAX, and 1% penicillin-streptomycin). SUP-T1
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570  were used to determine lentiviral titers. HEK 293T cells were sourced from the American Type
571  Culture Collection (ATCC) and GP2-293 from Takara Bio. NALM-6 cells expressing click beetle
572  green luciferase and green fluorescent protein (CBG-GFP), provided by Marco Ruella at the
573  University of Pennsylvania, were utilized. K562 human leukemia cell lines including a variant
574  expressing the extracellular domain of the CD19 protein were obtained from Carl H. June at the
575  University of Pennsylvania and maintained in hR10 medium. 143B osteosarcoma cells modified
576  to express GFP and firefly luciferase, along with NALM-6 cells engineered for GD2 expression,
577  were also cultured in hR10 medium. Cell line authenticity was confirmed via short-tandem-repeat
578  profiling meeting the International Cell Line Authentication Committee’s guidelines with more
579  than 80% match, conducted by the University of Arizona Genetics Core. Regular mycoplasma
580  screenings were performed to ensure cell line health and purity before and after genetic

581  modifications.

582  Analysis of TETZ2 integration sites in CAR T-cell-treated leukemia patients

583 Genomic DNA from patient cell sources (whole blood, bone marrow, PBMCs, or T-cells;
584  pre- and post-infusion) was isolated for library preparation followed by paired-end Illumina
585  sequencing, as previously described (10, 75). CLL and ALL human integration site data were
586  aligned to the human genome hg38 and analyzed using a previously published integration analysis
587  pipeline (76). Sample timepoints were grouped into four categories (day 0, days 1-15, days 16-31,
588  day 31+). Percent relative abundance represents the estimated proportion of cells with integration

589 inasample.

590 Lentiviral packaging
591 Briefly, HEK 293T cells were transfected with 7 ug of pVSV-G glycoprotein envelope

592  plasmid, 18 pg of pMDLg/p.RRE Gag/Pol plasmid and 18 pug of pPRSV.Rev plasmid alongside 15
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593  pug of transfer vector plasmid encoding for CAR of interest using Lipofectamine 2000 (Thermo
594  Fisher Scientific) and Opti-MEM (Gibco). Cell culture supernatant was harvested 24- and 48-hours
595  post-transfection, centrifuged at 900 RCF for 10 minutes at 4°C and filtered through a 0.45 pM
596  vacuum filter. Following filtration, 24-hour supernatant was concentrated by ultracentrifugation at
597 8877 RCF overnight at 4°C, while 48-hour supernatant was concentrated overtop of the overnight

598 viral pellet at 76,790 RCF for 2 hours at 4°C. Concentrated virus was stored at -80°C.

599  T-cell culture and lentiviral transduction

600 T-cells were isolated from healthy donor PBMCs using the Pan T-cell Isolation Kit
601  following manufacturer’s instructions (Miltenyi Biotec). Isolated T-cells were activated using anti-
602  CD3/CD28 antibody-coated Dynabeads (Thermo Fisher Scientific) at a 3:1 bead-to-cell ratio in T-
603  cell media consisting of OpTmizer CTS SFM media (Thermo Fisher Scientific) supplemented with
604 5% human AB serum and 100 Units/mL human IL-2 (PeproTech). After a 24-hour incubation,
605 lentivirus containing the appropriate CAR construct was introduced to the culture at a multiplicity

606  of infection (MOI) of 2.5. CAR T-cell expansion proceeded following established protocols (77).

607  AAV construct design

608 DNA sequences containing either a truncated EGFR (tEGFR) sequence driven by an EFla
609  promoter (for TET2-KI), or a truncated NGFR (tNGFR) sequence, T2A sequence and an anti-
610  CD19 single-chain variable fragment (scFv) fused to 4-1BB and CD3( stimulatory endodomains
611  (for TRAC-CAR19-KI) were subcloned into recombinant AAV6 plasmids (GenScript). DNA
612  sequences were flanked with 400 base-pair homology arms immediately upstream and downstream
613  of the TET2 gRNA or TRAC gRNA cut sites, respectfully. Large-scale packaging of AAV6 virus

614  was done by co-transfection of a packaging cell line with the rAAV6 transgene plasmid of interest,
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615 arep- and cap- encoding plasmid and an adenovirus-derived replication helper plasmid (Charles

616  River).

617 CRISPR-Cas9-mediated editing and AAV transduction

618 TET2 and TRAC editing via CRISPR-Cas9 was conducted 72 hours post-T-cell activation.
619  Single guide RNA (sgRNA) reagents from Integrated DNA Technologies targeted the TET2 and
620  TRAC loci. The sgRNA sequences with protospacer-adjacent motif (PAM) sequences are indicated
621 as follows: TET2 5-CGGGGATACCTATACAGATCCAT-3> and TRAC 5°-
622 AGGGAGAATCAAAATCGGTGAAT-3’. The control AAVS1 targeted sequence is: 5’-

623 CCATCGTAAGCAAACCTTAGAGG-3’.

624 Activated T-cells were de-beaded magnetically, washed with 1X PBS at 300 x g for 5
625 minutes, and resuspended in P3 4D-nucleofection buffer (Lonza). TrueCut Cas9 Protein v2
626  (Thermo Fisher Scientific). SgRNAs targeting TET2 and/or TRAC were individually complexed at
627  6uQ:3.2ug for 10 minutes at room temperature to form ribonucleoprotein (RNP) complexes before
628  nucleofection. Nucleofection into T-cells was performed using a Lonza 4D Nucleofector X Unit
629  with high fidelity program EO-115, followed by a 10-minute resting period. For AAV-mediated
630  knock-in, cells were transduced with AAV viral vectors carrying TRAC-CAR19-tNGFR and/or

631  TET2-tEGFR constructs (Charles River) at an MOI of 50,000.

632 TET2 knockout efficiency was confirmed by isolating genomic DNA from CAR T-cells at
633  Day 7 using the dNeasy Blood & Tissue Kit (Qiagen). PCR of genomic DNA was performed with
634 TET2 Forward Primer 5’-TCCCTGAGTCCCAGTCCATC-3> and Reverse Primer 5°-
635 TCAGGAATGGCCAGGTTCTG-3’ using MyTaq Red 2X Mix (Meridian Bioscience). Purified

636  control and edited PCR products underwent Sanger sequencing (Azenta), and editing efficiency
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637  was determined by Tracking of Indels by DEcomposition (TIDE) through comparison of control

638  and edited Sanger sequence electropherogram files.

639 To confirm tEGFR and tNGFR-CAR19 construct knock-ins, genomic DNA was isolated
640  from end-of-expansion transduced CAR T-cells. PCR of genomic DNA was carried out with the
641  following primer sets: TET2 (unedited) Forward Primer 5’-TCCCTGAGTCCCAGTCCATC-3’,
642  TET2 (unedited) Reverse Primer 5’- TCAGGAATGGCCAGGTTCTG-3’, TET2 (edited) Forward
643 Primer 5’-CATCACGAGCAGCTGGTTTC-3’, TET2 (edited) Reverse Primer 5’-
644 GGCAATTGAACCGGTGCCTA-3’, TRAC (unedited) Forward Primer 5-
645 TCCCTGAGTCCCAGTCCATC-3’, TRAC (unedited) Reverse Primer 5’-
646 CTTCATGCCCTGCATCTCCA-3’, TRAC (edited) Forward Primer 5-
647 CATCACGAGCAGCTGGTTTC-3’, TRAC (edited) Reverse Primer 5’-
648 CATCAGTTGCAGGGCAAGTC-3’. Edited and unedited PCR products underwent purification

649  and Sanger sequencing.

650  Western blot analysis of TET2 knockout

651 CAR T-cells were lysed in 1X lysis buffer (Cell Signaling Technology) and supernatants
652  were collected after centrifugation. Cell lysate samples (30ug) were separated on a NuPAGE 4-
653  12% Bis-Tris gel (Invitrogen) and transferred onto a membrane using the iBlot 2 Dry Blotting
654  System (Invitrogen). The membrane was blocked with 5% skim milk and probed with primary
655  antibodies overnight at 4°C: either rabbit monoclonal anti-TET2 (Cell Signaling Technology) or
656  monoclonal mouse anti-GAPDH (Thermo Fisher). Primary antibodies were diluted in 1X PBS
657  with 0.2% Tween and 5% BSA. After washing, the membrane was incubated with goat anti-mouse

658  or anti-rabbit HRP-linked secondary antibody (Thermo Fisher) for 1 hour at room temperature.
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659  Finally, the membrane was treated with equal parts of Pierce ECL Western blotting substrate

660  (Thermo Fisher Scientific) and visualized.

661  Flow cytometry of human immune cells

662 Cells were collected and stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
663  (Invitrogen) for 20 minutes at room temperature. After washing with hFACS buffer (PBS + 2%
664 FBS + 0.05% Sodium Azide), surface antibodies were incubated with cells for 30 minutes at 4°C
665 in hFACS buffer and Brilliant Stain Buffer (BD Biosciences). For intracellular staining, samples
666  were fixed and permeabilized using the FoxP3 Transcription Factor Staining Buffer Kit (Thermo
667  Fisher Scientific) for 30 minutes, followed by staining with intracellular antibodies for an
668  additional 30 minutes. Data acquisition was performed using a BD LSRFortessa and analyzed with
669 FlowJo™ software (BD Life Sciences). Compensation setup utilized Anti-Mouse Ig, k and Anti-
670 Rat/Hamster Ig, kK CompBeads (BD Biosciences) along with Fluorescence Minus One (FMO)
671  controls to establish gating boundaries. SPICE plots were generated from single gated inhibitory
672  receptors, grouped using Boolean ‘AND’ gates, and plotted using SPICE 6.1 software

673  (https://niaid.github.io/spice/). Refer to table S6 for antibody details.

674  Seahorse metabolic flux assay

675 Using a Seahorse xFe96 Analyzer (Agilent), we conducted the Seahorse Mitochondrial
676  Stress Test. The xFe96 Pro sensor cartridge (Agilent) was hydrated overnight with sterile water at
677  37°Cinanon-COz2 incubator, followed by XF Calibrant (Agilent) hydration. Thawed T-cells were
678  rested overnight, washed with 1X PBS, and treated with Seahorse Assay Media. Cells (1-2 x 10°)
679  were plated in Poly-D-Lysine coated 96-well microplates (Agilent) with 4-5 technical replicates.
680  The microplate was centrifuged and incubated to facilitate cell attachment. Drug solutions

681  (oligomycin, FCCP, Rotenone/Antimycin A) were prepared in the sensor cartridge. The assay
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682  measured basal OCR and ECAR triplicate at baseline and after each drug addition using WAVE

683  software (Agilent).

684 CAR T-cell serial restimulation assay

685 CAR™ T-cells were purified using a biotin-conjugated AffiniPure Goat Anti-Mouse 1gG
686  F(ab’): fragment specific antibody and anti-biotin microbeads (Miltenyi Biotec). In the case of
687  dual knock-in TET2-TRAC CAR T-cells, EGFR", NGFR", and EGFR/NGFR-dual positive cells
688  were purified using PE and APC-conjugated antibodies alongside anti-PE, anti-APC, or anti-PE
689  MultiSort microbeads as per the manufacturer’s instructions (Miltenyi Biotec). Purity was assessed
690 by flow staining against knock-in markers tEGFR and tNGFR. K562-CD19" cells were exposed
691  to 100 Gy ionizing radiation using the xRad320 (Precision X-Ray). CAR T-cells were co-cultured
692  with irradiated K562-CD19" cells at a 1:1 ratio with 1 million CAR T-cells per 1 million K562
693  cells in hR10. Co-culture supernatants were harvested 24 hours after each stimulation and frozen
694  at -20°C. At 5 days post-stimulation (defined as acute stimulation), absolute CAR T-cell counts
695  were assessed with a LUNA-FL Dual Fluorescence Cell Counter (Logos Biosystems) and re-
696  cultured at a 1:1 ratio with fresh hR10 media and newly irradiated K562 cells for 4-5 additional
697  stimulations (defined as chronic stimulation). CAR T-cells were then cryopreserved for

698  phenotyping and transcriptomic profiling.

699  Cytokine analysis

700 Supernatant cytokines were quantified flow cytometrically using the LEGENDplex™
701 Human CD8/NK Panel as per the manufacturer’s instructions (BioLegend). Data was acquired on
702  LSRFortessa and data analysis was performed with BioLegend LEGENDplex™ Data Analysis

703  Software Suites (BioLegend Qognit Cloud Platform).
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704 Assay for exhaustion in CAR T-cells with high tonic signaling

705 CAR T-cells were transduced with retrovirus on days 2 and 3 post-activation. Briefly, 12-
706 or 24-well plates, non-tissue-culture-treated, were coated with 1 mL or 500 uL, respectively, of 25
707  pg/mL Retronectin (Takara) in PBS and incubated at 4°C overnight. The following day, plates
708  were washed with PBS and then blocked with 2% BSA in PBS for 10 minutes. Retroviral
709  supernatants were added, and plates were centrifuged at 32°C for 2 hours at 2500 RCF. After
710  centrifugation, viral supernatants were removed, and T-cells were seeded into each virus-coated
711 well at a density of 1 x 10° T-cells/well for 12-well plates and 0.5 x 10° T-cells/well for 24-well
712 plates. CRISPR knockout of TET2 (or AAVSL1 as a control) was performed 2-4 days post T-cell
713 activation to achieve maximal editing efficiency, using the EH115 program on a Lonza 4D
714  Nucleofector. Cells were immediately recovered in 260 puL of warm complete AIM-V media
715  supplemented with 500 U/mL IL-2 in round-bottom 96-well plates and expanded into 1 mL fresh
716  medium after 24 hours. Cells were maintained at densities of 0.5-2 x 108 cells per mL in well plates
717  until day 14-16 for functional and phenotypic characterization. Editing efficiency was assessed
718  using TIDE as described previously. Immunophenotyping of CAR T-cells via flow cytometry was
719  performed on days 11 and 15 of expansion. Cytotoxicity of HA.28( CAR T-cells was evaluated
720  using an Incucyte® Live-Cell Analysis System at day 15 at the end of expansion. In brief, 25 x 10°
721 GFP* 143b-GL osteosarcoma tumor cells were seeded in triplicate in 96-well plates and co-
722 cultured with T-cells at effector:target ratios of 1:1, 1:2, 1:4, 1:8, and/or 1:16 in 300 pL of T-cell
723 medium without IL-2 in 96-well flat-bottom plates. Plates were imaged at 10X zoom with 4-9
724 images per well every 2-4 hours for 96 hours using the IncuCyte ZOOM Live-Cell analysis system.
725  Total integrated GFP intensity per well or total GFP area (um?/well) were used to analyze

726  expansion or contraction of 143B cells, with four images captured per well at each time point.
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727  Total tumor GFP fluorescence (normalized to the initial t = 0 timepoint) was recorded, and the
728  normalized tumor GFP signal was used as the cytolysis threshold.

729 Cell culture supernatants from 1:1 E: T co-cultures were utilized to determine IL-2 and IFN-
730 vy concentrations via ELISA. Specifically, 5 x 10* CAR T-cells were co-cultured with 5 x 10* tumor
731 cellsin 200 pL of complete T-cell medium (AIM-V or RPMI) without IL-2 in a 96-well plate, all
732 in triplicate. After 24 hours of coculture, culture supernatants were collected, diluted 20 to 100-
733 fold, and analyzed for IL-2 and IFN-y using ELISA MAX kits and Nunc Maxisorp 96-well ELISA

734  plates. Absorbance readings were obtained using a Spark plate reader (Tecan Life Sciences).

735  LCMYV mouse studies

736 Mice were maintained in a specific-pathogen-free facility at the University of
737  Pennsylvania, in accordance with the Institutional Animal Care and Use Committee. B6;129S-
738 Tet2imlllaaily (TET2M) mice and CD4"®* mice were obtained from the Jackson Laboratory (JAX).
739  TCR transgenic P14 C57BL/6 mice expressing a TCR specific for LCMV peptide D°GP34! (78,
740  79) were bred in house. All mice were backcrossed to and maintained on a C57BL/6J background.
741 P14 mice were bred to TET2"* CD4%®* or TET2" CD4%®* mice to generate WT (TET2"*
742 CDA4C"®* P14*) and TET2ko (TET2% CD4C"* P14*) P14 donor mice. For all experiments, WT and
743  TET2ko donor mice were age and sex matched. For P14 co-transfer experiments, sex-matched

744  recipient C57BL/6 mice were purchased from JAX at 5-8 weeks of age.

745  Chronic LCMV infection
746 Recipient mice were infected intravenously (i.v.) with 4 x 106 PFU of LCMV clone 13.

747  LCMV titers were determined via plaque assay as described (80).
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748  Naive P14 cell co-transfer

749 Adoptive transfer of P14 cells was performed as described (8). P14 cells were isolated from
750  the peripheral blood of naive congenically distinct WT and TET2ko donor mice using a histopaque
751 1083 gradient (Sigma-Aldrich). WT and TET2xo P14 cells were mixed at a 1:1 ratio and a total of
752 500 P14 cells (250 WT and 250 TET2ko) were adoptively transferred intravenously into recipient
753 mice of a third congenic background. The 1:1 ratio was confirmed by flow cytometry (BD LSRII).
754  One day post-adoptive transfer, recipient mice were infected with LCMV clone 13 (day 0). Unless
755  otherwise indicated, recipient mice were treated with CD4-depleting antibody (GK1.5, 200

756 mg/injection) on day -1 and day +1 relative to infection with LCMV clone 13.

757  Retroviral transduction of the TET2 catalytic domain

758 The FLAG-tagged murine TET2 catalytic domain in pMXs was provided by R. Kohli
759  (University of Pennsylvania) and subsequently inserted into MIGR1 courtesy of Warren Pear
760  (University of Pennsylvania), with an expanded multiple cloning site introduced. Empty MIGR
761  plasmid was used as a control. Retroviruses (RV) were generated in HEK 293T cells. P14 cells
762  from either WT or TET2ko donor mice were activated, and retroviral transduction performed as
763  previously described (81, 82). CD8" T-cells were isolated from spleens of P14 donor mice by
764  negative selection using the EasySep™ Mouse CD8* T-cell isolation kit (STEMCELL
765  Technologies). P14 cells were activated in vitro for 24-28 hours with 100U/mL recombinant IL-2,
766 1 mg/mL LEAF anti-mouse CD3e and 0.5 mg/mL LEAF anti-mouse CD28 in mouse R10 media
767  (mR10: RPMI-1640 supplemented with 10% FCS, 50U/mL penicillin and streptomycin, |-
768  glutamine, 20mM HEPES, non-essential amino acids (1:100), 1mM sodium pyruvate, and 50mM
769  b-mercaptoethanol). Activated P14 cells were transduced by spinfection at 2,000 x g for 90 min at

770  32°C in mR10 + 100U/mL IL-2 and 0.5 mg/mL polybrene. WT P14 cells were transduced with
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771 MIGRL1, while TET2ko P14 cells from donor mice of a distinct congenic were transduced with
772 either MIGR1 or TET2 CD. After 24 hours rest, P14 cells expressing the retroviral reporter GFP
773 were sorted (BD FACS Aria, 37°C) and WT and TET2xo P14 cells mixed in a 1:1 ratio before
774  adoptive transfer i.v. into recipient mice of a third congenic background. The 1:1 ratio was
775  confirmed by flow cytometry (BD LSRII). 4-5 x 10 total P14 cells were transferred per LCMV
776  clone 13-infected recipient mouse. Recipient mice were infected with LCMV clone 13 on the same

777  day as P14 cell activation.

778  Peptide Stimulation, flow cytometry, and sorting of murine immune cells

779 PBMC were isolated from peripheral blood by repeated lysis with Ammonium-Chloride-
780  Potassium (ACK) lysis buffer and immediately stained in mouse FACS Buffer (nFACS Buffer;
781 PBS + 3% FCS + 2mM EDTA). Splenocytes were processed to a single cell suspension by

782  mechanical disruption over a 70 pum filter, followed by ACK lysis and then counted.

783 Splentocyte samples were either aliquoted in mFACS Buffer for staining or resuspended
784  in mR10 and stimulated ex vivo with LCMV peptide D°GP* (0.2 pg/mL) in the presence of Golgi
785  Plug and Golgi Stop (BD Bioscience) for 5 hours at 37°C. Following stimulation, samples were
786  washed in PBS, incubated with a viability dye (15 minutes at RT), and stained with an antibody
787  cocktail targeting surface markers in mFACS Buffer + Brilliant Stain buffer for 30 min at 4°C or
788  1hourat RT. In some panels, samples were stained with gp33 tetramer for 1 hour at 37°C in mR10
789  prior to surface staining. Biotinylated primary antibodies were detected with streptavidin-
790  conjugated secondary antibody for 30 minutes at 4°C. For intracellular staining, samples were
791  permeabilized using the eBioscience™ FoxP3 Transcription Factor Staining Buffer Kit or BD
792 Cytofix/Cytoperm™ Fixation/Permeabilization kit and incubated with intracellular antibodies for

793 30 minutes at 4°C or 1 hour at RT then washed and stored in BD Stabilizing Fixative until
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794  acquisition. Samples were acquired on a BD LSRII or a BD FACSymphony A5 and analyzed in
795  FlowJo™ v10.8 software. Voltages on flow cytometry machines were standardized using

796  fluorescent targets and Spherotech rainbow beads.

797 For cell sorting for sequencing, splenocytes were stained with a surface antibody cocktail
798  in mR10 + Brilliant Stain Buffer for 30 minutes at 4°C. Samples were sorted on a BD FACSAria
799  at4°C into mR10 media with 50% FCS. Sorting accuracy was confirmed through post-sort purity

800  checks. See table S7 for antibody information.

801  Bulk RNA-sequencing

802 For in vivo LCMV sample preparation, WT and TET2ko P14 cells were co-transferred into
803  recipient mice as described in “Naive P14 cell co-transfer”. Total WT and TET2ko P14 cells and
804  Tex subsets were isolated at day 15 p.i. with LCMV clone 13 with >95% purity, as detailed above.
805 2 x 10%cells were sorted in triplicate per sample and stored at -80°C in RLT buffer (Qiagen). RNA
806  was isolated using the Qiagen RNeasy Micro Kit, and cDNA libraries were generated following
807  the manufacturer’s instructions with the SMART-Seq v4 Ultra Low Input RNA Kit and Nextera
808  XT DNA library kit. After quantification with the KAPA Library Quant Kit, cDNA libraries were
809  pooled and diluted to 1.8 pg/mL and paired-end sequencing was conducted on a NextSeq 550

810  (Illumina) using a NextSeq 500/550 Mid Output Kit v2.5 (150 cycles).

811 For in vitro CAR T-cell sample preparation, CD8" T-cells were enriched via positive
812  selection (Miltenyi Biotec), resuspended in TRIzol™ (Thermo Fisher Scientific), and stored at -
813  80°C. Upon thawing, total RNA was extracted, treated with Dnase, and further processed using an
814 RNA Clean and Concentrator Kit (Zymo Research). Bulk RNA sequencing was performed by
815  Novogene using the NovaSeq6000 system with a paired-end 150bp approach, generating 6 GB of

816  sequencing read data per sample.
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817 Mouse reads were aligned to transcriptome mma39 using STAR with quantification via
818  cufflinks, while human reads were pseudoaligned to the human transcriptome GRCh38 using
819  kallisto. Data was imported into R, transformed into log2 counts per million, and normalized using
820  Trimmed Mean of M-values (TMM) with EdgeR. Differential Gene Expression was determined
821  with linear modeling and adjusted p-values using the Benjamini-Hochberg correction method with

822  limma and EdgeR.

823 Gene Set Enrichment Analysis (GSEA) was conducted using GSEA software from UC San
824  Diego and Broad Institute developers. Filtered, normalized expression data was utilized as input,
825  with parameters including a weighted enrichment statistic and Signal2Noise metric for gene

826  rankings.

827 ATAC-sequencing

828 For each LCMV Tex sample, 1-2 x 10* P14 cells were sorted in duplicate or triplicate and
829  processed as previously described (83) with minor modifications (82). Briefly, P14 cells were
830  washed with cold PBS, resuspended in 50 uL of cold lysis buffer (10 mM Tris-HCI, pH 7.4, 10
831 mM NaCl, 3 mM MgCl, 0.1% IGEPAL CA-630), and centrifuged (750 x g, 10 minutes, 4°C) to
832  remove lysates. Nuclei were immediately resuspended in 25 uL of the transposition reaction mix
833  (12.5uL 2x TD Buffer (Illumina), 1.25uL Tn5 Transposases, 11.25ul. nuclease-free H20) and
834  incubated at 37°C for 45 minutes. Transposed DNA fragments were purified using the QIAGEN
835 Reaction MiniElute Kit, barcoded with NEXTERA dual indexes (Illumina), and PCR amplified
836  with NEBNext High Fidelity 2x PCR Master Mix (New England Biolabs). Following purification
837  with the PCR Purification Kit (QIAGEN), fragment sizes were confirmed using the 2200
838  TapeStation and High Sensitivity D1000 ScreenTapes (Agilent). ATAC-sequencing libraries were

839  quantified, pooled, and sequenced as described above for RNA sequencing. Alignment to the
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840 mm39 genome was performed using bwa-mem, and peak calling was performed using MACS2.
841  Differential peak analysis was performed using limma-voom, and motif enrichment was performed

842  using HOMER.

843  Antibody-dependent cellular cytotoxicity (ADCC) co-culture

844 TET2-KI T-cells were rested overnight in hR10 media, while donor-matched natural killer
845  (NK) cells were isolated using an NK cell isolation kit (Miltenyi Biotec) and cultured overnight in
846  hR10 supplemented with IL-15 at 10 ng/mL (PeproTech). The following day, TET2 knock-in T-
847  cells were incubated with a Cetuximab biosimilar (R&D Systems, #MAB9577) at a concentration
848  of 2000 ng/mL for 20 minutes. T-cells were then co-cultured at a 1:10 ratio with NK cells, with T-
849  cell numbers normalized to EGFR™ expression. After 16 hours, co-cultures were harvested and
850  stained with LIVE-DEAD Aqua, CD3, CD56, and a human 1gG PE-conjugated secondary
851  antibody. EGFR expression on TET2-KI T-cells alone compared to NK co-culture with or without
852  Cetuximab (gated on live, CD56 CD3" EGFR™) was used to calculate percent EGFR decrease as

853  areadout for ADCC.

854  Mouse xenograft studies

855 Male NOD/SCID/IL-2Ry-null (NSG) mice, aged 7 weeks, were utilized for xenograft
856  studies. Mice received an intravenous injection of 3 x 10° NALM-6 tumor cells expressing a CBG
857 luciferase reporter suspended in 200 pl of PBS. Tumor engraftment was confirmed on day 6 via
858 intraperitoneal injection of IVISbrite D-Luciferin Potassium Salt Bioluminescent Substrate
859  (XenoLight, PerkinElmer), followed by bioluminescent imaging (BLI) using the IVIS® Lumina
860 Il In Vivo Imaging System (PerkinElmer). On day 7, mice were administered with 5 x 10° control
861  T-cells, experimental CAR T-cells, or PBS alone. Biweekly tumor imaging was conducted using

862  the IVIS Lumina system after IP luciferin injection to monitor tumor growth or reduction. Regions
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863  of interest (ROIs) were delineated around mice for the calculation of bioluminescent tumor burden.
864  Peripheral blood samples were collected via cheek bleeding at the peak of CAR T-cell expansion
865 and lysed with ACK Lysing Buffer (Gibco) to obtain T-cells for immunophenotyping via flow
866  cytometry. Absolute cell counts were determined using 123count eBeads™ Counting Beads

867  (Invitrogen). Kaplan-Meier survival curves were generated based on endpoint survival data.

868  Statistical analyses

869 Summary data are presented as mean + SEM, as indicated in the figure legends, alongside
870  corresponding p-values. Pairwise sample comparisons were evaluated using a paired t-test. For
871  multiple pairwise comparisons, multiple paired t-tests with Holm-Sidék correction were used.
872  One-way ANOVA analysis was used for comparisons involving multiple groups, initially
873  assessing differences in mean values with a global omnibus F-test, followed by post-hoc analysis
874  for multiple comparisons if the initial test yielded significance (p < 0.05). Mouse survival was
875 analyzed using the Mantel-Cox log-rank test. Number of donors, animals and experiments are
876 indicated in the figure legends. All statistical analyses were conducted using Prism 9 or 10

877  (GraphPad Software), and significance was defined as p < 0.05.
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947  Figure 1. TET2-deleted CAR T-cells adopt a central memory-like state following
948 manufacturing and exhibit increased expansion and reduced IR expression under chronic
949  stimulation across multiple CAR constructs.

950

951  (A) Schematic of CD19 CAR T-cell manufacturing and TET2 gene editing. (B) Example plots and
952 data after CAR T-cell expansion (day 9), highlighting CCR7* CD45RQO" central memory subset, n
953 =5, (C-E) Oxygen Consumption Rate (OCR) (C), Basal respiration, maximal respiration, Spare
954  Respiratory Capacity (SRC) (D) and Extracellular Acidification Rate (ECAR) (E) of TET2-
955  disrupted cells at end of expansion (day 9) after administration of oligomycin, FCCP and antimycin
956  Alrotenone as indicated by arrows in (C), n =5, run in triplicate. (F-G) Schematic of CD19.CD3(,
957 CDI19.BB(, and CD19.CD28( CAR constructs = TET2ko (F) placed in a serial restimulation stress
958 test (G). (H-1) Cumulative fold expansion of serially restimulated CAR T-cells + TET2xo
959 throughout restimulation (H) and at day 25 (1), n = 4. (J) Example plots and data of serially
960  restimulated CAR T-cells £ TET2ko showing distribution of CCR7* CD45RO" central memory-
961  associated markers in CD8" CAR T-cell populations after 5 stimulations, n = 4. (K) SPICE plots
962  showing distribution of inhibitory receptor co-expression in serially restimulated CD8* CAR T-
963 cells + TET2ko after 5 stimulations, n = 4. (L) Example histograms (top) and data (bottom) of
964  TCF1 gMFI in serially restimulated CD8* CAR T-cells + TET2ko after 5 stimulations, n = 4. (M)
965 IL-2 and TNF production from supernatant collected 24 hours after 5™ stimulation, n = 5. Data
966  shown as mean + SEM (C, E, H) or individual values (B, D, I, J, L, M) from independent donors.
967 nsp>0.05;*p<0.05; ** p<0.01 by paired t-test.
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Figure 2. TET2 mediates the transition out of the progenitor Tex subset towards terminal
exhaustion.

(A) Co-transfer experimental schematic. Inset plot shows initial P14 co-transfer. (B) Example plots
and data for inhibitory receptor expression on TET2ko P14 cells compared to WT P14 cells. (C-
D) Example plots (C) and data (D) comparing IFNy and TNF expression following peptide
restimulation for WT and TET2ko P14 cells. (E-F) GSEA of terminal Tex (E) and Tex progenitor
(F) signatures between WT and TET2xo P14 cells at day 15 p.i. with LCMV clone 13 (Gene sets
from GSE84105). (G) Example plots and data comparing TCF1™ Tex progenitor and GZMB™
terminally differentiated Tex frequencies within WT and TET2ko P14 cells. (B, G) n = 9, spleen
at day 30 p.i. with LCMV clone 13. Data for individual mice shown; representative of >4
independent experiments. (D) n =5, spleen at day 37 p.i. with LCMV clone 13. Data for individual
mice shown; representative of 3 independent experiments. (B, D, G) ns p > 0.05; * p <0.05; ** p
<0.01; *** p <0.001; **** p < 0.0001 by paired t-test.
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981  Figure 3. Loss of TET2 limits terminal differentiation of exhausted CD8 T-cells.

982  (A) Experiment schematic for RNA and ATAC sequencing. WT and TET2ko P14 cells were
983 analyzed at day 15 p.i. with LCMV clone 13. (B) Sorting strategy for Tex subsets for RNA and
984  ATAC sequencing. (C-D) PCA of RNA sequencing (C) and ATAC sequencing (D) data for WT
985 and TET2ko Tex subsets. (E-F) Number of DACRs (E) or DEGs (F) for each pairwise comparison
986  between WT and TET2ko Tex subsets (FDR < 0.05, with variable absolute log2 fold changes
987  (abs(log2FC)) indicated). (G) Volcano plot highlighting DEG in WT compared to TET2ko
988  LY108"9 Tex cells. (H) Example plots and data comparing expression of PD1, CD39 and 2B4 on
989 TET2xo LY108™9 Tex to WT LY108™9 Tex. (I) Correlation plot of differential gene expression
990  and peak accessibility in TET2ko LY 108" Tex compared to WT LY 1089 Tex with TOX labelled.
991 (J) Example tracks showing accessibility at the Tox locus in LY108™9 Tex. Differentially
992  Accessible Peaks (DAPs) are indicated in orange. (K-L) Example plots (K) and data (L)
993  comparing TOX expression in TET2ko LY108™9 Tex to WT LY108™9 Tex. (H, L) n =9, spleen
994 at day 30 p.i. with LCMV clone 13. Data for individual mice shown; representative of 3
995 independent experiments. ns p > 0.05; **** p < 0.0001 by paired t-test.
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996  Figure 4. TET2 regulates early bifurcation of Tex from Tere-like cells.

997  (A) Experiment schematic for analysis of TET2ko P14 cells early (day 6-8) of LCMV clone 13
998 infection. (B) Example plots and data comparing frequency of early Terr-like cells (KLRG1*
999  PD1'"%) within WT and TET2ko P14 cells at day 8 p.i. (C) Frequencies of WT and TET2ko
1000 KLRG1* PD1'"" Tere-like cells from total live splenocytes at day 8 p.i. (D) Example plots and data
1001  comparing expression of TCF1 and GZMB for WT and TET2ko P14 cells. (E) Experiment
1002  schematic for rescue of TET2 function in TET2ko P14 cells. (F-G) Example plots (F) and data (G)
1003  comparing frequencies of LY108" Tex and TIM3" Tex for WT and TET2xo P14 cells with or
1004  without overexpression of the TET2 catalytic domain (TET2 CD versus MIGR1). (H-1) Example
1005  plots (H) and data (1) comparing frequencies of CD127* Tmem-like and KLRG1" Terr-like cells
1006  for WT and TET2ko P14 cells with or without overexpression of the TET2 catalytic domain (TET2
1007  CD). (J) Model for TET2 role at major bifurcation events in chronic infection. (B, C, D) n = 5,
1008  spleen at day 8 p.i. with LCMV clone 13. Data for individual mice shown, representative of 2
1009  independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 by paired t-test.
1010 (G, I) n = 7, spleen at day 10 p.i. with LCMV clone 13. Data for individual mice shown,
1011  representative of 2 independent experiments. ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001,
1012 **** p < 0.0001 by multiple paired t-test with Holm-Sidak post-test correction.
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1013  Figure 5. Dual knock-in TET2-TRAC-CAR19 T-cells have enhanced proliferation and
1014  maintain memory-associated marker expression.

1015  (A) Left; Schematic of TRAC (top) and TET2 (bottom) loci alongside rAAV6 knock-in (KI)
1016  vectors. Right; Sanger sequencing electropherogram confirming integration of TRAC and TET2
1017  KI constructs, underlined with dashed line. (B) Example plots of TET2 and TRAC-CAR19 single
1018 Kl or dual TET2-TRAC-CAR19 KI T-cells. (C) Example plots of CD3 loss detected by flow in
1019 TRAC-CAR19-KI T-cells. (D-E) Schematic of in vitro ADCC assay (D) to deplete CRISPR-edited
1020 TET2-KI T-cells. Example plots and data (E) of EGFR expression on TET2-KI T-cells alone or
1021 in an NK cell co-culture = Cetuximab incubation, gated on CD56  populations, n = 4. (F)
1022  Cumulative fold expansion of TRAC-CAR19 and TET2-TRAC-CAR19 T-cells during
1023  restimulation and at day 25, arrows represent addition of irradiated K562-CD19* target cells, n =
1024 5. (G) Proportions of CD4* versus CD8" T-cells in TRAC-CAR19 and TET2-TRAC-CAR19 T-
1025  cells after stimulation, n=7. (H) Example plots showing distribution of central (CCR7* CD45R0O")
1026  and effector (CCR7- CD45R0O*) memory-associated markers in CD8" CAR T-cell populations
1027  after restimulation, with summary after 5 stimulations, n = 5. (1) SPICE plot showing distribution
1028  of inhibitory receptor co-expression in CD8" TRAC-CAR19 and TET2-TRAC-CAR19 T-cells
1029  after 1 (acute) and 5 (chronic) stimulations, n = 6. (J) Data shown as mean £ SEM (F, G) or
1030 individual values (E, H) from independent donors. ns p > 0.05; * p < 0.05; ** p < 0.01; *** p <
1031 0.001 by paired t-test.
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Figure 6. TET2 disruption limits terminal differentiation of TRAC-CAR19 T-cells.

(A) Volcano plot showing differentially regulated genes in CD8" TET2-TRAC-CAR19 and
TRAC-CAR19 T-cells after 4 stimulations; select markers highlighted. EGFR highlighted in red
as TET2-KI construct positive control. Graph axes represent logz fold change and -logio p-value,
n = 3. (B) Box plots of individual gene logio Transcripts per Million (TPM) for TET2-TRAC-
CAR19 and TRAC-CAR19 T-cells from (A), n = 3. (C-D) GSEA for signatures of stem-cell
central memory and central memory T-cells (Tscm, Tem) and  Tex progenitors (gene sets from
GSE147398) (C) and from human tumor infiltrating lymphocytes (TILs) (from Saleh et al.). (D)
Normalized enrichment score (NES) and FDR indicated in panel. (E) Example plots and data of
CD8* CAR T-cell TCF1/granzyme B subpopulations after 4 stimulations, n = 4. (F) Example plots
and data of CD8" CAR T-cell TCF1/CD62L subpopulations after 4 stimulations, n = 4. Data shown
as mean = SEM (B) or individual values (E, F) from independent donors. ns p > 0.05; * p < 0.05;
**p <0.01; *** p <0.001 by paired t-test.
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Figure 7. TET2 knock-in enhances the anti-tumor activity of TRAC-CAR19 T-cells in vivo.

(A) Overview of in vivo experimental design, n = 4-5 mice per experimental group; one
experiment. (B) Longitudinal tumor burden of all experimental groups by bioluminescent imaging
(BL1). (C-G) Tumor outgrowth for PBS only (C), T-cell (D), TET2-KI T-cell (E), TRAC-CAR19
T-cell (F) and TET2-TRAC-CAR19 T-cell (G) groups, with individual mice shown. (H)
Longitudinal comparison of TRAC-CAR19 and TET2-TRAC-CAR19 T-cell group tumor burden.
(1) BLI comparison at days during and immediately after peak CAR T-cell response in TRAC-
CAR19 and TET2-TRAC-CAR19 groups, line at mean with SEM; ns p > 0.05; * p < 0.05; ** p <
0.01 by multiple paired t-tests with Holm-Sidak correction. (J) Overall group survival, ** p < 0.01;
**** pn <0.0001 by Mantel-Cox log-rank test. Data shown as mean + SEM (H) or individual values
(C-G, I) from each mouse.
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Supplemental Figure 1. The TET2 locus is a frequent site of lentivirus integration in CAR T-
cell treated patients.

(A) Number of chronic lymphocytic leukemia (CLL) and acute lymphocytic leukemia (ALL)
patients with or without > one observed CAR lentiviral integration into TET2. (B) Distribution of
the number of TET2 integration sites at specified binned timepoints. For CLL patient p04409-09,
the same integration was detected within the first 15 days and again in the second 15 days. (C)
Scatter plots showing the relative abundance of each TET2 patient integration at specified
timepoints for CLL (top) and ALL (bottom) patient cohorts. Each dot represents one integration
site. Dotted line represents mean, error bars represent SEM. (D) Location of each integration clone
within the TET2 transcriptional boundary for CLL (top) and ALL (bottom) patient cohorts. Color
coded for patient; symbol shape represents cell type profiled.
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1068  Supplemental Figure 2: Validation of TET2ko and function of TET2-disrupted CAR T-cell
1069  during acute stimulation and in a tonic CAR signaling model.

1070  (A-B) Percent of sequences with indicated number of base pair shifts after CRISPR knockout by
1071  Tracking of Indels by Decomposition (TIDE) analysis (A). Average indel frequency in bulk
1072  CRISPR-edited populations via TIDE (B), n = 5. (C) Western blot showing loss of TET2 protein
1073  in TET2xo CAR T-cells. (D) Example plots and data of CD19.CD3(, CD19.BB(, and CD19.CD28(
1074  CAR T-cells £ TET2xo showing distribution of CCR7" CD45RO" central memory-associated
1075  markers in CD8" populations after 1 stimulation (acute stimulation), n = 4. (E) Schematic of GD2-
1076  targeting HA.28{ CAR T-cell manufacturing and TET2 gene editing. (F-G) Example plots and
1077  data of CD8" CCR7"CD45R0O" (F) and CD27*CD62L" (G) HA.28{ CAR T-cell subsets + TET2ko
1078 at day 11, n = 5. (H) HA.28( CAR T-cell £+ TET2ko growth in co-culture with 143b-GL
1079  osteosarcoma tumor cells. (I) Tumor GFP florescence intensity after HA.28( CAR T-cell
1080  TET2ko co-culture with 143b-GL osteosarcoma tumor cells, run in triplicate. (J) Normalized tumor
1081  GFP signal from 1:1 and 1:16 E:T co-culture with 143b-GL tumor cells, n = 3. (K) IFNy and IL-2
1082  production after HA.28( CAR T-cell + TET2ko co-culture with 143b-GL tumor cells, n = 3. (L)
1083  Tumor GFP florescence intensity after HA.28( CAR T-cell £ TET2ko co-culture against Nalm6-
1084  GD2" tumor cells, run in triplicate. (M) Cytokine production from HA.28( CAR T + TET2kxo
1085  against Nalm6-GD2* tumor cells, n = 2, run in triplicate. Data shown as mean + SEM (A-B) or
1086 individual values (D, F, G, J, K) from independent donors or as mean of technical replicates (H,
1087 I, L).nsp>0.05; *p <0.05; **p <0.01; ***p <0.001 by paired t-test.
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Supplemental Figure 3. TET2 regulates differentiation of exhausted CD8" T-cells.

(A) Gating strategy for identification of co-transferred WT and TET2ko P14 cells. (B) Frequency
of WT and TET2ko P14 cells in blood during chronic LCMV infection without CD4" T-cell
depletion. n = 15, mean £ SEM shown. Representative of 2 experiments. (C) Frequency of WT
and TET2ko P14 cells in blood during chronic LCMV infection. Mice were treated at day -1 and
day +1 with CD4-depleting antibody GK1.5, n = 8-10, mean + SEM shown. Representative of at
least 4 experiments. (D) Frequency of WT and TET2ko P14 cells in spleen. (E) Example plot and
data showing LAG3 expression on WT compared to TET2ko P14 cells. (F-G) Example plots (F)
and data (G) comparing KLRG1* Terr and CD127* Tmem frequencies within WT and TET2«o P14
cells. (H) Heatmap comparing genes differentially expressed between WT and TET2ko P14 cells
at day 15 p.i. with LCMV clone 13. (D, E, F) n = 9, spleen at day 30 p.i. with LCMV clone 13.
Data for individual mice shown; representative of at least 4 experiments. ns p > 0.05; * p < 0.05;
**p <0.01; *** p <0.001; **** p < 0.0001 by paired t-test.
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1101  Supplemental Figure 4. TET2 loss alters terminal Tex differentiation.

1102  (A-B) Volcano plot highlighting DEGs between LY108" and LY108™% WT P14 cells (A) or
1103  LY108" and LY108™% TET2«ko P14 cells (B). Dotted line at logio P-value 0.05. (C-D) Distance
1104  analysis for RNA-seq (C) and ATAC-seq (D) data comparing Tex subsets between WT and
1105  TET2ko P14 cells. (E) Volcano plot showing changes in transcription factor accessibility in WT
1106  LY108™9 cells versus TET2ko LY 108" cells. x-axis represents fold enrichment over total peaks;
1107  y-axis represents -logio P-value. (F) Volcano plot highlighting DEG in WT compared to TET2ko
1108  LY108" Tex cells. (G) Example plots and data comparing expression of PD1, CD39 and 2B4 on
1109 TET2ko LY108" Tex cells to WT LY108" Tex cells. (H) Example plots and data comparing
1110  expression of LY108 on TET2ko to WT terminally exhausted Tex. (I) Proportion and absolute
1111 frequency of PD1'"" KLRG1* Terr-like WT and TET2ko P14 cells in spleen at day 6 p.i. with
1112 LCMV clone 13, n =5. (G-H) n =9, spleen at day 30 p.i. with LCMV clone 13. (G, H, I) Data
1113 for individual mice shown; representative of 2-3 independent experiments. * p < 0.05; ** p <0.01
1114 Dby paired t-test.
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1115  Supplemental Figure 5. Engineering of TET2-TRAC-CAR19 dual knock-in T-cells.

1116  (A) Summary of TRAC-tNGFR knock-in (KI), CD3 knock-out (KO), TET2-tEGFR Kl and TET2-
1117 TRAC-CAR19 KI editing efficiencies at day 7 during expansion, n = 6 — 12. (B) Example plots
1118  showing TET2-KI, TRAC-CAR19-KI and TET2-TRAC-CAR19 KI cells pre- (day 7) and post-
1119  purification (day 9). (C) T-cell expansion during manufacturing and CRISPR-AAV editing; mean
1120 = SEM shown, n = 4, ns p > 0.05 by one-way ANOVA test with a post hoc Tukey’s multiple
1121 comparison test. (D) OCR and ECAR, basal respiration, maximal respiration and SRC profiles of
1122 NTD, TET2-KI, TRAC-CAR19 and TET2-TRAC-CAR19 T-cells at the end of manufacturing, n
1123 =1, runin triplicate. (E) Antigen-dependent proliferation of TET2-TRAC-CAR T-cells compared
1124  to TET2-KI T-cells, n = 5. (F) Example plots and data of TCF1 and granzyme B expression on
1125 CD8* CAR T-cells after 1 stimulation (acute stimulation), n = 4. (G) Example plots and data of
1126  CD8* TCF1 and CD62L expression on CD8" CAR T-cells after 1 stimulation (acute stimulation),
1127  n =4, Data shown as mean £ SEM (C, E) or individual values (A, F, G) from independent donors
1128  or as mean = SEM of technical replicates (D). (F, G) ns p > 0.05 by paired t-test.
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1129  Supplemental Figure 6. In Vivo tumor response of TET2xo CAR T-cells.

1130  (A) Overview of in vivo experimental design, n = 4-7 mice per experimental group; data
1131  representative of one experiment. (B) Longitudinal analysis of 44VS1xo and TET2xo CAR T-cell
1132 group tumor burden compared to mice receiving non-transduced (NTD) T-cells. Data shown as
1133 mean £+ SEM. (C) Overall group survival, ** p <0.01; *** p <0.001 by Mantel-Cox log-rank test
1134  for survival analysis.
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1135

Table S1. Recovered Integrations within 50KB of the TET2 locus in CLL patient cohort.

Patient Cell Type Time Point Genomic Position Relative Abundance
p03712-12 T-cells Preinfusion chr4-105264619 0.05
p03712-16 T-cells Preinfusion chr4-105225145 0.12
p03712-29 T-cells Preinfusion chr4+105291992 0.03
p03712-31 T-cells Preinfusion chr4+105183562 0.01
p03712-40 T-cells Preinfusion chr4-105163547 0.01
p03712-40 T-cells Preinfusion chr4+105182603 0.01
p03712-43 T-cells Preinfusion chr4+105190119 0.02
p03712-48 T-cells Preinfusion chr4+105223086 0.02
p03712-55 T-cells Preinfusion chr4+105221969 0.04
p03712-57 T-cells Preinfusion chr4-105187373 0.06
p03712-60 T-cells Preinfusion chr4-105223721 0.06
p03712-60 T-cells Preinfusion chr4+105265365 0.03
p04409-06 T-cells Preinfusion chr4-105224248 0.02
p04409-07 T-cells Preinfusion chr4+105267927 0.08
p04409-09 PBMC Preinfusion chr4+105253503 0.14
p03712-03 T-cells First 15 Days chr4+105160930 0.01
p03712-03 T-cells First 15 Days chr4+105200164 0.01
p03712-03 T-cells First 15 Days chr4-105298816 0.01
p03712-18 Whole Blood First 15 Days chr4-105248829 0.04
p03712-18 Whole Blood First 15 Days chr4+105153241 0.07
p03712-18 Whole Blood First 15 Days chr4+105251281 0.04
p03712-18 Whole Blood First 15 Days chr4+105260695 0.04
p03712-18 Whole Blood First 15 Days chr4-105224201 0.03
p03712-29 Whole Blood First 15 Days chr4+105228115 0.14
p04409-09* T-cells First 15 Days chr4+105190185 0.02
p04409-09 T-cells First 15 Days chr4+105257004 0.02
p04409-22 Whole Blood First 15 Days chr4-105152755 0.03
p04409-22 Whole Blood First 15 Days chr4-105164454 0.03
p04409-22 Whole Blood First 15 Days chr4+105263836 0.05
p04409-09 PBMC Second 15 Days chr4+105206047 0.23
p04409-09* Whole Blood Second 15 Days chr4+105190185 0.03
p04409-09 Bone Marrow Second 15 Days chr4-105230899 0.03
p04409-22 Bone Marrow Second 15 Days chr4+105164450 0.17
p03712-47 Bone Marrow >30 Days chr4-105155581 0.53
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1136  Table S2. Recovered Integrations within 50KB of the TET2 locus in ALL patient cohort.

Patient Cell Type Time Point Genomic Position Relative Abundance
p959-101 T-cells Preinfusion chr4-105122207 0.02
p959-103 T-cells Preinfusion chr4-105268362 0.04
p959-103 T-cells Preinfusion chr4+105197328 0.08
p959-104 T-cells Preinfusion chr4-105205781 0.05
p959-104 T-cells Preinfusion chr4+105165499 0.05
p959-107 T-cells Preinfusion chr4-105229630 0.01
p959-107 T-cells Preinfusion chr4+105151872 0.01
p959-108 T-cells Preinfusion chr4-105243661 0.06
p959-111 T-cells Preinfusion chr4+105219760 0.02
p959-112 T-cells Preinfusion chr4-105226123 0.02
p959-112 T-cells Preinfusion chr4+105151786 0.02
p959-112 T-cells Preinfusion chr4+105236100 0.04
p959-113 T-cells Preinfusion chr4-105158827 0.01
p959-113 T-cells Preinfusion chr4+105221551 0.01
p959-113 T-cells Preinfusion chr4+105271906 0.01
p959-115 T-cells Preinfusion chr4-105229150 0.02
p959-117 T-cells Preinfusion chr4+105173039 0.03
p959-118 T-cells Preinfusion chr4-105162564 0.01
p959-118 T-cells Preinfusion chr4-105204835 0.01
p959-118 T-cells Preinfusion chr4-105227631 0.01
p959-118 T-cells Preinfusion chr4-105241238 0.01
p959-118 T-cells Preinfusion chr4+105182278 0.01
p959-118 T-cells Preinfusion chr4+105224901 0.01
p959-121 T-cells Preinfusion chr4-105204911 0.04
p959-123 T-cells Preinfusion chr4-105239813 0.01
p959-123 T-cells Preinfusion chr4+105171995 0.04
p959-123 T-cells Preinfusion chr4+105224760 0.03
p959-123 T-cells Preinfusion chr4+105243003 0.01
p959-125 T-cells Preinfusion chr4-105231290 0.02
p959-131 T-cells Preinfusion chr4-105225782 0.03
p959-131 T-cells Preinfusion chr4+105187755 0.03
p959-132 T-cells Preinfusion chr4+105250821 0.07
p959-132 T-cells Preinfusion chr4+105260601 0.07
p959-133 T-cells Preinfusion chr4+105256735 0.02
p959-133 T-cells Preinfusion chr4-105260182 0.02
p959-136 T-cells Preinfusion chr4-105186871 0.03
p959-136 T-cells Preinfusion chr4+105157216 0.03
p959-136 T-cells Preinfusion chr4+105203882 0.03
p959-141 T-cells Preinfusion chr4+105228898 0.03
p959-141 T-cells Preinfusion chr4+105294015 0.03
p959-144 T-cells Preinfusion chr4+105175287 0.02
p959-144 T-cells Preinfusion chr4+105202132 0.02
p959-146 T-cells Preinfusion chr4+105154691 0.02
p959-157 T-cells Preinfusion chr4+105243230 0.03
p959-158 T-cells Preinfusion chr4-105160134 0.01
p959-158 T-cells Preinfusion chr4+105227059 0.01
p959-169 T-cells Preinfusion chr4+105225389 0.04
p959-172 T-cells Preinfusion chr4+105273807 0.05
p959-174 T-cells Preinfusion chr4-105204656 0.08
p959-158 T-cells Preinfusion chr4-105191937 0.01
p959-158 T-cells Preinfusion chr4-105257743 0.01
p959-158 T-cells Preinfusion chr4-105271578 0.01
p959-158 T-cells Preinfusion chr4+105284604 0.01
p959-101 Whole Blood First 15 Days chr4+105206388 0.05
p959-105 Whole Blood First 15 Days chr4+105231121 0.06
p959-113 PBMC First 15 Days chr4+105230717 0.02
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p959-121 Whole Blood First 15 Days chr4+105223180 0.08
p959-125 Whole Blood First 15 Days chr4+105229646 0.02
p959-125 Whole Blood First 15 Days chr4+105258957 0.02
p959-139 Whole Blood First 15 Days chr4-105275946 0.07
p959-139 Whole Blood First 15 Days chr4+105142570 0.03
p959-140 Whole Blood First 15 Days chr4-105269087 0.03
p959-141 Whole Blood First 15 Days chr4-105201535 0.07
p959-146 Whole Blood First 15 Days chr4-105185661 0.04
p959-160 Whole Blood First 15 Days chr4+105217644 0.02
p959-160 Whole Blood First 15 Days chr4+105262568 0.02
p04409-29 PBMC Second 15 Days chr4+105269578 0.08
p959-143 Whole Blood Second 15 Days chr4-105259704 0.05
p959-153 Bone Marrow Second 15 Days chr4-105280290 0.10
p959-160 Whole Blood Second 15 Days chr4-105208249 0.03
p959-160 Whole Blood Second 15 Days chr4+105227846 0.03
p959-160 Whole Blood Second 15 Days chr4+105262098 0.03
p959-160 Bone Marrow Second 15 Days chr4-105247460 0.05
p959-100 Bone Marrow >30 Days chr4-105198703 0.33
p959-160 Whole Blood >30 Days chr4-105238384 0.46
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1137  Table S6. Antibodies for CAR T-cell studies.
Target Clone Fluorochrome Source Cat# RRID
LIVE-DEAD Aqua NA NA Invitrogen L34957 NA
EGFR AY13 PE BioLegend 352904 AB_10896794
CD271 (NGFR) ME20.4 APC BioLegend 345108 AB_10645515
CD3 SK7 APC-H7 BD Biosciences 560176 AB_1645475
CD4 OKT4 BV785 BioLegend 317442 AB_2563242
CD8 RPA-T8 BV650 BD Biosciences 563822 AB 2744462
CCR7 150503 PE-CF594 BD Biosciences 562381 AB_11153301
CD45R0O UCHL1 BV605 BD Biosciences 562791 AB 2744411
CD62L DREG-56 PE-Cy5 BioLegend 304808 AB_314468
CD27 L128 BV711 BD Biosciences 563167 AB_2738042
PD1 EH12.2H7 BVvV421 BioLegend 329920 AB_10960742
LAG3 7H2C65 PE-Cy7 BioLegend 369208 AB_2629835
TIM3 7D3 PE BD Biosciences 565570 AB_2716866
KLRG1 SA231A2 APC-Fire750 BioLegend 367718 AB_2687392
CD56 NCAM16.2 | BV711 BD Biosciences 563169 AB 2738043
TCF1 (intracellular) C63D9 Alexa Fluor 488 Cell Signaling 6444S AB_2797627

Technology

Granzyme B GB11 Alexa Fluor 700 BD Biosciences 560213 AB_1645453
(intracellular)
F(ab'). fragment NA Biotin-SP Jackson ImmunoResearch | 115-065- AB_2338565
specific 072
Biotin NA Streptavidin-PE BioLegend 405203 NA
Human 1gG 1268C PE R&D Systems F0157 NA
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1138  Table S7. Antibodies for LCMV studies.
Target Clone Fluorochrome Source Cat# RRID
LiveDead NA AquaVivid ThermoFisher L34957 NA
LiveDead NA Zombie Yellow BioLegend 423104 NA
LiveDead NA Zombie NIR BioLegend 423106 NA
B220 RA3-6B2 APC-eF780 ThermoFisher 47-0452-82 AB_ 1518810
B220 RA3-6B2 BUV496 BD Biosciences 612950 AB 2870227
CD4 RM4-5 APC-eF780 ThermoFisher 47-0042-82 AB_1272183
CD4 GK1.5 BUV563 BD Biosciences 612923 AB_2870208
CD8a 53-6.7 BUV805 BD Biosciences 612898 AB_2870186
CD8a 53-6.7 BV650 BD Biosciences 563234 AB 2738084
CD8a 53-6.7 APC Invitrogen 17-0081-83 AB_469336
CD39 24DMS1 SB702 Invitrogen 67-0391-82 AB_ 2717143
CD44 IM7 BUV396 BD Biosciences 740215 AB_2739963
CD44 IM7 BV711 Biolegend 103057 AB_2564214
CD44 IM7 BV785 BioLegend 103059 AB_2571953
CD44 IM7 APC BD Biosciences 559250 AB 398661
CD45.1 A20 Pacific Blue BioLegend 110722 AB_492866
CD45.1 A20 PE-Cy5 ThermoFisher 15-0453-81 AB_468758
CD45.1 A20 AF700 BioLegend 110724 AB_493733
CD45.2 104 BV570 BioLegend 109833 AB_10900987
CD45.2 104 BV785 BioLegend 109839 AB_2562604
CD45.2 104 AF700 BioLegend 109822 AB_493731
CD62L MEL-14 BV605 BD Biosciences 563252 AB_2738098
CD62L MEL-14 PE-CF594 BD Biosciences 562404 AB_ 11154046
CD69 H1.2F3 BV480 BD Biosciences 746813 AB_ 2744067
CD127 SB/199 BUV737 BD Biosciences 612841 AB_ 2870163
CD127 SB/199 PE-CF594 BD Biosciences 562419 AB_11153131
CD244 (2B4) eBio244F4 FITC eBioscience 11-2441-85 AB_657877
CD244 (2B4) 2B4 FITC BD Biosciences 553305 AB_394769
CX3CR1 SA011F11 BV605 BioLegend 149027 AB_2565937
CX3CR1 SA011F11 BV650 BioLegend 149033 AB_2565999
CXCR3 CXCR3-173 Biotin BioLegend 126503 AB_1027658
GFP Polyclonal AF488 ThermoFisher A-21311 AB 221477
gp33 NA PE In house NA NA
Granzyme B GBl11 BV421 BD Biosciences 563389 AB 2738175
IFNy XMGL1.2 PerCP-Cy5.5 BioLegend 505822 AB_961361
K167 B56 A700 BD Biosciences 561277 AB_10611571
KLRG1 2F1 FITC eBioscience 11-5893-80 AB_ 1311268
KLRG1 2F1 PerCP-eF710 Invitrogen 46-5893-82 AB_10670282
KLRG1 2F1 BV650 BD Biosciences 740553 AB_ 2740254
LAG3 C9B7W PE-Cy7 BioLegend 125226 AB_2715764
LAG3 C9B7W AF647 BioRad MCA2386A647T AB_ 2133342
LY108 13G3 BV421 BD Biosciences 740090 AB_2739850
LY108 13G3 BB700 BD Biosciences 742272 AB 2871448
PD-1 RMPI-30 PE-Cy7 BioLegend 109110 AB 572017
PD-1 29F.1A12 APC-Fire780 BioLegend 135239 AB_2629767
TCF-1 S33-966 PE BD Biosciences 564217 AB_2687845
TIGIT 1G9 BV421 BD Biosciences 565270 AB_2688007
TIGIT 1G9 PE-Dazzle594 BioLegend 142110 AB_ 2566573
TIM3 RMT3-23 BV605 BioLegend 119721 AB_2616907
TIM3 RMT3-23 BV785 BioLegend 119725 AB_2716066
TNF-alpha MP6-XT22 Pacific Blue BioLegend 506318 AB_893639
TOX REA473 APC Miltenyi 130-118-335 AB_2751485
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