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Abstract

T cell exhaustion limits immune responses against cancer and is a major cause of resistance to
chimeric antigen receptor (CAR) T cell therapeutics. Using xenograft models and an in vitro
model wherein tonic CAR signaling induces hallmark features of exhaustion, we tested the impact
of transient cessation of receptor signaling, or “rest”, on the development and maintenance of
exhaustion. Induction of rest via enforced CAR protein downregulation using a drug-regulatable
system or treatment with the multi-kinase inhibitor dasatinib resulted in acquisition of a memory-
like phenotype, wholescale transcriptional and epigenetic reprogramming, and restored anti-tumor
functionality in exhausted CAR-T cells. This work demonstrates that rest can enhance CAR-T cell
efficacy by preventing or reversing exhaustion and challenges the notion that exhaustion is an
epigenetically fixed state.

INTRODUCTION

Chimeric antigen receptors (CARs) combine a tumor antigen-recognition domain with
intracellular signaling domains, enabling recognition and killing of tumor cells in a major
histocompatibility complex (MHC)-independent manner (1). CAR-T cells mediate high
response rates in relapsed/refractory high-grade B cell malignancies, but less than 50% of
patients experience long-term disease control and CAR-T cells have not demonstrated
reproducible efficacy against solid tumors (2, 3). T cell exhaustion has been implicated as an
important factor limiting the efficacy of CAR-T cells against cancer (4-6) and can be driven
by excessive CAR signaling as a result of high antigen burden or tonic signaling induced by
antigen-independent clustering of the CAR receptor (7, 8). We hypothesized that transient
cessation of CAR signaling would enable exhausted CAR-T cells to regain functionality and
form a memory pool, similar to the effects observed following antigen clearance of acute
infections (9).

Using a drug-regulatable platform (10, 11) wherein a tonically signaling CAR was modified
with a C-terminal destabilizing domain (DD) to enable drug-dependent control of CAR
protein levels, we observed that transient inhibition of CAR surface expression (“rest”), and
thereby tonic CAR signaling, prevented cells from developing phenotypic hallmarks of
exhaustion, instead redirecting them to a memory-like fate. Furthermore, transient rest, but
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not PD-1 blockade, restored anti-tumor functionality in a cell population that had already
acquired functional, transcriptional and epigenetic features of exhaustion, and was
associated with global transcriptional and epigenetic reprogramming. We observed similar
phenotypic and functional reinvigoration following transient exposure to dasatinib, a
tyrosine kinase inhibitor that reversibly inhibits TCR and CAR signaling (12-15).
Collectively, these results challenge the concept that exhaustion is an epigenetically fixed
state (16, 17) and reveal that transient cessation of CAR signaling may provide a strategy for
augmenting function of exhausted human CAR-T cell populations.

CARs modified with a destabilizing domain exhibits drug-dependent, tunable control of
expression and function in vitro and in vivo.

We previously demonstrated that some CARs undergo antigen-independent, tonic CAR
signaling due to spontaneous receptor clustering, which promotes hallmark features of
exhaustion in human T cells (7, 8). To test whether prevention of tonic signaling preserves
CAR-T cell functionality, we incorporated an FK506 binding protein 12 (FKBP)
destabilizing domain (DD) (11) into a tonically signaling GD2-targeting CAR
(GD2.28C.FKBP), similar to a recently published study (18). The DD induced rapid
degradation of the CAR at baseline (Fig. 1, A and B), whereas shield-1, which stabilizes the
FKBP DD, prevented CAR degradation thereby inducing GD2.28C.FKBP CAR expression
on the cell surface in a dose- and time-dependent manner (Fig. 1, B and C). Removal of
shield-1 led to a rapid decrease in CAR surface protein, with a degradation half-life of
approximately 1 hour (Fig. 1C). To determine whether the dynamic range of CAR
expression induced by the DD modulated biologic reactivity and to assess the relationship
between CAR expression level and function, we co-cultured GD2.28C.FKBP CAR-T cells
with Nalmé leukemia engineered to express GD2, GFP, and luciferase (Nalm6-GD2) with
increasing concentrations of shield-1. We observed drug-dependent, tunable control of
tumor-induced cytokine secretion (Fig. 1D) and cytotoxicity (Fig. 1E), demonstrating that
modulation of CAR expression levels tuned CAR-T cell function.

To interrogate DD-CAR functionality in vivo, we engineered a GD2.28C CAR incorporating
an E. coli-derived dihydrofolate reductase DD (GD2.28C.ecDHFR) (19), which is regulated
by the FDA-approved antibiotic, trimethoprim (TMP), and demonstrated a dynamic range
comparable to that of the GD2.28C.FKBP CAR (fig. S1A). In NOD/SCID/IL2Ry~'~ (NSG)
mice engrafted with Nalm6-GD2 leukemia, intraperitoneal TMP administration upregulated
surface CAR and CD69 in CAR-T cells isolated from blood and spleen compared to controls
(fig. S1B). Together, these data demonstrate drug-dependent control of DD-CAR expression
and activity in vitro and in vivo.

Cessation of tonic CAR signaling augments CAR-T cell functionality and redirects CAR-T
cell fate away from exhaustion and towards a memory-like state.

We next sought to determine whether control of DD-CAR expression prevented exhaustion
induced by tonic CAR signaling. GD2.28C.FKBP CAR-T cells cultured with shield-1 (ON)
exhibited antigen-independent phosphorylation of CAR CD3( (CD3() (fig. S1C) and
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elevated expression of inhibitory receptors PD-1, TIM-3, and LAG-3 (fig. S1D), compared
to those cultured without shield-1 (OFF). GD2.28(C.FKBP or GD2.28C.ecDHFR T cells
expanded in the OFF state, but provided drug just prior to antigen challenge (OFF/ON)
exhibited superior cytotoxicity (fig. S1E), tumor-induced cytokine secretion (fig. S1F), and
enhanced efficacy and cell expansion in vivo (Fig. 1, F and G). Collectively, these
observations confirm that tonic CAR signaling induces T cell dysfunction and demonstrate
that prevention of tonic signaling ex vivo augments CAR-T cell efficacy.

We next regulated CAR expression in HA.28C-CAR-T cells (fig. S2A), which manifest
extremely robust tonic signaling and acquire functional, transcriptomic and epigenetic
hallmarks of exhaustion by D11 (8). When compared to HA.28C.FKBP CAR-T cells
continuously cultured with shield-1 (Always ON), cells from which shield-1 was removed
on D7 (Restedp7.11) demonstrated decreased inhibitory receptor expression and superior
functionality upon tumor challenge on D11 (Fig. 2, A through C). Mass cytometric analysis
of 27 proteins associated with T cell exhaustion, activation, or memory (fig. S2B, Table S1)
demonstrated that CD8+ Always ON cells manifested time-dependent increases in
exhaustion scores (normalized mean expression of PD-1, TIM-3, LAG-3, CTLA-4, BTLA,
2B4, and CD39), whereas Restedp7.11 cells demonstrated time-dependent increases in
memory scores (normalized mean expression of CD45RA, IL-7R, CD27, CD197) (Fig. 2D).

Force-directed layouts (FDLs) (20), which map phenotypically similar cells closely together
and dissimilar cells farther apart, illustrated trajectories towards exhaustion or memory-like
cell fates. CD8+ Always ON and Restedp7.11 CAR-T cells displayed substantial evolution
during D7-11 and disparate phenotypes by D11 were spatially distributed between 4 distinct
regions on the FDL (Fig. 2E and fig. S2C). The majority of D11 Always ON cells resided in
Regions 1 or 2, while the majority of Restedp7.11 cells resided in Regions 3 or 4 (Fig. 2F).
FDLs also revealed heterogeneity within the exhausted and memory subsets, with Region 1
demonstrating a higher exhaustion score and increased CD39 compared to Region 2 (fig.
S2D), and Region 4 demonstrating a higher memory score and increased expression of
IL7RA and CD45RA compared to Region 3 (Fig. 2, G and H, and fig. S2E). Restedp7.11
cells exhibited reduced T-bet and Blimp-1 expression levels and co-expression frequency
(fig. S2F), consistent with transcriptional reprogramming (21, 22).

Redirection of cell fate induced by rest from D7-11 was most likely due to population-wide
changes rather than outgrowth of a rare subpopulation since we detected only modest
differences in fold change in cell expansion, Ki-67 expression, and cleaved PARP (cPARP)
between Always ON and Restedp7.11 cells (fig. S2, G and H). Moreover, TCF1 expression,
which is associated with a progenitor exhausted cell population that retains anti-tumor
functionality and is responsive to checkpoint blockade (23-26), was similar in Always ON
and Restedp7.11 conditions, representing approximately 10% of total CD8+ CAR-T cells on
D11 (fig. S21). RNA-sequencing at D11 demonstrated that both Always ON and Restedp7.11
cells contained ~1,000 unique TCR clonotypes with similar clonotypic diversity (fig. S2, J
and K). Similar phenotypic changes were observed in Restedp7.11 CD4+ CAR-T cells (fig.
S3). Collectively, these observations indicate that transient cessation of CAR signaling prior
to exhaustion onset alters the differentiation trajectory of a large fraction of CAR-T cell
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populations rather than inducing outgrowth of a minor subset of highly proliferative,
apoptosis-resistant, or TCF1+ progenitor exhausted Restedpz.11 cells.

Transient rest reverses phenotypic and transcriptomic hallmarks of exhaustion

Since cessation of tonic signaling altered CAR-T cell fate during the transition to
exhaustion, we hypothesized that rest could also reprogram T cell populations on which
exhaustion is already imprinted. We compared D15 Always ON HA.28C.FKBP CAR-T cells
to cells rested from D11-15 (Restedp11-15, Fig. 3A). PD-1 and PD-L1 are both expressed on
activated T cells (fig. S2E), and in some experiments we cultured Always ON T cells with
aPD-1 from D7-15 to compare the effects of checkpoint blockade with that of transient rest.
As expected, D15 Always ON cells exhibited robust tonic CAR signaling, poor expansion,
elevated immune checkpoint receptors (PD-1, TIM-3 and LAG-3), and an effector-like
phenotype (Fig. 3, B through E, and fig. S4, A through F) compared to Always OFF cells. In
contrast, CD8+ Restedp11-15 cells displayed diminished tonic signaling, reduction in
inhibitory receptor expression, increased stem cell memory-like cells (CD45RO-, CCR7+),
and enhanced proliferation compared to Always ON and Always ON + aPD-1 T cells.
Sequential RNA sequencing demonstrated that transcripts associated with exhaustion
underwent rapid and complete reversal to baseline Always OFF levels in rested cells by D11
or D15, whereas aPD-1 in Always ON T cell cultures induced only a small but detectable
effect on gene expression (Fig. 3F and fig. S4G).

Unbiased principal component analysis (PCA) at each timepoint displayed overlap between
Always OFF and rested conditions, which separated from Always ON and Always ON +
aPD-1 cells along PC1 (Fig. 3G and fig. S4H), illustrating the high degree of transcriptomic
reprogramming induced by rest. Hierarchical clustering of the top 500 genes driving PC1
variance identified exhaustion- (PDCD1, ENTPD1, BATF, NR4AI) and memory-associated
genes (/L7R, LEF1, KLF2, BACHZ)(Fig. 3H). D15 analyses confirmed transcriptomic
reversal, since Restedp1.15 T cells significantly upregulated memory/quiescence-associated
genes (SELL, LEF1, FOXO?3) and downregulated canonical exhaustion-associated genes
(CTLA-4, IRF4, TOX2, NR4A3) compared to Always ON T cells (p<0.05, fig. S4, I and J).
Importantly, both exhausted and rested populations on D15 contained ~1,000-3,000 unique
TCR clonotypes and exhibited similar clonotypic diversity and rates of apoptosis (fig. S4, K
through M). These data are consistent with rest-induced changes occurring broadly within
the population under study, rather than preferential expansion of a small subset of cells,
which would result in reduced clonotypic diversity.

Transient rest reinvigorates exhausted CAR-T cells and improves therapeutic efficacy

We next tested whether the phenotypic and transcriptomic reprogramming of exhausted
CAR-T cells induced by rest would confer enhanced anti-tumor functionality. Prior to
antigen challenge, we treated CAR-T cells with shield-1 for 16 hours to normalize CAR
surface expression (Fig. 4A). On D15, Restedy.15 and Rested1.15 T cells demonstrated
marked enhancement in cytotoxicity and cytokine secretion compared to exhausted Always
ON cells (Fig. 4, B and C, and fig. S5A). Single cell analyses revealed that approximately
60% of Always OFF and rested CAR-T cells were polyfunctional and capable of secreting at
least two cytokines, whereas less than 20% of Always ON T cells exhibited these features
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(Fig. 4, D and E, and fig. S5, B and C), demonstrating functional reinvigoration in a high
fraction of rested T cells. In contrast to rest, PD-1 blockade enhanced cytotoxicity but did
not significantly augment IL-2 or IFNy secretion, the frequency of cytokine-secreting cells,
or sensitivity to low antigen (Fig. 4, B through G, and fig. S5, B and C), indicating that rest-
associated functional reinvigoration is mechanistically distinct from that of checkpoint
blockade. In vivo studies corroborated these findings (Fig. 4H and fig. S5, D and E), since
exhausted Always ON T cells failed to control tumor growth, whereas Restedpz.15, and
Restedpi1-15 T cells cured or maintained the tumor at levels comparable to Always OFF
(Fig. 41, and fig. S5F). These data demonstrate that transient cessation of CAR signaling
reverses the exhaustion phenotype and rescues CAR-T cell functionality.

Rest induces wholescale remodeling of the exhaustion-associated epigenome

To determine the impact of transient rest on the epigenome, we used ATAC-seq (27) to
analyze differences in chromatin accessibility between Always ON, Always OFF, Rested7_15
and Rested;1.15 HA.28C.FKBP CD8+ CAR-T cells (Fig. 5A and fig. S6A). Temporal
analyses revealed that T cells experiencing continuous tonic CAR signaling (Always ON)
were epigenetically distinct from activated CD19.28C CAR-T cells (fig. S6, B and C) and
displayed dramatic alterations in chromatin accessibility within the first 7 days (~48,000
peak changes), with fewer changes occurring between D7-11 (~2,300 peak changes) and
D11-15 (~2,000 peak changes) (Fig. 5B and fig. S6D). Notably, a 4-day rest period between
D7-11 (Restedp7.11) or D11-15 (Restedpq1-15) Was associated with ~19,000 and ~15,500
peak changes, respectively (Fig. 5B), many of which were differentially accessible compared
to Always ON cells (fig. S6E). These included exhaustion-associated genes ENTP1 and
BATF, and the stemness-associated gene 7CF7 (Fig. 5C). These results align with our
observations of rapid phenotypic, functional and transcriptional reprogramming following 4
days of rest.

Unbiased Pearson correlation and PCA analyses indicated that rest resulted in global,
wholescale remodeling of the epigenome. Always ON cells treated with or without aPD-1
cluster together along PC1 on D11 (66.51% variance) and D15 (58% variance) and exhibit
highly correlated genomic accessibility profiles (Fig. 5D and fig. S6, F and G). In contrast,
Rested CAR-T cells exhibit clear separation from Always ON and cluster together with
Always OFF cells along PC1 (Fig. 5D and fig. S6G). Binding motifs for AP-1 family TFs
(BATF, JUNB, NFATC?2), which promote T cell exhaustion (8, 28-31), were enriched in
accessible regions of the Always ON epigenome, but less accessible following rest (Fig. 5E
and fig. S6H). TF binding motifs for many genes implicated in T cell memory were
exclusively accessible in rested conditions (TCF7/TCF7L2, LEF1, RUNX family, FOXO
family) (23, 32-35), whereas genes associated with T cell exhaustion (EOMES, TBX21)
showed exaggerated inaccessibility compared to Always OFF cells (Fig. 5E), raising the
prospect that T cell rest could induce a distinct program to drive the development of
memory-like T cells. Biological processes inferred from D15 differentially accessible peaks
revealed that rest is associated with telomere packaging and G1 phase, diminished Akt
signaling, apoptosis, and negative regulation of Wnt signaling (fig. S6H), consistent with
induction of a quiescent/memory T cell phenotype.
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The epigenetic modifier, enhancer of zeste homolog 2 (EZH2), which catalyzes
trimethylation on histone 3 at lysine 27 (H3K27me3) as part of the polycomb repressive
complex 2 (PRC2), prevents hematopoietic stem cell exhaustion and is critical for T cell
differentiation, maintenance of T cell memory, and antitumor immunity (36, 37). Unbiased
PCA of H3K27me3 chromatin immunoprecipitation sequencing (ChIP-seq) separated
Always ON and Always OFF or Restedpq1-15 CAR-T cells along PC2 (Fig. 5F), similar to
RNA- and ATAC-seq data (Figs. 3G and 5D), indicating altered H3K27me3 in exhaustion.
To test whether EZH2 contributes to reversal of exhaustion in this model, we rested Always
ON exhausted CAR-T cells in the presence of the selective EZH2 inhibitor tazemetostat
(EZH2i) from D11-15. As expected, EZH2; treatment reduced H3K27me3 levels in all
conditions, but preferentially altered the H3K27me3 landscape in Restedp11-15 cells (Fig. 5,
F and G, fig. S7TA). Genomic regions containing decreased H3K27me3 levels in EZH2;-
treated Restedpy1-15 cells occurred near or within exhaustion-associated genes that undergo
changes in accessibility during rest, including 7BX21, NFATCI1, AP-1 family TFs (FOS,
FOSB, JUNB), as well as other known regulators of the epigenetic state of exhausted T cells
(DMNT3A and NR4A family TFs) (Fig. 5H and fig. S7B).

In contrast to inhibitors of DNA methyltransferases and histone acetyltransferases, which
strongly attenuated anti-tumor function in all conditions, EZH2; induced only small but
detectable effects on Always OFF T cell functionality (fig. S7C) while strongly and dose-
dependently attenuating rescue of IL-2 secretion and tumor killing in Restedpy1.15 CAR-T
cells compared to vehicle-treated control. These results demonstrate a requirement for active
chromatin remodeling during rest-associated reinvigoration of exhausted CAR-T cells (Fig.
5, I through K). Notably, EZH2; did not affect CAR-T cell viability, proliferation, or other
functions (fig. S7, D through H), nor did it alter rest-associated reversal of the cell surface
phenotype (fig. S71), consistent with the observation that the epigenetic mechanisms
governing exhausted T cell phenotype and dysfunction are distinct (38). Collectively, these
data suggest that CAR-T cell rest remodels the exhaustion-associated epigenome through
EZH2, thereby promoting functional reinvigoration.

Reinvigoration of exhausted CAR-T cells using the Src kinase inhibitor dasatinib

We and others recently demonstrated that dasatinib (Das), an FDA-approved tyrosine kinase
inhibitor, suppresses CAR-T cell activation via rapid and reversible antagonism of proximal
T cell receptor (TCR) signaling kinases (14, 15). Consistent with this, dasatinib-treated
HA.28C CAR-T cells exhibited undetectable phosphorylation of CAR CD3( and ERK1/2
compared to those treated with vehicle (Fig. SBA). We hypothesized that dasatinib-mediated
inhibition of tonic CAR signaling could induce rest and reverse exhaustion. Indeed, HA.28C
CAR-T cells treated with dasatinib exhibited improved expansion, diminished inhibitory
receptor expression, functional reinvigoration (fig. S8, B through D), and improved tumor
control following adoptive transfer (Fig. 6A). Ex vivo dasatinib treatment of CAR-T cells
expressing GD2.BB(, which exhibits a lesser degree of tonic signaling (7), also promoted a
more memory-like phenotype and enhanced in vivo functionality (fig. S8, E and F),
indicating that dasatinib provides an approach to mitigate deleterious CAR signaling in pre-
clinical or clinical CAR-T cell manufacturing settings.
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We observed in these experiments that Daspy1-15 T cells did not demonstrate equivalent anti-
tumor functionality to Dasp,.15 and Dasp7.15 cells. To determine whether Dasp1-15 cells
encountered a point of irreversibility in this model system, or whether this reflected an
inadequate period of rest to restore functionality, we interrogated exhaustion reversibility
using a more protracted in vitro time course, resting in increments of 3-4 days from D4 until
D25 (Fig. 6B). Since dasatinib completely suppresses CAR-T cell signaling and function
(fig. S8A) (14, 15), whereas DD-CARSs in the OFF state exhibited some leakiness in
expression and function (Fig. 1 and fig. S1B), we opted to utilize dasatinib to induce rest in
the protracted model system. All groups of D25 dasatinib-treated HA.28C CAR-T cells
demonstrated diminished exhaustion marker expression and increased stem cell memory-
associated CD62L and CD45RA expression (Fig. 6C and fig. S8G), diminished expression
of exhaustion associated TFs T-bet and TOX, and increased expression of stemness-
associated TFs LEF1 and TCF1 (Fig. 6D and fig. S8H), corroborating D15 epigenetic
changes (Fig. 5, C and E). Dasatinib also rescued CAR-T cell cytotoxicity independent of
treatment duration (Fig. 5E); however, complete rescue of antigen-induced cytokine
secretion only occurred in groups with more prolonged dasatinib exposure (Figure 6F),
consistent with a model wherein the incomplete reinvigoration observed on D15 (Fig. 6A
and fig. S8D) reflected an insufficient period of rest rather than irreversibility of the
exhaustion program (Fig. 6, F through G). This model is further corroborated by the
correlation observed between the degree of functional reinvigoration and duration of rest,
which was independent of the time at which rest was initiated (Fig. 6G and fig. S8, | through
K). Initiation of rest at D29 or as late as D46 induced partial reversal of phenotypic and
functional exhaustion hallmarks on D53, and was associated with decreased T-bet and TOX
expression, indicating marked plasticity in the exhaustion program even at very late time
points (Fig. 6, H and I, and fig. S9).

Intermittent CAR-T cell rest mitigates exhaustion and enhances anti-tumor functionality

Adoptive transfer of rested CAR-T cells induced more durable anti-tumor responses than
exhausted CAR-T cells (Figs. 41 and 6A), suggesting that rested cells might resist
reacquisition of the exhaustion program upon reactivation. To test this hypothesis, HA.28C
exhausted CAR-T cells were “pulsed” with dasatinib for 4 days, then dasatinib was removed
for 3 days prior to analysis (fig. SI0A). CAR-T cells pulsed with dasatinib exhibited
improved CD8+ expansion, diminished exhaustion marker expression, and enhanced
functionality compared to HA.28C CAR-T cells treated with vehicle (fig. S10, B through E).
Similar results were observed by toggling HA.28C.FKBP CAR surface expression (fig. S10,
F through J), suggesting that repeated rest periods may prolong responses in vivo.

To test whether intermittent rest results in more durable anti-tumor responses, mice
engrafted with dasatinib-insensitive liquid (Nalm6 leukemia) (14) or solid (143B
osteosarcoma) (39) tumors were infused with CAR-T cells and repeatedly pulsed with
dasatinib or vehicle. Nalm6-bearing mice infused with a limiting dose of CD19.BBC CAR-T
cells and pulsed with dasatinib using a 3-day dasatinib/4-day off schedule exhibited more
durable anti-tumor responses and improved survival compared to mice treated with vehicle
or dasatinib every other day (Fig. 7, A and B, and fig. S11, A and B), further corroborating
in vitro data showing that the duration of rest correlates with the degree of exhaustion
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reversal (Fig. 4C and Fig. 6, A through G). Similar results were achieved in 143B-bearing
mice infused with GD2.BBC CAR-T cells, wherein repeated 3-day dasatinib pulses slowed
tumor growth and enhanced survival (Fig. 7, C and D, and fig. S11, C and D), and in Nalm6-
GD2-bearing mice infused with drug-regulatable GD2.28C.ecDHFR CAR-T cells, wherein
toggling CAR expression using a 1-week TMP/1-week OFF dosing schedule improved
tumor control (Fig. 7, E and F).

To confirm that rest mediated CAR-T cell exhaustion reversal in vivo, tumor bearing
GD2.BB( CAR-T treated mice were treated with dasatinib for 3 or 7 consecutive days
starting at D16 or D12 post-engraftment (Fig. 7G), time points associated with onset of
CAR-T cell exhaustion (8) and failure to control tumor growth (fig. S11E). Tumor-
infiltrating CAR-T cells (CAR-TIL) on D19 exhibited diminished inhibitory receptor
expression, increased frequencies of memory-like cells, and augmented functionality (Fig. 7,
H and I, and fig. S11, F and G), indicating that transient cessation of antigen-induced CAR
signaling in vivo reverses hallmarks of exhaustion. Collectively, these results demonstrate
that pharmacologic antagonism of TCR signaling kinases prevents or reverses CAR-T cell
exhaustion and intermittent CAR-T cell rest results in superior antitumor responses in vivo.

DISCUSSION

Chronic antigen stimulation induces T cell exhaustion, which is associated with a heritable
epigenetic imprint distinct from effector and memory T cells (16, 17, 40-42). Therapeutic
agents targeting the PD-1/PD-L1 axis can reinvigorate exhausted T cells (43), but do not
reverse the exhaustion-associated epigenetic imprint (16). Recent studies have identified
TOX, TOX2, and AP-1 family members as central regulators of T cell exhaustion that
promote widespread transcriptional and epigenetic dysregulation (38, 44-46), enabling new
approaches to mitigate exhaustion, including enforced expression of ¢c-Jun (S) or CRISPR-
mediated deletion of TOX, TOX2, or NR4A family TFs (44, 47). However, such
modifications have not reversed the exhaustion-associated epigenetic imprint, leading many
to suggest that the imprint is fixed.

In this study, we modified a validated in vitro model of T cell exhaustion, wherein tonic
CAR signaling induces hallmark phenotypic, functional, transcriptomic and epigenetic
features of exhaustion within 11 days (HA.28C) (8), to enable precise, drug-dependent
control of CAR signaling. Consistent with murine models of viral infection wherein antigen
clearance induces T cell memory rather than exhaustion (9, 21, 22, 41, 48), early cessation
of CAR signaling (Restedp7.11) redirected T cell differentiation away from exhaustion and
toward a memory-like state. When inhibition of CAR signaling was delayed until D11, after
cells had already acquired hallmark features of T cell exhaustion, we observed impressive
functional reinvigoration associated with global phenotypic, transcriptomic and epigenetic
reprogramming. Similar results were obtained using the tyrosine kinase inhibitor dasatinib to
inhibit CAR signaling, where functional reinvigoration was observed even in CAR-T cells
subjected to prolonged antigen-independent tonic signaling or antigen-induced signaling in
vivo.

Several groups have sought to identify subsets of exhausted T cells with capacity for reversal
of the exhaustion program (24, 25, 49, 50), leading to the discovery of “progenitor
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exhausted” T cells, which express the stemness transcription factor TCF1 (gene name 7¢f7)
and exhibit increased accessibility at the 7¢/7locus (17). Progenitor exhausted cells exhibit
greater reprogrammability and are apparently essential for the proliferative burst following
PD-1 blockade (23-26, 49). One model to explain our findings posits that cessation of tonic
CAR signaling induces preferential expansion of progenitor exhausted T cells. Consistent
with this, rested CAR-T cell populations exhibited increased accessibility at the 7¢f7locus,
enriched 7c¢f7binding motifs within accessible regions of the genome, and increased
frequency of TCF1+ cells compared to exhausted CAR-T cells. However, TCF1+ cells in
reinvigorated dasatinib-treated groups did not co-express PD-1 or other immune checkpoint
receptors, a canonical feature of progenitor exhausted T cells (23-26, 49). Further,
clonotypic analyses demonstrated similarly high levels of TCR diversity in exhausted and
rested cell populations, indicating that transcriptional and epigenetic alterations induced by
rest in this model system did not involve preferential expansion of a small subset of clones.

An alternative model that is most consistent with the data presented here posits that
exhausted cell populations that have acquired the hallmark epigenetic imprint retain the
capacity for epigenetic remodeling to resemble healthy, non-tonically signaling CAR-T
cells. Results demonstrating that tazemetostat, an EZH2 inhibitor, prevents complete
functional reinvigoration induced by rest in this model system are consistent with epigenetic
remodeling rather than enrichment of progenitor exhausted cells. Future studies are
warranted to better define the specific cell populations that undergo epigenetic remodeling
following T cell rest and identify the precise role of EZH2 in remodeling of the exhaustion-
associated epigenome.

Irrespective of mechanism, these results demonstrate that cessation of CAR signaling
augments function in cells transitioning to exhaustion and in those already endowed with
hallmark features of exhaustion, and is distinct from that which is induced by PD-1/PD-L1
blockade. Further, dasatinib promoted T cell memory during ex vivo expansion, suggesting
that incorporation of dasatinib during manufacturing of clinical CAR-T cell products could
enhance efficacy following adoptive transfer, which is consistent with studies showing that
ex vivo kinase inhibitor treatment improves T cell functionality (51-54).

Our work also demonstrates that intermittent CAR signaling in vivo can prevent or reverse
exhaustion and thereby enhance anti-tumor responses in liquid and solid tumor models
independent of the CAR costimulatory domain (CD28 versus 4-1BB) or the propensity for
tonic CAR signaling (CD19 binder versus GD2 binder). The findings raise the prospect that
regulatable CAR platforms developed to mitigate CAR-mediated toxicity (18, 55-59),
including the DD-CAR system described here, may also enhance CAR-T cell efficacy as a
result of temporal control of CAR-T cell signaling. Consistent with this, a recent study
testing a regulatable CD19-targeting CAR demonstrated that CAR-T cells provided a longer
rest phase exhibited superior antigen-induced expansion compared to those that received rest
for a shorter period (60). Additional studies are needed to determine whether this approach
can be universally applied to all CARs and whether remodeling of the exhaustion-associated
epigenome is the mechanism by which rest augments functionality in non-tonic signaling
CAR-expressing T cells in vivo. Of note, the observation that intermittent rest augments
functionality is arguably paradoxical, since CAR-T cell inactivation would be expected to
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provide periods of unopposed tumor growth and thereby reduce efficacy. Ultimately,
maneuvers designed to induce “rest” in the context of cancer immunotherapy are likely to be
more effective if approaches are developed that enable phased periods of rest to a portion of
the T cell population rather than resting the entire population en masse, and thereby
maintaining consistent anti-tumor immune pressure.

The findings presented here also raise the prospect that therapies designed to transiently
inhibit TCR signaling might enhance functionality of exhausted, non-engineered T cell
populations. This hypothesis has been tested to a limited extent in murine models of chronic
virus or cancer, whereby removal of antigen failed to reinvigorate exhausted T cells (9, 17,
50, 61). Discrepancies between our observations and those in murine models could be
explained by intrinsic differences in murine and human exhausted T cells’ potential for
functional reinvigoration. Indeed, improved antigen-specific T cell function has been
associated with antigen clearance in humans with hepatitis C infection treated with direct
acting anti-viral therapies (62-66). Similarly, an immunomodulatory effect of dasatinib on T
cells has been associated with improved anti-tumor immunity (67, 68), and BRAF/MEK
inhibition in patients with melanoma leads to upregulation of 7CF7and expansion of
melanoma-specific TIL (69). Collectively, these observations suggest that transient cessation
of TCR signaling could provide a widely applicable but underappreciated approach to
enhance functionality in populations of exhausted human T cells; however, additional
studies are needed to more fully define the effects of rest on non-engineered, exhausted T
cells.

In summary, we demonstrate that transient cessation of CAR signaling can restore
functionality and induce epigenetic reprogramming in exhausted human CAR-T cell
populations. These results suggest that CAR-T cell therapeutics designed to incorporate
periods of rest may exhibit superior efficacy compared to constitutive platforms, and raise
the prospect that targeting of proximal TCR/CAR signaling kinases may represent an
immunotherapeutic strategy for mitigating T cell exhaustion.
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ACKNOWLEDGEMENTS

We would like to thank David Barrett (Children’s Hospital of Philadelphia) for providing the Nalm6-GL cell line,
the National Cancer Institute-Frederick for providing the 1A7 anti-14g2a idiotype antibody, and Laurence Cooper
(Ziopharm) for providing the anti-FMC63 idiotype antibody.

Funding

This work was supported by the National Institutes of Health Cancer Moonshot U54 CA232568-01 (C.L.M. and
E.W.W.), RM1-007735 (H.Y.C.) and KOBCA230188 (A.T.S.), a Stand Up 2 Cancer-St. Baldrick’s—National Cancer
Institute Pediatric Cancer Dream Team Translational Research Grant (SU2CAACR-DT1113, C.L.M. and S.H.), the
Parker Institute for Cancer Immunotherapy (Z.G., A.T.S., H.Y.C., and C.L.M.), and the Virginia and D.K. Ludwig
Fund for Cancer Research (C.L.M.). Stand Up 2 Cancer is a program of the Entertainment Industry Foundation
administered by the American Association for Cancer Research. C.L.M., H.Y.C., A.T.S., and Z.G. are members of
the Parker Institute for Cancer Immunotherapy, which supports the Stanford University Cancer Immunotherapy
Program. E.W.W. was supported by a Cellular and Molecular Immunobiology Training Grant (5 T32 A107290, NIH
NIAID, E.W.W.). Z.G. was supported by fellowships from the Parker Institute for Cancer Immunotherapy and the

Science. Author manuscript; available in PMC 2021 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weber et al.

Page 12

Stanford Cancer Institute. J.A.B. and L.L. were supported by a Stanford Graduate Fellowship and a National
Science Foundation Graduate Research Fellowship under Grant No. DGE-1656518. A.T.S. was supported by a
Bridge Scholar Award from the Parker Institute for Cancer Immunotherapy, a Career Award for Medical Scientists
from the Burroughs Welcome Fund, and the Human Vaccines Project Michelson Prize for Human Immunology and
Vaccine Research. R.G.M is the Taube Distinguished Scholar for Pediatric Immunotherapy at Stanford University
School of Medicine. H.Y.C. is an Investigator of the Howard Hughes Medical Institute.

REFERENCES AND NOTES

1.

Weber EW, Maus MV, Mackall CL, The Emerging Landscape of Immune Cell Therapies. Cell 181,
46-62 (2020). [PubMed: 32243795]

. Lee DW et al., T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic

leukaemia in children and young adults: a phase 1 dose-escalation trial. Lancet 385, 517-528
(2015). [PubMed: 25319501]

. Majzner RG, Mackall CL, Clinical lessons learned from the first leg of the CAR T cell journey. Nat

Med 25, 1341-1355 (2019). [PubMed: 31501612]

. Eyquem J et al., Targeting a CAR to the TRAC locus with CRISPR/Cas9 enhances tumour rejection.

Nature 543, 113 (2017). [PubMed: 28225754]

. Fraietta JA et al., Determinants of response and resistance to CD19 chimeric antigen receptor (CAR)

T cell therapy of chronic lymphocytic leukemia. Nat Med, 1-9 (2018). [PubMed: 29315299]

. Fraietta JA et al., Disruption of TET2 promotes the therapeutic efficacy of CD19-targeted T cells.

Nature 558, 307-312 (2018). [PubMed: 29849141]

. Long AH et al., 4-1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of

chimeric antigen receptors. Nat Med 21, 581-590 (2015). [PubMed: 25939063]

. Lynn RC et al., c-Jun overexpression in CAR T cells induces exhaustion resistance. Nature 576,

293-300 (2019). [PubMed: 31802004]

. Wherry JE, Barber DL, Kaech SM, Blattman JN, Ahmed R, Antigen-independent memory CD8 T

cells do not develop during chronic viral infection. P Natl Acad Sci Usa 101, 16004—-16009 (2004).

10. Banaszynski LA, Sellmyer MA, Contag CH, Wandless TJ, Thorne SH, Chemical control of protein

11.

12.

13.

stability and function in living mice. Nat Med 14, 1123-1127 (2008). [PubMed: 18836461]
Banaszynski LA, Chen LC, Maynard-Smith LA, Ooi AG, Wandless TJ, A rapid, reversible, and
tunable method to regulate protein function in living cells using synthetic small molecules. Cell
126, 995-1004 (2006). [PubMed: 16959577]

Lee KC et al., Lck is a key target of imatinib and dasatinib in T-cell activation. Leukemia 24, 896—
900 (2010). [PubMed: 20147973]

Schade AE et al., Dasatinib, a small-molecule protein tyrosine kinase inhibitor, inhibits T-cell
activation and proliferation. Blood 111, 1366-1377 (2007). [PubMed: 17962511]

14. Weber EW et al., Pharmacologic control of CAR-T cell function using dasatinib. Blood Adv 3,

15.

16.

17.

18.

19.

20.

711-717 (2019). [PubMed: 30814055]

Mestermann K et al., The tyrosine kinase inhibitor dasatinib acts as a pharmacologic on/off switch
for CAR T cells. Sci Transl Med 11, (2019).

Pauken KE et al., Epigenetic stability of exhausted T cells limits durability of reinvigoration by
PD-1 blockade. Science 354, 1160-1165 (2016). [PubMed: 27789795]

Philip M et al., Chromatin states define tumour-specific T cell dysfunction and reprogramming.
Nature 545, 452-456 (2017). [PubMed: 28514453]

Richman SA et al., Ligand-Induced Degradation of a CAR Permits Reversible Remote Control of
CAR T Cell Activity In Vitro and In Vivo. Mol Ther 28, 1932 (2020). [PubMed: 32697941]
Iwamoto M, Bjorklund T, Lundberg C, Kirik D, Wandless TJ, A general chemical method to
regulate protein stability in the mammalian central nervous system. Chem Biol 17, 981-988
(2010). [PubMed: 20851347]

Samusik N, Good Z, Spitzer MH, Davis KL, Nolan GP, Automated mapping of phenotype space
with single-cell data. Nat Methods 13, 493-496 (2016). [PubMed: 27183440]

Science. Author manuscript; available in PMC 2021 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weber et al.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 13

Rutishauser RL et al., Transcriptional Repressor Blimp-1 Promotes CD8+ T Cell Terminal
Differentiation and Represses the Acquisition of Central Memory T Cell Properties. Immunity 31,
296-308 (2009). [PubMed: 19664941]

Joshi NS et al., Inflammation Directs Memory Precursor and Short-Lived Effector CD8+ T Cell
Fates via the Graded Expression of T-bet Transcription Factor. Immunity 27, 281-295 (2007).
[PubMed: 17723218]

Jadhav RR et al., Epigenetic signature of PD-1+ TCF1+ CD8 T cells that act as resource cells
during chronic viral infection and respond to PD-1 blockade. Proc Natl Acad Sci U S A 116,
14113-14118 (2019). [PubMed: 31227606]

Im SJ et al., Defining CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature
537, 417-421 (2016). [PubMed: 27501248]

Utzschneider DT et al., T Cell Factor 1-Expressing Memory-like CD8(+) T Cells Sustain the
Immune Response to Chronic Viral Infections. Immunity 45, 415-427 (2016). [PubMed:
27533016]

Chen Z et al., TCF-1-Centered Transcriptional Network Drives an Effector versus Exhausted CD8
T Cell-Fate Decision. Immunity 51, 840-855 845 (2019). [PubMed: 31606264]

Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ, Transposition of native chromatin
for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and
nucleosome position. Nat Methods 10, 1213-1218 (2013). [PubMed: 24097267]

Man K et al., Transcription Factor IRF4 Promotes CD8+ T Cell Exhaustion and Limits the
Development of Memory-like T Cells during Chronic Infection. Immunity 47, 1129-1141.e1125
(2017). [PubMed: 29246443]

Scott-Browne JP et al., Dynamic Changes in Chromatin Accessibility Occur in CD8+ T Cells
Responding to Viral Infection. Immunity 45, 1327-1340 (2016). [PubMed: 27939672]

Martinez GJ et al., The transcription factor NFAT promotes exhaustion of activated CD8(+) T cells.
Immunity 42, 265-278 (2015). [PubMed: 25680272]

Kurachi M et al., The transcription factor BATF operates as an essential differentiation checkpoint
in early effector CD8+ T cells. Nat Immunol 15, 373-383 (2014). [PubMed: 24584090]

Wang D et al., The Transcription Factor Runx3 Establishes Chromatin Accessibility of cis-
Regulatory Landscapes that Drive Memory Cytotoxic T Lymphocyte Formation. Immunity 48,
659-674.e656 (2018). [PubMed: 29669249]

Rao RR, Li Q, Gubbels Bupp MR, Shrikant PA, Transcription factor Foxol represses T-bet-
mediated effector functions and promotes memory CD8(+) T cell differentiation. Immunity 36,
374-387 (2012). [PubMed: 22425248]

Xing S et al., Tcfl and Lefl transcription factors establish CD8+ T cell identity through intrinsic
HDAC activity. Nat Immunol 17, 695-703 (2016). [PubMed: 27111144]

Milner JJ et al., Runx3 programs CD8+ T cell residency in non-lymphoid tissues and tumours.
Nature 552, 253 (2017). [PubMed: 29211713]

He S et al., Ezh2 phosphorylation state determines its capacity to maintain CD8 + T memory
precursors for antitumor immunity. Nat Commun 8, 2125 (2017). [PubMed: 29242551]
Kamminga LM et al., The Polycomb group gene Ezh2 prevents hematopoietic stem cell
exhaustion. Blood 107, 2170-2179 (2006). [PubMed: 16293602]

Scott AC et al., TOX is a critical regulator of tumour-specific T cell differentiation. Nature 571,
270-274 (2019). [PubMed: 31207604]

Hingorani P, Zhang W, Gorlick R, Kolb EA, Inhibition of Src phosphorylation alters metastatic
potential of osteosarcoma in vitro but not in vivo. Clin Cancer Res 15, 3416-3422 (2009).
[PubMed: 19447875]

Zajac AJ et al., Viral immune evasion due to persistence of activated T cells without effector
function. J Exp Med 188, 2205-2213 (1998). [PubMed: 9858507]

Wherry EJ et al., Molecular signature of CD8+ T cell exhaustion during chronic viral infection.
Immunity 27, 670-684 (2007). [PubMed: 17950003]

Sen DR et al., The epigenetic landscape of T cell exhaustion. Science 354, 1165-1169 (2016).
[PubMed: 27789799]

Science. Author manuscript; available in PMC 2021 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weber et al.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 14

Barber DL et al., Restoring function in exhausted CD8 T cells during chronic viral infection.
Nature 439, 682-687 (2006). [PubMed: 16382236]

Seo H et al.,, TOX and TOX2 transcription factors cooperate with NR4A transcription factors to
impose CD8(+) T cell exhaustion. Proc Natl Acad Sci U S A 116, 12410-12415 (2019). [PubMed:
31152140]

Alfei F et al., TOX reinforces the phenotype and longevity of exhausted T cells in chronic viral
infection. Nature 571, 265-269 (2019). [PubMed: 31207605]

Khan O et al., TOX transcriptionally and epigenetically programs CD8(+) T cell exhaustion.
Nature 571, 211-218 (2019). [PubMed: 31207603]

Chen J et al., NR4A transcription factors limit CAR T cell function in solid tumours. Nature 567,
530-534 (2019). [PubMed: 30814732]

Schietinger A et al., Tumor-Specific T Cell Dysfunction Is a Dynamic Antigen-Driven
Differentiation Program Initiated Early during Tumorigenesis. Immunity 45, 389-401 (2016).
[PubMed: 27521269]

Miller BC et al., Subsets of exhausted CD8(+) T cells differentially mediate tumor control and
respond to checkpoint blockade. Nat Immunol 20, 326-336 (2019). [PubMed: 30778252]
Utzschneider DT et al., T cells maintain an exhausted phenotype after antigen withdrawal and
population reexpansion. Nat Immunol 14, 603-610 (2013). [PubMed: 23644506]

Good Z et al., Proliferation tracing with single-cell mass cytometry optimizes generation of stem
cell memory-like T cells. Nat Biotechnol 37, 259-266 (2019). [PubMed: 30742126]

Klebanoff CA et al., Inhibition of AKT signaling uncouples T cell differentiation from expansion
for receptor-engineered adoptive immunotherapy. Jci Insight 2, €95103 (2017).

Gurusamy D et al., Multi-phenotype CRISPR-Cas9 Screen Identifies p38 Kinase as a Target for
Adoptive Immunotherapies. Cancer Cell 37, 818-833 €819 (2020). [PubMed: 32516591]

Zheng W et al., PI3K orchestration of the in vivo persistence of chimeric antigen receptor-modified
T cells. Leukemia 32, 1157-1167 (2018). [PubMed: 29479065]

Cho JH, Collins JJ, Wong WW, Universal Chimeric Antigen Receptors for Multiplexed and
Logical Control of T Cell Responses. Cell 173, 1426-1438 e1411 (2018). [PubMed: 29706540]
Rodgers DT et al., Switch-mediated activation and retargeting of CAR-T cells for B-cell
malignancies. Proc Natl Acad Sci U S A 113, E459-468 (2016). [PubMed: 26759369]

Wu CY, Roybal KT, Puchner EM, Onuffer J, Lim WA, Remote control of therapeutic T cells
through a small molecule-gated chimeric receptor. Science 350, aab4077 (2015). [PubMed:
26405231]

Zajc CU et al., A conformation-specific ON-switch for controlling CAR T cells with an orally
available drug. Proc Natl Acad Sci U S A 117, 14926-14935 (2020). [PubMed: 32554495]

Jan M et al., Reversible ON- and OFF-switch chimeric antigen receptors controlled by
lenalidomide. Sci Transl Med 13, (2021).

Viaud S et al., Switchable control over in vivo CAR T expansion, B cell depletion, and induction of
memory. Proc Natl Acad Sci U S A 115, E10898-E10906 (2018). [PubMed: 30373813]

Shin H, Blackburn SD, Blattman JN, Wherry EJ, Viral antigen and extensive division maintain
virus-specific CD8 T cells during chronic infection. J Exp Med 204, 941-949 (2007). [PubMed:
17420267]

Kohli A et al., Virological response after 6 week triple-drug regimens for hepatitis C: a proof-of-
concept phase 2A cohort study. Lancet 385, 1107-1113 (2015). [PubMed: 25591505]

Martin B et al., Restoration of HCV-specific CD8+ T cell function by interferon-free therapy. J
Hepatol 61, 538-543 (2014). [PubMed: 24905492]

Shrivastava S et al., Augmentation of hepatitis C virus-specific immunity and sustained virologic
response. J Viral Hepatitis 24, 742-749 (2017).

Burchill MA, Golden-Mason L, Wind-Rotolo M, Rosen HR, Memory re-differentiation and
reduced lymphocyte activation in chronic HCV-infected patients receiving direct-acting antivirals.
J Viral Hepat 22, 983-991 (2015). [PubMed: 26482547]

Wieland D et al., TCF1(+) hepatitis C virus-specific CD8(+) T cells are maintained after cessation
of chronic antigen stimulation. Nat Commun 8, 15050 (2017). [PubMed: 28466857]

Science. Author manuscript; available in PMC 2021 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weber et al.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 15

Hekim C et al., Dasatinib Changes Immune Cell Profiles Concomitant with Reduced Tumor
Growth in Several Murine Solid Tumor Models. Cancer Immunol Res 5, 157-169 (2017).
[PubMed: 28073775]

Yang Y et al., Antitumor T-cell responses contribute to the effects of dasatinib on ¢-KIT mutant
murine mastocytoma and are potentiated by anti-OX40. Blood 120, 4533-4543 (2012). [PubMed:
22936666]

Peiffer L et al., BRAF and MEK inhibition in melanoma patients enables reprogramming of tumor
infiltrating lymphocytes. Cancer Immunol Immunother, (2020).

Corces MR et al., An improved ATAC-seq protocol reduces background and enables interrogation
of frozen tissues. Nat Methods 14, 959-962 (2017). [PubMed: 28846090]

Daniel B, Balint BL, Nagy ZS, Nagy L, Mapping the genomic binding sites of the activated
retinoid X receptor in murine bone marrow-derived macrophages using chromatin
immunoprecipitation sequencing. Methods Mol Biol 1204, 15-24 (2014). [PubMed: 25182757]
Bray NL, Pimentel H, Melsted P, Pachter L, Near-optimal probabilistic RNA-seq quantification.
Nat Biotechnol 34, 525-527 (2016). [PubMed: 27043002]

Love MI, Huber W, Anders S, Moderated estimation of fold change and dispersion for RNA-seq
data with DESeq2. Genome Biol 15, 550 (2014). [PubMed: 25516281]

Subramanian A et al., Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A 102, 15545-15550 (2005). [PubMed:
16199517]

Mootha VK et al., PGC-1alpha-responsive genes involved in oxidative phosphorylation are
coordinately downregulated in human diabetes. Nat Genet 34, 267-273 (2003). [PubMed:
12808457]

Bolotin DA et al., Antigen receptor repertoire profiling from RNA-seq data. Nat Biotechnol 35,
908-911 (2017). [PubMed: 29020005]

Nazarov VI et al., tcR: an R package for T cell receptor repertoire advanced data analysis. BMC
Bioinformatics 16, 175 (2015). [PubMed: 26017500]

McLean CY et al., GREAT improves functional interpretation of cis-regulatory regions. Nat
Biotechnol 28, 495-501 (2010). [PubMed: 20436461]

Schep AN, Wu B, Buenrostro JD, Greenleaf WJ, chromVAR: inferring transcription-factor-
associated accessibility from single-cell epigenomic data. Nat Methods 14, 975-978 (2017).
[PubMed: 28825706]

Chen S, Zhou Y, Chen Y, Gu J, fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics
34, i884-i890 (2018). [PubMed: 30423086]

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL, Graph-based genome alignment and
genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol 37, 907-915 (2019). [PubMed:
31375807]

Corces MR et al., The chromatin accessibility landscape of primary human cancers. Science 362,
(2018).

Science. Author manuscript; available in PMC 2021 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Weber et al.

Page 16

B
m m T Surface CAR
Mock y _ 100 x°
0nM 7\ L o
10nM A
Stabilizing <| o 7N % o
\!\ Drug B 1000M | e <
X ? o % 250 M | o, g 40
: 4 500 MM | it =
('@ | @ = | D 1000 nM | et /,‘\\ M
5 2000 M > o
< 0 10 100 1000
Surface CAR Surface CAR —’surface CAR Shield-1 (nM)
c +Shield-1 - Shield-1 + Shield-1 - Shield-1
I [ 100 . 100
i . I T
2| o | = 80 = 80
e . S 3 :
o 4| < | A S 60 S 6o
A A
< g //:{{ /A\ | A g 40 g s Tir2min = 0.71 hours
gl o /A /A\ I oL ﬁ\ § T2 max = 6.04 hours ,g
F | % | - l AN S S
48 |
M 0 10 20 30 40 50 0 10 20 30 40 50
Surface CAR Time (hours) Time (hours)
D : : E F  Engaftixios
- Cytokine secretion o h iadng
o o
5 100 §
4 = -
2 80 3 K 0nM
o SN = 100nM
~_§ 60 g — 500nM ¥ 7o
€ 40 g5 1000nM Infuse 2x106 Mock o
2 (GRS CAR+ T cells expanded in
] 20 ] the presence (ON) or
£ £ absence (OFF) of TMP
s 0 =4 .
* 0 10 100 1000 0 10 20 30 40 50 |
) ) Inject vehicle Inject TMP
Shield-1 (nM) Time (hours) (OFF/OFF)  (ON/ONor )
G In vitro / In vivo H —EREE
- Mock T cells OFF/OFF ON/ON 3 100 NS ke
) 3
o g s 1
8 T 8o o 50
g 101 H = 40
3 - ]
g 100 3 0 p<0.0001 3 0
E 108 £ 40 = 20
2 3 ¢ 10 %
s 107 g 2 < °
E . & o oF
= 10 20 30 40 50 60 0 10 20 30 40 50 60 70 \é( \)\0‘\ Q\o‘\
Days post-tumor engraftment Day post-tumor engraftment QQ 0“

Figure 1: A GD2-targeting CAR modified with a destabilizing domain (DD) exhibits drug-
dependent control of expression, function, and tonic CAR signaling.
A) Schematic depicting drug-dependent control of DD CAR fusion protein. B) Flow

cytometric analysis of GD2.28C.FKBP CAR surface expression at increasing concentrations
of shield-1. C) Flow cytometric analysis of ON/OFF kinetics of GD2.28C.FKBP CAR
surface expression at indicated time points after addition or removal shield-1. D) IL-2 and
IFN-y secretion of GD2.28C.FKBP CAR-T cells pretreated with indicated concentrations of
shield-1 16 hours prior to co-culture with Nalm6-GD2 leukemia. E) Cytotoxicity of
GD2.28C.FKBP CAR-T cells treated as in (D) against Nalm6-GD2-GFP leukemia (1:2 E:T,
normalized to t=0). Error bars represent mean + SD of triplicate wells. Representative donor
from 3 donors. F-H) 2x108 GD2.28C.ecDHFR CAR-T cells expanded in the presence or
absence of trimethoprim (TMP) for 15 days in vitro (F) were infused IV in NSG mice 7 days
post-engraftment of 1x108 Nalm6-GD2 leukemia cells. Mice were dosed 6 days per week
with vehicle (water, OFF/OFF) or 200mg/kg TMP (ON/ON and OFF/ON). (G)
Quantification of tumor growth by bioluminescent imaging (right) and survival (left)
(p<0.0001 log-rank Mantel-Cox test). Representative experiment from 3 independent
experiments (n=5 mice/group). (H) Detection of CAR-T cells in peripheral blood sampled
on day 28 post-engraftment by flow cytometry after anti-human CDA45 staining (n=10 mice/
group from 2 independent experiments). B-C show histograms from one representative
donor (n=3 donors). Curves in B-D show mean = SEM from 3 donors. Statistics: G log-rank
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Mantel-Cox test, H Kruskal-Wallis and Dunn’s multiple comparisons test. **, p<0.01;
****n<0.0001; ns, p>0.05
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Figure 2: Cessation of tonic CAR signaling redirects CAR-T cell fate.
A) Experimental design: HA.28C.FKBP CAR-T cells were cultured in the presence of

shield-1 from D1-11 (Always ON) or treatment was discontinued on D7 (Restedp7.11) B)
Co-expression of inhibitory receptors by flow cytometry on D11. Error bars represent mean
+ SEM of 3 donors. C) IL-2 secretion in response to Nalm6-GD2 leukemia on D11. Error
bars represent mean + SD of triplicate wells from one representative donor (n=5 donors). D-
H) Force-directed layout (FDL) constructed from 20,000 CAR+/CD8+ events analyzed by
mass cytometry. Cells repel based on expression of 20 surface and 2 intracellular markers
(Figure S2B) and grey edges connect cells from adjacent days (representative donor from
n=3 donors). (D) Local polynomial regression fitting exhaustion (left panel) and memory
(right panel) scores in 2,000 sampled cells from Always ON and Restedpz.11 conditions
over time. Shaded regions indicate 95% confidence intervals. Refer to Methods for details.
(E) FDL colored by timepoint. D11 cells are concentrated in phenotypically distinct regions
1-4 (Figure S2C). (F) FDL colored by treatment. Percent of Always ON and Restedp7.11
cells is shown for each D11 region. (G) FDL colored by expression of indicated proteins.
(H) Violin plots of D11 cell exhaustion and memory scores contained within regions 1-4
show quartiles with a band at the mean. Statistics: B two-way ANOVA with Dunnett’s
multiple comparisons test, C unpaired two-tailed student’s t test, H or Kruskal-Wallis with
Dunn’s multiple comparisons test. **, p<0.01; **** p<0.0001; ns, p>0.05

Science. Author manuscript; available in PMC 2021 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Weber et al. Page 19

A Activation Lentiviral Transduction B C
(2] PD-1 TIM-3 LAG-3
DO D1 ON D15 300 I 1 1
Always ON st U 1
DO D1 oN D15 "g 200 Always ON % k | A A Aways ON
Hmtmmtttt], i * Ny N L Always OFF
DO D1 D15 E 100 Always OFF # f' ‘ [\l\ [\ Restedp.15
Al OFF |-'-¢-1—.—.—.—.O-fn:-Fn—n-n-n-o-n—| L Rested,, I d [
ways Rcs:cdm 15 M i A | n Restedp1.1s
D0 D1 7 D15 ‘ : :
Rested ON OFF 0
R s maa e | 0 5 10 15
Do D1 Time (days|
Rested ON D1 opeD1S (days) E Tstem Cell Memory-like Testector Memory-like
D11-15 "
—_— *k
D - P
Always ON Always OFF Restedyy..s Restedpi.is = 5 ek = g «
ol 16.9 _16.0 218 205 ‘ 112 121 477 8.72 6.59 104 &:' ;'
2 =\ % | EM 5 60 B 5 201,
0] S S 15
g } | o ‘ 1 scm ° < ol .
= : e} o
o 456 215 35.2 224 18.8 579 ‘ 412 453 46.1 369 » % %
g 2l mmA
CCR7 ) 8
Upregulated genes
F during exhaustion H
£ 35
9
@ 2
i 4 Always ON . € w w0
sF 30 Always ON + aPD-1 * 3 [T
oS- * | % o (o) ~ 1
oo & Always OFF * | % - o o
58 *E g ¢ v T
52 25 == Restedpy.15 B > @ o
H ® T =
s @ Restedpyy.45 E = &0 o0
H S = 0 0
20 z < @ o
Day7 Day11 Day15 —— ——
Downregulated genes =
during exhaustion =5 =
£
o
@ =
2
S 35 4 Aways ON ] PDCD1
SE Always ON + aPD-1 :lns % : LAG3
% g, 3.0 <& Always OFF iz = = ENTPD1
52 4 Restedpy.q5 ZEB2
g 25 @ Restedpyy.15 = BATF
= | BATF3
Day7 Day1l Day15 =| IRF8
G = NR4A1
Day 15 = NR4A3
o =
8 i =
c = =
© @ Always ON -
g Always ON + aPD-1 = -
® @ Always OFF
©
N ® Restedp; 5 - CD44
& ® || | ® Resteg LR
8 D11-15 BACH2
LEF1
KLF2
2 KLF3
PC1: 54% variance -

Figure 3: Transient rest rever ses phenotypic and transcriptomic hallmarks of exhaustion.
A) Experimental design: Activated human T cells were transduced with HA.28C.FKBP CAR

lentivirus on D1. CAR-T cells were cultured in the presence (red) or absence (blue) of
stabilizing drug for the indicated periods of time. Cells were collected on D7, D11, and D15
for FACS and bulk RNA sequencing. B) Cell growth curves (n=6-9 donors). C-E) Flow
cytometric analysis of the expression of (C) inhibitory receptors and (D) effector or (E) stem
cell memory markers on CD8+ CAR+ T cells. Histograms and contour plots of
representative donor are shown. Bar graphs show mean + SEM of 3 independent donors.
Inset in C illustrates effector-memory-like (EM, top-left) and stem cell memory-like (SCM,
bottom-right) phenotype quadrants. F-H) Bulk RNA sequencing analyses of mixed CD4+/
CD8+ HA.28C.FKBP CAR-T cells. (F) Kinetics of the mean expression of genes
upregulated (top) or downregulated (bottom) during exhaustion at each timepoint for every
experimental group (Fig. S4G). Error bars represent the mean + SEM of 2-3 independent
donors. Two-way ANOVA demonstrates significant differences in mean exhaustion
signature gene expression between Always ON and rested conditions on D15. (G) Unbiased
principal component analysis of D15 cells. (H) Heatmap and hierarchical clustering of the
top 500 genes driving principal component 1 (PC1), which identified clusters of exhaustion-
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and memory-associated genes that change in rested cells. Statistics: B paired two-tailed
student’s t test, E and F one- or two-way ANOVA with Dunnett’s multiple comparisons test.
*, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001; ns, p>0.05
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Figure4: Transient rest reinvigor ates exhausted CAR-T cells and improves anti-tumor function.
A) Flow cytometric analysis of HA.28C.FKBP CAR expression before and after treatment

with shield-1. B) Cytotoxic activity of D15 HA.28C.FKBP CAR-T cells from each treatment
group against 143B-GL osteosarcoma (1:8 E:T, normalized to t=0). C) IL-2 (left) and IFNy
(right) secretion of D15 HA.28C.FKBP CAR-T cells co-cultured with 143B-GL
osteosarcoma cells. Data were normalized to Always OFF values. D-E) Flow cytometry
analyses after intracellular cytokine staining of CD8+ CAR+ T cells activated with 143B-
GL. (D) shows SPICE analysis from 1 representative donor and (E) shows polyfunctionality.
F-G) IL-2 and IFN+y secretion in response to crosslinking with increasing concentrations of
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immobilized 1A7 anti-CAR idiotype antibody for 24 hours. (F) shows non-linear dose-
response curves and (G) shows IL-2 secretion in response to low density (1.25 pg/mL)
idiotype where secretion levels were normalized to Always OFF. H-1) 1-2x10°
HA.28C.ecDHFR CAR-T cells expanded for 15 days in vitro (as depicted in Fig. 4A) (H)
were infused IV 7 days post-engraftment of 1x10% Nalm6-GD2 leukemia cells. Mice were
dosed 200 mg/kg TMP 6 days/week. (1) Bioluminescent imaging of tumor growth 30 days
post-engraftment. Error bars represent mean £ SEM of 3-5 mice from 1 representative
experiment (n=3 independent experiments). In B and F error bars represent mean + SD of 3
triplicate wells from one representative donor (n=3 donors). Error bars represent mean *
SEM of 4-6 individual donors in C and of 3 donors in E and G. Statistics: B, C, E, G one or
two-way ANOVA with Dunnett’s multiple comparisons test, | Mann-Whitney test. *,
p<0.05; **, p<0.01; **** p<0.0001; ns, p>0.05
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A) Experimental design and sample processing for ATAC-seq analyses. B) Peak accessibility
changes between timepoints calculated based on p adjusted<0.05. Merged data from 2-3
donors is shown. C) Accessibility profiles in the ENTPDI, BATF, and TCF7loci on D15.
Representative donor (n=2-3 donors). D) Unbiased PCA of chromatin accessibility assessed
across all timepoints. Green and magenta arrows indicate global epigenetic remodeling upon
rest. Dashed boxes indicate D15 samples. Each dot represents merged data from 2-3 donors.
E) Hierarchical clustering of differentially accessible TF motifs in D15 samples. The
heatmap was generated using merged data from 2-3 donors. F-H) H3K27me3 chromatin
immunoprecipitation sequencing on D15 CD8+ CAR-T cells (n=3 donors) from Always
ON, Always OFF, and Restedpi1.15 CAR-T cells treated with 0.1-1 puM (F) or 1 uM (G-K)
tazemetostat (EZH2i) or vehicle from D11-15. F) PCA across all treatment groups. G) Venn
diagrams showing differentially decreased H3K27me3 peaks in EZH2i-treated samples
compared to vehicle. Numbers indicate unique peaks. H) Volcano plot of differentially
decreased H3K27me3 peaks (filtered for p(adjusted)<0.05) in EZH2;-treated Restedp11-15
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cells compared to controls. I) IL-2 secretion in CAR-T cells treated with increasing
concentrations of tazemetostat in response to Nalm6-GD2 (mean + SD of triplicate wells
from 1 representative donor of n=4 donors). J) IL-2 secretion in response to Nalm6-GD2 or
143B-GL normalized to vehicle controls (mean £ SEM of n=7 individual donors). K)
Cytotoxic activity against 143B-GL tumor (1:4 E:T, normalized to t=0). Mean of triplicate
wells from 1 representative donor is shown (n=3 donors). Statistics: two-way ANOVA with
Bonferroni’s (J) or Dunnett’s (K) multiple comparisons test. **, p<0.01; **** p<0.0001;
ns, p>0.05
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Figure 6: Reinvigoration of exhausted CAR-T cellsusing the Src kinase inhibitor dasatinib.
A) Mice engrafted with Nalm6-GD2 were treated with D15 HA.28C CAR-T cells expanded

in vitro in vehicle or dasatinib (4-11 days). Bioluminescent imaging of tumor growth (left)
and survival curves (right) (p<0.0001 log-rank Mantel-Cox test) from a representative
experiment (3 individual experiments, n=5 mice/group). B) HA.28C CAR-T cells were
cultured with vehicle (red) or dasatinib (blue) for 3-21 days and collected on indicated days
for further analysis. C-D) D25 flow cytometric analysis of (C) exhaustion and memory
markers and (D) exhaustion- and stemness-associated transcription factors. Representative
donor of 3 donors. E) Cytotoxicity of D25 CAR-T cells co-cultured with Nalm6-GD2
leukemia (1:4 E:T, normalized to t=0). F) D25 IL-2 and IFNy secretion in response to
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Nalm6-GD2 leukemia. G) D15, D18, D22, and D25 IL-2 and IFNvy secretion levels in
response to Nalm6-GD2 leukemia normalized to Dasatinibpa.o5 for each individual
timepoint and plotted based on the number of days of dasatinib treatment. Graphs display
data from 4-5 donors (IL-2, n=63 data points. IFN-y, n=85 data points) and a simple linear
regression with 95% confidence intervals. D15 IL-2 and IFN-y data from one donor was not
assessed. D18 IL-2 from one donor was excluded due to technical artifacts. H-1) HA.28(C
CAR-T cells were cultured with vehicle or dasatinib for 7 or 24 days starting on D46 or
D29, respectively. (H) Cytotoxic activity of D53 CAR-T cells co-cultured with 143B-GL
(1:2 E:T, normalized to t=0). (I) D53 IL-2 and IFNy secretion in response to Nalm6-GD2
leukemia (mean + SEM of 3 donors). In B-1 Dasatinib was removed 16 hours prior to tumor
challenge. In E, F and H error bars represent mean + SD of triplicate wells from 1
representative donor (n=3 donors). Statistics: E (last timepoint) one-way ANOVA and
Bonferroni multiple comparisons test, | paired or H (last timepoint) unpaired two-tailed
student’s t test. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; ns, p>0.05
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_Figt_Jre 7: Intermittent CAR-T cell rest mitigates exhaustion and prolongs anti-tumor responses
1N VIvo.

A-B) Mice engrafted with Nalm6 leukemia and treated with CD19.BBC CAR-T cells were
(A) dosed with vehicle (red), dasatinib twice daily in a 3 day on/4 day off pulsed schedule
(blue), or dasatinib every other day from D11-21 (green) (12 total doses/mouse for each
condition). (B) D41-45 bioluminescence imaging of tumor growth (2 individual
experiments, n=9-10 mice/group). C-D) Mice engrafted with 143B-GL osteosarcoma cells
and treated with GD2.BB(C CAR-T cells were (C) dosed with vehicle (red) or dasatinib twice
daily in a 3 day on/4 day off pulsed schedule (blue). (D) D20-27 caliper measurement of
tumor growth (3 individual experiments, n=15 mice/group) E-F) Mice engrafted with
Nalm6-GD2 leukemia and treated with GD2.28(C.ecDHFR CAR-T cells were (E) dosed with
TMP continuously (red) or pulsed in a 7 days TMP/7 days OFF schedule (blue). (F) D50
bioluminescence imaging of tumor growth (2 independent experiments, n=10 mice/group
from; 1 mouse from each group did not survive until D50 and were thus excluded). G-1)
Mice engrafted with 143B-GL osteosarcoma cells and treated with GD2.BBC CAR-T cells
were (G) dosed with vehicle (red) or dasatinib twice daily from D12-18 (green) or D16-18
(blue). Tumor-infiltrating CD8+ CAR-T cells (CAR-TIL) were isolated on D19 and
analyzed by flow cytometry for (H) effector and stem memory markers and (1) for
degranulation (CD107a+) and TNFa after 6-hour ex vivo stimulation with Nalm6-GD2.
Statistics: B and H (Percent Tte.jike) Kruskal-Wallis test and Dunn’s multiple comparisons
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test, D, H (Percent Tscm-like and Tem-like), and | one-way ANOVA and Dunnett’s multiple
comparisons test, F Mann-Whitney test. *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001 ns, p>0.05
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