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Adoptive T cell therapies are limited by poor persistence of transferred
cells. Attempts to enhance persistence have focused on genetic induction
of constitutively hyperactivated but potentially oncogenic T cell states.
Physiological T cell responses are maintained by quiescent stem-like/
memory cells dependent upon the transcription factor BACH2. Here we
show that quantitative control of BACH2 dosage regulates differentiation
along the continuum of stem and effector CD8"* T cell states, enabling
engineering of synthetic states with persistent antitumor activity. While
conventional high-level overexpression of BACH2 enforces quiescence and
hinders tumor control, low-dose BACH2 expression promotes persistence
without compromising effector function, enhancing anticancer efficacy.
Mechanistically, low-dose BACH2 partially attenuates Jun occupancy at
highly AP-1-dependent genes, restraining terminal differentiation while
preserving effector programs. Similarly, dose optimization enables effective
deployment of quiescence factor FOXOL. Thus, quantitative control of
gene payloads yields qualitative effects on outcome with implications for
quiescence factor deploymentin cell therapy.

Maintenance of antigen-specific CD8" T cell responses is essen-
tial forimmunological memory and durable responses to chronic
antigens. Long-term maintenance of T cell responses requires a
division of labor between quiescent long-lived progenitor cells
and their shorter-lived functional progeny. During chronic anti-
gen exposure, stem-like progenitor-exhausted T (Tpgy) cells, char-
acterized by expression of the transcription factor TCF1 and the
cell surface receptor Slamf6, self-renew while giving rise to more
functional but shorter-lived intermediate-exhausted T (T,y;) cells

and terminally exhausted T (Tgy) cells, the latter characterized by
expression of cell surface receptors TIM-3 and CD69 (refs.1-3). We
now understand that maintenance of tumor-reactive CD8" T cells is
a prerequisite for effective cancer immunotherapy responses. For
instance, during checkpoint inhibitor therapy, the relative abun-
dance of Ty to Trx cells is associated with improved response to
anti-programmed death 1 (PD-1) therapy, with Ty cells proliferat-
ing and giving rise to functional effector cells upon release from
inhibitory PD-1signaling*”.
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The efficacy of T cell therapies, including chimeric antigen recep-
tor (CAR) T cell and tumor-infiltrating lymphocyte (TIL) therapy, is also
dependentupon optimal persistence. The presence of stem-like T cells
within the pre-infusion product associates with improved antitumor
responses inboth preclinical and clinical settings®®. Moreover, the per-
sistence of CAR T cells is associated with improved clinical responses
in certain hematological malignancies**'" and solid cancers'. This
fundamentalrelationship between T cell persistence and therapeutic
efficacy underscores theimportance of understanding and enhancing
the maintenance of T cell therapy responses in cancer.

Several approaches have been used to enhance the persistence
of T cell therapy responses. The use of cytokines or small molecules
during ex vivo culture, including AKT inhibitors (for example, AKTi-
1/2)"*"* orbromodomaininhibitors (for example,JQ1)", restrains T cell
differentiation during T cell expansion and leads to improved expan-
sion capacity upon adoptive transfer. However, such approaches lead
to transientimprovementsin T cell phenotype, which are rapidly lost
upon adoptive transfer. A different approach has been that of geneti-
cally engineering T cells to express proteins that confer enhanced
persistence or function. Such attempts have included the overexpres-
sion of factors with oncogenic potential, including proto-oncogenes
such as JUN* and MYBY, constitutively active STATS variants® and the
CARDI11-PIK3R3 oncogenic fusion protein', which induce persistently
activated but potentially oncogenic T cell states, raising concerns over
their potential to drive T cell therapy-derived lymphomas®. Conse-
quently, there is interest in exploiting physiological mechanisms of
T cellmaintenance to safely enhance T cell persistence and efficacyin
the context of adoptive T cell therapy.

The transcription factor BACH2 plays a critical role in the qui-
escence and maintenance of memory CD8" T cell responses after
acute viral infection®’, and in the differentiation of CD8" T, cells
during chronic viral infection?. BACH2 is a 92-kDa transcriptional
repressor of the bZIP transcription factor family?>?>*, Within both
acute and chronic responses, Bach2 mRNA is expressed in naive and
stem-like central memory/progenitor-exhausted CD8" T cells and is
downregulated upondifferentiation into terminal effector/terminally
exhausted CD8" T cells***. Within naive and memory CD8" T cells,
BACH2 binds to TPA response elements (TREs) within the enhancers
of effector-associated genes, where it competes with AP-1factors
for genomic binding®. Consequently, BACH2 restricts T cell antigen
receptor (TCR)-driven effector programs in naive and memory CD8"
T cells enabling retention of the quiescent phenotype, required for
long-lived memory responses. Consistent with itsrole as aquiescence
factor, recentreports show that BACH2 functions as a tumor suppres-
sor gene in the context of CAR T cell-derived lymphoma***. Despite
itsrequisiterolein T cell maintenance, the quiescence factor activity
of BACH2 has not been exploited to enhance maintenance of T cell
therapy responses.

Here, we show that quantitative control of BACH2 dosage estab-
lishes the continuum of stem and effector states in CD8* T cells and
enables engineering of synthetic cell states with enhanced persistence
and antitumor efficacy. While constitutive high-level BACH2 expression

prevents terminal differentiation but compromises acquisition of
cytotoxic functions, low-level BACH2 allows activated cells to retain
stem-like features without loss of effector programs. We demonstrate
that this principle extends beyond BACH2 to the memory-associated
factor FOXOL. Together, these findings identify dosage control of qui-
escence factors as afundamental mechanism governing T cell mainte-
nance and provide aframework for safely extending T cell persistence
intherapeutic settings.

Results

BACH2 overexpression locks T cells in a quiescent ineffective
state

We and others have shown that BACH2 maintains the pool of stem
cell-like memory cells by restricting terminal differentiation in the
context of acute and chronic viral infection?*?'. Given the association
of stem-like T cells with effective antitumor immune responses, we
initially asked whether BACH2 overexpressionimproves the antitumor
efficacy of adoptive T cell therapy. We utilized an adoptive cell therapy
model whereby syngeneic B16 melanoma cells expressing the model
antigen ovalbumin (B16-OVA) are recognized by OT-I TCR-transgenic
CDS8' T cells specific for the OVA ;.54 epitope®. OT-1 T cells retrovirally
transduced with a constitutive BACH2 overexpression (BACH2,;) vector
oracontrol empty vector (EV) were adoptively transferred into suble-
thallyirradiated B16-OVA tumor-bearing animals (Fig.1a). Transduced
OT-IT cellswere readily identifiable in tumor-bearing recipient animals
through expression of the congenic marker CD45.1, and the retroviral
transduction marker Thyl.1 (Extended Data Fig.1).

Flow cytometry revealed a spectrum of differentiation states
within tumors. Less differentiated cells were located in cluster 1,
including PD-1'TCF1'TIM-3" T cells, which also expressed other
Tpe-associated markers such as CCR7. In contrast, cluster 3 contained
more highly differentiated cells, characterized by high expression
of PD-1and TIM-3. Other T cell states were distributed among the
remaining clusters, such asintermediate PD-1'TCF1 TIM-3" cells (Txy)
in clusters 2 and 5, and PD-1'TCF1" cells in cluster 4. As anticipated,
while EV-transduced cells displayed a continuum of differentiation
states within the tumor, BACH2-transduced cells clustered primar-
ily in cluster 1, corresponding to an induction of a T, phenotype”
(Fig.1b). This distribution is consistent with an observed significant
increase in the proportion of TCF1'Slamf6* cells within the BACH2,,;
group, aswell asanear-complete absence of TIM-3 expression, higher
levels of the lymphoid homing receptors CD62L and CCR7 (expressed
innaive and memory T cells) and diminished expression of activation
markers CD44 and PD-1 (Fig. 1c-e). In addition, BACH2, severely
curtailed production of effector molecules tumor necrosis factor
(TNF), interferon gamma (IFNy) and granzyme B upon 4-h restimula-
tion ex vivo (Fig. 1f,g). Consequently, despite increased expression
of markers associated with stemness and reduced levels of terminal
differentiation, BACH2-overexpressing OT-1 cells mediated impaired
antitumor responses compared to EV-transduced cells upon adoptive
transfer (Fig. 1h). Collectively, these data suggest that constitutive
high-dose overexpression of BACH2 in tumor-targeting T cells locks

Fig.1/BACH2 overexpression promotes CD8" T cell stemness but limits
effector functions. a, Experimental schema. Wild-type mice were subcutaneously
injected with B16-OVA cells and tumor-bearing mice received 3.5 Gy X-ray
irradiation and intravenous injection of 0.5 x 10 OT-I T cells transduced with EV
or BACH2,; vectors. b, Uniform manifold approximation and projection (UMAP)
plot, cluster quantification and protein marker expression from flow cytometry
data of EV-transduced and BACH2-transduced intratumoral OT-I T cells.
Phenotypic signatures correspond to the average scaled expression of TIM-3,
PD-1and CD69 (T) and TCF1, Slamf6, CD62L and CCR7 (Tgy). ¢,d, Percentage of
Slamfé® TCF1' (c) and TIM-3" (d) cells in transduced intratumoral OT-I T cells from
EV (n=7) or BACH2; (n = 5) and representative flow cytometry plots. e, Median
fluorescence intensity (MFI) of CCR7, CD62L, CD44 and PD-1in transduced
intratumoral OT-IT cells from EV (n =7) or BACH2, (n =5), and representative

flow cytometry histograms. f,g, Percentage of IFNy" TNF* (f) and granzyme

B* (g) cellsin transduced intratumoral OT-IT cells from EV (n = 6) or BACH2;
(n=6) following ex vivo stimulation with PMA + ionomycin and representative
flow cytometry plots. h, Tumor measurements of mice injected with B16-OVA
and receiving either Hanks’ balanced salt solution (HBSS; no cells, n = 6) or OT-I

T cells transduced with EV (n = 5) or BACH2, (n = 5) as detailed in a. Data are
representative of two independent experiments with five to eight mice per group
ineach experiment. Unpaired two-tailed Student’s ¢-test (b—h). Dots represent
independent replicates (c-g), box plots display the minimum and maximum
value (whiskers), median (vertical line) and interquartile range (box) (e), bars and
errorsindicate the mean +s.e.m. (c,d, fand g), and tumor curves represent the
mean of independent replicates + s.e.m. (h).
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cellsinamemory/progenitor-exhausted state with restricted effector
functions, blunting the antitumor efficacy of adoptively transferred
CD8'Tcells.

CDS8' T, cells express intermediate levels of Bach2

BACH2is expressed by naive and central memory/progenitor-exhausted
CDS8" T cells and extinguished upon terminal differentiation®**.
However, central memory and progenitor-exhausted CD8" T cells are
capable of cytokine polyfunctionality and potent effector function, an
observation at odds with the function of BACH2 as arepressor of effec-
tor functions®?*. To better understand whether a binary Bach2 expres-
sion patterndistinguishes cellsin these distinct differentiation states,
or whether Bach2 dosage gradually changes within cells of each state
onaper-cellbasis, we first analyzed single-cell transcriptional profiles
of TILs across various human cancer types*. BACH2 mRNA expression
was greatest among naive and memory cells, correlating with TCF7
(encoding TCF1) and /IL7R expression (Fig. 2a,b), and decreased pro-
gressively with T cell differentiation. Effector cells displayed interme-
diate levels of BACH2, and the lowest levels were observed in CX3CRI*
and KLRGI' terminal effector memory reexpressing CD45RA (Tgyra)
cells. These findings suggested that BACH2 expression levels are not
binarybutrather are precisely regulated within CD8" T cells of distinct
differentiation states.

To study Bach2 expression levels on a per-cell basis with greater
resolution, we used Bach2""* reporter mice inwhichatandemred fluo-
rescent protein (tdRFP) is expressed under the transcriptional control
of endogenous Bach2regulatory elements® (Fig. 2c). Bach2'""* mice
were subcutaneously injected with B16-F10 melanoma cells, and T cells
from the tumor, spleen and draining lymph nodes were phenotyped 16
dayslater. Inline with human single-cell RNA-sequencing (scRNA-seq)
data, weobserved areductionin the frequency of Bach2-positive CD8"
Tcellsasthey progressed along both acute and chronic differentiation
trajectories, from naive to central memory (Ty,), effector memory
(Tem) and effector (T); and naive to Tpey, Tiny and Ty, respectively
(Fig.2d and Extended Data Fig. 2a,b). Importantly, when Bach2 expres-
sion was examined on a per-cell basis, we observed graded levels of
Bach2 expression, with intermediate levels in central memory and
progenitor-exhausted CD8' T cell subsets (Fig. 2e). CD8' T cellsin the
spleenand draining lymph nodes displayed comparable Bach2 expres-
sion dynamics, with greatest expression in naive CD62L'CD44" cells
and lowest expression in antigen-experienced CD62L"CD44" cells
(Extended Data Fig. 2¢,d). Thus, Bach2 expression levels are progres-
sively downregulated on a per-cell basis, with polyfunctional central
memory and progenitor-exhausted cells expressing intermediate
levels of Bach2.

Low-dose BACH2 preserves stemness without limiting effector
functions

Our experiments showed that endogenous Bach2levels are precisely
regulated within T cells of distinct differentiation states. Given that

constitutive high-dose BACH2 overexpression caused loss of effector
functions and antitumor efficacy, we asked whether fine-tuning the
level of BACH2 expression would enable programming of a stem-like
phenotype without restricting effector function. To test this, we
designed a system to enable low-dose expression of BACH2, using
mutated translational readthrough motifs (TRMs) to partially atten-
uate premature translational termination of a BACH2 open reading
frame (ORF) by a stop codon (STOP-TRM; Fig. 2f)*. Using two differ-
ent STOP-TRM mutants, we achieved low-dose expression of BACH2
(BACH2;) at median levels approximately 10% (BACH2,.,0) and 5%
(BACH2,;,) of those achieved by conventional retroviral overexpres-
sion, as determined using flow cytometric detection of a 3XFLAG tag
at the N terminus of the BACH2 ORF transgene (****°BACH2; Fig. 2g).

To determine how BACH2 expression from our dosing vectors
compares to physiological levels, we utilized BACH2™* mice, which
carrya3xFLAG tagat the N terminus of the endogenous Bach2locus—
identical to the tag present in our BACH2 expression constructs®.
Thisenabled direct comparison between endogenous and transgenic
BACH2 levels using flow cytometry. CD8* T cells from both BACH2A¢
and wild-type mice were transduced with EV, BACH2,; or BACH2,,;
vectorsand rested in culture under identical conditions (Fig. 2h). After
48 h, allgroups displayed a central memory phenotype (CD44°CD62L";
Extended Data Fig. 2e). To account for any differences in cell size,
we normalized the 3xFLAG signal to forward scatter. EV-transduced
cells from BACH2™¢ mice showed detectable 3xFLAG signal repre-
senting endogenous BACH2 levels in central memory cells. Notably,
HFLAGB ACH2,;.5-transduced wild-type cells produced 3xFLAG levels
comparable to endogenous **°BACH2 in central memory cells of
BACH2™¢ mice, while BACH2.,o, cells showed slightly higher levels
and BACH2; cells showed a substantially higher signal (Fig. 2h,i).
These findings suggest that BACH2,; vectors achieve transgenic BACH2
expression levels similar to those found physiologically in central mem-
ory T cells, which express intermediate levels of endogenous BACH2.

To validate these findings using an alternate approach, we per-
formed mass spectrometry (MS)-based quantification of BACH2 pro-
teinlevels. This analysis showed that BACH2-transduced cells display
atotal BACH2 copy number (endogenous + transgenic) normalized
to total protein that is comparable and slightly above that from cells
in a central memory state (Fig. 2i). Minor distinctions between this
resultand our 3xFLAG flow cytometry measurements likely reflect that
3XFLAG detection measured only transgene-derived BACH2, whereas
MS quantified bothendogenous and transgene-derived BACH2, as well
as differences in normalization methods.

To determine the effect of BACH2,,; on the phenotype and func-
tion of CD8" T cells, we first performed chronic stimulation assays
invitro.Splenic CD8" T cells were stimulated, transduced with BACH2,,,
BACH2,;.10%, BACH2,,, Or empty vectors, and maintained in media
supplemented with interleukin (IL)-2 alone (acute stimulation) or
IL-2 and anti-CD3 antibodies (chronic stimulation) replaced every
2 days (Fig. 3a)***. Chronic stimulation was sufficient to induce

Fig.2|Bach2levelsindistinct CD8' T cell differentiation states inform
development of a Bach2 dosing system. a,b, UMAP plot of tumor-infiltrating
CD8" T cells from human cancer samples (a) and representative marker
expression for indicated cluster groups (b)*. ¢, Schema of Bach2'™""* mice

for analysis of endogenous Bach2 regulation. d, Histograms of Bach2'™"
expression and frequency of expression from intratumoral CD8" T cell subsets
in B16-F10 tumor-bearing mice (n = 3). The dashed line represents the signal
froma control WT animal. e, Diagram depicting the STOP-TRM system used

for dosing a payload of interest. Translation of an mRNA by a ribosome will
generally be terminated upon encountering a STOP codon. If the STOP codon

is flanked by a TRM, termination of translation is partially suppressed, leading
to downstream translation at reduced levels of expression®. f, BACH2,; and
BACH2,; vector design. All vectors contained Thyl.1 as a transduction reporter,
followed by a glycine-serine-glycine (GSG) linker, a T2A ribosomal skip motif and
the Bach2 ORF tagged in an N-terminal manner with a 3xFLAG tag (*""*BACH2).

ASTOP-TRM was inserted into BACH2,; vectors before the GSG linker to achieve
lower levels of Bach2 expression relative to BACH2,;. g, MF1 of **-ACBACH2
expression on OT-1cells transduced with EV (n =2), BACH2; (n = 3) or BACH2,¢
(n=3)and representative flow cytometry histograms. h, Normalized MFI of
SFLACBACH2 expression in cells derived from either BACH2™*¢ or wild-type mice
and transduced with the indicated vectors (n = 5 for all groups). **A°BACH2
were normalized to forward scatter (FSC-A) to account for variation in cell
size.i, Normalized copy number of BACH2 from cells transduced with EV
(n=5),BACH2p.5y, (n = 4), BACH2,. 5, (n =5) and BACH2,,; (n = 5). Copy number
was normalized to total protein mass per cell. Data are representative of two
independent experiments (d, g and h). Multiple unpaired two-tailed Student’s
t-test with Bonferroni correction (g). One-way analysis of variance (ANOVA) with
Tukey’s or multiple-comparison correction (h and i). Dots represent independent
replicates (d, g, handi), and bars or horizontal lines and error bars indicate the
mean +s.e.m. (d, g, handi).cand e were created with BioRender.com.
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Fig. 3| Low-dose expression of BACH2 promotes stemness without
compromising effector functions. a, Experimental schema. OT-Isplenocytes
were activated for 24 hwith anti-CD3 and anti-CD28 before retroviral
transduction. Transduced cells were maintained in IL-2-supplemented media on
plates coated with (chronic stimulation) or without (acute stimulation) anti-CD3.
b, Representative flow cytometry illustrating PD-1and TIM-3 expression on
EV-transduced OT-I cells following acute or chronic stimulation. c¢,d, Percentage
of PD-1'TIM-3" chronically stimulated (c) or IFNy" TNF*acutely stimulated
following 4 h of anti-CD3 restimulation in the presence of brefeldin A and
monensin (d) from OT-IT cells transduced with the indicated vectors (n = 5 for

all groups) at day 4 and representative flow cytometry plots. e, FSC-A of acutely
stimulated OT-IT cells transduced with the indicated vectors (n =5 for all groups)
at day 4 and representative flow cytometry histograms. f, Heat map showing

differentially expressed genes (DEGs, g < 0.05, log,(fold change or FC) > 1)
between chronically stimulated transduced OT-I T cells (n = 4 for all groups).
Colorindicates row zscore. Black bars indicate genes bound by BACH2 based
onaprior chromatinimmunoprecipitation sequencing (ChIP-seq) analysis®.
g, Alignment showing representative mRNA expression at indicated loci within
EV, BACH2,;, BACH2¢ ;o and BACH2,,; s, of Cxcré6, Ccr2 and Havcr2; ChiIP-seq
analysis of BACH2 binding and ATAC-seq analysis of chromatin accessibility.
Black arrowheads represent AP-1binding motifs (TGA(G/C)TCA) colocalizing
with BACH2 binding peaks. Data are representative of three independent
experiments (a-e) with three to five samples per experimental group in each
experiment. One-way ANOVA with Dunnett’s multiple-comparison correction
(c-e). Dots representindependent replicates (c-e); horizontal lines and error
barsindicate the mean +s.e.m (c-e).

terminal exhaustion of a proportion of cultured cells, as indicated
by co-induction of PD-1 and TIM-3 expression (Fig. 3b). Using this
assay, we observed thatboth BACH2,; and BACH2,,; caused a substan-
tial reduction in the frequency of TIM-3'PD-1" terminally exhausted
cells after chronic stimulation (Fig. 3c). Both BACH2,; and BACH2,,;
also caused higher levels of CD62L and TCF1expression relative to EV
(Extended DataFig.3a,b). However, while BACH2; caused decreased
cytokine expression relative to EV upon 4-h restimulation of acutely
activated T cells, this was not observed in BACH2;,o,-transduced or
BACH2,5,-transduced cells (Fig. 3d). In addition, BACH2, cells were
significantly smaller in size than EV cells (consistent with compromised
levels of activation?®), but this was not the case with BACH2,;.,,, OF
BACH2,,.., (Fig. 3€).

To investigate how BACH2,,; influences gene expression at the
transcriptional level, we sorted transduced cells after 6 days of chronic
stimulation and performed bulk RNA-seq. Principal component anal-
ysis highlighted substantial differences between EV, BACH2,; and
BACH2,; groups, but a high degree of similarity among BACH2, o, and
BACH2,..s, (Extended Data Fig. 3c).In comparison with EV-transduced
cells, BACH2.,04 and BACH2,,; s, induced a set of transcriptional
changes shared with BACH2 (clusters A, D and F), and a set of unique
transcriptional changes (cluster C), whereas BACH2; produced a
large set of unique transcriptional changes not shared with BACH2,;
(clusters BandE; Fig. 3f). Among shared profiles, clusters Aand D con-
tained genes upregulated upon both BACH2, and BACH2,, including
genes associated with T cell stemness such as Tcf7 (encoding TCF1),
Slamfé and Id3; and cluster F contained genes downregulated upon
bothBACH2,; and BACH2,, including the known BACH2 target-genes
associated with terminal T cell differentiation Havcr2 (encoding TIM-3)
and Prdm1 (encoding BLIMP-1)*°. Among uniquely regulated profiles,
cluster E contained genes uniquely downregulated by BACH2, and
associated with effector differentiation, including CcrS, Gzma, Ccr2,
Cxcr6,ld2 and Gzmc; cluster B contained genes uniquely upregulated by
BACH2;, including Ccl22, Dnmt1,Kit, Socs3 and Tnf; cluster C contained
genes uniquely upregulated by BACH2,, including Ly6a, Cd266 and
1118. Notably, many of these genes, including Cxcré6, Ccr2 and Havcr2,
contained known BACH2 binding sitesin the vicinity of their transcrip-
tional start sites (TSSs)* (Fig. 3f,g). Moreover, gene-set enrichment
analysis (GSEA) showed that both BACH2, and BACH2,; cells exhibited
atranscriptional signature more closely aligned with that of stem-like

T cells, while EV-transduced cells bore higher resemblance to the sig-
nature of terminally differentiated T cells (Extended Data Fig. 3d). Col-
lectively, these data suggest that low-dose expression of BACH2 yields
atotal BACH2 level thatis comparable or slightly higher to endogenous
BACH2levels foundin centralmemory T cellsand promotes retention
of stem-like characteristics without compromising effector functions.

Low-dose BACH2 partially attenuates AP-1binding to control
highly AP-1-dependent genes

Tounderstand the mechanistic basis for differential gene regulation by
BACH2; versus BACH2,;, we analyzed DNA sequences located within
+2 kb of the TSSs of genes differentially repressed by BACH2; and
BACH2,;. We focused on genes from clusters E and F identified in our
RNA-seq analysis: cluster E genes were repressed only by BACH2,
while cluster F genes were repressed by both BACH2,; and BACH2,,;
(Fig. 4a,b). Motif enrichment analysis revealed that cluster F promot-
erswere significantly more enriched for bZIP binding sites containing
the AP-1 consensus TRE palindromic sequence TGA(G/C)TCA, corre-
sponding to motifs associated with TFs such as BATF, Fra2, JunB and
Atf3 (Fig. 4c). Indeed, the frequency of TRE-containing bZIP motifs
was consistently higher in cluster F promoters compared with both
cluster Eand genome-wide promoter regions (Fig. 4d). These findings
suggest that genes susceptible to low-dose BACH2 regulation are dis-
tinguished by higher frequencies of AP-1 motifs in the vicinity of their
TSSs, potentially indicating higher AP-1dependency.

Because BACH2 functions asan AP-1repressorin CD8* T cells, we
asked whether AP occupancy at BACH2 binding sites is differentially
regulated by BACH2,; and BACH2,*°. To test this, we performed Cleav-
age Under Targets & Release Using Nuclease (CUT&RUN) for the AP-1
factorJunB and assay for transposase-accessible chromatin sequencing
(ATAC-seq) for chromatin accessibility in chronically stimulated CD8*
Tcellstransduced with BACH2, and BACH2,; vectors. While ATAC-seq
analysis showed global changes in genome-wide chromatin acces-
sibility consistent with the distinct differentiation states of BACH2,
and BACH2,; CD8'T cells, these changes were not enriched at BACH2
binding sites. Nonetheless, JunB occupancy showed dose-dependent
attenuation (Fig. 4e,f and Extended Data Fig. 4a-c). BACH2; caused
near-complete loss of JunB binding at BACH2 sites, whereas BACH2,
resulted in partial reduction in JunB binding frequency compared to
cellstransduced withan EV. This graded AP-1displacement was evident

Fig. 4| AP-1motifenrichment and attenuated JunB binding are associated
with sensitivity to repressionby BACH2,;. a, Average normalized gene
expression of genes within clusters E and F from RNA-seq experiment in Fig. 3f.
b, Schema of TF motif enrichment analysis. The regions 2 kb upstream and
downstream of the TSSs of all genes in clusters E and F were subjected to motif
enrichment analysis. ¢, TF motifs enriched (-log,(Pvalue) > 5) in the vicinity of
the TSSs of clusters Eand F. d, Frequency of selected TF motifs within the +2-kb
TSSregion of genes in cluster E and cluster F normalized to their frequency
around all known TSSs across the mouse genome. e,f, Average JunB binding as
determined using CUT&RUN (e) and chromatin accessibility as determined
using ATAC-seq (f) within chronically stimulated cells transduced with the

indicated vectors relative to peak centers of annotated BACH2 binding sites™.

g, Representative alignments showingJunB binding and chromatin accessibility
atselected loci within chronically stimulated cells transduced with the indicated
vectors (left). Normalized RNA-seq log,(FC) for corresponding genes from
chronically stimulated cells transduced with the indicated vectors (n = 4 for all
groups) are shown (right). Statistical values determined using hypergeometric
distribution through HOMER (c). Samples used for RNA-seq and CUT&RUN
constitute independent replicates. Box plots display the minimum and maximum
values (whiskers), median (vertical line) and interquartile range (box) (g).

Ing, regions where BACH2 ChlIP signal and JunB CUT&RUN signal align are
highlighted with red shading.
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Fig. 5| BACH2 dosing enhances antitumor T cell therapy responses. a, Tumor
volume of B16-OVA-bearing mice following sublethal irradiation with 3.5 Gy and
adoptive transfer of 0.5 x 10 OT-1T cells transduced with EV (n = 7), BACH2,; 5y,
(n=4),BACH2.5, (n = 8) and BACH2, (n = 5). Mice euthanized due to reasons
unrelated to tumor size were excluded. b, Tumor volumes at days 15-17 from mice
alive at the time of measurement after T cell transfer and representative images of
B16-OVA tumors. Ruler scale isin cm. ¢, Number of tumor-infiltrating transduced
OT-IT cells per gram of tumor from a for indicated T cell phenotypes and sample
groups. The horizontal dashed line represents the EV average. d, Quantification
of TCF1and TIM-3 frequency of expression in tumor-infiltrating transduced PD-1"
OT-IT cells and representative flow cytometry plots. Significance represents
difference in frequency of TCF1*TIM-3" cells with that of the EV population.

e f,Frequency of granzyme B* (e) and IFNy* (f) transduced intratumoral OT-I
TcellsfromEV (n=8), BACH2,.5, (n=5), BACH2, 5, (n =8) and BACH2; (n = 8)
following ex vivo 4-h restimulation and representative flow cytometry plots (f).
g, Quantification of the absolute number of tumor-infiltrating transduced OT-1
Tcells fromEV (n=14), BACH2pg.5y, (1 = 15), BACH2p; 5, (1 = 15) and BACH2, (n =13)
per gram of tumor expressing the indicated effector molecule normalized to EV.
Data are representative of three independent experiments. Data in g represent
pulledindependent replicates from two independent experiments. One-way
ANOVA with Dunnett’s multiple-comparison correction (a-f); Kruskal-Wallis
test with Dunn’s multiple-comparison correction (g). Tumor curves represent
the mean of independent replicates + s.e.m. (a), dots represent independent
replicates (b, cand e-g), and bars and errors indicate the mean +s.e.m. (b-g).
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Fig. 6 | BACH2 dosing drives hybrid stem and effector state among
Slamfé6- cells and limited changes among Slamf6° cells. a, Experimental
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for analysis by bulk RNA-seq. Insufficient cell numbers were recovered from
Slamf6~ cells in mice receiving BACH2-transduced cells. b, Heat map displaying
average log, gene expression normalized to row maxima within indicated
populations. Genes displayed correspond to all DEGs (g < 0.05, log,(FC) >1)
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between Slamf6* and Slamf6~in EV and BACH2,;. ¢, Violin plots displaying the
distribution of gene expression values of genes within each of the clusters from
b withinindicated populations. d, Normalized expression counts of T¢f7 and
Klf3fromindicated sample groups. Significance shown represents g values

from expression comparisons between Slamf6*and Slamf6~in each condition.
Samples used for RNA-seq are independent replicates (n = 5 for all groups).

Dots represent independent replicates (d). NS (P> 0.05); *P < 0.05. Statistical
significance determined via DESeq2 using a Wald test with Benjamini-Hochberg
multiple-comparison correction (d). a was created with BioRender.com.

attheregulatory elements of effector and exhaustion-associated genes
including Ttc39c, Havcr2 and Entpdi, with transcript levels showing
corresponding dose-dependent changes (Fig. 4g).

To confirm that BACH2 mediates dose-dependent repression of
AP-1-driven gene expression under conditions modeling constitu-
tive expression, we utilized a previously developed reporter assay
for BACH2-mediated repression of AP-1-driven gene expression?.
In this assay, a Jurkat cell line harbors a luciferase reporter driven
by three tandem copies of regions containing AP-1 consensus TRE
palindromic TGA(G/C)TCA sequences derived from the /fng + 18k
enhancer, along with a tetracycline-inducible BACH2 expression sys-
tem (Extended Data Fig. 5a). Using 48-h pretreatment with varying
doses of tetracycline to model distinct levels of continuous BACH2
expression, we observed dose-dependent repression of phorbol
myristate acetate (PMA)-induced luciferase activity, with intermediate

repression at low BACH2 doses (Extended Data Fig. 5b). These find-
ings confirm that BACH2 functions as a dose-dependent regulator of
AP-1-driven transcription.

Together, these analyses support a model whereby BACH2,,
achieves selective gene regulation through partial AP-1displacement,
with AP-1-dependent genes being preferentially sensitive to low-dose
BACH2 regulation.

Low-dose BACH2 enhances antitumor T cell responses

The ability of BACH2 dosing to enable retention of a stem-like pheno-
type without compromisingeffector functionsled us to ask whether this
approachcanbe utilized to enhance adoptive T cell therapy responses
invivo. B16-OVA tumor-bearing mice were intravenously administered
with OT-1T cells transduced with empty, BACH2,; or BACH2,,; vec-
tors. While BACH2,; was unable to enhance the antitumor efficacy of

Nature Immunology


http://www.nature.com/natureimmunology
http://BioRender.com

Article

https://doi.org/10.1038/s41590-025-02389-z

adoptively transferred OT-IT cells compared with EV-transduced cells,
BACH2 ;o transduced and BACH2,; s, -transduced OT-I cells mediated
substantially enhanced antitumor responses (Fig. 5a,b). Similar results
were obtained with an OVA-expressing MC38 colorectal carcinoma
T cell therapy model (MC38-OVA; Extended Data Fig. 6a,b).

Notably, while BACH2 led to anincrease in the absolute number
of Tpex cells but a decrease in Ty cells relative to EV control, both
BACH2p;.10;, and BACH2,,;. s, resulted inincreased numbers of both T cell
subsets (Fig. 5¢). Consequently, phenotypic marker analysis revealed
that BACH2; resulted in a near-complete loss of terminally differen-
tiated TCF1 TIM-3" Ty cells, while the overall frequency of stem-like
and terminally differentiated cells remained minimally altered among
BACH2-transduced cells (Fig. 5d and Extended Data Fig. 6¢-e). Evalu-
ation of effector cytokine production upon 4-h ex vivo restimulation
revealed that BACH2;-transduced cells displayed a significantly lower
frequency of cells expressing effector molecules (IFNy, TNF, gran-
zyme B, IL-2), while this remained unchanged between BACH2,,; and
EV control (Fig. 5e,f and Extended Data Fig. 6f). Consistent with the
observed expansion of both T and T subsets and preserved effec-
tor functions, mice receiving BACH2.-transduced cells displayed a
significantly increased number of cytokine-producing cells per gram of
tumor (Fig. 5g). Collectively, these datasuggest that BACH2,; enhances
the antitumor efficacy of CD8" T cells by promoting persistence while
allowing acquisition of effector functions.

Low-dose BACH2 induces a hybrid transcriptional state among
Slamf6™ cells

To better understand how constitutive low-dose BACH2 expression
affects CD8" tumor-reactive T cells in distinct differentiation states,
we sorted BACH2-transduced or BACH2,,-transduced OT-1 CD8*
T cells from B16-OVA tumors based on Slamf6 expression, which marks
progenitor-exhausted cells, and performed RNA-seq analysis (Fig. 6a).
As previously observed, BACH2, limited differentiation of T cells,
resulting ininsufficient Slamf6™ cells for analysis.

Hierarchical clustering revealed four distinct gene expression
patterns showing how BACH2,; differentially affects Slamfé6* and
Slamfé6~ populations (Fig. 6b,c). Cluster A genes (CxcrS, Id3, Slamf6)
were genes predominantly expressed by Slamfé6* cells in both EV
and BACH2,,; conditions, with minimal expression in Slamf6™ cells
even after BACH2,,; treatment. This suggests that BACH2,,; leaves key
aspects of the transcriptional program among Slamfé6™ cells intact
rather thanimposing the full T, transcriptional programupon them.
Similarly, cluster D contained genes characteristic of Slamfé™ cells
regardless of BACH2, transduction. The most notable transcriptional
changesoccurredinclusters Band C. Cluster B contained genesinclud-
ing Tpex-associated transcription factors (7c¢f7, Klf3) whose expres-
sion is normally restricted to Slamfé" cells but that were induced in
Slamf6™ cells by BACH2,,, suggesting that BACH2,; induces a limited
set of stem-like transcriptional characteristics among Slamf6™ cells
while maintaining their core differentiated transcriptional program
(Fig. 6d). Interestingly, cluster C contained genes characteristic of

Slamfé6~ cells (Hmox1, Cd74, Crtam), which became expressed by
Slamfé" cells upon BACH2,,; expression, indicating that BACH2 dos-
inginducestranscriptional changesinboth populations, although the
effects are most pronounced in Slamfé~ cells. Consistent with these
changes, similarity matrix analysis showed that BACH2,; Slamf6* and
Slamfé” populations cluster more closely than their EV counterparts
(Extended Data Fig. 7). Together, these datareveal that BACH2 dosing
drives transcriptional changes to both Slamf6*and Slamfé6~ cells, with
the most substantial changes to the Slamf6~ subset in which it drives
a hybrid transcriptional state promoting acquisition of a limited set
of stem-like transcriptional characteristics while also enabling them
toretain their more differentiated identity.

During physiological CD8" T cell differentiation, stemness and
effector function exist in an inverse relationship, with quiescence
factors maintaining stem-like properties through active suppression
of effector programs® %, Qur transcriptional analyses suggested that
BACH2 dosing may disrupt this relationship, creating a hybrid dif-
ferentiation state among Slamf6~ cells combining the transcriptional
characteristics of stem-like and effector cells. To test whether this cor-
responds to ahybrid phenotype, we performed phenotypic and func-
tional analyses within in vitro and in vivo settings. We first subjected
OT-IT cells transduced with EV or BACH2,; vectors to either acute or
chronic stimulation conditions, allowing generation of Slamfé6* and
Slamfé~ cells, respectively. Among chronically stimulated CD8 T cells,
BACH2,; selectively increased the frequency of CD62L"and TCF1" cells
within the Slamf6~ subset while reducing TIM-3 expression relative to
Slamf6~EV cells, consistent with BACH2,; driving retention of stem-like
features among Slamfé6™ cells (Fig. 7a—c). On the other hand, acutely
stimulated Slamfé* cells transduced with BACH2,,. vectors showed
nosignificantchangesin TCF1, CD62L, TIM-3 or Ki67 expression com-
pared to Slamfé6" EV (Extended Data Fig. 8a-d), consistent with the
less substantial transcriptional differences driven by BACH2,; within
this subset. However, despite acquiring features associated with less
differentiated stem-like CD8" T cells, BACH2-transduced Slamf6~
cells exhibited effector characteristics, including increased produc-
tion of IFNy and TNF upon restimulation compared to EV-transduced
cells, increased Ki67, maintained cell size and similar CD44 expression
(Fig.7d,e and Extended Data Fig. 8e,f).

Consistent with in vitro observations, intratumoral Slamf6™ cells
resulting from the adoptive transfer of BACH2-transduced OT-I
T cells into B16-OVA-bearing mice displayed elevated CD62L, CCR7
and Ki67 expression compared to EV controls, whereas BACH2,; and
BACH2-transduced Slamfé6° cells possessed largely similar phenotypic
characteristics, except for mildly reduced TIM-3 MFI (Fig. 7f,g). Thiswas
associated with significant enrichment of multiple T,g-associated
gene sets among BACH2.-transduced Slamfé6™ cells compared to
EV-transduced Slamfé™ cells (Fig. 7h,i)®* .,

Together, these data demonstrate that BACH2 dosing drives a
nonphysiological hybrid differentiation state among Slamfé cells,
featuring retention of a set of transcriptional and phenotypic char-
acteristics of Ty cells, while leaving the core effector differentiation

Fig. 7| BACH2 dosing enables retention of stem-like characteristics in Slamf6~
cells without compromising effector functions. a-c, Frequency of CD62L"(a),
TIM-3* (b) and TCF1* (c) cells within the Slamf6~ population transduced with
theindicated vectors (n =3 for all groups) after chronic stimulation and
representative flow cytometry histograms. d, Frequency of IFNy" TNF* within
the Slamf6~ population transduced with the indicated vectors (n =5 for all
groups) upon 4 h of PMA and ionomycin restimulation in the presence of
brefeldin Aand monensin following chronic stimulation and representative

flow cytometry plots. e, MFl of CD44 within the Slamf6~ population transduced
with theindicated vectors (n = 3 for all groups) upon chronic stimulation

and representative flow cytometry histograms. f,g, Comparison of the MFI
(normalized to EV) of indicated markers between Slamfé6* (top) and Slamfé6~
(bottom) in tumor-infiltrating adoptively transferred OT-IT cells transduced with

fromEV (n=7), BACH2, 5, (n=10) and BACH2 ;. (n = 7) (f), and representative
flow cytometry histograms (g). h,i, Representative example of GSEA analysis
comparing Slamf6 EV and Slamf6” BACH2,,; o, -transduced (blue) or BACH2, ;-
transduced (red) OT-1T cells sorted from B16-OVA tumors using publicly
available Ty, signatures as reference gene sets (h) and normalized enrichment
scores using publicly available Ty, gene sets (i). The horizontal dashed line
inirepresents an adjusted Pvalue of 0.05. Data are representative of two
independent experiments (a-g). NS (P> 0.05); *P < 0.05; **P < 0.01. One-way
ANOVA with Dunnett’s multiple-comparison correction (a-f). Weighted
Kolmogorov-Smirnov test with false discovery rate multiple-comparison
correction (handi). Dots representindependent replicates (a-f), bars and
errorsindicate the mean + s.e.m. (a-e), and box plots display the minimum and
maximum value (whiskers), median (vertical line) and interquartile range (box; f).

Nature Immunology


http://www.nature.com/natureimmunology

Article https://doi.org/10.1038/s41590-025-02389-z

a P=0.0004 b P <0.0001 c P=0.0084
~ 60 - P<0.0001 80 4 P<0.0001
o — q —
L ) © oo
(_Eu 45 &0 g 60
» »
E30 o £ 410 %
:é 15 -;.: 2 20 -
=
5 =
T T - R 0 T T T e o T = = 0 T T T
CD62L BUV737 ——> QS S TIM-3 BV42] ———> Qs S
Q¥ O Q\(LQQ/ Qg,o“’
o NS
¥ ? X
d e
BACHZp 10, BACHZ2p 50, P=0.8503
| ] 227 . 30 9p_0.3585
P 090
. ] o
Zo E s P $ E2
= £ ~ o
LE 2 8k 2
EQ = T £
< 2 ]
RE o o 5
Ei / \, £
o . 215 =
- T T CD44 BV510 ———> 0
Q3 s do Q3 EO
P S8 S S8
S S
X ¥ X &
f - Ki67 CCR7 cD62L TIM-3 g
NS NS NS NS NS NS.
15 | ﬂ ‘
© S
E 10 ﬂ%A -. <@ Bl ..éu’“s___*__ £ \
_ | 054 J \
[T
= |\ |
E 0 7 7 7 T T
s 20
1S *
(ZD * *% * *%k
15 7 2
:‘gg 4 0.0 g
§ @
o
D 10 | gly--L-ves-| [ 010 L «----@--@«-*—--f-- /
CD62L BUV737 —> CCR7 BB700 —> Ki67 AF700 —>
05
> ' \2\"1,& Q& O > X \br\,o% qlgw\o RO
F o S K S X
X Q X Q X X Q
h i EV (Slamf6") EV (Slamf6")
Vs Vs
' X o BACH2; 10, (Slamf67)  BACH2p, g (Slamf6")
Stem-like CXCR5" TIM-3" signature (Im et al.) 20 D3 LoMY Ddo, 021
./ (Utzschneider et al.)
P=112x10"  NES=-227
_ - _ = C -3 N
P, =752x10" NES=-211 BN —(ngwlmr a0 ID3" LOMV Doc, D21
o g P (Utzschneider et al.)
/
3 CXCRS' TIM-3~ ®
9 (Im et al.)
03 4 3 10 ..\CXCRs‘ TIM-3~
. =—— BACH2,,,,, "\86 .. ’ (Im etal)
=—— BACH2,,, § o TCF1" TIM-3°
T 5 .. (B16, Miller et al.)
0.6
NN OO O OO A ‘.
AT sy X i P
] T T T T T T =
EV BACH2,, -2 -1 0 12 -1 0 1
(Slamfé7) (Stamf67) Normalized enrichment score
Higher similarity Higher similarity
to BACH2; (Slamf67) to EV (Slamf67)

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02389-z

a FOXOT dosi b P <0.0001
osing system P<00001
Thyl.1 _T2A  FOXO1A* 100 o P<0.0001
FOXOM™. - I - P
e 80 -
5 -GGAAGCGGA-3 o ~ .
GSG linker Q 60
a
AAA O 40
FOXO1" ¢ 1o, - o oo //\
5’ - TGACTAGCAGGAAGCGGA-3" 20 h
STOP-TRM GSG linker o -
™ - s z z CD62LBUV737—>
3 2
FOXOTM™A . — I = @45 E g
) <
5/ - FGACAATTAGGAAGCGGA-3" 3 e
STOP-TRM GSG linker 522
o2 P <0.0001
P<0.0001
c EV FOXOM™AA FOXOMAA s FOXOMAA L 100 4 P<0.0001
7.3 752 74.0 78.8 by 80 S o
Ny : |
| g 60 -
=
5 —
© T 40 e
[
< J’ J‘ ]
o ® 207
'9 o - T T T T
TIM-3 BV421 P <0.0001
P <0.0001
AAA AAA AAA g
d EV FOXO1 OE FOXO1 DE-10% FOXO1 DE-5% 100 4 P<0.0001
I ] 153 75.3]1.01 80.0 P
] w807 @0 7
& £ 60
] N
’; > &
= & 2
@4 0 =
=1 *
g X 6.45 16.7/3.50
TNF BV650
e f
&> 4,000
£
R -
3,500 — e 5 3000
1 ! IS
; | = 2,000
1 ! o
1 >
! 5 1000
2,800 —| ‘ £
|
' E 0]
o ; @ g% ¢ g
‘ i 3
E 2o 51 &
£ 2100 X %55
2 e = 5
£ S92
E 9
S 1,400 — 100
€
'3 - EV
@ EV £ FOXOT™
700 | O Foxo™ e — FOXO1™ o
® FOXOT™ 2 — FOXO1™A ..,
DE-10% 3
®) @ Foxo1™ .. P=0.0052
P=0.0249 j
0 \ \ \ \ \ 0 \ \ T \ ]
0 5 10 15 20 25 0 7 14 21 28 35

Days after T cell transfer

Fig. 8| Low-dose FOX01*** promotes stemness without compromising
effector functions and enhances antitumor responses. a, Design of FOXO1** .
and FOXO1*A,; vectors. b-d Frequency of CD62L" chronically stimulated cells
(b), TCF1'TIM-3" chronically stimulated cells (c) or IFNy" TNF* acutely stimulated
cells following 4 h of anti-CD3 restimulation in the presence of brefeldin A and
monensin (d) from OT-I1 T cells transduced with EV (n =3 no restimulation,n=5
restimulation), FOXO1*A,. s, (n=5), FOXOI*A . .o, (n=5) and BACH2; (n =5)
vectors at day 4 and representative flow cytometry histograms/plots. e,f, Tumor
volumes of B16-OVA-bearing mice following sublethalirradiation with 3.5 Gy and
adoptive transfer of 0.5 x 10° OT-1 T cells transduced with EV (n = 7), FOXO1**4 . ,,
(n=6), FOXO1*A . . (n=6) and BACH2,; (n = 5) vectors (e) and tumor volumes

Days after T cell transfer

at day 18 after T cell transfer (). For mice that were euthanized, the final tumor
volume was carried forward and included in the average. Tumor volumes are
shown up to the time point when >20% of mice remained alive. g, Kaplan-Meier
survival curve of B16-OVA-bearing mice shown in e. Significant differences
represent differences between EV and either FOXO1* ..., (blue) or FOXO1*4A, . ..
(red). Data are representative of two independent experiments. *P < 0.05;

**P < 0.01. One-way ANOVA with Dunnett’s multiple-comparison correction
(b-d andf), Kaplan-Meier log-rank Mantel-Cox test (g). Dots represent
independent replicates (b-d andf), and horizontal lines and errors indicate
the mean + s.e.m. Tumor curve represents the average of independent
replicates £ s.e.m. (e).
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programintact. BACH2 dosing also drove amilder set of transcriptional
changes among Slamf6° cells, which like Slamf6™ cellsaccumulated to
higher frequencies within tumors upon BACH2,; but was associated
with more minimal changes in the phenotype of cells.

Low-dose constitutively active FOX01 enhances antitumor

T cellresponses

To extend this work beyond BACH2 and to test whether dose optimiza-
tionisageneralizable requirement for effective deployment of quies-
cence factors, we tested the relevance of dose optimization with the
quiescence factor FOXOL1 (refs. 42-45). Similarly to BACH2, FOXO1
isrequired for maintenance of memory and progenitor-exhausted
CD8" T cells, and is more highly expressed in naive CD8" T cells than
in central memory and effector memory subsets***. We cloned vec-
tors expressing a constitutively active triple-alanine mutant of FOXO1
(FOX01*4)*, using the STOP-TRM system enabling either conventional
high-dose overexpression or dosed expression of FOXO1*** (FOXOI1*A,,
FOXO1*A, .0 and FOXO1*A . ., Fig. 8a). Using anin vitro chronic stimu-
lation assay, we found that both high-dose and low-dose constitutive
expression of FOXO1***led to acomparable increase in the frequency of
CD62L" and TCF1'TIM-3" cells, relative to EV-transduced cells (Fig. 8b,c).
However, FOXO1** . caused a substantial impairment in the production
of IFNy and TNF after 4-h brief restimulationin vitro, while this was not
the case for FOXO1** ;o and FOXO1*4; .. (Fig. 8d).

We next treated B16-OVA-bearing mice with OT-I T cells transduced
with empty, high-dose or low-dose FOXO1**4 vectors. As previously
observed with the BACH2 dosing vectors, both FOXO1***,; ., and
FOXO1*4, ., groups mediated asignificantimprovement in antitumor
responses relative to EV, but this was not the case with the FOXO1*4;
group (Fig. 8e,f). This also resulted in an overall improvement in sur-
vival resulting from transduction of adoptively transferred cells with
FOXO01**,. vectors (Fig. 8g). These data suggest that dose optimization
isageneralizable requirement for effective deployment of quiescence
factorssuchas BACH2 and FOXO1, with quantitative changes to payload
expression resulting in qualitatively distinct changes to the phenotypic
and functional output of cells.

Discussion

CART cell therapies are revolutionizing treatment of hematological
malignancies, but major barriers exist to effective treatment of solid
cancers**8, Prior attempts to enhance T cell persistence have largely
relied on enforcing constitutively activated cellular states, includ-
ing through overexpression of proto-oncogenes such as JUN and
MYB, constitutively active STATS5 variants, and the CARD11-PIK3R3
oncogenic fusion protein®'*'*”, While these strategies have shown
preclinical efficacy by maintaining cells in persistently activated
states, the need to constitutively overexpress known proto-oncogenes
raises concerns about their potential to drive excessive activation or
therapy-derived lymphomas®.

Inthe present study, we show that dose-optimized expression of
the quiescence factor BACH2 enhances the persistence and antitumor
efficacy of adoptive T cell therapy. Rather than enforcing persistent
activation, BACH2 restrains effector programs, promoting a state
of regulated quiescence that more closely resembles physiological
T cell maintenance. The known role of BACH2 as a tumor suppressor
inthe context of CART cell-derived lymphomas raises the potential
that this approach may also protect against therapy-induced lym-
phomagenesis rather than potentiating it, representing a poten-
tially safer strategy for enhancing T cell persistence in cellular
immunotherapy?**. Moreover, the quiescence factor function of
BACH2 may resultin ‘slower release’ of effector cytokines, potentially
reducing the possibility of cytokine release syndrome. In addition, in
this study, we utilized the OT-l TCR model to investigate the effects of
dosed BACH2 expression on antitumor efficacy. Notably, CARs differ
from the TCR system in their tendency to drive ligand-independent

tonic signaling, which can lead to T cell dysfunction and terminal
differentiation*’. Given its role in limiting T cell differentiation, it
is conceivable that BACH2 dosing may be able to shield CAR T cells
fromligand-independent tonic signaling, as well as from the effects
of antigen-driven chronic stimulation.

BACH2 dosing had a greater impact on the transcriptional and
phenotypic characteristics of Slamf6~ cells than Slamfé6* cells. Our data
showed that Slamf6* cells express higher levels of endogenous Bach2
than Slamfé™ cells on a per-cell basis, suggesting that constitutive
low-dose BACH2 expression represents a more substantial increase
in total BACH2 levels for Slamf6~ cells than for Slamf6" cells. Indeed,
BACH2, resulted in BACH2 protein levels comparable to thosein cen-
tralmemory T cells, which express intermediate levels of endogenous
BACH?2. This differential impact on Slamfé6™ cells is consistent with
amodel whereby BACH2 dosing establishes a lower limit of BACH2
expression that hasits greatest effect on terminally differentiated cells
that would otherwise experience lower BACH2 levels. Ultimately, this
resultsinthe acquisition of anonphysiological hybrid differentiation
state by Slamf6™ cells.

We tested whether our findings relating to BACH2 are generaliz-
able to other quiescence factors. Examining a constitutively active
FOXOL1 variant (FOXO1**%), we found that, similarly to BACH2, dose
optimization was critical for therapeuticefficacy. These findings align
with recent reports from two independent laboratories showing that
overexpression of wild-type FOXO1improves CAR T cell antitumor
responses’®, Notably, both studies found that wild-type FOXO1, but
not FOXO1***, was able to enhance antitumor responses in CAR T cell
models in vivo. Our results provide a mechanistic explanation for
this observation: the heightened activity of FOXO1*** overexpres-
sion restricts effector functions similarly to our FOXO1**4,, while
wild-type FOXO1—-whose activity is attenuated through robust post-
translational regulation—may achieve activity levels more comparable
to dose-optimized FOXO1*A,.. Given the ability of FOXO1 to suppress
effector functions is dependent upon BACH2 (ref. 43), BACH2 may
serve asadownstream mediator in CART cells overexpressing FOXO1,
warranting further investigation of this regulatory axis.

This study demonstrates that precise control of quiescence factor
expression levelsis critical for programming optimal T cell responses
inthe context of cellularimmunotherapy. More broadly, these findings
reveal that quantitative modulation of the expression of genetic pay-
loads canyield qualitatively distinct cellular outcomes, withimportant
implications for gene engineering approaches, and that other promis-
ing genetic payloads may have been overlooked in high-throughput
screens not because of inherentinefficacy but suboptimal expression
levels®’. Future cellular engineering efforts should incorporate sys-
tematic gene ‘dose-response’ analyses during payload development,
potentially revealing therapeutic windows where gene payloads can
safely enhance cell and gene therapies.
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Methods

Mice

OT-land Ptprc® (CD45.1) congenic mice from a C57BL/6 background
were obtained from the Jackson Laboratory®. Bach2'""" mice were
generated as previously described®. BACH2A° mice were generated
as previously described®. Wild-type C57BL/6 mice were purchased
from Charles River Laboratories. Experiments were performed with
8- to 12-week-old animals using age- and sex-matched experimental
groups. Mice were housed at the University of Cambridge University
Biomedical Services (UBS) Gurdon Institute Facility under standard
dark-light cycles, and temperature- and humidity-controlled condi-
tions. Experiments were conducted in accordance with UK Home Office
guidelines and were approved by the University of Cambridge Animal
Welfare and Ethics Review Board. No mice in this study exceeded the
maximum tumor burden of 15-mm average diameter specified in the
UK Home Office project license relevant for this work. Genotyping was
performed by Transnetyx.

Cell lines and reagents

The B16-F10 murine melanoma cell line was purchased from the
American Type Culture Collection. The MC38-OVA cell line was
purchased from Vitro Biotech. The B7ZSChOVA-mCherry (B16-OVA)
murine melanoma cell line was kindly provided by M. Krummel. The
BACH2-inducible reporterJurkat cell line was generated as previously
described®. Platinum-E retroviral ecotropic packaging cells (Plat-E)
were purchased from Cell Biolabs. Cell lines were passaged in DMEM
(Gibco) supplemented with 10% heat-inactivated fetal bovine serum
(Sigma-Aldrich),1 mMsodium pyruvate (Gibco), 0.1 mM non-essential
amino acids (Gibco), 2 mM glutamine (Gibco) and 100 U ml™ strepto-
mycinand penicillin (Gibco). Murine-reactive anti-CD3 (clone 145-2C11)
and anti-CD28 (clone 37.51) antibodies were purchased from BioLeg-
end.Recombinant humanIL-2 (rhIL-2) was purchased from PeproTech
and stored at —-80 °C until use.

Processing of tumor, spleen and lymph nodes

Spleens and lymph nodes were mechanically dissociated through
40-pum cell strainers. Red blood cells were lysed using ACK Lysing
Buffer (Gibco). Tumors were digested in DMEM with 20 pg ml™ DNase
I (Roche) and 1 mg ml™ collagenase (Sigma-Aldrich) for 30 min at
37 °C.Digested tumors were mechanically dissociated through 40-pm
cell strainers and washed twice with PBS. TIL enrichment was per-
formed using Lympholyte-M solution (Cedarlane Labs) according
to the manufacturer’s instructions. For assessing cytokine produc-
tion, single-cell suspensions were resuspended in media containing
20 ng ml™ PMA (Sigma) and 1 pug ml™ ionomycin (Sigma), or 5 pg mI™
anti-CD3, together with 5 pg ml™ brefeldin A (Sigma) and 5 pg ml™
monensin (Sigma) for 4 h.

Generation of retrovirus for mouse T cell transduction

Plasmids encoding murine stem cell virus-based vectors for expression
of BACH2 (CCDS51135.1) or FOXO1**A with a 3xFLAG tag at the N termi-
nus were purchased from VectorBuilder. Vectors contained an ORF
flanked by murine stem cell virus long terminal repeat sequences, con-
taininga Thyl.1coding sequence, a STOP-TRM motif, a T2A self-cleavage
sequence and the coding sequence of the gene of interest. Three alanine
mutations (p.Thr24Ala, p.Ser253Alaand p.Ser316Ala) were introduced
in the FOX0O1(CCDS17343.1) ORF for generating FOXO1*** (ref. 46). At
70-80% confluencyina T175flask, Plat-E cells were co-transfected with
6.3 ng pCL-Eco retroviral packaging plasmid (Addgene, 12371) and
28.5 pg retroviral vector plasmid DNA of interest in 3.17 ml OptiMEM
medium (Gibco) and 95 pl TransIT-293 transfection reagent (Mirus
Bio). Transfected Plat-E cells were cultured at 37 °C 5% CO, and viral
supernatant harvested at48 hand 72 hafter transfection. Viral super-
natant was centrifuged at 400g for 5 min to remove cellular debris and
stored at -80 °C until use.

Primary mouse T cell transduction

CD45.1" OT-1 splenocytes were activated for 24 h in complete RPMI
media (RCM; Gibco) containing 100 IUml™ rhiL-2,10 pg ml™ anti-CD3
and 5 pg ml™ anti-CD28 antibodies. Activated T cells were resuspended
at1x10°cells per mlin viral supernatant containing 100 IU ml™ rhIL-2
and 8 pg ml™ polybrene transfection reagent (Merck). Cell suspensions
were plated on non-tissue culture-treated plates and centrifuged at
2,000g32 °Cfor2 hwith minimal accelerationand no brake. Following
centrifugation, cell suspensions were cultured for 4 h, then washed and
maintained at 1.25 x 10° cells per mlin RCM containing 100 IU ml™ rhIL-2
until use. Transduction efficiency was evaluated by flow cytometry 48 h
following transduction.

Flow cytometry and cell sorting

Single-cell suspensions were blocked with anti-mouse CD16/CD32 Fc
block (BioXCell, 2.4G2) followed by live and dead cell discrimination
with Fixable Viability Dye eFluor 780 (Thermo Fisher Scientific). Sur-
face staining was performed for 30 min away from light at 4 °C. Intra-
cellular staining of transcription factors and cytokines was performed
overnight following fixation and permeabilization using the eBiosci-
ence Foxp3/Transcription Factor Staining Buffer Kit (Invitrogen) and
BD Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences),
respectively®. Cell counts were obtained using 123count eBeads (Invit-
rogen).Samples were acquired using Cytek Auroracytometers and data
analyzed using FlowJo v10 (Tree Star). For FACS, single-cell suspensions
were filtered resuspended in complete RPMI1640 media before sort-
ing. Cells were sorted into RPMI 1640 media supplemented with 50%
FCS (Sigma) and kept cold throughout until subsequent use. Cell sort-
ing was performed using BD Aria or MoFlo Astrios (Beckman Coulter)
cellsorters. UMAP plots were generated using clustering unsupervised
methods for high-dimensional cytometry data (CRUSTY)*".

Adoptive cell transfer

C57BL/6 mice were injected subcutaneously into the flank with
1.25 x 10° B16-OVA cells or 3 x 10° MC38-0VA cells 12-14 days before
T celltransfer. Once established, tumor-bearing mice were selected and
randomized into experimental groups. Tumor areawas measured every
3-4 days thereafter using electronic calipers and volume calculated
as length x width? Mice received 2.5 Gy (MC38-OVA-bearing mice) or
3.5 Gy (B16-OVA-bearing mice) total body X-ray irradiation 1day before
adoptive transfer. Transduced OT-I cells (5 x 10°) were intravenously
injected into tumor-bearing mice. For analysis of tumor-infiltrating
cells, mice were culled 17-21 days following T cell transfer. Staff per-
formingintravenousinjections and tumor measurements were blinded
to the experimental groups.

Assessment of endogenous BACH2 expression

B16-F10 cells (1.25 x 10%) were subcutaneously injected into the flanks
of Bach2'"*** or Bach2'* (control) mice. Tumor and spleen samples
were harvested after 16 days, processed as previously described and
analyzed by flow cytometry for expression of phenotypic surface
markers and tdRFP expression.

Luciferase assay

Theluciferase assay was performed as previously described®. Briefly,
inducible BACH2 reporterJurkat cells were pretreated with tetracycline
(or vehicle) for 18 h (T8032, Sigma-Aldrich). Subsequently, cells were
stimulated for 6 additional hours with PMA (25 ng ml™) and ionomycin
(1.25 pg ml™) in the presence of tetracycline (or vehicle) before meas-
uring luciferase signal using a PHERAstar FSX spectrophotometer
(BMG Labtech).

Proteomics sample preparation
Cellswerelysedin 80 pllysis buffer containing 5% SDS,10 mM TCEP and
50 mM TEAB, before boiling for 5 min and sonication using a BioRuptor
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for15cycles of 30 sonand 30 s off. Lysates were then treated with ben-
zonase for15 minat 37 °C and proteins quantified using the EZQ assay
following the manufacturer’sinstructions (Thermo Fisher Scientific).
Alkylation of proteins was carried out by the addition of iodoacetamide
toafinal concentration of 20 mM andincubationfor1hat20 °Cinthe
dark. Protein lysates were loaded onto S-Trap mini columns (ProtiFi)
following the manufacturer’sinstructions and proteins digested with
trypsin at a protein:trypsin ratio of 20:1. Protein digests were per-
formedat47 °Cfor 2 h. Peptides were eluted from mini columns, dried
and reconstituted in 1% formic acid.

Mass spectrometry

Peptides were analyzed using single-shot data-independent acquisi-
tion (DIA). For each sample, 200 ng of peptide was injected ontoa C18
reverse-phase chromatography system (Vanquish, Thermo Scientific)
andelectrosprayedinto an Astral Orbitrap Mass Spectrometer (Thermo
Fisher Scientific) with LC buffers comprising buffer A (0.1% formic
acid) and buffer B (80% acetonitrile, 0.1% formic acid). The buffers
were used to create a gradient for a run of 30 samples per day where
the peptides were eluted from an Aurora Ultimate column (lonOpticks)
and RAW datawere acquired in DIAmode. A scan cycle comprised a full
MS scanwithanm/zrange 0f380-980, resolution 0f 240,000, custom
automatic gain control target of 500% and a maximum injection time of
3 ms. MS scans were followed by MS/MS DIA scans of isolation windows
withwidths of 2 Thand an overlap of 0 m/z. DIA spectrawere recorded
with a scan range of 150-2,000 m/z, custom automatic gain control
target of 500% and amaximum IT of 3 ms. Normalized collision energy
was set to 25%. Data for MS scans were acquired in profile mode with
MS/MS DIA scan events being acquired in centroid mode.

Proteomics data analysis

Raw MS datafiles were searched using Spectronaut (Biognosys) version
19. Raw MS files were searched against a mouse database (Swissprot
Trembl, November 2023) with the following parameters: directDIA,
false discovery rate set to 1%, protein N-terminal acetylation and
methionine oxidation were set as variable modifications, and carba-
midomethylation of cysteine residues was selected as a fixed modifi-
cation. Perseus software® was used to estimate protein copy numbers
according to the method described in Wisniewski et al.*. Protein copy
numbers were normalized to total protein mass per cell.

Invitro chronic stimulation assay

OT-I splenocytes were activated with anti-CD3 and anti-CD28 anti-
bodies for 24 h and retrovirally transduced as previously described.
The following day (day 2), and again 48 h later (day 4), transduced
cells were passaged in complete RPMI media supplemented with
100 IU ml™ rhiIL-2 and restimulated on plates coated with 5 pg ml™
anti-CD3. Acutely stimulated cells were passaged every 2 days and main-
tained in complete RPMI media supplemented with 100 IU mI rhIL-2.
Cells were analyzed by flow cytometry on days 2, 4 and 6. Cytokine
polyfunctionality was assessed by intracellular staining following 4-h
restimulation on anti-CD3-coated plates in the presence of 5 ug ml™
brefeldin A and 5 pg ml™” monensin.

JunB CUT&RUN

OT-ITcellswereisolated, transduced and subjected to chronic stimu-
lation as previously described. Transduced cells (Thyl.1") were sorted
using FACS as previously described and were immediately subjected
to CUT&RUN viathe CUTANA ChIC/CUT&RUNK:it (EpiCypher) accord-
ing to the manufacturer’s instructions, with minor modifications.
Briefly, 5 x 10° cells per reaction were washed in a buffer containing
spermidine and protease inhibitor and then bound to pre-activated
concanavalin A beads. Cells were then permeabilized with 0.001%
digitoninandincubated overnight at4 °Cwith1 pl of Rabbit anti-JunB
(C37F9, Cell Signaling Technologies) in antibody buffer. The following

day, micrococcal nuclease fused to proteins A and G (pAG-MNase) was
added tothereaction and incubated for 10 min at room temperature.
Targeted chromatin digestion and release were activated upon the
addition of CaCl,, followed by incubation for 2 h at 4 °C. Stop buffer
containing Escherichia coli spike-in DNA was added to halt the reac-
tion. CUT&RUN-enriched DNA was purified using SPRIselect beads
(Beckman Coulter) and quantified using a Qubit Fluorometer (Thermo
Fisher Scientific).

DNA libraries were prepared using the CUTANA CUT&RUN Library
Prep Kit (EpiCypher) or the NEBNext Ultra Il DNA Library Prep Kit for
Illumina kit (New England Biolabs) according to the manufacturer’s
instructions. Libraries were quality assessed on an Agilent Tapestation
using the D1000 ScreenTape (Agilent) and sequenced on a NextSeq
2000 (Illumina) with 100-bp paired-end reads by the Peter MacCallum
Cancer Centre Molecular Genomics Core.

scRNA-seq analysis

Published scRNA-seq data of human TILs were sourced from a public
repository (https://zenodo.org/records/5461803)%*. Downstream
analyses were performed using Seurat (v5.1.0) in R v4.3.2. Visualiza-
tion was performed using ScanPy (v.1.9.1) in Python v3.11.1. Raw gene
expressionmatrices were processed by first removing blacklisted genes
as described by the authors®®. Counts were normalized and scaled,
and variable features were found using the SCTransform workflow
with regression of mitochondrial and cell cycle-related genes. UMAP
plots were generated using the first 25 principal components, and
cluster annotation was performed manually according to signature
cluster genes.

RNA-seq and analysis

Single-cell suspensions of tumor-infiltrating Slamf6* and Slamf6~
Thyl.1* CD45.1" OT-I cells from B16-OVA-bearing mice, or Thy1.1" OT-I
cells following in vitro chronic stimulation as previously described,
were purified by FACS. All samples were stored in 40 pl RNAlater Sta-
bilization Solution (Thermo Fisher) at -80 °C.Samples were processed
using the QlAshredder kit (Qiagen) and RNA extracted using the RNeasy
Plus Mini Kit (Qiagen) according to the manufacturer’s instructions.
RNA libraries were produced using the SMARTer Universal Low Input
RNAKit (Takara) and sequenced onanIllumina NovaSeq 6000 instru-
ment. FASTQ files were quality checked using FastQC and aligned to
the GRCm38 (mm10) Mus musculus genome assembly using STAR.
DESeq2 (v1.42.0)” was used to perform differential gene expression
analysis. Further analysis and visualization were completed using R
v4.2.2. Principal component analysis was performed using variance
stabilizing transformed counts generated using DESeq2. Heat maps of
gene expressionand gene clustering were performed using the R pack-
age pheatmap (v1.0.12). GSEA was performed using the R package fgsea
(v1.28.0) with statistical analyses derived from 10,000 permutations.

Motif enrichment analysis

Genes assigned to the specified clusters through hierarchical cluster-
ing of RNA-seq data were used in the analysis. The regions spanning
+2 kbfromthe TSS of the corresponding genes were analyzed for motif
enrichment using HOMER (v5.1)*%. Motif frequency was calculated by
normalizing the absolute number of instances of the indicated motifs
inthe specified regions by the number of regions analyzed.

ATAC-seq and analysis
Genome-wide chromatin accessibility measurements were performed
using transduced OT-1T cells subjected to chronic stimulation as pre-
viously described. Transduced cells (Thy1.1") were sorted using FACS
as previously described, and samples were processed for ATAC-seq
following Grandi et al. with minor modifications™.

Inbrief, 50,000 sorted cells were washed twice in cold PBS, lysed
in ATAC lysis buffer (10 mM Tris-HCI pH 7.5,10 mM NacCl, 3 mM MgCl,,
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0.1% Igepal, 0.1% Tween-20, 0.01% digitonin) for 5 min onice, and nuclei
were pelleted by centrifugation at 500g for 10 min at4 °C. Nuclei were
resuspended in a 50 pl transposition reaction mix containing 2x TD
bufferand 2.5 pl TDE1transposase ([llumina Tagment DNA Enzyme and
Buffer), supplemented with 0.01% digitonin and 0.1% Tween-20, and
incubated at 37 °C for 30 min with gentle agitation. DNA was purified
using the MinElute PCR Purification Kit (Qiagen). ATAC-seq libraries
were generated by PCR amplification with NEBNext High-Fidelity 2x
PCR Master Mix (New England Biolabs) and indexed using custom
i5/i7 primers. Amplified libraries were purified with the QIAquick
PCR Purification Kit (Qiagen), quantified by qPCR (NEBNext Library
QuantKit), and diluted to 10 nM for equimolar pooling. Libraries were
sequenced by Novogene onan Illumina NovaSeq X Plus platform with
150-bp paired-end reads.

Processing of FASTQ files was completed as previously described®.
Briefly, reads were aligned to the GRCm38 (mm10) Mus musculus
genome assembly using Bowtie2 (ref. 61). Mitochondrial, unpaired
and unmapped reads were removed using SAMtools. PCR duplicates
were removed using Picard and ENCODE blacklist regions removed.
Peaks were called using MACS2 with a false discvery rate g value < 0.01.
Consensus peak sets were generated by combining all peaks across all
samples, merging overlapping peaks with the ‘merge’ functioninbed-
tools, and retaining peaks found in more than one sample. Differentially
accessible peaks (g < 0.1,1og,(FC) > 1) were identified using DiffBind®~.
Enrichment histograms around BACH2 binding sites were performed
using deepTools (v3.5.6)%.

CUT&RUN data processing and analysis

Raw CUT&RUN sequencing datafrom mouse samples (with K12-MG1655
E. colispike-in) were processed using a series of bash scripts. Adapter
and quality trimming were carried out with BBDuk (bbmap v35.19;
https://github.com/BiolnfoTools/BBMap/). Quality control of raw and
trimmed reads was performed using FastQC version 0.11.5. Screen-
ing for contamination and alignment rates against the E. coli spike-in
was performed using FastQ Screen version 0.15.3 (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were aligned
tothe GRCm38 (mm10) Mus musculus genome assembly using Bowtie2,
followed by SAM/BAM processing using SAMtools version1.9 and Sam-
bamba (version 0.6.7)°". Quantitative normalization of BAM files was
performed using the CUT&RUN Greenlist as previously described®*.
Briefly, a curated set of high-confidence CUT&RUN regions (‘greenlist’)
was used as an internal reference to correct for technical variability
across samples. For each sample i, the total signal within greenlist
regions (S;) was computed by summing per-base scores overlapping
the greenlistintervals. A scaling factor was then calculated as: scale;=
S/S;where S is the mean greenlist signal across all samples. Per-base
scores in each dataset were multiplied by scale; to produce normal-
ized coverage tracks. The adjusted tracks were exported in BigWig
and bedGraph formats for downstream analyses and visualization.
Enrichment histograms around BACH2 binding sites were performed
using deepTools (v3.5.6)%.

Statistical testing

Datawere analyzed using statistical tests as indicated in the figure leg-
ends. Normality and equal variance were tested before the selection of
the statistical test. During tumor experiments, mice were randomized
immediately after tumorinoculation and mice were assigned to groups
arbitrarily, ensuring consistent starting tumor size across all groups.
Researchers and operators were blinded during group allocation,
adoptive transfers, tumor measurements, collection and processing
of tissues and data analysis. Sample sizes were determined based on
prior similar published studies, or prior experience with variability
in similar experiments. Samples that experienced technical failures
during the execution of procedures or processing were excluded from
further analysis.

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

Data availability

RNA-seq and CUT&RUN raw data have been deposited in the Euro-
pean Nucleotide Archive (ENA) database under the accession code
ERP182454.Source data are provided with this paper.

References

53. Whyte, C.E., Tumes, D. J., Liston, A. & Burton, O. T. Do more with
less: improving high parameter cytometry through overnight
staining. Curr. Protoc. 2, €589 (2022).

54. Puccio, S. et al. CRUSTY: a versatile web platform for the rapid
analysis and visualization of high-dimensional flow cytometry
data. Nat. Commun. 14, 5102 (2023).

55. Tyanova, S. et al. The Perseus computational platform for
comprehensive analysis of (prote)omics data. Nat. Methods 13,
731-740 (2016).

56. Wisniewski, J. R., Hein, M. Y., Cox, J. & Mann, M. A “proteomic
ruler” for protein copy number and concentration estimation
without spike-in standards. Mol. Cell Proteomics 13, 3497-3506
(2014).

57. Love, M. ., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

58. Heingz, S. et al. Simple combinations of lineage-determining
transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Mol. Cell 38, 576-589 (2010).

59. Grandi, F. C., Modi, H., Kampman, L. & Corces, M. R. Chromatin
accessibility profiling by ATAC-seq. Nat. Protoc. 17, 1518-1552
(2022).

60. Giles, J. R. et al. Human epigenetic and transcriptional T cell
differentiation atlas for identifying functional T cell-specific
enhancers. Immunity 55, 557-574 (2022).

61. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357-359 (2012).

62. Stark, S. & Brown, G. DiffBind: differential binding analysis
of ChlIP-seq peak data. R package version 100, 4-3 https://
bioconductor.
org/packages/release/bioc/html/DiffBind.html (2011).

63. Ramirez, F. et al. deepTools2: a next generation web server for
deep-sequencing data analysis. Nucleic Acids Res. 44,
W160-W165 (2016).

64. de Mello, F. N., Tahira, A. C., Berzoti-Coelho, M. G. &
Verjovski-Almeida, S. The CUT&RUN greenlist: genomic regions of
consistent noise are effective normalizing factors for quantitative
epigenome mapping. Brief. Bioinform. 25, bbad538 (2024).

Acknowledgements

We thank members of University of Cambridge Biomedical Services
for technical support with animal experiments. We thank members
of the flow cytometry facilities at the University of Cambridge
Department of Pathology Flow Cytometry Facility, and the Peter
MacCallum Cancer Centre Flow Cytometry Facility, for their
assistance with cell sorting and analysis. We thank members of the
Peter MacCallum Cancer Centre Molecular Genomics Core Facility
for technical support with sequencing experiments. The research
was supported by BBSRC grants BB/X006344/1and BB/Z516132/1,
ERC Consolidator Award EP/X024709/1, MRC grants MR/Y013301/1
and MR/W018454/1 (to R.R.), CRUK Cambridge Centre (to A.G.C.),
PROGRAMMES LABELLISES (PGA) from Fondation ARC (to S.M.),
Victorian Cancer Agency Mid-Career Fellowship 21019 (to I.A.P.) and
the Australian Cancer Research Foundation (for the Peter Mac Flow
Cytometry and Molecular Genomics Facilities).

Nature Immunology


http://www.nature.com/natureimmunology
https://github.com/BioInfoTools/BBMap/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.ebi.ac.uk/ena/browser/view/ERP182454
https://bioconductor.org/packages/release/bioc/html/DiffBind.html
https://bioconductor.org/packages/release/bioc/html/DiffBind.html
https://bioconductor.org/packages/release/bioc/html/DiffBind.html

Article

https://doi.org/10.1038/s41590-025-02389-z

Author contributions

AGC. AC.E., TV.L,, C.DTD., SKW., AJW., C.Jl,YY.-K, L.D., JC.,
A.M.P, A.A.-D.,RG., O.B., PV,, S.S. and J. performed experiments.
AG.C., ACE., TV.L, I.P-N., NY.L.S and R.R. analyzed data. A.G.C,,
A.C.E. and R.R. wrote the paper. K.O., B.S., S.\M., A.JM.H. and |.A.P.
provided tools and reagents and discussed the results. R.R. acquired
funding and provided overall supervision of the work.

Competinginterests

A.G.C., A.C.E. and R.R. are named inventors on a provisional patent
related to this work and are shareholders in Alceus Biosciences. R.R.

is a Scientific Advisor for Enhanc3D Genomics and OligoTune and
holds industrially funded collaborations with AstraZeneca and F-Star
Therapeutics on topics unrelated to this study. I.A.P. has received
research funding from AstraZeneca, Bristol Myers Squibb and Roche
Genentech on topics unrelated to this study. The other authors declare
no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41590-025-02389-z.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41590-025-02389-z.

Correspondence and requests for materials should be addressed to
Alberto G. Conti, Alexander C. Evans or Rahul Roychoudhuri.

Peer review information Nature Inmunology thanks the anonymous
reviewers for their contribution to the peer review of this work. Primary
Handling Editor: Nick Bernard, in collaboration with the Nature
Immunology team.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Immunology


http://www.nature.com/natureimmunology
https://doi.org/10.1038/s41590-025-02389-z
https://doi.org/10.1038/s41590-025-02389-z
https://doi.org/10.1038/s41590-025-02389-z
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41590-025-02389-z

Live/Dead — 8

"

I <I(
A )
[72] ]
T (]
" ‘ 52.0
3 ©
0 g7
S 3 1y
3 3 o 5
& 2]
o =

CD3 SB550 —8 8 ™

CD8 BUV805 —

CD45.1 BV711 —m8

Extended Data Fig. 1| Gating strategy for identification of intratumoral transduced OT-I T cells. Representative gating strategy showing OT-1 (CD45.1") transduced
(Thy1.1") T cells in B16-OVA tumors.
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upon chronic stimulation in vitro. a-b, Frequency of CD62L expression (a) and
TCF1MFI (b) of chronically stimulated transduced OT-I T cells and representative
flow cytometry plots (n =3 for all groups). ¢, PCA plot of chronically stimulated
transduced OT-I cells on day 6 (n =4 for all groups). d, Comparison between EV
and BACH2,g, BACH2,; o, or BACH2, 5, in chronically stimulated transduced
OT-Icells at day 6 using gene set enrichment analysis (GSEA) with signatures

derived from terminally exhausted or progenitor-exhausted SIINFEKL-reactive
CD8" TILs from B16-OVA tumors®. Data are representative of three independent
experiments (a-c) with three to five samples per experimental group in each
experiment. One-way ANOVA with Dunnett’s multiple comparison correction
(a-b), Weighted Kolmogorov-Smirnov test with false discovery rate multiple
comparison correction (d). Dots represent independent replicates (a-c),
horizontal lines and error indicate mean + s.e.m. (a-b).
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Extended Data Fig. 4| High and low expression of BACH2 drive changes

in chromatin accessibility upon chronic stimulation. a, Experimental
schema. CD8' T cells were isolated, transduced with EV (n=3), BACH2,; (n=4),
BACH2p.105 (n =2) and BACH2,..5, (n = 4) and subjected to chronic stimulation
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replicates (b).
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Extended DataFig. 5| Inducible BACH2 expression shows dose-dependent
AP-1suppression. a, Schematic of the BACH2 reporter assay system. The DNA
sequence -18 kb downstream of the Ifnglocus containing a TPA responsive
element (TRE) bound by BACH2 was cloned in triplicate upstream of a minimal
promoter (minP) driving NlucP luciferase expression®>?*, This reporter construct
was stably integrated into Jurkat cells along with a tetracycline-inducible BACH2
expression cassette, enabling dose-dependent analysis of BACH2-mediated
transcriptional repression as reported in Vardaka et al. b, Dose-dependent

b
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repression of AP-1-driven luciferase activity by BACH2. Reporter cells were
pre-treated with the indicated concentrations of tetracycline for 48 h to model
continuous pre-existing BACH2 expression at distinct levels and then stimulated
with PMA and ionomycin for 6 h to induce AP-1activity. Luciferase signal shows
inverse correlation with tetracycline concentration (R2=0.936, p < 0.001),
demonstrating dose-dependent repression of AP-1-driven transcription by
BACH2. Log- linear regression (b). Dots represent independently cultured and
treated replicates (b), bars and error indicate mean + SEM (b).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6| BACH2 dosing enhances anti-tumor T cell therapy
responses in MC38-0OVA tumor-bearing mice. a, Tumor volume of MC38-OVA-
bearing mice following sublethal irradiation with 2.5 Gy and adoptive transfer of
0.5x10° OT-IT cells transduced with EV (n = 7), BACH2,y;. 10, (n = 9) and BACH2y.
(n=8)vectors.b, Tumor volumes from (a) at days 21 after T cell transfer. c-f, MFI
of CD101 (c), CX3CR1 (d) and frequency of KLRG1" cells (e) and Slamfé6* CX3CR1*
inintratumoral OT-1T cells transduced with EV (n = 7), BACH2,.,o (n = 7) and
BACH2p.5, (n = 8) and BACH2, (n = 8) vectors and representative flow cytometry
histograms. Fluorescence minus one (FMO) controls for the respective markers is
shown. g, Absolute difference in the frequency of tumor-infiltrating transduced

OT-IT cells fromEV (n=14), BACH2, 5 (n =15), BACH2,¢ 5, (n =15) and BACH2,;
(n=13) expressing the indicated number of effector molecules (IFN-g, TNF,
granzyme B, IL-2) upon 4-hour ex vivo anti-CD3 stimulation normalized to EV.
Pie charts represent the average proportion of cells from each condition (co-)
expressing the indicated number of effector molecules. Datain (e-f) represent
pooledindependent replicates from two independent experiments. ns, non-
significant (P> 0.05);*, P< 0.05; **, P< 0.01; ****, P< 0.0001. One-way ANOVA
with Dunnett’s multiple comparison correction (b, g). Tumor curve represents
average of independent replicates +s.e.m. (a), dots represent independent
replicates (b-g), horizontal lines and error indicate mean + s.e.m. (b-g).
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Data collection  No software was used.

Data analysis Published sc-RNAseq data of human TILs was sourced from a public repository (https://zenodo.org/records/5461803). Downstream analyses
were performed using Seurat (v5.1.0) in R v4.3.2. Visualization was performed using Scanpy (v.1.9.1) in Python v3.11.1.

FASTQ files were quality-checked using FastQC and aligned to the GRCm38 Mus musculus genome assembly using STAR. DESeq?2 (v1.42.0) was
used to perform differential gene expression analysis. Further analysis and visualization were completed using R v4.2.2. PCA was performed
using variance stabilizing transformed counts generated using DESeq2. Heatmaps of gene expression were created using the R package
pheatmap (v1.0.12). GSEA was performed using the R package fgsea (v1.28.0) with statistical analyses derived from 10,000 permutations.
Details are described in the Methods section.

Specified gene lists were used in the analysis (see Methods section). The region spanning + 2kb from the TSS of the corresponding genes were
analyzed for motif enrichment using HOMER (v5.1). Motif frequency was calculated by normalizing the absolute number of instances of the
indicated motifs in the specified regions by the number of regions analyzed.

Flow cytometry data was analysed using FlowJo v10 (Tree Star Inc.).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

RNA-seq and CUT&RUN raw data are deposited in the European Nucleotide Archive (ENA) database under the accession number ERP182454. Source data are
provided with this paper.

Research involving human participants, their data, or biological material
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confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design,; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data;, provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the researchers,
or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined using variability observed in prior experiments or based on prior experience of sample size requirements.
Experiments where technical limitations prevented acquisition of a suitable number of replicates for adequate statistical comparisons, results
from multiple identical experiments were pooled together.

Data exclusions  Animals where technical failures prevented procedures being performed adequately (e.g. unsuccessful injections) were excluded from
experiments. Technical failure of experiments was objectively determined via inclusion of positive and negative controls where possible. Any
sample exclusion was performed according to pre-established criteria to avoid subjective bias.

Replication The number of independently repeated experiments, and pooling of experimental results, is described in the figure legends. Sample selection
for displaying representative examples was performed objectively by identifying the median sample in each group.

Randomization  Sex/aged-matched animals were randomised prior to assignment to control or experimental groups. Acquisition of data from experiments was
performed by alternating samples from different groups using identical data acquisition settings to avoid batch effects.

Blinding Staff performing intravenous injections and tumor measurements were blinded to the experimental groups. Acquisition of data from

experiments was performed by alternating samples from different groups using identical data acquisition settings to avoid batch effects. Data
analysis was performed in an objective manner by applying identical methodology across all samples.
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Antibodies

Antibodies used Antibody Fluorochrome Clone Supplier Catalogue no. Dilution
anti-CD101 PE-Cy7 Moushi101 eBioscience #25-1011-82 1/500
anti-CD197 (CCR7) BB700 4B12 BD Horizon #566462 1/500
anti-CD279 (PD-1) BV605 29F.1A12 BiolLegend #135220 1/1000
anti-CD279 (PD-1) PE-Cy7 RMP1-30 BioLegend #109110 1/1000
anti-CD3 Spark Blue 550 SK7 BioLegend #344852 1/5000
anti-CD4 BUV395 GK1.5 BD Horizon #563790 1/1000
anti-CD44 BV510 IM7 BiolLegend #103044 1/1000
anti-CD45.1 BV711 A20 BiolLegend #110739 1/500
anti-CD62L BUV737 MEL-14 BD Horizon #612833 1/500
anti-CD69 PE-Cy5 H1.2F3 BiolLegend #104510 1/500
anti-CD8 BUV805 53-6.7 BD Horizon #612898 1/1000
anti-CD90.1 (Thy1.1) BUV496 OX-7 BD Horizon #741110 1/1000
anti-CX3CR1 PE/Dazzle 594 SA011F11 BioLegend #149014 1/500
anti-DYKDDDDK PE L5 BiolLegend #637310 1/1000
anti-Granzyme B PE QA16A02 BioLegend #372208 1/200
anti-IFNy BUV737 XMG1.2 BD Horizon #612769 1/200
anti-IL-2 PE/Dazzle 594 JES6-5H4 BiolLegend #503840 1/200
anti-Ki67 AF700 16A8 BiolLegend #652420 1/2000
anti-KLRG1 BV785 2F1/KLRG1 BiolLegend #138429 1/500
anti-Ly108 (Slamf6) PE 330-AJ BioLegend #134606 1/1000
anti-TCF1 AF647 C63D9 Cell Signaling Technology #6709 1/200
anti-TIM-3 BV421 B8.2C12 BioLegend #134019 1/500
anti-TNF BV650 MP6-XT22 BioLegend #506333 1/200
Fixable Viability Dye eFluor 780 eBioscience #65-0865-14 1/1000

Validation All antibodies have been validated by the manufacturer. Antibody validation information is available for each of the listed antibodies
on the relevant manufacturer's website:
anti-CD101 PE-Cy7 Moushi101 eBioscience #25-1011-82: https://www.thermofisher.com/antibody/product/CD101-Antibody-clone-
Moushil01-Monoclonal/25-1011-82
anti-CD197 (CCR7) BB700 4B12 BD Horizon #566462: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/bb700-rat-anti-mouse-cd197-ccr7.566462
anti-CD279 (PD-1) BV605 29F.1A12 BioLegend #135220: https://www.biolegend.com/en-gb/products/brilliant-violet-605-anti-
mouse-cd279-pd-1-antibody-7648
anti-CD279 (PD-1) PE-Cy7 RMP1-30 BioLegend #109110: https://www.biolegend.com/en-gb/products/pe-cyanine7-anti-mouse-
cd279-pd-1-antibody-3612
anti-CD3 Spark Blue 550 SK7 BioLegend #344852: https://www.biolegend.com/en-gb/products/spark-blue-550-anti-human-cd3-
antibody-18495
anti-CD4 BUV395 GK1.5 BD Horizon #563790: https://www.bdbiosciences.com/en-gb/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv395-rat-anti-mouse-cd4.563790
anti-CD44 BV510 IM7 BioLegend #103044: https://www.biolegend.com/en-gb/products/brilliant-violet-510-anti-mouse-human-
cd44-antibody-7994
anti-CD45.1 BV711 A20 BioLegend #110739: https://www.biolegend.com/en-gh/products/brilliant-violet-711-anti-mouse-cd45-1-
antibody-8925
anti-CD62L BUV737 MEL-14 BD Horizon #612833: https://www.bdbiosciences.com/en-gb/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies/buv737-rat-anti-mouse-cd621.612833
anti-CD69 PE-Cy5 H1.2F3 BioLegend #104510: https://www.biolegend.com/en-gb/products/pe-cyanine5-anti-mouse-cd69-
antibody-266
anti-CD8 BUV805 53-6.7 BD Horizon #612898: https://www.bdbiosciences.com/en-gb/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv805-rat-anti-mouse-cd8a.612898
anti-CD90.1 (Thy1.1) BUV496 OX-7 BD Horizon #741110: https://www.bdbiosciences.com/en-gb/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/buv496-mouse-anti-rat-cd90-mouse-cd90-1.741110
anti-CX3CR1 PE/Dazzle 594 SA011F11 BioLegend #149014: https://www.biolegend.com/en-gb/products/pe-dazzle-594-anti-mouse-
cx3crl-antibody-11908
anti-DYKDDDDK PE L5 BioLegend #637310: https://www.biolegend.com/en-gb/products/pe-anti-dykddddk-tag-antibody-9383

anti-Granzyme B PE QA16A02 BiolLegend #372208: https://www.biolegend.com/en-gb/products/pe-anti-human-mouse-granzyme-b-
recombinant-antibody-14431




anti-IFNy BUV737 XMG1.2 BD Horizon #612769: https://www.bdbiosciences.com/en-gb/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/buv737-rat-anti-mouse-ifn.612769

anti-IL-2 PE/Dazzle 594 JES6-5H4 BioLegend #503840: https://www.biolegend.com/en-gb/products/pe-dazzle-594-anti-mouse-il-2-
antibody-12843

anti-Ki67 AF700 16A8 BiolLegend #652420: https://www.biolegend.com/en-gb/products/alexa-fluor-700-anti-mouse-ki-67-
antibody-10366

anti-KLRG1 BV785 2F1/KLRG1 BiolLegend #138429: https://www.biolegend.com/en-gb/products/brilliant-violet-785-anti-mouse-
human-kirgl-mafa-antibody-13682

anti-Ly108 (Slamf6) PE 330-AJ BioLegend #134606: https://www.biolegend.com/en-gb/products/pe-anti-mouse-ly108-antibody-6016
anti-TCF1 AF647 C63D9 Cell Signaling Technology #6709: https://www.cellsignal.com/products/antibody-conjugates/tcf1-tcf7-c63d9-
rabbit-mab-alexa-fluor-647-conjugate/6709?srsltid=AfmBOop-aoKcQzY1huxI9g3Fgubn34wbe6BWEfllmCq3DgMx3_CnwH3H
anti-TIM-3 BV421 B8.2C12 BioLegend #134019: https://www.biolegend.com/en-gh/products/brilliant-violet-421-anti-mouse-cd366-
tim-3-antibody-18197

anti-TNF BV650 MP6-XT22 BioLegend #506333: https://www.biolegend.com/en-gb/products/brilliant-violet-650-anti-mouse-tnf-
alpha-antibody-8829

Fixable Viability Dye eFluor 780 eBioscience #65-0865-14: https://www.thermofisher.com/order/catalog/product/65-0865-14
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) B16-F10 murine melanoma cell line was purchased from American Type Culture Collection. B16-OVA melanoma cell line was
kindly provided by Matthew Krummel, who generated the line (Binnewies, M. et al., 2019). MC38-OVA was purhcased from
Vitro Biotech. Plat-E cells were purchased from Cell Biolabs.

Authentication Cell line authentication was performed by the corresponding suppliers. Additional verifications, including cytometry-based
analysis, morphological observations, and antigen-mediated cell cytotoxicity assays, yielded expected results. Low-passage
stocks were used.

Mycoplasma contamination Cell lines were screened for mycoplasma contamination and found negative prior to shipment to our facility.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in Research

Laboratory animals Details available in the Methods section: OT-I and Ptprca (CD45.1) congenic mice were obtained from the Jackson Laboratory.
Bach2tdRFP mice and BACH2-FLAG mice were generated as previously described in Herndler-Brandstetter, D. et al. (2018). Wild-type
C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA, USA). Experiments were performed with 8- to 12-
week-old animals using age- and sex-matched experimental groups. Mice were housed at the University of Cambridge University
Biomedical Services (UBS) Gurdon Institute Facility under standard dark/light cycles, temperature and humidity conditions.

Wild animals No wild animals were used in this study.

Reporting on sex Female mice was used for adoptive T cell therapy experiments. Both male and female mice were used for all other mice experiments.
Field-collected samples  This study did not involve field-collected samples.

Ethics oversight Mice were housed at the University of Cambridge University Biomedical Services (UBS) Gurdon Institute Facility. Experiments were

conducted in accordance with UK Home Office guidelines and were approved by the University of Cambridge Animal Welfare and
Ethics Review Board.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe the
editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor was
i

Authentication B%ZZF/ZE any-authentication-procedures for-each-seed-stock-used-or-novelgenotype-generated-bescribe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.




ChlP-seq

Data deposition
D Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|Z| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links RNA-seq and CUT&RUN raw data are deposited in the European Nucleotide Archive (ENA) database under the accession
May remain private before publication.  number ERP182454.

Files in database submission Files correspond to independently generated replicates as described in the Methods section. File names containing 'EV'
correspond to empty vector (EV) samples; file names containing 'OE' correspond to BACH2 overexpression (BACH2-OE)
samples; file names containing '10Pct' or '5Pct' correspond to BACH2 dosed expression 10% (BACH2DE-10%) and
BACH2DE-5% groups respectively.

Genome browser session N/A
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Methodology
Replicates Files correspond to independently generated JunB CUT&RUN replicate samples as described in the Methods section. The same

pattern of JunB enrichment and peak signal differences between different groups (EV, BACH20E, BACH2DE) were observed in
independent experiments.

Sequencing depth Details of CUT&RUN procedure, sequencing and analysis are available in the Methods section ('CUT&RUN assay', and 'CUT&RUN data
processing and analysis').

Antibodies Rabbit anti-JunB (Clone: C37F9, Cell Signaling Technologies)

Peak calling parameters Details of CUT&RUN procedure, sequencing and analysis are available in the Methods section ('CUT&RUN assay', and 'CUT&RUN data
processing and analysis').

Data quality Details of CUT&RUN procedure, sequencing and analysis are available in the Methods section ('CUT&RUN assay', and 'CUT&RUN data
processing and analysis').

Software Details of CUT&RUN procedure, sequencing and analysis are available in the Methods section ('CUT&RUN assay', and 'CUT&RUN data
processing and analysis').

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z| All plots are contour plots with outliers or pseudocolor plots.

- A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Details available in the Methods section: Single-cell suspensions were blocked with anti-mouse CD16/32 Fc block (BioXCell,
2.4G2) followed by live and dead cell discrimination with Fixable Viability Dye eFluor 780 (Thermo Fisher Scientific). Surface
staining was performed for 30 minutes away from light at 4C. Intracellular staining of transcription factors and cytokines was
performed overnight following fixation and permeabilization using the eBioscience Foxp3/Transcription Factor Staining Buffer
Kit (Invitrogen) and BD Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences), respectively. Cell counts were
obtained using 123count eBeads (Invitrogen).

Instrument Samples were acquired using a 5-laser Cytek Aurora cytometer.
Software Flow cytometry data was analysed using FlowJo v10 (Tree Star Inc.).
Cell population abundance Confirmation of sorted cell populations was obtained via RNA sequencing demonstrating differential gene expression of the

marker used for sorting between groups.
Gating strategy Representative gating strategy is shown in Extended Data Fig. 1.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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	Results
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