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In brief

Epigenomic features steering CD8* T cell
heterogeneity across tissues has not yet
been extensively explored. By profiling
chromatin accessibility changes and
gene expression in T cells derived from
multiple organs, Buquicchio et al. reveal
the epigenetic state of memory CD8*

T cells and identify subset and organ-
specific regulators involved in T cell
differentiation.

e Tgrwm cells exhibit a distinct chromatin landscape from that of
Tcire cell subsets

e Epigenetic analyses reveal novel organ-specific regulators of
Trwm cell development

e Trwm and Tgx are epigenetically distinct but exhibit cis-
regulatory element overlap
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SUMMARY

The memory CD8* T cell pool contains phenotypically and transcriptionally heterogeneous subsets with
specialized functions and recirculation patterns. Here, we examined the epigenetic landscape of CD8*
T cells isolated from seven non-lymphoid organs across four distinct infection models, alongside their circu-
lating T cell counterparts. Using single-cell transposase-accessible chromatin sequencing (scATAC-seq), we
found that tissue-resident memory T (Trnm) cells and circulating memory T (Tgrc) cells develop along distinct
epigenetic trajectories. We identified organ-specific transcriptional regulators of Tgry cell development,
including FOSB, FOS, FOSL1, and BACH2, and defined an epigenetic signature common to Tgy cells across
organs. Finally, we found that although terminal Tex cells share accessible regulatory elements with Tgy cells,
they are defined by Tex-specific epigenetic features absent from Ty cells. Together, this comprehensive
data resource shows that Try, cell development is accompanied by dynamic transcriptome alterations and

chromatin accessibility changes that direct tissue-adapted and functionally distinct T cell states.

INTRODUCTION

CD8* T cells are key mediators of protective immunity against
infectious diseases and tumors. Following antigen encounters,
recently activated T cells infiltrate sites of infection where
they mediate pathogen control and generate long-lasting het-
erogeneous memory T cell populations. Although some mem-
ory T cells circulate throughout the blood and lymphatics
(including central memory [Tgym] and effector memory [Tgul
T cells or Tgre collectively), others are permanently stationed
in peripheral organs. These non-migratory tissue-resident
memory T (Tgrwm) cells have been identified in all organs across
different species.’?

Variations in distinct tissue microenvironments, cytokine
exposure, antigen persistence, and T cell receptor (TCR) signal
strength poise T cells at different stages and shape the effector
response, culminating in the development of heterogeneous
CD8* T cell subsets.®>® Some of these populations of memory
CD8" T cells display distinct stem-like properties and functional

2202 Immunity 57, 2202-2215, September 10, 2024 © 2024 Elsevier Inc.

capabilities and offer varied degrees of immune protection.'*"®

In certain contexts, such as chronic infections or tumors, contin-
uous antigen recognition leads to the development of exhausted
T (Tex) cells that display reduced functional ability and increased
expression of inhibitory receptors, compared with memory T cell
populations.’®2° The introduction and expansion of high-
throughput sequencing technologies have enhanced our defini-
tions of the transcriptional and epigenetic changes associated
with T cell differentiation and heterogeneity.?’2*

Dynamic genome-wide analysis of DNA methylation and chro-
matin accessibility during Tgrc cell development has demon-
strated the complex determination of effector and memory
T cell fates in mice and humans.?*"2° Epigenomic profiling of sin-
gle cells has demonstrated changes in cis- and trans-regulatory
elements associated with regulation of gene expression in indi-
vidual subsets, allowing for the reconstruction of trajectories
associated with cellular differentiation.?”-*® Although it is known
that heterogeneous Tgre, Trm, @and Tex cells exist and rely on
distinct transcriptional circuitries, when their differentiation
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trajectories diverge and the epigenomic changes steering their
ontogeny are not clear.

Here, we examined transcriptional and chromatin accessibility
changes in CD8" T cells isolated from distinct anatomical sites
following acute and chronic infection in mice. Over the course
of acute lymphocytic choriomeningitis virus (LCMV) infection,
we observed an early epigenetic bifurcation in Try and Tgre
precursors in the liver, indicative of disparate developmental tra-
jectories. This early diversion in effector cell fate was marked by
differential Fcgr2b accessibility and Fc gamma Receptor 1IB
(FcyRIIB) expression, allowing the selection of memory precur-
sors with enhanced capacity to generate either liver Try or Toire
populations. Although Try cells were epigenetically distinct from
Tcire cells, analyses of Ty cells isolated from different organs
revealed transcription factors (TFs) that regulated Tgy, cell for-
mation in an organ-specific manner, including FOSB, FOS,
FOSL1, and BACH2. Furthermore, dissection of Tgy cells within
each organ revealed intra-tissue heterogeneity that was associ-
ated with conserved networks of TFs, including KLF and HIC fac-
tors. Finally, we showed that among Tgx cell subsets, terminal
Tex (Tex-term) cells uniquely shared accessibility in cis-regulato-
ry elements that were contained within the core Try cell epige-
netic signature. Together, our data demonstrate that distinct
epigenetic landscapes define Try cell differentiation and form
the basis for organ-specific phenotypic and transcriptional dif-
ferences. Additionally, we provide public genome browsers for
interrogating the chromatin accessibility profiles of CD8*
effector and memory T cells, as well as Try and Tex cells, to sup-
port future investigations.

RESULTS

Trm cells are an epigenetically distinct subset of
memory T cells

To investigate the epigenetic landscape of CD8" T cell popula-
tions, we first utilized a model of acute viral infection in combina-
tion with TCR transgenic CD8* T cells. To this end, we transferred
congenically marked (CD45.1*) naive CD8* P14 T cells specific for
the LCMV glycoprotein-derived epitope 33-41 (GP33) into mice
infected with LCMV Armstrong (Arm) to generate memory CD8*
T cells across organs. At 30 days post-infection (d p.i.), P14
T cells were isolated from the liver and spleen, alongside
P14 T cells from naive mice, and cells were subjected to single-
cell transposase-accessible chromatin sequencing (scATAC-
seq)’’ (Figures 1A and S1A). Fifteen thousand seven hundred forty
single cells passed quality control filters of at least 1,000 unique
fragments per cell and a transcription start site (TSS) enrichment
score greater than or equal to 5 (Figure S1B).

To analyze scATAC-seq profiles, we utilized ArchR?® (1) for
dimensionality reduction using latent sematic indexing (LSI), uni-
form manifold approximation and projection (UMAP) embed-
ding, and cell clustering®**"; (2) to identify changes in accessi-
bility of individual cis-regulatory regions (“peaks”) in the
genome; (3) to calculate deviation in accessibility of TF motifs;
(4) to validate changes in accessibility observed in genomic
tracks; (5) to predict “marker peaks” or changes in accessibility
of genes that are specific to a given cluster; (6) to calculate a sin-
gle accessibility metric for each gene (“gene score”) based on
locus and distal regulatory element accessibility weighted by
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distance; and (7) to perform pseudo-time differentiation trajec-
tory analysis to model epigenomic changes that occur over the
course of a projected differentiation trajectory (Figure S1C).

Dimensionality reduction and visualization by UMAP revealed
four distinct clusters that aligned with sort-purified naive, Tg,
Tcms and Try populations (Figures 1B and 1C). Although we
found little distinction between the chromatin state of the liver
and splenic Tgy and Ty cells, liver Try cells comprised a
discrete cluster (Figures 1B and 1C). Upon comparison of
T cell clusters, we observed that the number of chromatin acces-
sible peaks exclusive to Try cells (2,424 increased, 4,007
decreased; log, fold change [FC] > 1, —logq, false discovery
rate [FDR] > 10) was similar in magnitude to the number of Tgy
(2,491, 7,552) and Tgom (2,218, 1,276) cell-exclusive peaks,
whereas Tgy and Ty cells shared a proportionally higher num-
ber of peaks (2,120, 2,416) (Figure 1D), indicating that each T cell
population exhibits distinct epigenetic profiles.

To link differentially accessible peaks to genes, we examined
gene-level accessibility changes across the gene body and
within linked distal sites using gene scores.?**? Direct compari-
son of gene scores between Try and Tgy or Tgw cell clusters re-
vealed differential accessibility in peaks corresponding to genes
with decreased expression in Try cells compared with Tgre
cells, such as Kif2, Ccr7, Sell, S1pr5, Zeb2, and Cx3cr1 (Fig-
ure 1E). This analysis also revealed differential accessibility in
genes with no known role in liver Try cell formation, such as
Fcgr2b and Hic1, as well as increased accessibility in adhe-
sion-related genes, such as Chn2, Cdht, Itga9, and Gpr55, a
G-protein-coupled receptor known to regulate intraepithelial
lymphocyte (IEL) migration®® (Figures 1E and 1F). To confirm if
the observed gene score changes were also observed at the
transcriptional level, we compared genes with differential acces-
sibility with previously published transcriptional profiles from
Tem, Towm, and liver Try cells.” Accordingly, Trwm cells displayed
increased Gpr55 and Hic1 gene expression and decreased
Fcgr2b expression when compared with Tgyy and Tey cells (Fig-
ure S1D). Diminished gene scores for Ccr7 and Sell were also
observed in Tgy relative to Tey cell clusters (Sell; logo,FC =
—0.327, —log1oFDR =2.45. Ccr7; logoFC = —0.820, —log1oFDR =
24.20), as well as increased accessibility at the S7pr5 and Zeb2
loci (Figures S1E and S1F), indicating that chromatin accessi-
bility identifies archetypal features of T cell identity.

Given that decreased expression of Kif2 and S1pr1 is a pre-
requisite for Ty cell development,6 we verified that chromatin
accessibility was reduced across Kif2 and S1pr1 gene loci,
alongside decreased KLF2 motif accessibility in Try cells
when compared with Tgy and Ty cells (Figures 1G and 1H).
By contrast, although the chromatin accessibility of Hic1 was
specifically increased in the liver Try population (Figure 1F),
HIC1 motif accessibility was significantly reduced in Try cells
relative to other subsets (Figure 1H). This is consistent with the
known interaction of HIC1 with polycomb repressive complex
2 (PRC2), which plays a role in chromatin compaction and tran-
scriptional repression.®* Nonetheless, CRISPR-Cas9-mediated
Hic1 deletion in CD8* T cells showed that liver Ty cells require
this TF for development (Figures S1G and S1H), similar to Tgrum
cells in the small intestine (SI).°® To investigate the changes in
chromatin accessibility induced by the loss of HIC1, we per-
formed ATAC-seq on sgHic1 and sgCtrl P14 T cells isolated
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Figure 1. Try cells display a unique epigenetic landscape amidst memory T cell subsets

(A-H) Congenically marked CD45.1* naive CD8"* P14 T cells were transferred into C57BL/6 mice that were subsequently infected with LCMV Arm. P14 T cell
subsets (classified as Ty [CD62L*CD69 ], Tem [CD62LCD69 ], and Trym [CD62L - CD69*)) cells were isolated from the spleen and liver 30 d p.i., alongside P14
T cells (CD44~CD62L") from naive mice. scATAC-seq was performed. (A) Sorting schematic of P14 T cell populations from the spleen (spl) and liver. (B) UMAP
projection of sScATAC-seq data. (C) Cluster composition by sample identity based on sorted T cell subsets. (D) Venn diagram of differential peaks in identified
clusters compared with naive cells (log,FC > 1, FDR < 0.05). (E) Gene score volcano plots identifying genes with differential accessibility (logoFC > 1, FDR < 0.05)
between Try and Tey or Towm cell clusters; notable genes annotated manually. (F) UMAP depicting gene scores across clusters. (G) KIf2 and S1pr1 genome tracks
(height normalized) and (H) KLF2 and HIC1 motif deviation in naive and memory T cell clusters. Data are pooled from (A-H) two independent experiments with
n =5 mice each. Boxplots show the median and interquartile ranges.
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Figure 2. Distinct epigenetic trajectories define T¢rc and Try cell development

(A-G) C57BL/6 mice were infected with LCMV Arm, and H-2D(b)-GP33 tetramer* cells were isolated from the liver and spleen at 7, 14, and 28 d p.i. Paired sScRNA/
scATAC-seq was performed. (A) Experimental schematics and UMAP projection of scRNA/scATAC-seq profiles with clusters highlighted. (B) UMAP depicting
d p.i. (C) Marker peak heatmap identifying cis-regulatory elements active in individual clusters; peaks associated with notable genes are annotated and colored by
cluster. (D) UMAP depicting S1pr1, Cxcr6, and Fcgr2b gene scores (top) and gene expression (bottom). (E) Predicted differentiation trajectories of memory T cell
clusters. (F) Genes with differential accessibility in Tpp_rw (relative to Typ-circ-1-3) and Tru (relative to Teire) cells. (G) Fcgr2b gene score and gene expression
over pseudotime for the Try cell trajectory.

(H) Congenically marked naive P14 T cells were transferred into LCMV Arm infected mice. Livers were harvested 7, 14, and 30 d p.i. Flow cytometry analysis of
FcyRIIB expression at indicated time points.

(legend continued on next page)
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from the liver of LCMV Arm infected mice 30 d p.i. We found 137
and 175 peaks with increased and decreased accessibility,
respectively (Figure S1l), which included genes involved in the
regulation of cell cycle and apoptosis.>**” Altogether, these
data demonstrate that Try, Tem, and Tey cells are epigenetically
distinct memory T cell subsets, with scATAC-seq effectively
highlighting unique chromatin features in each T cell population.

Memory T cell subsets display distinct epigenetic
trajectories

Several studies have suggested that Try and Tgrc cells may arise
from distinct progenitor populations.***° Given that chromatin
accessibility precedes gene transcription, we utilized single-cell
multiome sequencing (scATAC + scRNA sequencing [RNA-
seq])*"**? to investigate epigenetic and transcriptional changes
that occur during CD8" T cell differentiation after LCMV Arm infec-
tion. We isolated GP33 tetramer* CD8* T cells from the liver and
spleen at 7, 14, and 28 d p.i. Cluster analysis showed that GP33
tetramer* T cells isolated at 7 d p.i. comprised 10 clusters, whereas
cells isolated at 14 and 28 d p.i. were comparatively less diverse,
consisting of 3 clusters (Figures 2A, 2B, and S2A) that were en-
riched for Tgirc or Trwm cell gene signatures (Figure S2B). Within
effector cells (Terr) isolated at 7 d p.i., we found clusters express-
ing genes associated with proliferation and cytotoxicity (Mki67,
Top2a, Gzmb, and Pfn1; data not shown) (Terr.1-5), as well as clus-
ters that showed an enrichment for Tgrg or Trm cell gene signa-
tures that we termed memory T cell precursors (Tvp [Tmp-circi-3,
Twmp-rml) (Figure S2B). Tpp-cire-1 and Typ.circ-2-3 cells displayed
increased accessibility and gene expression of Tgy-related (e.g.,
Sell, II7r) and Tgp-defining genes (e.g., Tbx21, Ifng, and Fcgr2b),
respectively (Figures 2C and S2C). Typ-rm Cells showed enrich-
ment in the Try cell gene signature, as well as increased Cd69
andreduced S1pr1 accessibility and expression, hallmark features
of Trm cells (Figures 2D and S2D). Additionally, Typ.rm cells dis-
played the highest enrichment in the liver Try cell epigenetic signa-
ture (as defined in Figure 1), whereas Typ_circ-1-3 C€lls exhibited a
chromatin state reflective of Tgrc cells (Figures S2B-S2E).

We next utilized pseudotime trajectory analysis to infer the
developmental relationships of CD8" T cells as they differentiate
into discrete subsets. Given that the adoptive transfer of Tgre
cells can give rise to both Try and Tgrc cell subsets following
infection,'® we designated the Tger cell clusters as a starting
point and used either Typ.circ Or Twp-rm cell clusters as the
branching point (Figure 2E). We observed changes associated
with Trm cell development (e.g., increased Cxcr6 and decreased
Sell, S1pr1, and Cx3cr1 gene scores) along the Teer to Try cell
trajectory (Figures S2F and S2G), reflective of protein expression
changes observed by flow cytometry (Figure S2H). To identify
molecules shared between putative Try cell precursors and
bona fide Try cells, we examined genes with differential acces-
Slblllty between Typ.rm and Typ-circ-1-3 OF Trm and Tgre cell
clusters (Figure 2F). The FcyRIIB locus displayed reduced

Immunity

accessibility in Typ.rmv and Tgry cells, compared with
Twmp-circ-1-3 and Tgre cells (Figure 2F). This change in Fcgr2b
accessibility was reflected by FcyRIIB protein expression in
T cells at 30 d p.i. (Figures 2G, 2H, and S2I).

Toinvestigate whether FcyRIIB marks T cells with a differential
capacity to form Tgrc or Trm cells, we sort-purified congenically
marked FcyRIIB™ and FcyRIIB* P14 T cells from the spleen 7 d
p.i. and adoptively transferred these cells into infection-matched
recipient mice (Figure 2I). Although the progeny of FcyRIIB* cells
preferentially gave rise to Tgy and Tgwm cells, cells lacking
FcyRIIB displayed an increased propensity to form Try cells in
the liver (Figures 2J-2L). In line with this, the genetic deletion
of Fcgr2b in P14 T cells resulted in the reduction of Tgy and
Tcwm cells without impacting liver Tgru cell development
(Figures S2J-S2L). Consistent with the known role of FcyRIIB
in apoptosis,*® we found increased active caspase-3/-7 in liver
Trwm cells in FcyRIIB* cells compared with FcyRIIB™ cells (Fig-
ure S2M). Although further validation is required to define bona
fide lineage commitment, these results indicate that effector
T cells navigate distinct memory T cell trajectories and highlight
the differential accessibility and expression of genes that may
identify cells poised for distinct T cell fates.

Trm cells share a common epigenetic signature across
different organs

Transcriptional and protein profiling of Ty cells across different
organs, infection models, and species has demonstrated that
these cells exhibit conserved modifications associated with tis-
sue retention across models, such as reduced KLF2 and
increased CD69 expression.”* "% To assess if Try cells also
share a common epigenetic profile across organs, we utilized
congenically marked naive TCR transgenic cells specific for epi-
topes within LCMV Arm (P14), Herpes simplex virus (HSV
[gBT-I]), or ovalbumin (Listeria monocytogenes-OVA or influenza
X31-OVA [OT-I]) to compare the chromatin accessibility profiles
of Trm cells derived from the liver, SI-IEL, salivary glands (SGs),
female reproductive tract (FRT), kidney, lung, and skin vs. their
Tcire cell counterparts (Figures 3A and S3A). Isolated cells
were subjected to scATAC-seq, filtered, analyzed, and visual-
ized by UMAP (Figure 3A). Although Trym cells isolated from
SI-IEL, lung, skin, and liver clustered separately, we found that
those derived from the SGs, FRT, and kidney were predomi-
nantly present in one cluster (Figures 3A and S3B), suggesting
that T cells adopt a common epigenetic program associated
with tissue residence in these organs.

To identify features involved in driving Trym cell epigenetic het-
erogeneity, we sought to determine if organ-specific Try popula-
tions exhibited conserved accessibility in cis-regulatory elements,
relative to their respective Tgre populations. From 82,067 differ-
entially accessible peaks in Try relative to Tgre cell clusters
(Table S1), we found 71 peaks with increased accessibility and
123 peaks with decreased accessibility that were common to

(I-L) Distinct congenically marked naive P14 T cells were transferred into LCMV Arm infected mice. FcyRIIB™ and FcyRIIB* cells were isolated from the spleen at
7 d p.i. and co-transferred into infection-matched recipients. Transferred cells were isolated from the spleen and liver 30 d p.i. (I) Experimental schematics. (J)
Proportion of Ty or Tem and Ty cells, (K) FeyRIIB, and (L) CD69 expression in transferred FcyRIIB~ and FcyRIIB* T cells. Data are representative from (A-G) 5
mice per time point, (H) 2 independent experiments with n =10 mice each, or pooled from (I-L) 2 independent experiments with n = 5 mice each. In (H) symbols
represent mean + SEM or (J-L) individual mice. *p < 0.05, **p < 0.01, **p < 0.001, ns p > 0.05, (H) one-way ANOVA with Bonferroni post-test, (J-L) two-tailed

Student’s t test.
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Figure 3. Trm cells share a common epigenetic signature across tissues

(A-G) Congenically marked naive TCR transgenic cells were transferred into mice infected with either LCMV Arm (P14), HSV (gBT-l), Listeria monocytogenes-OVA
[Lm], or influenza X31-OVA [X31] (OT-I) (n = 77,966 cells). The indicated organs were harvested 30 d p.i., and scATAC-seq was performed. (A) UMAP projection of
scATAC-seq data. (B) UpSet plot of Trym peaks across organs. (C) Marker peak heatmap of shared peaks in Try Vs. Tgirc cell clusters and (D) genes with more
than 2 peaks with increased (red) or decreased (blue) accessibility. (E and F) Genome track of (E) KIf2 and (F) Snx29 in cluster aggregated scATAC-seq data (height
normalized). (G) Motif enrichment analysis of Try vs. Tgire cell clusters. Data are pooled from (A-G) 2 independent experiments with n = 5-20 mice.

Trm cells in all organs analyzed (logo,FC > 0.5, —log4oFDR > 1)
(Figures 3B and 3C; Table S2). Mapping peaks with differential
accessibility to genes revealed that Kif2 and S71pr1 exhibited the
most frequent losses in cis-regulatory element accessibility,
whereas Snx29 and Ptpn5 exhibited the most frequent gains in
cis-regulatory element accessibility (Figures 3D-3F). To further un-
derstand gene-level accessibility changes unique to Try cells, we
identified significant gene score changes relative to Tgrc cells and
observed 52 and 37 genes with decreased and increased acces-
sibility, respectively, including Ptpn5 and Litaf (Figures S3C and
S3D). Next, we asked whether cis-regulatory elements shared
enrichment for TF motifs in Try cells across all organs. We found
a broad enrichment in motifs belonging to CREB1, E4F1, PDX1,
and ATF3 in Try cells while Tgre cells were enriched in motifs
for KLF2, LEF1, and TCF7, as expected from previous studies™
(Figures 3G and S3E; Table S3).

We next sought to compare genes from this common epige-
netic signature with those from previously published Tgy cell
“core” signatures (from bulk®*° and scRNA-seq datasets™).
Forty-four genes were uniquely identified by scATAC-seq,
including Acvr2a, Ptpn5, and Snx29 (Figure S3F). Genes shared
across datasets included Xcl1, Cish, Litaf, and Qpct (Figure S3F),
although such commonalities were relatively few and were likely
attributable to the diverse range of organs, infection models, and
time points collectively studied. Given this, we restricted our
comparison to Try cells from a single organ.®>*® Indeed, we
observed 3,867 overlapping genes between different SI-IEL
ATAC-seq datasets, 60 overlapping genes between different
scRNA-seq datasets, and 27 genes that were differentially
accessible or differentially expressed in SI-IEL across all data-
sets analyzed (Figure S3G). Together, by defining a conserved
Trm cell epigenetic signature and identifying genes (including
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Figure 4. Tissue-specific epigenetic signatures depict transcriptional regulators of Tgy cell development

(A-E) As in Figures 3A-3G. (A) Correlation plot of marker peaks from memory T cells (log,FC > 1, FDR < 0.05). (B) TFs with significant motif deviations between skin
and liver Try cell clusters were selected and paired with DEGs between skin and liver Tgy, (relative to Tep) cells from GEO: GSE70813. (C) Motif enrichment
analysis in skin Try cell-exclusive peaks and (D) volcano plot depicting skin and liver Try cell-exclusive motifs. (E) FOSB, FOS, FOSL1, and BACH2 motif

deviations in indicated populations.
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Snx29, Ptpn5) and trans-regulatory factors (CREB1 and PDX1)
not previously implicated in Try cell fate, these data demon-
strate the utility of using epigenetic analyses to uncover new reg-
ulatory elements associated with Try cell development.

Local microenvironment shapes Try cell epigenome

and promotes site-specific differentiation

Despite sharing core transcriptional and core epigenetic signa-
tures, Tru cells exhibit vast organ-specific phenotypic hetero-
geneity regulated by distinct molecular cues.*® To define epige-
netic features associated with tissue residency across different
organs, we selected marker peaks (logo.FC > 1.5, —logoFDR
> 10) that defined each Try population (Figure S4A) and per-
formed pathway enrichment analyses. Among enriched path-
ways, participation of transforming growth factor-f (TGF-p)
signaling was observed in skin and Sl IEL Try cells, whereas
liver Trm cells were enriched in interferon (IFN) signaling (Fig-
ure S4B) in line with previous findings.***~*® To assess which
Trm populations exhibited the most divergent chromatin acces-
sibility across organs, we calculated Pearson correlation using
the defined marker peaks. We found that among Try popula-
tions, those in the liver and skin exhibited the strongest nega-
tive correlation (Figure 4A). To identify putative regulators of
these distinct chromatin landscapes, we integrated motif
accessibility data from liver and skin Tgy cells with previously
published RNA-seq data” to identify expressed TFs. We found
53 TFs that were differentially active and/or differentially ex-
pressed in skin Try cells relative to liver Try cells, including
Fosb, Fos, and Jun (change in accessibility and expression)
and Bach2 (change in motif accessibility only) (Figures 4B-4D
and S4C), with skin Tgy cells displaying the highest motif
accessibility for FOSB, FOS, FOSL1, and BACH2 across all
clusters (Figure 4E).

Given these results, we hypothesized that the FOS family
members and BACH2 would affect Ty cell differentiation in
the skin, but not in the liver. To test this, we used CRISPR-
Cas9 to ablate either Fosb, Fos, Fosl1, or Bach2 in P14 T cells,
which were co-transferred with sgCtrl cells into mice infected
with LCMV Arm and treated with 2,4-dinitrofluorobenzene
(DNFB) on the flank to induce skin Tgy cells.*® To observe loca-
tion-specific defects in memory T cell formation, we compared
the number of P14 T cells in the skin, SI-IEL, SG, and liver with
those in the spleen. Indeed, the deletion of Fosb, Fos, Fosl1,
and Bach2 dramatically impaired skin Try cell formation while
leaving Trw cells in the liver unaffected (Figure 4F). Similarly, in
the absence of Fosb, Fos, and Fosl1, skin Try cell development
was impaired after HSV infection (Figure S4D), demonstrating
the participation of the FOS TF family in skin Try cell formation.

To investigate how disruption in these TFs impacted the chro-
matin state of T cells, we performed bulk ATAC-seq on single
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guide RNA (sgRNA)-targeted cells isolated from the spleen and
found that genetic ablation of Fosb led to a decrease in 115
peaks, including genes involved in the interleukin (IL)-12
signaling pathway (Figures 4G and S4E). Deletion of Fos led to
a decrease in 53 peaks, affecting pathways related to focal
adhesion kinases and SMAD2/3 signaling (Figures 4H and
S4F), consistent with the role of FOS in SMAD3-mediated tran-
scription of TGF-B-induced genes.®® Although mostly unique
peaks were affected by the absence of FOS and FOSB, a reduc-
tion in accessibility of genes related to IL-23 signaling was
observed in the absence of both TFs (Figures S4E and S4F).
Furthermore, deletion of Bach2 led to a decrease in 21 peaks,
including peaks located in Adgri2 and Tox and affected path-
ways involved in TCR and nuclear factor kB (NF-«B) (Figures 4l
and S4G). Altogether, our data show that although Try cells
show a core residency signature, epigenetic analyses identify
regulators that are essential for the establishment of tissue resi-
dency in different tissues.

Analysis of intra-tissue Ty cell heterogeneity indicates
a conserved program across tissues

Intra-tissue CD8* Try cell heterogeneity has been explored us-
ing single-cell transcriptional analyses in the skin and SI.'°’
To evaluate if Try cells residing in each organ also display epige-
netic heterogeneity, we segmented each Ty cell cluster and as-
sessed the chromatin state of subclusters within organs (Fig-
ure 5A). Given recent findings that BLIMP-1 denotes either
effector or memory-biased Tgy populations in the SI,'* we
sought to evaluate if such differences might be observed at the
epigenetic level. For this, we used chromVAR to assess motif
variation based on CisBP database predictions and evaluated
the gene score associated with Prdm1. Indeed, distinct subclus-
ters of Try cells with differential accessibility in BLIMP-1 motifs
and gene scores were observed across organs (Figure 5B). To
next investigate if intra-organ Try cell heterogeneity was driven
by common TFs, we used CisBP and JASPAR databases to
select TFs with differential motif accessibility between Tgry, sub-
clusters in each organ and then restricted analyses to the most
relevant motifs by selecting TFs with significant gene expression
in Teire and Trw cells® (Figures S5A-S5D). Although CisBP re-
vealed 30 TF motifs shared between one subcluster from each
organ—group A (skin Trm-2, SG+FRT+kidney Tgm-1, lung
Trm-1, liver Trm-2, and SI-IEL Try-2), JASPAR identified eight mo-
tifs shared across group A clusters (Figure 5C). Similarly, group B
subclusters (skin Trm-1, SG+FRT+kidney Trpm-2, lung Trm-o, liver
Trm-1, and SI-IEL Trw-1) exhibited 13 and 2 TFs with consistent
motif accessibility across organs using CisBP and JASPAR,
respectively (Figure 5C). While both databases were enriched
in motifs for ASCL2, HIC1, PTF1A, and TCF in group A subclus-
ters, group B was enriched in motifs for ARNTL and KLF

(F) Distinct congenically marked naive P14 T cells were activated in vitro, and ablation of Fosb, Fos, Fosl1, and Bach2 was performed using CRISPR-Cas9. Cells
were transferred into LCMV Arm infected recipients that were treated with DNFB. P14 T cells were isolated from the spleen, skin, SI-IEL, SG, and liver 30 d p.i.
log,FC of edited P14 T cells in the indicated tissues (relative to sgCtrl) normalized to the spleen.

(G-I) Distinct congenically marked naive P14 T cells were activated in vitro, and ablation of Fosb, Fos, and Bach2 was performed using CRISPR-Cas9. Cells were
transferred into LCMV Arm infected recipients. P14 T cells were isolated from the spleen 30 d p.i. ATAC-seq was performed. Differential peak volcano plot
between (G) sgFosb, (H) sgFos, or (I) sgBach2 (relative to sgCtrl) cells. Data are pooled from (A-E) 2 independent experiments with n = 5-20 pooled mice and (F-I)
2 independent experiments with n = 5-6 mice each. In (F) symbols represent individual mice. Boxplots show the median, interquartile range, and minimum/
maximum whiskers. *p < 0.05, ** p < 0.01, ** p < 0.001, ns p > 0.05, one-way ANOVA with Bonferroni post-test.
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Figure 5. Distinct molecular regulators define Tgy cell intra-tissue epigenetic heterogeneity across organs

(A-D) Congenically marked naive TCR transgenic cells were transferred into mice infected with either LCMV Arm (P14), HSV (gBT-), Listeria monocytogenes-OVA
[Lm], or influenza X31-OVA [X31] (OT-I) (n = 77,966 cells). The indicated organs were harvested 30 d p.i., and scATAC-seq was performed on isolated transgenic
T cell populations. (A) UMAP projection of Tgry cell subclusters in the indicated organs. (B) UMAP projection depicting BLIMP-1 motif and gene score. (C) UpSet
plots identifying shared motifs in Trm cell subclusters across organs forming groups A (skin Tgm-2, SG+FRT+kidney Tgm-1, lung Trwm-1, liver Tgrm-o, and SI-IEL
Trm-2) and B (skin Tru-1, SG+FRT+kidney Tgm-2, lung Tgm-2, liver Teum-1, and SI-IEL Tgy-1) using CisBP (left) or JASPAR (right) databases. (D) Venn diagram

depicting TF motifs observed in groups A (top) and B (bottom) using CisBP and JASPAR databases.

(Figure 5D). Together, these data suggest an overlap in TFs
associated with the intra-tissue Try cell heterogeneity across
tissues.

Shared and unique epigenetic features define
exhausted and tissue-resident T cells

Tex cells share transcriptional and functional phenotypes with
Trm cells® 2 with common TFs such as BHLHE40 and BAF com-
plexes required for the development of both subsets.®?">* To this
point, it remains unclear whether the transcriptional overlap be-
tween these T cell populations is indicative of a shared epige-
netic state. First, we compared RNA-seq data from skin, SI-
IEL, or liver Tgy cells following HSV or LCMV Arm infection”
with Tgx cells generated in response to LCMV clone-13 (c13,
chronic infection), which induces a characteristic Tgx cell pheno-
type.®® We observed shared transcriptional features between
Trwm and Tgx cells, including in genes related to the core Try
cell gene signature (Figures 6A and 6B). Similarly, protein
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expression of molecules associated with Try and Tex cells
showed that similar to LCMV ¢13 generated Tgx cells, skin Try
cells generated by HSV infection expressed high levels of PD1
and TIM3, whereas liver Try cells exhibited comparatively
reduced expression of these molecules, reinforcing variation in
organ-specific Try populations (Figures S6A-S6C).

There are multiple epigenetic states of T cell exhaustion, and
Tex populations exhibit distinct functionality and differentiation
potential.®®° To explore the existence of epigenetic similarities
between Tgx cell subsets and Try, cells, we compared our Try
cell scATAC-seq dataset with previously published data char-
acterizing the epigenome of Tex cells.®® We integrated scA-
TAC-seq data from GP33 tetramer* CD8" T cells isolated from
LCMV c13 infected mice at 8 and 21 d p.i.°° with scATAC-seq
data of liver, skin, SG, FRT, kidney, lung, and SI-IEL Tgy cells
(Figures 6C and S6D). Tgx cells separated into four distinct clus-
ters, as previously described, which were annotated as 8 d p.i.
early effector (geff) Tex cells and 21 d p.i. progenitor (prog),
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Figure 6. Shared and unique epigenetic features of Tgy and Tgx cells
(A and B) RNA-seq data from skin, SI-IEL, and liver Try cells (GEO: GSE70813) were integrated with Tex cells (GEO: GSE84820), and transcriptional analysis was
performed. (A) Correlation matrix of DEGs and (B) heatmap of Tru cell core genes expression by the indicated T cell subsets.

(legend continued on next page)
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intermediate (), and terminal (rerm) Tex cells®' using Haver2,
Cx3cr1, Pdcd1, and Tcf7 gene scores (Figure 6D). Cells origi-
nated from chronic infection clustered separately from those
isolated during acute infections at all stages of differentiation,
highlighting an overall distinct chromatin state for Tgyy and Tex
cells (Figures S6E and S6F).

Next, we sought to compare gene and motif accessibility asso-
ciated with T cell exhaustion. We found that Tox gene scores were
reduced in Try cells when compared with all Tgx cell subsets (Fig-
ure S6G), supporting low Tox expression in Try cells (Figure S6H).
Additionally, similar to expression at the protein level, increased
Tcf7 gene scores were observed in Tex.prog cells and Tgy cells
when compared with Try or other Tex populations (Figures S6G
and S6H), consistent with the increased stemness and differentia-
tion capacity of these populations. Motif deviation for several Tex-
associated TFs, such as IRF4 and EOMES, was highest in Tex cell
clusters (Figures S6l and S6J). RUNX3, however, exhibited the
highest motif deviation in the skin Try population and Tex term
cells (Figure S6J).

To assess epigenetic features shared between Try and Tex
cells, we compared gene accessibility from each Tgy cell subset
isolated at 21 d p.i. to marker peaks defined in Try and Tgire cell
clusters (Table S4). Although we observed an enrichment of
shared Try cell peaks in Tex.term Cells (mean deviation =
0.3332, Z score = 3.036), Tex-prog OF Tex.nt Cell clusters were
not enriched in peaks that defined Try, cells (Figure 6E). Similarly,
liver, SI-IEL, lung, and skin Try cell clusters were enriched in Tgx.
Term Peaks, with no enrichment observed for Tex_prog OF TexanT
peaks in the Try cell clusters (Figure 6E). Additionally, we
observed that SI-IEL Tgry cells exhibited the most shared
changes in chromatin accessibility with Tex.term cells (1,605
decreased and 1,019 increased peaks, Figure S6K).

To explore the accessibility of cis-regulatory elements driving
this similarity, we assessed the overlap between peaks present
in all Ty populations and the Texterm cell cluster (Figure 6F).
Among 254 shared peaks, we identified increased accessibility
in multiple peaks located in Snx29, Ptpn5, and Cdh1 in these
subsets (Figures 6F and S6L). Two of the peaks shared between
skin Tru cells and Tex cells were nearest to the Pdcd7 gene; one
peak ~23kb from the TSS of Pdcd1 is a known Tgx cell enhancer
that mediates sustained PD1 expression, previously thought to
be specific to Tex cells®®®? (Figure 6G). Although the similarities
between the Tex.term and Trym cell clusters were notable, we
observed a greater number of cis-regulatory elements unique
to Tex.term cells (Figure 6G) Among the 5,049 Texrerm cell
peaks that were not observed in any Tgryw populations
studied here, 54 were linked to Tox, 11 to Nfatc7, and 10 to
Batf, consistent with the roles of those TFs in mediating T cell
exhaustion®*®’ (Figures 6F and S6L).

Finally, to identify trans-regulatory elements involved in the
epigenetic state of Try and Tex. erm Cells, we performed motif
enrichment analyses on marker peaks that defined each popula-
tion (Figure 6F). We observed an enrichment of RUNX motifs pre-
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dominantly in skin Try and Tex-term cells and that FEV, IRF, ETS,
and BCL motifs were largely enriched in Tex.term cells (Fig-
ure 6H). Given the dissimilarity in accessibility of cis-regulatory
elements between early-stage Tex and Try cells, our results indi-
cate that exhaustion differentiation occurs through a distinct
epigenetic mechanism from that steering tissue residency for-
mation. Additionally, although the partial epigenetic similarities
between Texterm and Try cells underlie the shared transcrip-
tional phenotypes between the cell types, Tex.term cells are
defined by a unique set of cis-regulatory elements that are
largely absent in Try cells.

DISCUSSION

Here, we used an unbiased single-cell resolution approach to
examine the epigenetic and transcriptomic changes that occur
during CD8* memory T cell development. Using trajectory ana-
lyses, we modeled peak accessibility, TF motif deviation, and
gene expression changes during T cell differentiation over time
after viral infections. In line with previous studies indicative of
early T cell commitment to the Tgy cell lineage,®** our results
identified cis- and trans-regulatory elements that may identify
effector cells poised to give rise to distinct Ty or Tgirc cell pop-
ulations. As such, cells expressing FcyRIIB displayed an
increased bias to form Tgrc cells, relative to Try cells upon
transfer. Although additional investigation will be required to
identify definitive precursors for each memory T cell population,
our data provide additional support for the early fate commit-
ment of Ty cells.

In addition, we demonstrated that Try cells are an epigeneti-
cally distinct T cell subset that share both conserved and unique
epigenomic signatures across organs. We identified an epigenetic
signature conserved between Tgy, cells from different organs,
consisting of key gene regulatory networks associated with tissue
residency and consistent prior RNA-seq analyses demonstrating
a common Tgy cell transcriptional program.**° Furthermore, we
leveraged our chromatin accessibility data to identify potential
transcriptional regulators that support tissue-specific Try cell for-
mation and validated the role of several TFs, including FOSB,
FOS, FOSL1, and BACH2, adding to their previously established
role in T cell memory, limiting the expression of TCR-driven genes
during T cell effector responses.®®° Although both enriched mo-
tifs and increased expression were observed for the FOS family
TFs, BACH2 differential activity could only be detected at the
epigenetic level.

Our work also examined whether phenotypic and transcrip-
tional overlap between Tgy cells and Tgx cells®>*° reflects a
shared epigenetic state. Here, our analyses of chromatin acces-
sibility indicated that the epigenetic changes underlying T cell
exhaustion are distinct from those involved in the establishment
of Trm cells. Although Tex.1erm cells display shared accessibility
in a number of peaks with Try cells, early Tex subsets are not en-
riched in peaks typical of Tgy cells. The accessibility of Ty

(C-H) As in Figures 3A-3G, with Tgx cells from GEO: GSE188670. (C) UMAP projection of Try and Tex cells based on scATAC-seq analysis. (D) UMAP depicting
Itgae, Cx3cr1, Cxcr6, Haver2, Tcf7, and Pdcd1 gene scores. (E) Trm, Tex-proas Texant, @nd Tex-term cell peak signatures in indicated clusters. (F) Heatmap
identifying Tex-term and Try cell shared and exclusive peaks. (G) Pdcd1 genome tracks of cluster aggregated scATAC-seq data (height normalized). (H) Heatmap
of TF motif (The Encyclopedia of DNA Elements, ENCODE) enrichment in the marker peaks of indicated populations.
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peaks in Tegx cells may contribute to the phenotypic and func-
tional similarities between the cell subsets; however, Tex term
cells are defined by a much greater number of Tex cell-specific
peaks, largely absent in Try cells.

Understanding the differentiation regulation of Tgy cells is crit-
ical to inform the design of therapies that aim to modulate tissue
immunity. Our data indicate that memory T cell subsets are
epigenetically distinct and that each may arise from epigeneti-
cally poised precursors generated early after infection.®* Our
resource will provide extensive opportunities for additional
investigation of epigenetic regulators involved in Trm, Tcires
and Tgx cell differentiation.

Limitations of the study

Our study has relied on the use of TCR transgenic CD8* T cells,
each specifically designed to recognize a single epitope.
Although transgenic T cells are widely used to exclude the
highly diverse T cell repertoire as a confounding factor, they
may not fully replicate the diverse nature of endogenous
T cell responses triggered during natural infections. Further-
more, we acknowledge the limitations of ATAC-seq. When
assessing TF activity, it is important to note that TF motif data-
bases utilize a combination of experimentally and computation-
ally derived binding motifs, which may vary in reliability. Addi-
tionally, distinguishing between TFs within the same family or
other TFs that share a common DNA binding motif is chal-
lenging, highlighting the need for careful interpretation and
experimental validation.
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KEY RESOURCES TABLE

Immunity

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-CD45.1-APC/R700; Clone A20
Anti-CD45.1-PE/Cy7; Clone A20
Anti-CD45.2-APC; Clone 104
Anti-CD45.2-SparkNIR685; Clone 104
Anti-CD80.-BV786; Clone 53-6.7
Anti-CD8a-BV711; Clone 53-6.7
Anti-CD8B-BV750; Clone H35-17.2
Anti-CD8B-BV786; Clone H35-17.2
Anti-CD3e-FITC; Clone 500A2
Anti-Va2-BV421; Clone B20.1
Anti-Va2-PE/Cy7; Clone B20.1
Anti-Va2-BV480; Clone B20.1
Anti-CD44-BV510; Clone IM7
Anti-CD49a-BV711; Clone Ha31/8

Anti-CD127-BV421; Clone A7R34;
Anti-CXCR6-FITC; Clone SA051D1
Anti-CXCR6-PE/Dazzle594; Clone SA051D1
Anti-CX3CR1-BV650; Clone SA011F11
Anti-CD62L-BUV737; Clone MEL-14
Anti-CD62L-BV605; Clone MEL-14
Anti-CD69-PE/Cy5; Clone H1.2F3
Anti-CD103-eF450; Clone 2E7
Anti-PD1-BV711; Clone 29F.1A12
Anti-Ly6C-BV785; Clone HK1.4
Anti-TCRB-BV650; Clone H57-597
Anti-TCRB-BV711; Clone H57-597
Anti-Tim3-APC; Clone RMT3-23
Anti-CD43-FITC; Clone 1B11
Anti-Ly108-PE; Clone 330-AJ
Anti-Ly108-APC; Clone 330-AJ
Anti-CD38-BV750; Clone 90
Anti-CD38-PE/Cy7; Clone 90
Anti-CD32b-PE; Clone AT130-2
Anti-TOX-PE; Clone TXRX10
Anti-TCF1-AF488; Clone C63D9
Anti-MHCII-SparkBlue550; Clone M5/114.15.2
Anti-CD73-BV421; Clone TY/11.8
Anti-CD73-BV711; Clone TY/11.8
Anti-LAG3-PE/Cy7; Clone CO9B7W
Anti-KLRG1-APC/eF780; Clone 2F1
Anti-KLRG1-PE/eF610; Clone 2F1
Anti-IFNy-BV480; Clone XMG1.2
Anti-TNF-BV711; Clone MP6-XT22

BD Biosciences
Biolegend

Biolegend

Biolegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

Biolegend
Biolegend
Biolegend
Biolegend
BD Biosciences
BD Biosciences
Biolegend

Thermo Fisher Scientific

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
BD Biosciences
Biolegend

Thermo Fisher Scientific

Thermo Fisher Scientific

Cell Signaling
Biolegend
Biolegend

BD Biosciences

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

BD Biosciences
Biolegend
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Cat#565814; RRID: AB_2744397
Cat#110730; RRID: AB_1134168
Cat#109814; RRID: AB_389211
Cat#109864; RRID: AB_2876424
Cat# 563332; RRID: AB_2721167
Cat#563046; RRID: AB_2737972
Cat#747505; RRID: AB_2872172
Cat#740952; RRID: AB_2740577
Cat#152305; RRID: AB_2632667
Cat#562944; RRID: AB_2737910
Cat#560624; RRID: AB_1727584
Cat#746615; RRID: AB_2743895
Cat#563114; RRID: AB_2738011

Cat#564863; RRID: AB_2738987
Cat#742164; RRID: AB_2861198273

Cat#135027; RRID: AB_2563103
Cat#151108; RRID: AB_2572145
Cat#151117; RRID: AB_2721700
Cat#149033; RRID: AB_2565999
Cat#612833; RRID: AB_2870155
Cat#563252; RRID: AB_2738098
Cat#104510; RRID: AB_313113
Cat#48-1031-82; RRID: AB_2574033
Cat#135231; RRID: AB_2566158
Cat#128041; RRID: AB_2565852
Cat#109251; RRID: AB_2810348
Cat#109243; RRID: AB_2629564
Cat#119706; RRID: AB_2561656
Cat#121206; RRID: AB_493386
Cat#134606; RRID: AB_2188095
Cat#134606; RRID: AB_2728155
Cat#747103; RRID: AB_2871855
Cat#102718; RRID: AB_2275531
Cat#12-0321-82; RRID: AB_2572557
Cat#12-6502-82; RRID: AB_10855034
Cat#2203S; RRID: AB_2199302
Cat#107662; RRID: AB_2860616
Cat#127217; RRID: AB_2687251
Cat#752736; RRID: AB_2917717
Cat# 25-2231-82; RRID: AB_2573428
Cat#47-5893-82; RRID: AB_2573988
Cat#61-5893-82; RRID: AB_2574630
Cat#566097; RRID: AB_2739501
Cat#506349; RRID: AB_2629800

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-CD3¢ Purified; Clone 145-2C11 Biolegend Cat#100302; RRID: AB_312677

Anti-CD28 Purified; Clone Biolegend Cat#102102; RRID: AB_312867

37.51

Bacterial and virus strains

Herpes Simplex virus type-1 (HSV-1),

KOS strain

Lymphocytic choriomeningitis virus (LCMV)
Armstrong strain

Lymphocytic choriomeningitis virus (LCMV)
Clone-13
Listeria monocytogenes (Lm-OVA), InlA mutant

Influenza virus A/HKX31 (X31-OVA)

F. Carbone, University

of Melbourne

S. Mueller, University

of Melbourne

S. Mueller, University

of Melbourne

B. Sheridan, Stony Brook
University

P. Doherty, University
of Melbourne

N/A

N/A

N/A

N/A

N/A

Chemicals, peptides, and recombinant proteins

Ghost Dye™ Red 780

H-2D(b) LCMV GP33 biotinylated monomer
(KAVYNFATM)

GP33 peptide (KAVYNFATM)
Alt-R S.p. Cas9 Nuclease V3
Collagenase type llI

Dispase® Il (neutral protease, grade Il)
Liberase TL Research Grade
DNase |

Percoll

1,4-Dithioerythritol

10X HBSS, no Ca?*, no Mg?*
eBioscience 1X RBC Lysis Buffer
Brefeldin A from Penicillium
Human recombinant IL-2
Bovine serum albumin

EDTA

Fetal Bovine serum
2-Mercaptoethanol
Penicillin/Streptomycin
L-Glutamine

RPMI

HEPES

BioMag Goat Anti-Rat IgG
PKH26 Reference Microbeads
Acetone

Sunflower seed oil

DMEM

Lipofectamine 3000
Tween-20

Digitonin

DTT

TheraPure™ GMP RNase Inhibitor,
40 U/puL

Tonbo Bioscience
NIH tetramer core facility

Auspep

Integrated DNA Technologies
Worthington Biochemical
Roche

Sigma-Aldrich

Roche

Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Peprotech
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

In house

Sigma-Aldrich

Qiagen

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

In house

Thermo Fisher Scientific
Promega

Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific

Cat#13-0865-T500
N/A

N/A

Cat#1081059
Cat#L.S004183
Cat#4942078001
Cat#5401020001
Cat#10104159001
Cat#GE17-0891-01
Cat#D8255
Cat#14180046
Cat#00-4333-57
Cat#B6542
Cat#200-02
Cat#A7906
Cat#E5134
Cat#12007C
Cat#M3148
Cat#P0781

Cat# G8540

N/A

Cat#H3375
Cat#310107
Cat#P7458
Cat#179124
Cat#S5007

N/A
Cat#L.3000150
Cat#H5152
Cat#300410
Cat#A39255
Cat#EO038SKB011

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

BD Cytofix/Cytoperm Fixation/ BD Bioscience Cat#554714; RRID: AB_2869008
Permeabilization Kit

eBioscience FoxP3/Transcription Factor Thermo Fisher Scientific Cat#00-5523-00
Staining Buffer Set

P3 Primary Cell 4D-NucleofectorTM X Kit S Lonza Cat#V4XP-3032
NovaSeq 6000 S4 Reagent kit lllumina Cat#20028312
Chromium Next GEM Single Cell Multiome 10x Genomics Cat#1000283
ATAC + Gene Expression Reagent Kit

Chromium Single Cell V(D)J Enrichment Kit 10x Genomics Cat#PN-1000071
Chromium Single Cell ATAC Reagent Kit 10x Genomics Cat#1000390
Chromium Single Cell 5’ Library 10x Genomics Cat#PN-1000020
Construction Kit

Chromium Next GEM Single Cell 5’ Library 10x Genomics Cat#PN-1000165
and Gel Bead Kit v1.1

Chromium Next GEM Single Cell ATAC 10x Genomics Cat#PN-1000175

Library & Gel Bead Kit, 16 rxns
Deposited data

GEO: GSE243597 This paper www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE243597

GEO: GSE188670 Daniel et al.?® https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE188670

GEO: GSE70813 Mackay et al.* https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE70813

GEO: GSE84820 Man et al.>® https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE84820

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory Strain #:000664; RRID: IMSR_JAX:000664
Mouse: B6;D2-Tg(TcrLCMV)327Sdz/ The Jackson Laboratory Strain #:004694; RRID:IMSR_JAX:004694
JDvsJ (P14)

Mouse: C57BL/6-Tg(TcraTcrb)1100Mjb/ The Jackson Laboratory Strain #:003831; RRID:IMSR_JAX:003831
J (OT-l)

Mouse: B6.SJL-Ptorc® Pepc®/BoydJ (CD45.1) The Jackson Laboratory Strain #:002014; RRID:IMSR_JAX:002014
Mouse: B6.Tg(TcraHsv2.3,TcrbHsv2.3)L118- S. Mueller, University of N/A

1Cbn (gBT-I) Melbourne

Oligonucleotides

CD19 (sgCtrl) (5°-AAUGUCUCAGACCAUAUGGG-3’) Synthego N/A

Hic1 (5°-AGUGUGCGGAAAGCGCGGAG-3’, Synthego N/A
5’-CUUGUGCGACGUGAUCAUCG-3’)

Fos (5’-TGTCACCGTGGGGATAAAGTTGG-3’, Synthego N/A
5’-GGTCTGCGATGGGGCCACGGAGG-3”)

Fosb (5’-AGACAGGTACTGAGACTCGGCGG-3’, Synthego N/A
5’-GTTGACCCTTATGACATGCCAGG-3’)

Fosl1 (5-GGAACCGGGACCGAGCTCCGGGG-3, Synthego N/A
5'-GCTGCGCGGGGCGACCGTACGGG-3’)

Fosl2 (5-GACGAGGTGTCAAAGTTCCCGGG-3’, Synthego N/A
5'-GGACATGGAGGTGATCACTGTGG-3)

Bach2 (5’-TGCGCAGGAACTCAGCACAGCGG-3, Synthego N/A
5'-GATGTTGGCACAGTGGACTGTGG-3’)

Fcgra2b (5’-GCCGTTCCTACTGATCCCCA-3’, Synthego N/A

5’-TCTACCCAGTGGTTCCACAA-3)

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

FlowdJo v10 Tree Star https://www.flowjo.com/

Prism v9 GraphPad https://www.graphpad.com/

oMIQ Dotmatics https://www.omig.ai/

R v3.6.1 The R Project https://www.r-project.org/

ArchR v1.0.1 Granja et al.*® https://www.nature.com/articles/
s41587-019-0332-7

Seurat v3.11 Stuart et al., 20197° https://satijalab.org/seurat

Cell Ranger ATAC v1.2.0 10x Genomics https://support.10xgenomics.com/
single-cell-atac/software

Cell Ranger v3.1.0 10x Genomics https://support.10xgenomics.com/
single-cell-vdj/software

HOMER v4.11 Heinz et al., 2010”" http://homer.ucsd.edu/homer/motif/

DESeq2 v3.18 Love et al.”? https://bioconductor.org/packages/

release/bioc/html/DESeqg2.html

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by Laura Mackay (lkmackay@
unimelb.edu.au) upon request.

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data have been deposited at GEO:GSE243597 and are publicly available as of the date of publication. Accession numbers are
listed in the key resources table. This paper does not report original code. Any additional information required to reanalyse the
data reported in this paper is available from the lead contact upon request. Public genome browsers for interrogating the chromatin
accessibility profiles of CD8" T cells can be accessed using the URLs below.

For effector and memory T cells: https://epigenomegateway.wustl.edu/browser/?genome=mm10&sessionFile=https://satpathy-
public-data.s3.us-west-1.amazonaws.com/buquicchio_et_al/rev/mult/Fig2.json

For Trm and Tex cells: https://epigenomegateway.wustl.edu/browser/?genome=mm10&sessionFile=https://satpathy-public-
data.s3.us-west-1.amazonaws.com/buquicchio_et_al/rev/Fig7.json

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Mice

C57BL/6 (RRID: IMSR_JAX:000664), C57BL/6-gBT-I, C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-I, RRID:IMSR_JAX:003831) and C57BL/
6-Tg(TcrLCMV)327Sdz/JDvsJ (P14, RRID:IMSR_JAX:004694) mice were crossed with B6.SJL-Ptprc® Pepc®/BoyJ (CD45.1, RRI-
D:IMSR_JAX:002014) mice and bred at the University of Melbourne or at the Stanford University. Mice were kept under a
12 h/12 h light/dark cycle, at 19-22 °C and 40-70% humidity. Six- to twelve-week-old female C56BL/6 mice were used for exper-
iments. All experiments were approved by the University of Melbourne Animal Ethics Committee or the Stanford University Institu-
tional Animal Care and Use Committee.

METHOD DETAILS

Adoptive cell transfers, infections and DNFB

Naive T cells were isolated from lymph nodes and 5% 10* cells transferred intravenously (i.v.) to C57BL/6 mice. Skin infections were
performed by skin scarification with 1x10° plaque-forming units (PFU) of HSV-1 KOS. LCMV Armstrong infection was performed by
intraperitoneal (i.p.) injection of 2x10° PFU and LCMV clone-13 infection via i.v. injection of 1x108 PFU. Lm. Lm-OVA was kindly
provided by B. Sheridan (Stony Brook University) and infections performed via oral feeding as described.”® Influenza-OVA infection
was performed by intranasal (i.n.) administration of 10* PFU of the A/HKX31 (H3N2) strain. For treatment with 1-Fluoro-2,4-
dinitrobenzene (DNFB), 15 pl of DNFB (Sigma-Aldrich) diluted at 0.25% in acetone:oil (4:1) was applied on the skin as described.”*
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Organ processing

Spleens were processed through metal meshes into single-cell suspensions followed by red blood cell lysis. Skin samples were
excised and incubated at 37°C for 90 min in dispase (2.5 mg/ml; Roche) and for 30 min in collagenase Il (3 mg/ml; Worthington)
or liberase (0.25 mg/ml; Sigma). Liver samples were excised and meshed into single-cell suspensions, leukocytes were isolated using
Percoll (35%; Sigma Aldrich). Small intestines were cut longitudinally and in 1cm fragments, incubated at 37°C for 30min with lateral
rotation (230rpm) in 10% Hanks’ balanced salt solution/HEPES containing dithioerythritol (0.15mg/mL; Sigma Aldrich). SG, FRT, kid-
neys and lungs were collected in Collagenase Il (3mg/mL) with DNase | (5ug/mL; Roche), chopped and incubated for 45 min at 37°C.
Lymphocytes were purified using Percoll (44/70%).

Flow cytometry and cell sorting

Cells were stained with conjugated antibodies. For intracellular staining of cytokines and TFs, cells were fixed and permeabilized us-
ing the Foxp3 TF Staining buffer set (Invitrogen) as per manufacturer’s instructions. The following antibodies from BD Biosciences,
Biolegend, Cell signaling or Thermo Fisher Scientific were used: anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD8q. (53-6.7), anti-CD8a
(63-6.7), anti-CD8p (H35-17.2), anti-CD3 (500A2), anti-Va2 (B20.1), anti-CD44 (IM7), anti-CD127 (A7R34), anti-CXCR6 (SA051D1),
anti-CX3CR1 (SA011F11), anti-CD62L (MEL-14), anti-CD69 (H1.2F3), anti-CD103 (2E7), anti-PD-1 (29F.1A12), anti-Ly6C (HK1.4),
anti-TCRB (H57-597), anti-TIM-3 (RMT3-23), anti-CD43 (1B11), anti-Ly108 (330-AJ), anti-CD38 (90), anti-CD49a (Hma1), anti-
CD32b (AT130-2), anti-TOX (TXRX10), anti-TCF1 (C63D9), anti-MHC-II (M5/114.15.2), anti-CD73 (TY/11.8), anti-LAG3 (C9B7W),
anti-KLRG1 (2F1), anti-IFNy (XMG1.2), anti-TNFa (MP6-XT22). Cell viability was determined using Ghost Dye Red 780 (Tonbo Bio-
sciences). Flow cytometry was performed on an Aurora (Cytek) and analyzed with FlowJo (TreeStar) or OMIQ. Cell sorting experi-
ments used a FACSAria lll (BD Biosciences).

CRISPR-Cas9 Editing

sgRNAs targeting: CD19 (sgCtrl) (5’-AAUGUCUCAGACCAUAUGGG-3’), Hic1 (5’-AGUGUGCGGAAAGCGCGGAG-3’, 5’-CUUGUG
CGACGUGAUCAUCG-3’), Fos (5’-TGTCACCGTGGGGATAAAGTTGG-3’, 5’-GGTCTGCGATGGGGCCACGGAGG-3’), Fosb (5'-AG
ACAGGTACTGAGACTCGGCGG-3’, 5’-GTTGACCCTTATGACATGCCAGG-3’), Fosl1 (5’-GGAACCGGGACCGAGCTCCGGGG-3’,
5’-GCTGCGCGGGGCGACCGTACGGG-3’), Fosl2 (5°-GACGAGGTGTCAAAGTTCCCGGG-3’, 5’-GGACATGGAGGTGATCACTGT
GG-3’), Bach2 (5’-TGCGCAGGAACTCAGCACAGCGG-3’, 5’-GATGTTGGCACAGTGGACTGTGG-3’), Fcgr2b (5'-GCCGTTCCTA
CTGATCCCCA-3’, 5’-TCTACCCAGTGGTTCCACAA-3’) were purchased from Synthego. sgRNA/Cas9 RNPs were formed by incu-
bating 0.3nmol of sgRNA with 0.6 ml Alt-R S.p. Cas9 nuclease V3 (10 mg/ml; Integrated DNA Technologies) for 10 min at RT. P14
T cells were in vitro activated with anti-CD3 and anti-CD28 (5 png/ml) for 24 hours. In vitro activated or naive P14 T cells were resus-
pended in 20 ul of P3 (P3 Primary Cell 4D-Nucleofector X Kit; Lonza), mixed with sgRNA/Cas9 RNP and electroporated using a Lonza
4D-Nucleofector system (CM137) as previously described.”” Cells were expanded for 72 hours in the presence of IL-2 (25U/ml; Pe-
protech). Edited cells were mixed at a 1:1 ratio and 5x10° cells were transferred i.v. into LCMV-infected recipients.

Multiome

Single-cell multiome libraries were generated using the 10x Genomics Chromium Next GEM Single-Cell Multiome ATAC + Gene
Expression reagent bundle (100285) and the Chromium controller according to the manufacturer’s instructions (CG000338-Rev
E). GP33-tetramer* CD8" T cells were isolated and washed in PBS. Cells were lysed for 3 min (10 mM Tris—=HCL, pH 7.4, 10 mM
NaCl, 3 mM MgCI2, 0.1% Tween-20, 0.1% NP40, 0.01% digitonin, 1% BSA, 1 mM DTT and 1 U ul—1 RNase inhibitor), washed
3x with 1 ml wash buffer (10 mM Tris-HCL, pH 7.4, 10 mM NaCl, 3 mM MgCI2, 1% BSA, 0.1% Tween-20, 1 mM DTT and
1 U ul—1 RNase inhibitor) before centrifugation at 500g for 5 min at 4 °C. The supernatant was discarded, and cells were diluted
in 1x diluted nuclei buffer and processed according to the Chromium Next GEM Single-Cell Multiome ATAC + Gene Expression
user guide. After transposition and chip loading, cells were loaded into the Chromium Controller instrument to generate single-
cell GEMs, followed by incubation in a C1000 Touch Thermal Cycler with 96-Deep Well Reaction Module (Bio-Rad). Barcoded
DNA was purified and amplified before ATAC and cDNA library construction. For ATAC, the purified DNA was amplified to enable
sample indexing and enrichment of the DNA. cDNA was amplified, purified and quantified using a Bioanalyzer 2100 system (Agilent).
The cDNA was subsequently fragmented, PCR-amplified and purified as depicted in the Chromium Next GEM Single-Cell Multiome
ATAC + Gene Expression user guide. Fragment files for each sample, containing the unique aligned reads passing filter for each cell
barcode, as well as gene expression matrixes, were loaded into ArchR?® and dimensionality reduction and clustering was performed
as previously described (https://greenleaflab.github.io/ArchR_2020/Ex-Analyze-Multiome.html). Gene expression module scores
were generated in Seurat using the AddModuleScore() function. Peak signature scores were generated as previously described.*?
Trajectory analysis was performed in ArchR using the addTrajectory() function. Pairwise gene expression analyses were performed
in ArchR using the getMarkerFeatures() function.

scATAC-seq

T cell nuclei were isolated and partitioned into gel-bead emulsions that allow barcoded transposition at single-cell scale. The emul-
sions were broken, the product was cleaned and libraries were prepared for lllumina sequencing according to the 10x Chromium
scATAC protocol (https://support.10xgenomics.com/single-cell-atac). Libraries were sequenced on the lllumina HiSeq 4000. Fastq
files were trimmed, aligned, and deduplicated using the 10X genomics cellranger-atac count pipeline. Fragment files for each
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sample, containing the unique aligned reads passing filter for each cell barcode, were loaded into ArchR.?® Marker features were
identified ‘getMarkerFeatures‘. GeneScore visualizations were performed using the ArchR implementation of Magic imputation. Mo-
tifs enriched in specific peak sets were analyzed using CisBP or JASPAR. For TF expression analysis, previously generated RNA-seq
count matrixes were analyzed using DESeq2”? using the default parameters. Tgy Samples were compared to their respective Tgrc
cell populations using the ‘results’ function with «=0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyzes were performed by one- or two-way analysis of variance (ANOVA) test followed by Bonferroni’s post-test, Wil-

coxon signed-rank test or by two-tailed Student’s t test using Prism 9 (GraphPad) or R. P values were represented by * p < 0.05;
**p < 0.01; " p <0.001; ™ p < 0.0001.
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