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Abstract

T cells protect against pathogens and tumors and can differentiate into various functionally dis-
tinct subsets. While each subset exhibits a characteristic epigenomic and transcriptional profile,
essential immune functions such as self-renewal, expansion, cytokine production, and cytotoxi-
city are common to multiple subsets and therefore must be programmed via shared regulatory
mechanisms. To uncover these regulatory “archetypes”, we integrated a new single-cell multiomic
(scATAC+RNA-seq) dataset for CD4 and CD8 T cells responding to acute and chronic viral in-
fection with a comprehensive compendium of bulk ATAC-seq data. Our analysis revealed that
T cell identity is governed by a modular architecture, where distinct transcription factors drive
the reuse of regulatory archetypes across T cell subsets and lineages. Notably, translationally im-
portant progenitor Tcflt CD8 T cells, critical for sustaining CD8 T cell responses and present
in both acute and chronic infection, exhibited a composite regulatory state combining a CD8 T
cell exhaustion program and, unexpectedly, a follicular helper CD4 T cell program. In sum, this
resource will aid mechanistic dissection of adaptive immunity and immunotherapy design, and the

framework will be broadly applicable across biological systems.

Highlights

— Single-cell multiomics and ATAC-seq atlas reveal T cell regulatory archetypes

— A unified progenitor Tcfl™ CD8 T cell population is shared by acute and chronic infection
— Progenitor CD8 T cell identity combines CD8 exhaustion and CD4 Tth regulatory programs
— A Tth-like differentiation gradient underlies heterogeneity in progenitor CD8 T cells
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Introduction

T cells coordinate systemic immunity and protect against infections and tumors. Over their lifespan
and in response to antigen stimulation, T cells differentiate into distinct lineages and functional
states, each characterized by unique epigenomic and transcriptional profiles®** However, many
core immune functions, such as self-renewal, expansion, cytotoxicity, production of and response
to particular cytokines, and tissue migration, are not unique to a specific T cell subset, but
instead recur across subsets. Therefore, these recurring functions must be driven by common
underlying regulatory programs. Indeed, flow cytometry analysis has revealed that activity of
many key functional molecules, surface markers and transcription factors (TFs) spans multiple
T cell populations, including across CD4 and CDS8 lineages. For example, interferon-y (IFNg)
production is a hallmark of both effector CD8 T cell and CD4 Th1 cell responses; adhesion molecule
L-selectin (CD62L) marks both naive and central memory T cells; both follicular helper CD4 T
cells (Tfh) and exhausted CD8 T cells express the inhibitory receptor programmed death 1 (PD-1)
and the transcription factor TOX; and the chemokine receptor CXCR5 is shared between Tth and
progenitor exhausted CD8 T cells #21Y A central challenge in T cell biology is to dissect the shared
and context-specific “archetypal” regulatory programs that govern both overlapping and specialized
T cell functions. Achieving this requires comprehensive and high-resolution approaches capable
of linking gene regulatory potential with transcriptional output. While flow cytometry with a
limited set of markers is effective for identifying well-known populations, it restricts the unbiased
comparison of similarities and differences of discrete and continuous T cell phenotypes across
models. Single-cell multiomic technologies that simultaneously profile chromatin accessibility and
gene expression at the genome-wide level now provide an opportunity to resolve the archetypal

regulatory programs systematically across heterogeneous T cell populations 18

The lymphocytic choriomeningitis virus (LCMV) infection model offers a powerful experimen-
tal system to investigate such regulatory programs across divergent immune responses. Profiling
T cells at day 7 post-infection with either the Armstrong strain (acute) or Clone 13 (chronic)
captures a critical point of divergence between viral clearance and persistent infection leading to
exhaustion 2®19%20 Although both infections elicit overlapping T cell subsets, they differ markedly
in antigen persistence and immune outcomes, providing a tractable framework to study shared
versus context-specific features of T cell regulation. Including both CD4 and CD8 T cells in this
analysis helps fill a significant gap in prior genomic studies of the LCMV model, which have
provided foundational insights into CD8 T cells while leaving CD4 subsets and especially their

relationship with CDS8 responses relatively understudied ©2Li24

A particularly important and intensively studied population is the TCF1" progenitor CD8

T cell subset, which is essential for sustaining responses in chronic infection and cancer, and for
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enabling effective T cell reactivation in cancer immunotherapies #2582 While this population,
often termed “progenitor exhausted” cells, has been extensively studied in chronic contexts, it has
recently been observed in acute responses and shares features with memory precursor cells 2352
These cells have also been termed “stem-like” or “memory-like,” reflecting their capacity for long-
term persistence and functional flexibility. The precise relationship between progenitor-like pop-
ulations in acute versus chronic contexts has been an active area of investigation. Some studies

1985757 whereas others have observed

have described distinct precursor populations in each setting,
a shared progenitor state across contexts2235HY A systematic, high-resolution analysis is needed
to reconcile these observations and provide a unified epigenomic definition of this critical cell
population. Furthermore, prior studies have noted that progenitor CD8 T cells share molecular
markers and functional properties with CD4 Tfh cells2%2Y Tfh cells are a specialized subset of
CD4 T cells that provide essential help to B cells during the germinal center response, promoting
antibody production and affinity maturation™ They are characterized by expression of CXCR5,
PD1, TOX, TCF1, and a “master regulator” factor BCL6. Progenitor exhausted CD8 T cells,
initially defined as a CXCR5™ subset within the exhausted CD8 T cell pool, also express PD1 and
TOX and have enriched expression of TCF1 and BCL6. Functionally, they show similarities with
Tth cells: both are defined by sustained TCR stimulation and limited proliferation without termi-
nal effector differentiation.®#% However, a key distinction is that progenitor CD8 T cells exhibit
persistence and retain both self-renewal capacity and stem-like behavior, features not observed in
Tth cells. Despite these parallels, the extent of the regulatory and functional similarity between
progenitor CD8 T cells and CD4 Tth cells remains incompletely understood. A systematic compar-
ison of their epigenomic and transcriptomic features in the context of infection response provides

an opportunity to define common regulatory modules and clarify their distinct features.

In this study, we performed a joint single-cell chromatin accessibility and transcriptomic profil-
ing (scATAC + RNA-seq) of T cells responding to viral infection. Chromatin accessibility reflects
the regulatory potential of the cell and provides direct insight into TF activity 15252504214
However, in contrast to gene expression analysis using scRNA-seq, which benefits from reliable
public reference gene annotations, chromatin accessibility is more plastic and cell type-specific,
so scATAC-seq analysis requires building a cell type-specific reference set of accessible regions,
which is not readily available for T cells. To address this, we compiled a compendium of 285 bulk
ATAC-seq profiles collected from 17 different publications and built a comprehensive reference at-
las of chromatin accessibility regions in CD4 and CD8 T cells. We developed a new computational
pipeline that leverages this atlas and enables high-resolution, biologically interpretable analysis
of T cell scATAC-seq and multiomic scATAC+RNA-seq data. We identified all major CD4 and

CD8 T cell functional states in our single-cell multiomic data, including naive, memory, effector,

regulatory, Tth, exhausted and progenitor populations, each present in both LCMV Armstrong
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and Clone 13 responses, albeit at different frequencies. In our data, and by improved reanalysis of
published datasets, we demonstrated that Tcfl™ progenitor CD8 T cells from acute and chronic
responses represent a shared, transcriptomically and epigenomically similar population. Further-
more, we uncovered striking similarity in chromatin accessibility and gene expression between
progenitor CD8 T cells and follicular helper CD4 T cells, suggesting the adoption of shared regu-
latory programs by these two populations. To systematically decompose the regulatory landscape
of T cells, we applied archetypal analysis to chromatin accessibility profiles. This approach identi-
fied a small number of “extreme” states, or archetypes, that capture the major axes of variation in
the data. These archetypes recapitulated key biological programs, both unique to specific T cell
populations, and shared between populations, such as cytotoxicity, exhaustion, quiescence, and
Tth-like regulation. TF motif analysis implicated potential drivers of these regulatory programs;
it was further validated using allele-specific analysis, leveraging natural genetic polymorphisms in
our data, which was generated in F1 hybrid of two mouse strains. Remarkably, unlike multiple
other functional T cell states, Tcfl™ progenitor CD8 T cells did not align with a single archetype,
but instead exhibited a composite regulatory identity combining exhaustion- and Tfh-associated
archetypes. This decomposition provides a mechanistic explanation for the shared features of pro-
genitor CD8 T cells and CD4 Tth cells and reveals that progenitor phenotype may emerge from
the modular reuse of regulatory programs active in other T cell contexts.

Together, our work introduces a powerful framework for high-resolution, interpretable single-
cell multi-omic analysis and reveals shared regulatory logic across T cell populations responding
to viral infection, linking progenitor CD8 and helper CD4 T cell programs. By integrating com-
putational analysis with comprehensive experimental profiling of both CD4 and CD8 T cells, we
provide a valuable resource and conceptual advance for understanding the transcriptional control

of adaptive immune responses.

Results

ATAC-seq compendium enables robust analysis of scATAC+RNA-seq data for T
cells in LCMYV infection

We used single-cell genomics to systematically characterize both discrete and continuous pheno-
types and regulatory states of CD4 and CDS8 T cells during the early stages of the viral response.
We generated single-cell multiomic datasets capturing both chromatin accessibility (scATAC-seq)
and gene expression (scRNA-seq) in splenic T cells at day 7 post-infection with either LCMV
Armstrong (Arm) or LCMV Clone 13 (Cl13). To enhance the resolution and reproducibility of
chromatin accessibility measurements, we also generated standalone scATAC-seq data for the same
cell populations (Fig. , , Methods), yielding a total of 31,662 cells. These experiments were
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performed in F1 hybrid mice generated by crossing the laboratory C57BL/6 (B6) and wild-derived
CAST/EiJ (Cast) strains, allowing both allele-agnostic analysis, which forms the primary focus

of this study, and allele-specific analysis of gene expression regulation (described below).
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Fig.1. Early T cell responses to acute and chronic infection share the same functional cell states.

(A) Experimental setup: splenic T cells from F1 hybrid C57BL/6J x CAST/EiJ mice infected by either Armstrong clone
(Arm, acute infection) or Clone 13 (Cl13, chronic infection) of Lymphocytic choriomeningitis virus (LCMV) were profiled
either with scATAC-seq or multi-omic sScATAC+scRNA-seq 7 days (d7) post infection.

(B) Summary and schematic of the T cell scATAC-seq analysis. For the T cell ATAC-seq peak atlas, peaks were called using
publicly available bulk ATAC-seq datasets for T cells from both CD4 and CD8 lineages, and combined with peaks from the
new scATAC-seq dataset. Key aspects of our scATAC-seq data analysis pipeline highlighted.

(C) Uniform manifold approximation and projection (UMAP) of scATAC-seq data with T cell functional annotations.

(D) Barplot showing the distribution of functional cell states across the four samples (LCMV Arm and Cl13 for both
standalone scATAC-seq and scATAC-seq from the multiome profiling). Asterisks, significant enrichments (hypergeometric
test, odds ratio > 2, p < 1.3e — 70).

(E) Dotplots showing normalized chromatin accessibility levels at selected peaks for marker genes (left) and normalized
expression of selected marker genes (right) in different T cell functional states, for Arm (top) and Cl13 (bottom) cells. Dot
size, fraction of cells with normalized accessibility or expression greater than 0; dot color, mean normalized accessibility or
expression in that cell state. Barplots on the right side show the number of cells per cell state.

(F) Example of how epigenomic signatures are generated using DESeq2 for bulk ATAC-seq data for two conditions from the
same dataset. Peak signatures are formed from differentially accessible peaks in either direction (LFC > 1 or LFC < —1,
FDR < 0.05). The scATAC-seq data is then scored for enrichment of these peak signatures.

(G) Left, violin plots showing distributions of the epigenomic signature scores in effector and exhausted CD8 T cells,
separately in Arm and Cl113 samples. The signatures are for CD8 T cells at d8 in LCMV infection from multiple studies 2%
In each dataset, peaks significantly more accessible in exhausted than in effector cells (exhaustion vs. effector signature) and
in effector than in exhausted cells (effector vs. exhaustion signature) were defined, and then scored based on accessibility of
these peaks in our single-cell data. Top margin, the barplot of the number of cells in each group. All scores were significantly
different between effectors and exhausted groups (FDR < le — 46, two-sided Mann-Whitney U test). Right, UMAP plots

1.47

showing the scores of the exhaustion vs. effector signature derived from Sen et a in cells annotated as either effector or

exhausted CD8 T cells, separately for the Arm and CI13 responses.

(H) Left, UMAP of the scRNA-seq modality of the dataset showing T cell functional states annotated using the scATAC-seq
analysis. Middle and right, ssme UMAP showing cell cycle gene signature scores (S phase, middle; G2M phase, right).

(I) UMAP with the functional T cell state annotations separately for cells from Arm and Cl13 infection.

We developed a new computational pipeline to analyze this multiomic dataset, integrating best
practices from previous methods and building a new chromatin accessibility reference for T cells
(Methods). We systematically defined a comprehensive set of accessible regions in T cells using
publicly available bulk ATAC-seq datasets. Building on our prior resource for CD8 T cells,** we
assembled and uniformly reprocessed a compendium of 285 ATAC-seq profiles covering various
functional states of CD8 and CD4 T cells across 17 studies (Fig. [1IB, [Table S1, Methods).
This enabled the construction of a high-resolution atlas of chromatin accessibility peaks for T cells
across multiple mouse models. To further enhance the coverage of the T cell regulatory landscape
in T cells, we extended this atlas with peaks newly identified from our scATAC-seq data. The
resulting union set of 223,492 peaks served as the basis for all subsequent analyses .

Previous studies have shown that chromatin accessibility profiles can better distinguish cel-

lular phenotypes than transcriptomic profiles, and thus can better reflect cell identity and func-
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tion LBHSHY Therefore, we used our scATAC-seq data as the primary modality for comprehensive
functional annotation. Following normalization, dimensionality reduction, and integration of the
standalone scATAC-seq and the scATAC-seq component of the multiome, we performed clustering
to define and annotate reproducible subpopulations of CD4 and CD8 T cells (Fig. [LIC-E, [S2). We
annotated these clusters using established marker genes, based on both their gene expression and
the activity of associated chromatin accessibility peaks (Fig. [1E, [S2]D, [S3], [Table S3| [Table S4]
Methods). We identified all major CD4 and CD8 T cell functional states, including

naive, memory, effector, regulatory, Tth, exhausted and progenitor populations. In particular, we

observed a continuum of actively responding CD8 T cells which we classified into hyperactivated
cells in the early state of exhaustion (referred to as exhausted), more frequent in Cl13 response
and associated with higher activity of inhibitory and exhaustion marker genes Pdcd1, Tox, Havcr2
(Tim3), Lag3 and Tigit and elevated cytotoxicity as indicated by overexpression of Gzmb, Nkg7
and Prfl, and the remaining effector cells more frequent in the Arm response (Fig. —E, . To
further support our annotations, we derived functional epigenomic signatures from the bulk ATAC-
seq compendium (Fig. [1JF, [Table S3|, Methods). We identified peaks distinguishing known T
cell subsets and scored these peak signatures in scATAC-seq data, assigning higher scores to cells
with greater accessibility at subset-specific peaks. This analysis further supported our annotations
by capturing key contrasts, e.g. between naive and memory T cells (Fig. ,G) and between
effector and exhausted CD8 T cells (Fig. , ) Furthermore, all T cell subpopulations were
observed in both LCMV Arm and Cl13 in both standalone scATAC-seq and the multiome scATAC-
seq, demonstrating reproducibility across technologies (Fig. ,E). Thus, all major functional
subsets of CD4 and CD8 T cells are reproducibly present in both LCMV Arm and Cl13 responses,

albeit in different frequencies.

We observed that applying standard scATAC-seq analysis pipelines can sometimes group cell
populations in ways that are challenging to interpret biologically (Fig. , , Methods). Fur-
thermore, clustering based on the scRNA-seq modality grouped transcriptionally similar but func-
tionally distinct populations, such as naive and memory T cells, or proliferating CD4 and CD8
T cells (Fig. , . These observations are consistent with prior work suggesting chromatin
accessibility can be a more stable marker of cell identity than transcriptomics, and highlight the
power of the improved resolution of our scATAC-seq pipeline integrating single-cell data with a

comprehensive reference atlas.

In summary, our computational pipeline leveraging a new comprehensive T cell ATAC-seq
compendium to analyze our new high-resolution multiomic dataset enabled accurate annotation of
T cell functional and differentiation states in early LCMV infection. We found that all major CD4
and CD8 T cell states are present in both acute and chronic responses but in different proportions.

The presence of exhausted-like CD8 T cells in acute infection challenges the traditional view that
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exhaustion is restricted to chronic infection or cancer. However, this observation is consistent
with recent studies reporting transcriptional and epigenetic features of exhaustion emerging early
and transiently in acute responses before viral clearance "#5% Our findings reinforce this emerging
perspective by demonstrating that exhaustion-associated states are not exclusive to persistent

antigen exposure but may be part of a broader T cell activation and differentiation landscape.

Shared progenitor Tcfl1T CD8 T cell state in early LCMV Armstrong and clone 13

respomnses

We have previously reported a subpopulation of Tefl™ progenitor-like CD8 T cells shared between
acute and chronic responses, using scATAC-seq and scRNA-seq data analysis in LCMV Arm
and Cl13, and further supported this finding through reanalysis of multiple previously published
scRNA-seq datasets.”® Recent functional studies, including adoptive transfer experiments, have
further confirmed that the progenitor population is shared between acute and chronic infection.3**4Y
Nevertheless, earlier studies described stem-like progenitor exhausted Cxerb™ Teflt CD8 T cells
exclusively in chronic infection and subsequently cancer, while I17r™ Klrgl™ memory precursor

cells were described in acute infection 2234

Some reports, including using high-throughput genomic
analysis, proposed that these represent distinct subpopulations 2?2537 To reconcile these results,
we further explored these CD8 T cell phenotypes using multiomic single-cell data and our refined
computational pipeline.

Our new analysis supports the presence of epigenomically and transcriptionally similar popu-
lation of memory-like progenitor or precursor Tcfl™ CD8 T cells in both LCMV Arm and C113
(Fig. [2]A,B). This population was reproducible between standalone and multiome scATAC-seq
(Fig. ) and showed enrichment of transcriptional activity of genes associated with both progen-
itor exhausted and memory precursor cells, such as Cxcrd, Slam6, Tox, Tcf7, Id3 and Il7r, even
when analyzed separately by infection type (Fig. , ) Moreover, cells in this population
were consistently enriched for the progenitor ATAC-seq peak signatures derived from two different
studies, again reproducibly across both LCMV Arm and Cl13 (Fig. ) Taken together, these
observations reinforce the existence of an epigenomically and transcriptionally similar population
of stem-like progenitor Tcfl™ CD8 T cell state in both acute and chronic viral infection.

Nevertheless, two recent scATAC-seq analyses of CD8 T cells in LCMV Arm and Cl113 reported
largely non-overlapping T cell subsets between the two infections, including a distinct progenitor
exhausted subpopulation in LCMV Cl13 and a separate memory precursor population in LCMV
Arm B*BY We hypothesized that these apparently distinct populations might represent a single
underlying state whose annotation is sensitive to analytical parameters and the reference set

of regulatory elements used. We reasoned that reanalyzing these important datasets using our
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comprehensive T cell compendium could provide a unified perspective and help reconcile the
different interpretations.

To test this, we reanalyzed the Daniel et al. dataset® using our computational pipeline and T
cell ATAC-seq compendium, focusing on the day 8 timepoint to match our own day 7 analysis.
We identified cluster 4 as progenitor Tcfl™ CD8 T cells based on known marker gene activity and
enrichment of the progenitor-specific epigenomic signature, observed consistently in both LCMV
Arm and Cl13 samples (Fig. [2C—F). This cluster included 86% of the cells originally annotated
as progenitor exhausted,” as well as other cells from both infections (Fig. ) A comparison
suggested that our reanalysis provided a more biologically consistent annotation (Fig. ,B).
Similarly, reanalysis of the scATAC-seq dataset from Giles et al*® using our new computational
pipeline identified cluster 3 as progenitors, again supported by marker gene activity and epigenomic
signatures across both infections (Fig. —J ). This cluster contained 99.8% of cells originally an-
notated as progenitor exhausted (from C113) and 92% of those labeled as memory precursors (from
Arm) by the authors,*® suggesting that the two groups represent a similar underlying progenitor
state (Fig. ) Again, a more detailed comparison suggested that our updated annotations were
more biologically consistent (Fig. ,D).

Together, these results demonstrate that our computational approach, leveraging a compre-
hensive bulk ATAC-seq reference and epigenomic signatures of functional cell states, enables more
comprehensive and biologically consistent annotation of progenitor Tcfl™ CD8 T cells. Applied
to both our new multiomic data and previously published datasets, this analysis supports the

existence of a shared progenitor population in both acute and chronic viral responses.

Progenitor Tcflt™ CD8 T cells and follicular helper CD4 T cells have similar

chromatin accessibility and gene expression profiles

Next, we wanted to use our single-cell multiomic dataset for systematic analysis of similarities
and differences of regulatory programs across CD4 and CD8 T cell lineages in response to LCMV
infection. (Fig. , ,B). Strikingly, antigen activation status appeared to be a stronger
determinant of regulatory and phenotypic similarity than lineage identity. For example, naive
and memory CD4 and CD8 T cells clustered together, while effector and exhausted CD8 T cells
clustered more closely with CD4 Thl cells than with other CD8 T cell subsets. These results
suggest that T cell states are more strongly shaped by functional status and signals from their
microenvironment than by their lineage history.

Interestingly, progenitor CD8 T cells were most similar to CD4 Tth cells in both their genome-
wide chromatin accessibility and transcriptomic profiles (Fig. [3]A, [S8A,B). These two subpopula-

tions also exhibited shared activity (in both expression and chromatin accessibility) of key marker
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genes of CD8 progenitors and Tth cells, including Cxzcrd, Bel6, Tox, Pdcdl, Pou2f2, Tcf7,
which distinguished them from other CD4 and CD8 T cell states (Fig.
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Fig.2. Shared progenitor Tcfl+ CD8 T cell state in early response to acute and chronic viral infection.
(A) Left, violin plots of the epigenomic signature scores comparing progenitor vs. exhaustion T cell states (similar to
Fig. ) The signatures were defined using data from progenitor and terminally exhausted CD8 T cells at d21 in response

51!

to melanoma®! or at d30 in response to LCMV Cl13 infection®? All scores were significantly different between progenitor

and effector or dysfunctional CD8 T cell groups (FDR < 5e — 52, two-sided Mann-Whitney U test). Right, UMAP plots

1521in cells annotated as either

showing the epigenomic signature scores of progenitor vs. terminal exhaustion from Miller et a
progenitor, effector, or exhausted CD8 T cells in our data.

(B) UMAP plots showing normalized scRNA-seq gene expression for the two progenitor marker genes, Id3 and Slamf6,
separately for Armstrong and Clone 13 cells.

(C-F) Reanalysis of the scATAC-seq data for CD8 T cells at day 8 in response to LCMV infection from Daniel et al*® The
dataset was preprocessed and quantified using our T cell ATAC-seq peak atlas and then analyzed using our computational
pipeline. Cluster 4 in the reanalysis are progenitor cells.

(C) UMAP plots with the cell state annotations from the publication® (left) and our newly defined clusters (right).

(D) UMAP showing the progenitor cells. Left, cells annotated as progenitors in the publication*? The barplot shows the
distribution of these annotations within our clusters in our reanalysis for these cells. Right, cells annotated as progenitors
(cluster 4) in our reanalysis. The barplot shows the distribution of samples of origin for these cells.

(E) Top, UMAP plots showing the score for the progenitor vs. exhaustion epigenomic signature (as in panel A), separately
for the Arm (left) and Cl13 (right) samples, for all cells except naive that are shown in gray. Bottom, violin plot showing the
progenitor vs. exhaustion score in non-naive cells and all cluster 4 progenitor cells, separately for Arm and CI13 infection.
(F) Dotplots showing chromatin accessibility for selected peaks near marker genes in clusters from our reanalysis of the
data, separately for the Arm (left) and Cl13 (right) samples, with the progenitor cluster 4 highlighted. The dot size, fraction
of cells with normalized accessibility greater than 0; dot color, mean normalized accessibility in that cluster. Barplots on the
right side show the number of cells per cluster.

(G-J) Same as panels (B-E) but for reanalysis of a dataset for CD8 T cells at d8 post LCMV infection from Giles et al*
Cluster 3 in this reanalysis are progenitor cells.

(G) UMAP plots with the cell state annotations from the publication®® (left) and our newly defined clusters (right).

(H) UMAP showing the progenitor cells. Left, cells annotated as exhausted progenitor or memory precursor cells in the
publication % The barplot shows the distribution of cluster annotations in our reanalysis for these cells. Right, cells annotated
as progenitors (cluster 3) in our reanalysis. The barplot shows the distribution of samples of origin for these cells.

(I) Top, UMAP plots showing the progenitor vs. exhaustion epigenomic signature scores, separately for the Arm (left) and
CI13 (right) samples, for all cells except naive that are shown in gray. Bottom, violin plot showing progenitor score in active
(non-naive) cells and all cluster 3 progenitor cells, separately for acute (Arm) and chronic (Cl13) infection.

(J) Dotplots showing chromatin accessibility for selected peaks in clusters from our reanalysis of the data, separately for
the Arm (left) and Cl13 (right) samples (excluding clusters 1 and 4 that contain only naive cells, and naive cells from other
clusters). The dot size, fraction of cells with normalized accessibility greater than 0; dot color, mean normalized accessibility

in that cluster. Barplots on the right side show the number of cells per cluster.

On one hand, this similarity is consistent with the original characterization of progenitor ex-
hausted CD8 T cells as a Cxer5™ subpopulation within the CDS lineage, while Cxcrb is a canonical
marker of CD4 Tth cells, and with reports of other important molecules (e.g. Bcl6, Tefl) shared
between CDS8 progenitors and Tth cells #1%24 On the other hand, these two subpopulations have
distinct functional roles shaped by their different lineages and immune contexts. Thus, this strik-
ing convergence between progenitor CD8 T cell and CD4 Tth cell states motivated us to further

investigate their shared regulatory programs at finer resolution.
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Fig. 3. Archetypal analysis of scATAC-seq data reveals the mixed regulatory program of progenitor Tcfl™
CDS8 T cells and their similarity with follicular helper CD4 T cells.

(A) Hierarchical clustering of pseudobulk scATAC-seq (left) and scRNA-seq (right) profiles for T cells in different functional
states. Significantly differentially accessible peaks (LFC > 1.5, FDR < 0.05 for any cell state vs. other cells, left) and
differentially expressed genes (LFC > 1.5, FDR < 0.05 for any cell state vs. other cells, right) were used for this analysis.
(B) Dotplot showing expression of selected Tfh and progenitor marker genes for activated T cell subsets. Dot size, fraction
of cells with normalized expression greater than 0; dot color, mean normalized expression in that cell state.

(C) Pseudobulk scATAC-seq tracks for activated T cell subsets at selected peaks (shown as horizontal blue bars at the
bottom) of the genes Tox, Cxcrs, and Bclb.

(D) Schematic of the archetypal analysis of scATAC-seq data. Top left: archetypal analysis relies on a linear low-rank
matrix decomposition of the data (Methods). Bottom left: archetypal analysis enables soft cell clustering via the archetypal
weight matrix. Each cell can be assigned to multiple archetypes with some probability (referred to as an archetypal weight).
Each archetype can be considered as a pseudo-cell averaging over cells with a similar peak accessibility distribution. Right:
archetypal analysis assigns a score to each peak, reflecting its contribution to each chromatin accessibility archetype. For
downstream analysis, each peak is uniquely assigned to the archetype with the highest score; peaks without a predominant
archetype are not assigned to any (shown in gray). A gene may have multiple peaks coming from different archetypes, which
may be associated with distinct programs of differential regulation across functional cell states and conditions.

(E-I) Results of archetypal analysis of our T cell scATAC-seq data using eight archetypes (Methods).

(E) Dotplot showing archetypal weights (probability of an archetype in a cell) for different cell states. Dot size, fraction of
cells with archetypal weight greater than 0; dot color, mean archetypal weight in that cell state.

(F) UMAP plots showing archetypal weights for four example archetypes. Cell type annotations are shown for reference.
(G) Top protein-coding genes expressed in each scATAC-seq archetype (Methods).

(H) Barplot of the distributions of peak assignments to archetypes for selected genes.

(I) Analysis of cell state-specific chromatin accessibility in peaks associated with genes with cell state-specific expression, for
four selected cell states: CD4 Tth, exhausted CD8 T cells, CDS8 effectors, and CD8 progenitor cells. Genes with significant
differential overexpression (LFC > 0, FDR < 0.05) in a cell state were selected. For these genes, cumulative distribution
function (CDF) plots show the average accessibility of nearby peaks that are associated with a particular archetype. The gray
lines indicate the distribution of the average accessibility for all peaks near a gene, used as a baseline. Only the archetypes
that have significantly increased accessibility compared to the baseline are shown for each cell state (KS test, FDR < 0.05

and difference in medians > 0.03).

Archetypal analysis of scATAC-seq data reveals a mixed regulatory program of

progenitor CD8 T cells

We sought to understand how transcriptionally and epigenomically similar phenotypes can arise
in distinct T cell subsets, including across lineages. In particular, we wanted to further investigate
the striking similarity between CD4 Tth and progenitor CD8 T cell states. We hypothesized that
these cell states converge on similar phenotypes through shared regulatory programs, driven by
common TFs, cytokines, and signaling molecules. To characterize these shared molecular programs,
we needed a framework beyond discrete, non-overlapping cell type annotations.

To achieve this, we turned to archetypal analysis of the scATAC-seq data (Fig. ) Archety-
pal analysis models chromatin accessibility profiles via a linear low-rank decomposition using a

small number of archetypes, each representing an idealized regulatory program learned in an un-
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supervised manner from the data®* ™ (Methods). The chromatin accessibility profile of each T
cell can then be represented as a weighted combination of these archetypes. These archetypal
weights provide a quantitative and interpretable framework for understanding how cell states re-
late to one another and how shared regulatory programs are deployed across cells. Each archetype
is represented by a vector over accessibility peaks and can be interpreted post hoc based on the
properties of the cells and peaks it comprises. We refer to the level of accessibility of a peak within
an archetype as an archetypal score, reflecting the peak’s relative contribution to that archetypal

regulatory program.

We applied archetypal analysis with k& = 8 archetypes to our scATAC-seq data for T cells
from the day 7 response to LCMV (Fig. -I, . Archetypes were annotated based on
cell state annotations among cells with high archetypal weights, as well as functional annotations
of genes whose expression was most strongly associated with the archetypes. Some archetypes
corresponded predominantly to individual cell states, such as CD4 Treg or naive CD8 T cells, while
others captured shared regulatory programs across functionally related subsets (Fig. ,F). For
example, we identified a T cell activation archetype shared between CD4 Thl, CD8 effector and
exhausted T cells, associated with high expression of proliferation genes Top2a, Mki67 and Bircd
and cytotoxic genes Nkg7 and Gzmb (Fig. BE-G, Methods). We also distinguished between
a CD8 effector archetype, predominant in effector CD8 T cells, and a separate CD8 hyperactivation
or early exhaustion archetype (referred to as CD8 exhaustion), observed in exhausted CD8 T cells,
but also in a subset of Thl cells and in progenitor CD8 T cells. Notably, progenitor CD8 T cells
lacked a dominant archetype and instead exhibited a mixed signature, primarily composed from the
CD8 exhaustion and CD4 Tth archetypes (Fig. ,F, ,D). This was consistent with their
transcriptional and regulatory similarity to Tth cells and their original definition as progenitor
exhausted CD8 T cells. This pattern was robustly recapitulated when applying our archetypes
to our reanalysis of the Daniel et al. and Giles et al. datasets®*5¢ (Fig. [S8G,H, Methods).
Thus, archetypal analysis effectively captured the continuum of T cell phenotypes and revealed

the hybrid regulatory program of progenitor CD8 T cells.

To better understand the regulatory content of each archetype, we examined archetypal scores
at individual peaks (Fig. ,H). For interpretability, each peak was uniquely assigned to the
archetype with the highest score for that peak (Methods). We then studied the relationship
between scATAC-seq peak activity and scRNA-seq gene expression across cells. We found that
for genes overexpressed in specific T cell subsets, nearby peaks assigned to the corresponding
archetypes had significantly elevated accessibility (Fig. , ) For example, peaks of the CD4
Tth archetype were most accessible near genes highly expressed in CD4 Tth cells, while peaks
of CDS effector and activation archetypes were enriched near genes upregulated in CDS effector

cells. Notably, genes overexpressed in progenitor CD8 T cells had equally strong association with
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both Tth and exhausted CD8 T cell archetypes (Fig. ) Thus, the scATAC-seq peak archetypes
captured biologically meaningful regulatory programs of gene expression regulation across T cell
states and revealed mixed regulation of gene activity in progenitor CD8 T cells.

We next asked whether peak archetypes also reflect gene expression regulation within indi-
vidual T cell populations. For many key T cell marker genes, we found that different chromatin
accessibility peaks within the same gene locus were assigned to distinct archetypes (Fig. ),
suggesting that these genes may be regulated by different sets of regulatory elements depend-
ing on cellular context. To explore this, we examined the correlation between the accessibility of
individual peaks and gene expression within specific T cell subsets. For example, Tox is a gene
expressed in CD4 Tth and exhausted CD8 T cells, and is also highly expressed in progenitor Tefl™
CD8 T cells®™0 (Fig. [8B). Among its 108 associated peaks, 49 were assigned to the CD4 Tth
archetype and 19 to the CD8 exhaustion archetype (Fig. [3H, [S10). Within CD4 Tth cells, Toz
peaks assigned to the Tfh archetype were most frequently significantly correlated with Toz expres-
sion, whereas in exhausted CD8 T cells, peaks from the CD8 T cell exhaustion archetype showed
the strongest correlation (Fig. [S10]). Thus, distinct regulatory elements, grouped by scATAC-seq
archetypes, can be differentially associated with regulation of the same gene in a cell type-specific
manner. This supports the view that the regulatory program of progenitor CD8 T cells integrates
features of both CD4 Tth and exhausted CD8 T cells, as reflected for example in the chromatin
accessibility landscape of the Tox locus.

In conclusion, archetypal analysis of scATAC-seq data uncovered regulatory programs shared
across T cell populations. These programs are closely linked to gene expression patterns, with
the same gene regulated by distinct sets of peaks, assigned to different archetypes, in different
T cell states. Archetypal analysis reveals that progenitor CD8 T cells exhibit a mixed regulatory
program combining features of exhausted CD8 T cells and CD4 Tth cells.

TF motif analysis implicates regulatory drivers of archetypal programs and

progenitor CD8 T cell identity

To better understand the transcriptional regulators shaping the landscape of continuous and dis-
crete CD4 and CDS8 T cell phenotypes during viral response, we next asked which transcription
factors (TFs) are associated with the distinct chromatin accessibility archetypes described above,
particularly those underlying the regulatory program of progenitor CD8 T cells.

To this end, we first identified putative TF targets by scanning genomic sequences within
chromatin accessibility peaks for TF motif matches. We then used these motif-based TF target
signatures to score individual cells in the scATAC-seq data and compared motif scores across T
cell functional states and archetypes (Methods). To link TF activity with regulatory programs,

we computed correlations between motif scores and archetypal weights across cells. Using this
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Fig. 4. Distinct transcription factor motifs are associated with archetypal regulatory programs.

(A) UMAP showing single-cell motif scores for selected transcription factor (TF) motifs (Methods). Cell type annotations
are shown for reference.

(B) Top 15 motifs significantly enriched in progenitor CD8 T cells compared to all other cells (FDR < 0.05).

(C) Spearman correlations between CD4 Tth archetypal weights and motif scores across cells. Barplot shows the top 15
motifs with the strongest positive correlations.

(D) Same as panel C, but for the CD8 T cell exhaustion archetype.

(E) Clustermap of correlations between archetypal weights and motif scores (top 10 most correlated motifs per archetype).
(F) Schematic of the allele-specific analysis used to associate TF motifs with chromatin accessibility in ATAC-seq peaks.
Using sequence differences between B6 and Cast genomes, we assigned scATAC-seq reads to parental alleles and quantified
allele-specific pseudobulk chromatin accessibility per cell type. In parallel, we assessed allele-specific differences in motif
matches due to genetic variants between the two genomes.

(G) Scatterplot showing allelic imbalance of chromatin accessibility (z-axis) vs. allelic imbalance of Ets motif matches
(y-axis) across peaks in progenitor CD8 T cells. A significant positive correlation indicates that sequence variants with
increased predicted Ets motif strength are associated with increased chromatin accessibility on the same allele, consistent
with functional TF binding.

(H) Spearman correlations between allelic imbalance of motif matches and chromatin accessibility across functional T cell

states for selected motifs. Correlations that are not statistically significant (FDR > 0.05) are shown in gray.

approach, we found that TF motifs most strongly enriched in progenitor CD8 T cells reflected a
combination of those associated with the Tth and CD8 T cell exhaustion archetypes (Fig. -
E, ) For example, progenitor cells were enriched with Nfat, Lefl/Tecfl, Pou2fl/2 (Octl/2)
motifs, associated with the CD4 Tth archetype, and with Runx and Thet (Eomes/Tbx21) motifs,
associated with the exhaustion archetype. In addition, progenitor cells were also enriched with
the AP-1 family motif, associated with both Tth and exhaustion archetypes. These results further
support the idea that progenitor CD8 T cells integrate regulatory programs from both Tth cells
and exhausted CD8 T cells.

To further validate the associations between TF motifs and T cell functional phenotypes, we
turned to allele-specific analysis. Because our single-cell data were generated from F1 hybrid mice
(B6 x Cast), we were able to assign scATAC-seq reads to parental alleles and quantify allele-specific
chromatin accessibility at regulatory regions within each T cell state. In parallel, we used known
sequence variants between the two genomes to compute allele-specific motif-based predictions of
TF binding (Fig. ,G). We reasoned that if a TF is functionally active in a given cell population,
the predicted allelic imbalance in its binding motif strength should correlate with observed allelic
imbalance in chromatin accessibility 2% Indeed, we observed a strong correlation for the Ets
family motif across all T cell states (Fig. ,H, ), consistent with the widespread role of Ets
family TFs in T cell regulation, modulated by co-factors in a cell type-specific manner.#* Whereas
the above allele-agnostic motif enrichment analysis was performed across cell states (Fig. -E,
S11B), this allele-specific analysis, performed within each cell state, provided orthogonal support

for motif activity patterns. Specifically, in progenitor CD8 T cells, we observed significant allele-
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specific correlations with accessibility for motifs such as Lefl/Tcf7, Nfat, and AP-1, indicating
their functional engagement in this population (Fig. 4H, [S11/C). Comparing these allele-specific
correlations across T cell subsets revealed that AP-1 motif was active in both Tth and exhausted
CD8 T cells, while Lefl /Tecf7 and Nfat motifs were selectively active in Tth but not in exhausted
CDS8 T cells. This pattern reinforces the notion that progenitor CD8 T cells integrate regulatory
programs from both Tfh and exhausted states. These findings motivated us to further investigate

the extent of underexplored regulatory similarity between Tth cells and progenitor CD8 T cells.

Tfh archetype captures a similar gradient of differentiation within Tfh cells and

progenitor CD8 T cells

We have shown that progenitor CD8 T cells share epigenomic and transcriptomic features with
CD4 Tth cells. To further investigate this connection, we focused on examining the epigenomic
CD4 Tth archetype and its relationship to the progenitor CD8 T cell population.

We first examined the behavior of the CD4 Tth archetype within the CD4 Tfh cell population it-
self. Within this subset, we observed a continuous gradient of the Tth archetypal weight (Fig. )
This gradient was positively correlated with expression of Tth activation-associated genes such as
Tox, Pdcdl, Bcel6 and Icos and negatively correlated with quiescence-associated genes such as Sell
and II7r (Fig. ,C). This suggested that the Tth archetype provides a quantitative measure of
Tth cell differentiation, or the strength of the Tth phenotype, within the CD4 Ttfh population.
Furthermore, we observed significant positive and negative correlations between Tth archetypal
weight and the expression of numerous functionally important T cell genes (Fig. , )
These included T cell receptor signaling genes Zap70 and Ptpnll, co-stimulatory receptors Icos,
Tnfrsf4 and Tnfsf8, inhibitory molecules Pdcd1, Tnfaip8 and Nt5e, and transcription factors Bel6,
Tox, Hifla, Ikzf2, Pou2f2, 1d3, Nfatc1, Nfat5 and Batf. Consistently, the Tth archetype was also
correlated with the key TF motifs including Nfat, Lefl /Tcfl and AP-1 family motifs (Fig. ,
S12[F). These associations further define the functional spectrum and regulatory drivers of the
Tth archetype and support its interpretation as a measure of progressive TCR-stimulated Tth
cell activation, differentiation and migration, enabling B cell help, while inhibiting proliferative
expansion typical of effector cells™ These results illustrate that scATAC-seq archetypal analysis
can effectively capture a continuum of differentiation within the CD4 Tth cell population.

Given the prominent contribution of the CD4 Tth archetype to the regulatory phenotype of
progenitor CD8 T cells (Fig. ,F, ,C), next we wanted to quantitatively explore the Tfh
archetype within the progenitor population. Strikingly, we found that the progenitor CD8 T cells
exhibited a continuous gradient of Tth archetypal weights, similar to that observed within CD4
Tth cells (Fig. —F, ,C,F). In particular, many genes showed comparable correlations with
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Fig.5. Tfh archetypal weight reflects similar gradient of differentiation in CD4 Tfh cells and progenitor
Tcflt CD8 T cells.

(A) UMAP showing CD4 Tth archetypal weights in the CD4 Tth cell population (excluding 61 outlier cells for visualization
purposes). We propose that this Tfh archetypal gradient reflects Tth differentiation and/or the strength of the Tfh phenotype.
(B) Scatterplots of normalized expression of selected genes in CD4 Tth cells along the Tth archetypal gradient. The gene
expression values were averaged over neighbors in the scRNA-seq k-nearest-neighbor (kNN) graph (k = 20). A smoothed fit
using ordinary least squares is shown in gray. Spearman’s p shown on top.

(C) Heatmap showing Spearman correlations between archetypal weights and normalized gene expression within selected cell
populations for selected genes from different functional categories. Left two columns: correlations with the Tth archetypal
weights for progenitor CD8 T cells and CD4 Tth cells. Right two columns: correlations with CD8 exhaustion archetypal
weights for progenitor and exhausted CD8 T cells. The gene expression values were averaged over neighbors in the scRNA-
seq kNN graph (k = 20). Non-significant correlations (FDR > 0.05) are shown in gray.

(D) Heatmap showing Spearman correlations between archetypal weights and TF motif scores for selected motifs. Same
archetypes and cell states as in panel C. Non-significant correlations (FDR > 0.05) are shown in gray.

(E) UMAP showing the Tth archetypal weights in the progenitor Tcfl™ CD8 T cell population (excluding 9 outlier cells for
visualization purposes).

(F) Scatterplots of normalized expression of selected genes in progenitor CD8 T cells along the Tth archetypal gradient. The
gene expression values were averaged over neighbors in the scRNA-seq kNN graph (k = 20). A smoothed fit using ordinary
least squares is shown in gray. Spearman’s p shown on top.

(G) Heatmap comparing the Spearman correlations between Tth and CD8 exhaustion archetypal weights calculated within
three cell populations.

(H) Heatmap showing Spearman correlations between either Tfh or CD8 exhaustion archetypal weights and normalized
gene expression, within CD4 Tth, progenitor, and exhausted CD8 T cells. Genes with the strongest positive or negative
correlations between exhausted CD8 T cells and CD8 exhaustion archetype, CD4 Tth cells and Tfh archetype, and CD8
progenitors and either archetype were selected (total 1,131 genes). The gene expression values were averaged over neighbors
in the scRNA-seq kNN graph (k = 20).

the Tth archetype in both CD4 Tth population and the CD8 progenitor population, reinforcing
the regulatory similarity between the two populations.

We also examined the contribution of the CD8 exhaustion archetype to the progenitor pop-
ulation. The exhaustion archetype was uncorrelated with the Tth archetype both across the full
dataset and within individual cell states including Tth cells, exhausted CD8 T cells and pro-
genitor CD8 T cells (Fig. , ) Some key T cell genes, most notably the Tth- but also
exhaustion-associated genes Toxr and Pdcdl, showed similarly high expression correlations with
both archetypes, particularly within progenitor cells (Fig. ,H). This was consistent with the
functional role of progenitors as activated cells that must balance responsiveness with restraint of
proliferation. Nevertheless, the majority of genes most correlated with the Tth and CDS8 exhaus-
tion archetypes were distinct (Fig. , ), indicating that the two archetypes capture largely
non-overlapping regulatory programs.

Together, these findings suggest that the progenitor CD8 T cell state reflects a unique in-
tegration of regulatory inputs from both Tth- and exhaustion-like programs. Using scATAC-seq
archetypal analysis, we reveal a Tth-like gradient of differentiation within progenitor CD8 T cells,
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supporting the view that these cells, similar to CD4 Tth cells, adopt an activated identity while

avoiding full effector-like differentiation and proliferation.

Clone 13 infection accelerates progression along the Tfh differentiation gradient in
CD4 Tfh and progenitor CD8 T cells

While we have consistently observed similar T cell states and phenotypes in both LCMV Arm and
Cl13 infections, the immune responses to these clones ultimately diverge over time. To investigate
the basis of these differences, we examined how epigenomic and regulatory programs vary between
the two infections. We focused particularly on the shared population of progenitor CD8 T cells,
as they can give rise to both effector-like and terminally exhausted CD8 T cells and are therefore

central to understanding how T cell response evolves in each context.

We found that within the progenitor CD8 T cell population, the Tth and CDS8 exhaustion
archetypes were significantly higher in the CI13 response compared to Arm, whereas the CD8
naive archetype was significantly higher in Arm (Fig. [6]A,B, [S8(C). Similar trends—stronger
activation in Clone 13 and a more naive-like state in Armstrong—were also observed in other
antigen-experienced T cell populations (Fig. @A,B, ) This was consistent with prior reports
that the overall T cell response to Cl13 is more strongly activated than to Arm and ultimately

progresses towards exhaustion as a protective mechanism to limit immunopathology %8

We then examined more closely the Tth-like differentiation trajectory within progenitor CD8
T cells that we identified (Fig. . A similar Tth differentiation gradient was observed in both
Arm and Cl13 responses, within both CD4 Tfh and progenitor CD8 T cells, as evidenced by
comparable gene expression correlations (Fig. @C, ) However, consistent with the overall
stronger T cell activation observed in CI13, cells from the C113 response progressed more rapidly
along this gradient than those from Arm (Fig. ,D,E). This finding was robust across the
two scATAC-seq profiling technologies (standalone and multiome). TF motif analysis implicated
potential regulators of these differential responses between Arm and C113. In particular, activation-
associated motifs AP-1, Thet and Nfat showed stronger signal in Cl13, while motifs associated
with naive and memory-like states, such as Lefl /Tcf7 and Ets motifs, were more enriched in
Arm (Fig. @F, ) These observations were confirmed in reanalysis of published scATAC-
seq datasets (Fig. —D). Thus, we conclude that although progenitor CD8 T cells exhibit a
similar Tth-like differentiation gradient in both Arm and Cl113 responses, they advance along this
gradient more rapidly in Cl13 infection. This suggests a potential for further divergence of the T

cell response upon persistent antigen stimulation.
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Fig.6. Clone 13 infection accelerates progression along the Tfh differentiation gradient in CD4 Tfh and
progenitor CD8 T cells

(A) Violin plots showing the distributions of archetypal weights for selected T cell subsets, separately in Arm and CI13
infections. Significant differences between infections within a population are marked with asterisks (FDR < 0.05, KS test;
absolute median difference > 0.05).

(B) CDF curves showing the distribution of the Tth archetypal weights for Arm and Cl13 cells in progenitor CD8 T cell
population (top) and the CD4 Tth cell population (bottom), separately for standalone and multiome scATAC-seq data. Two-
sided KS test p-value listed (after Benjamini-Hochberg correction) for all pairwise comparisons across all batches between
Armstrong and Clone 13 cells.

(C) Heatmap showing the correlations between the Tfh archetypal weights and normalized gene expression in progenitor
CD8 T cells and CD4 Tth cells, separately for Arm and C113 infections, for the same genes as in Fig. [FH.

(D) Schematic of the comparison of cells along the Tfh archetypal gradient between Arm and Cl13 infections. For each
cell, the fraction of neighbors (i.e. most similar cells by scATAC-seq profile) from each infection is computed based on the
scATAC-seq kNN graph constructed for all samples. We propose that cells from Clone 13 infection progress more rapidly
along the Tth differentiation trajectory as captured by the Tth archetypal weights.

(E) Scatterplot of the Tth archetypal weights (z axis) and the Arm vs. Cl13 proportions (y axis) in CD4 Tth cells (left) and
progenitor CD8 T cells (right). The Arm vs. Cl113 proportion is calculated as the fraction of cell neighbors in the scATAC-seq
kNN graph (k = 100) that belong to the Armstrong samples, and then smoothed over 30 nearest scATAC-seq neighbors.
(F) Distribution of selected TF motif scores for different T cell populations, colored by infection (Arm vs. C113). Asterisks in
the plot represent statistical significance (two-sided KS test, after BH correction) of the difference between the two infection
types within a population (*: FDR < 0.2, **: FDR < 0.05, ***: FDR < 0.01, ****: FDR < 0.001). Boxplots: center line,

median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; outliers removed for clarity.

Discussion

In this study, we integrated single-cell chromatin accessibility and transcriptomic profiling with a
novel comprehensive reference of T cell regulatory regions to analyze CD4 and CDS8 T cell responses
to acute and chronic viral infection. Our approach enabled high-resolution, interpretable identi-
fication of all major T cell states, including naive, memory, effector, Tfh, regulatory, exhausted,
and progenitor populations. We observed that each of these populations was present across both
infection types, but at differing frequencies.

We focused in particular on the clinically relevant progenitor Tceflt CD8 T cell population.
While the relationship between progenitor populations in acute and chronic infection has been a

19823589 our analysis demonstrated that these cells form a highly similar

key area of investigation,
population at the transcriptomic and epigenomic levels between the two infection settings.
Surprisingly, we found that these CDS8 progenitors exhibit striking regulatory similarity with
CD4 Tth T cells, a population with a key role in B cell help via direct physical interactions in the B
cell follicles, and defined by sustained TCR signaling and restrained effector differentiation. Despite
arising from the distinct lineages of CD4 and CDS8 T cells, both populations share chromatin
accessibility and transcriptomic profiles and co-activate transcription factors such as Tefl, Bcl6,

Nfat family factors and Tox.
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To mechanistically dissect this convergence, we applied archetypal analysis to the chromatin
accessibility data, revealing that progenitor CD8 T cells do not represent a unique regulatory
program, but rather a composite of CD8 exhaustion and Tth archetypes. This supports a modular
view of progenitor identity, arising from reuse of regulatory programs deployed in other T cell
states. Concordantly, via TF motif analysis, we observed that progenitor CD8 T cells combine
activity of Tth-enriched TFs including Lefl, Tcfl, Pou2f2 and Nfat family, exhaustion-associated
factors with Runx and Tbet motifs, and AP-1 family factors with activity in both CD8 exhaustion
and Tfh cells. This decomposition analysis suggests that Nfat family factors, triggering Tox and
Pd1 activation, may be involved in functionality and adaptations characteristic of both Tth cells
and CD8 progenitors, such as restrained effector differentiation immediately upon and later during
persistent TCR stimulation. Activity of other factors, including AP-1 family factors e.g. Batf, may
be associated with functional activation program shared by all antigen-experienced CD4 and CD8
T cells that is progressively lost during differentiation towards exhaustion; Thet and Runx factors
may be associated with the preparation for and execution of cytotoxic effector functions. This view
is consistent with and helps further refine known functionality of these factors in T cells 1062168
though more specific functional studies of these and other factors are needed to further dissect

combinatorial mechanistic regulatory programs across T cell populations.

These findings suggest possible functional and spatial links between progenitor CD8 T cells and
Tth cells. Future studies should explore whether they co-localize and interact, and thus converge to
activation of similar regulatory programs despite originating from different T cell lineages. Consis-
tently, a similar subset of CD8 T cells expressing CXCRS5, exhausted genes, and memory-like genes
have been discovered to localize in the B cell follicles, i.e. along with Tth cells, but were originally
defined as a less-exhausted, follicular CD8 T cell population.®”™ Our results suggest that progen-
itor and follicular CD8 T cells may be the same or similar populations. Indeed, CD4 T cells and B
cells influence the progenitor CD8 T cells during infection, though it remains unclear whether CD4
T cell help directly affects the formation or maintenance of the CD8 progenitors 241 However,
progenitor CD8 T cells were reported to localize in T cell zones, away from B cell follicles, at later
stages of chronic infection, suggesting potential heterogeneity within the progenitor population
or a dependence of spatial localization on the stage of infection progression #6778 Fyrther re-
search using multi-omics, spatial transcriptomics and proteomics, and direct cell-cell interaction
measurements such as uLIPSTIC,®" across time courses and various systems of T cell stimula-
tion and response, could help better characterize the T cell phenotypic landscape and explore the
localization and interactions of Tth cells and progenitor and follicular CD8 cells. Perturbation ex-
periments, including targeted depletion of one population or blockade of shared signaling pathways

or transcriptional regulators could further shed light on their relationship.
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In sum, our work highlights the power of multiomic and computational approaches to dissect
complex T cell regulation and offers a generalizable framework for studying shared and distinct
programs across immune contexts. Applying this strategy to other T cell settings, such as tumor-
infiltrating lymphocytes, vaccine responses, or autoimmune diseases, could uncover novel regula-
tory states and reveal common principles of immune cell plasticity. These approaches will also be

broadly applicable across a range of biological contexts beyond immunology.
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Methods

Single-cell multiomics

Experimental procedures for mouse work, cell isolation and single-cell genomics were as previously
described * All animal experiments in this study were approved by the Sloan Kettering Insti-
tute (SKI) Institutional Animal Care and Use Committee under protocol 08-10-023. Specifically,
FoxpBG'FP'IyFR B6/Cast F1 males were infected with LCMV Armstrong (2 x 10° pfu LP.) or
LCMV Clone 13 (2 x 10° pfu LV./retroorbital). Spleens from 3 mice (Armstrong group) or 4
mice (Clone 13 group) were pooled. T cells were enriched using anti-CD4 and anti-CD8 dynabead
flowcomp kits (mixing CD4 and CD8 antibody). Following enrichment, cells were stained with the
following panel of antibodies and BV510 ghost dye: NK1.1: BV421; CD62L: BV605; CD4: Percp-
Cy5.5; CD44: APC; TCRb: PE-Tx-red. A 50-50% mix of CD4 and CD8+ T cells (2 million cells
total) was sorted into complete RPMI with 10% FCS, washed once, resuspended at 1M cells/ml
and used as input material for single cell analysis.

For the standalone scATAC-seq samples, libraries were prepared according to the 10x scATAC-
seq protocol from 10x Genomics Chromium (Single Cell ATAC Reagent Kits User Guide (catalog
no. CG000168, Rev A)). Briefly, cells were centrifuged (300g, 5min, 4°C) and permeabilized with
10041 of chilled lysis buffer (10mM Tris-HCI, pH 7.4, 10mM NaCl, 3mM MgCl12, 0.1% Tween-20,
0.1% IGEPAL CA-630, 0.01% digitonin and 1% bovine serum albumin). The sample was incubated
on ice for 3-bmin and resuspended with 1ml of chilled wash buffer (10mM Tris-HCI, pH 7.4, 10mM
NaCl, 3mM MgCl2, 0.1% Tween-20 and 1% bovine serum albumin). After centrifugation (500g,
Smin, 4°C), the pellet was resuspended in 100 pl of chilled Nuclei Buffer (catalog no. 2000153,
10x Genomics). Nuclei were counted using a hemocytometer, and finally the nucleus concentration
was adjusted to 3,000 nuclei per ul. We used 15,360 nuclei as input for tagmentation. Nuclei were
diluted to 5 ul with 1x Nuclei Buffer (10x Genomics) and mixed with ATAC buffer (10x Genomics)
and ATAC enzyme (10x Genomics) for tagmentation (60 min, 37 °C). ScCATAC-seq libraries were
generated using the Chromium Chip E Single Cell ATAC kit (10x Genomics, catalog no. 1000086)
and indices (Chromium i7 Multiplex Kit N, Set A, 10x Genomics, catalog no. 1000084) following
the manufacturer’s instructions. Final libraries were quantified using a Qubit fluorimeter (Life
Technologies) and the nucleosomal pattern was verified using a BioAnalyzer (Agilent). Libraries
were sequenced on a NovaSeq6000 (Illumina) with the following read lengths: 504-8+16+50 (Read
1+Index 1+4Index 2+Read 2).

For the multiomic scATAC-seq + scRNA-seq samples, libraries were prepared according to the
Chromium Next GEM Single Cell Multiome ATAC + Gene Expression User Guide (CG000338
Rev A). Briefly, cells were centrifuged (300g, 5 min, 4°C) and permeabilized with 100 pl chilled lysis
buffer (10mM Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCl2, 0.1% Tween-20, 0.1% IGEPAL-CA630,
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0.01% digitonin, 1% BSA). The samples were incubated on ice for 3-5 min and resuspended with
1 ml chilled wash buffer (10mM Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCI2, 0.1% Tween-20 and
1% BSA and RNase Inhibitor 1 U/pL; Lucigen NxGen, F83923-1). After centrifugation (500g, 5
min, 4°C), the pellets were resuspended in 100 pl chilled Nuclei buffer (2000153, 10x Genomics).
Nuclei were counted using a haemocytometer, and finally the nucleus concentration was adjusted
to 3,000 nuclei per pl. 15,400 permeabilized nuclei were diluted to 5 pL in isotonic Tagmentation
Buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 3 mM MgCl2, RNase Inhibitor 1 U/uL; Lucigen
NxGen, F83923-1). Nuclei were mixed with 10 pl of a transposition master mix consisting of 7
uL ATAC Buffer B (10x Genomics, 2000193) and 3 pL. ATAC Enzyme B (Tnb transposase; 10x
Genomics, 2000265) per reaction. Transposition was performed at 37°C for 60 min, followed by a
brief hold at 4°C. Multiomic libraries were generated using the Chromium NextGEM Chip J (10x
Genomics, 2000264).

For read alignment and initial generation of count matrices, cellranger-atac and cellranger-arc
count were run twice for each sample, once with the standard 10x mm10 genome and a second
time with a custom Cast genome reference to enable allele-specific analysis. For the scRNA-seq
modality, a final allele-specific BAM file for each sample was generated by combining the B6 and
Cast GEX BAM file output by the two runs of CellRanger. In this combined BAM file, each read
was labeled either with the genome that had the higher mapping alignment score or as ambiguous
if the mapping scores were similar. Similarly for the scATAC-seq data, an allele-specific BAM file
was generated for each sample by combining the B6 and Cast ATAC BAM file output by the two
runs of CellRanger, labeling reads as B6, Cast, or ambiguous based on alignment scores. A final

BED file of single nucleotide insertion sites (shifted by +4/-5) was generated from each BAM file.

ATAC-seq peak atlas for T cells

Bulk ATAC-seq peaks. We built our T cell peak atlas by extending a previously published
compendium of CD8 T cell peaks®? We generated a new compendium of CD4 T cell peaks using
seven previously published CD4 T cell studies . For these studies, FASTQ files were
downloaded from SRA. Bowtie2®! was used to align the FASTQ files for each sample to mm10
genome using the flags --no-unal, --no-mixed, and --no-discordant. Samtools®? was used to
turn the SAM files produced by Bowtie2 into sorted BAM files. The sample BAM files were then
turned into BED files using BEDtools® bamtobed function, and then shifted by +4/-5. For samples
with technical replicates, the shifted BED files were concatenated together and sorted. MACS2%
was then run on the shifted BED files for each sample, using the flags --nomodel, --shift 0,
--extsize 76, -p 0.1, -B, --SPMR, and --keep-dup ‘auto’. In addition, MACS2 was run on all
of the shifted BED files for all samples in a study, using the same flags. To identify peaks that were

reproducible across biological replicates, IDR v2.0.3%" was then run using all biological replicates


https://doi.org/10.1101/2025.09.08.675014

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.08.675014; this version posted September 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

28 Walker et al.

of a sample from a study (denoted with the --samples flag) versus the background peak list run
on all samples in the study (denoted with the --peak-1list flag). The final IDR peaks for each

study were then sorted and merged together using bedtools.

Single-cell ATAC-seq peaks. An initial analysis of the scATAC-seq component of our multi-
omic dataset was performed using ArchR® on the standard mm10 CellRanger output in order to
filter out low-quality cells and generate a single-cell peak set. An ArchR project was generated
using ArrowFiles with all default parameters. A tile matrix was generated using tileSize of 500
and binarize set to False. Cells were filtered out based on low number of nFrags, with different
thresholds used for each of the four samples (1200 for multiome Armstrong, 1500 for multiome
Clone 13, 5000 for scATAC Armstrong, and 6000 for scATAC Clone 13). Doublets were called us-
ing the addDoubletScores function with k = 15. Cells with a DoubletEnrichment score greater
than or equal to 3 were filtered out, removing 3,819 cells. Iterative LSI was performed with the
addIterativeLSI function, called with iterations = 8, clusterParams = list(resolution =
c(1.5), sampleCells = 10000, n.start = 10, maxClusters = 25),
totalFeatures = 1e¢08, varFeatures = 5e06, force = TRUE, and firstSelection = "Var".
Batch correction was performed using the addHarmony function®” in ArchR on the IterativeLSI
dimension-reduced matrix, for the four samples (scATAC Armstrong, scATAC Clone 13, multi-
ome Armstrong, multiome Clone 13). A UMAP was generated on the batch-corrected Harmony
reduced dimensions, using the addUMAP function. A gene score matrix was generated with the
addGeneScoreMatrix function and all default parameters, and clusters were generated using the
addClusters function with resolution = 1.2 and reducedDims="Harmony". Clusters were as-
signed to different T cell states based on marker gene scores from the GeneScoreMatrix, and one
cluster was found to be B cells.

Peaks on the single-cell data were then called using MACS2 for all T cells using a BED file
of single base pair insertion sites with the flags --nomodel, --shift -75, --extsize 150, -q

0.001, -B, --SPMR, and --keep-dup ‘all’.

Merging bulk and single-cell ATAC-seq peaks. The high quality bulk ATAC-seq peaks for
CD4 T cells from IDR analysis were read in to R as GRanges® objects and combined using the
GenomicRanges: :reduce function, to generate a simplified set. These were then filtered to peaks
with a size greater than 76.

This peak set, a set of previously published peaks from CD8 T cell data,*? and the scATAC-
seq peaks were combined using the GenomicRanges: :reduce function, and again filtered to peaks

with a size greater than 76. This generated a set of 223,820 peaks, which was then filtered to only
those on the standard chromosomes, resulting in a final set of 223,492 peaks (Table S2J).


https://doi.org/10.1101/2025.09.08.675014

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.08.675014; this version posted September 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Single-cell multiomics in T cells 29

Nearest genes to peaks were determined with a custom script using the bedtools® nearest

function.

Peak signatures. We learned bulk ATAC-seq peak signatures by using DESeq2®? to compare
chromatin accessibility between all samples from pairs of conditions within a study. For each
study, peaks were filtered to those where at least 20% of the samples had counts greater than or
equal to 10 reads. Then, differentially accessible peaks were calculated using DESeq2 between the
two conditions. Significantly differentially accessible peaks between the two conditions of interest
in either direction (log2 fold change > 1, adjusted p-value < 0.05) were stored as epigenomic

peak signatures (Table S3|). In the scATAC-seq data, these peak signatures were scored using

score_genes function in scanpy.?

scATAC-seq data analysis

Peak counts were generated separately for each of the four samples (standalone scATAC-seq
Armstrong, multiome scATAC-seq Armstrong, standalone scATAC-seq Clone 13, and multiome
scATAC-seq Clone 13) in an allele-specific way to count reads aligned to the B6 genome separately
from reads aligned to the Cast genome, using a custom script from the single basepair BED file of
Tnb insertions. The allele-specific counts were then summed together for each sample to generate
total counts (across both alleles). The scanpy™ package was used for all downstream analyses.
Cells were filtered out if they had low total counts across all genes, or low number of peaks with
non-zero count per cell. Peaks were filtered so that they were present in at least 0.5% of cells in any
one of the four samples, resulting in a dataset of 200,771 peaks and 32,100 cells. Fragment counts
were generated by taking the ceiling of peak counts / 2, to remove the bias of even-numbered
counts.?! Pearson residual normalized values”® were then generated separately for each of the four
samples, using theta parameter for overdispersion set to 0.3 for the two scATAC-seq standalone
samples and 1 for the two scATAC-seq multiome samples (theta was chosen such that the distribu-
tions for normalized peak means was centered on 0 and normalized peak variances were centered
around 1). Two additional peaks were filtered out due to non-finite values after Pearson residual
normalization, resulting in a dataset of 200,769 peaks. Then PCA was run with 100 PCs using the
Pearson residual values, and due to a batch effect between multiome vs. standalone scATAC-seq,
Harmony®” was run to integrate the multiome and standalone components of the data. A kNN
graph of single-cell chromatin accessibility similarities was built on the Harmony-integrated PCA
matrix using 30 PCs, 30 nearest neighbors and the cosine similarity metric. Leiden clustering was
performed with a resolution of 0.7, and UMAP was generated with the default parameters. One
cluster (cluster 11) was removed due to high accessibility at peaks near B cell genes, suggesting this

cluster was likely B cell contamination, resulting in a dataset of 31,888 cells. A new neighborhood
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graph was built using 30 nearest neighbors, 30 PCs, cosine metric on the Harmony-integrated PCA
matrix, Leiden clustering was rerun with resolution of 1, and UMAP was recalculated with default
parameters. An additional cluster (cluster 15) was filtered out due to high doublet scores from
running the scrublet® function in scanpy. This resulted in a final dataset of 31,662 cells and
200,769 peaks. Cells were assigned to annotations based on accessibility at marker genes and using
the epigenomic signature scores from our bulk ATAC-seq compendium. Specifically, to distinguish
CD4 and CD8 T cell lineages, we used both gene expression and chromatin accessibility of the
lineage-defining genes Cd4 and CdS8a. We identified quiescent naive and memory CD4 and CDS8
T cells, likely not actively responding to LCMV, based on activity of Sell, Lefl, Tcf7, Slamf6 and
Ifngr2. Among CD4 T cells, we defined regulatory T cells (Treg) using Fozp3, follicular helper T
cells (Tth) using Bcl6, Crers, Pdedl, Tox and Tcf7, and activated Thl cells using Ifng. Among
CD8 T cells, we distinguished between progenitor cells associated with Cxzcerd, Slamf6, Tcf7, Pdedl1
and Tox, and a continuum of actively responding cells. We classified them into hyperactivated cells
in the early state of exhaustion (referred to as exhausted from now on), more frequent in clone
13 response and associated with higher activity of inhibitory and exhaustion marker genes Pdcd1,
Tox, Haver2 (Tim3), Lag3 and Tigit and elevated cytotoxicity as indicated by overexpression of
Gzmb, Nkg7 and Prfl, and the remaining effector cells more frequent in the Armstrong response.
Enrichment of bulk ATAC-seq peak signatures in these scATAC-seq clusters further confirmed

these functional annotations.

ATAC-seq peak summits and TF binding analysis

For each of the four scATAC-seq samples, the 1 bp-resolution Tn5 insertion BED file was intersected
with the peak regions using bedtools intersect. These were then sorted, and a bedGraph file
was generated from the BED using a custom script. The bedGraph file was then turned into a
bigWig using the bedGraphToBigWig”® method. The bigWig files were read into R as RleLists,
the signal was accumulated over the four samples, and then subset to the peak regions. Using
the biosignals®” package, 150 bp windows of maximum signal within the peaks were uncovered.
These summit regions were then used to predict TF binding to both the B6 and Cast genomes
using the package motifmatchr?® and a p-value threshold of le—3. For allele-specific analysis,
imbalanced TF motif match was determined as the difference in predicted binding between B6
and Cast, with an absolute (non-zero) difference less than 4 (i.e. the sites with the absolute
difference > 4 were excluded from the analysis as outliers). For allele-agnostic TF motif analysis,
the maximum predicted binding value to either the B6 or Cast genome was used for a TF motif
in a summit. To explore these TF motifs in our scATAC-seq data, we first looked for enrichment
of TF motifs in differentially accessible peaks for each cell type (pval < 0.05, LFC > 0). We

used the hypergeometric test to determine enrichment of summits within differentially accessible
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peaks with predicted TF motif matches (as in Fig. , S11[F). In addition, cells were scored for
TF motifs by using scanpy score_genes function with the set of peaks that contain at least one
summit with a TF motif match (see Fig. dA).

Allele-specific analysis

Allele-specific counts were generated separately for the four samples over 475,357 summit windows
within peaks. Counts were either assigned to the B6 genome, the Cast genome, or were considered
ambiguous and ignored in downstream analyses. The scanpy package was used for all downstream
analyses, and an AnnData object was generated by concatenating all four samples and then filtered
to cells in our final dataset. Counts were then normalized by first generating a scaling factor for each
cell, summing read counts for B6 and Cast counts. The scaling factor for each cell was then divided
by the mean scaling factor over all cells. Finally the B6 and Cast count matrices were separately
divided by the cell-based scaling factor. Allele-specific imbalance values (log2 fold changes) were
then generated using these normalized counts to compare accessibility for B6 reads vs. Cast reads
within each cell state. P-values were generated using a paired Wilcoxon test, and then corrected
using Benjamini-Hochberg multiple hypothesis correction, and considered significantly imbalanced
if FDR < 0.05. We used Spearman correlation to compare allelic imbalance between predicted TF
motif matches and chromatin accessibility. Correlations in each cell state were calculated only for

motifs with at least 1000 imbalanced summits.

scRNA-seq data analysis

The cell by gene count matrices were generated using a custom script, using only exonic reads. All
analyses were performed using scanpy. QC steps were performed separately for the Armstrong
samples and Clone 13 samples. Cells were first filtered out if having high mitochondrial UMI
counts (using standard CellRanger filtered matrix output). Then cells were also filtered out if
containing a low number of genes with non-zero count (fewer than 200), and genes were filtered
out if present in fewer than 3 cells in either sample, resulting in 15,397 genes for further analysis.
Cells were filtered out if having large total counts (25,000 for the clone 13 sample and 35,000 for
the Armstrong sample). Pearson residual normalization was performed on each sample separately
with theta = 10 for both. The two samples were then concatenated together, resulting in a
final dataset of 19,186 cells. Standard single-cell RNA-seq analysis steps were run: PCA, kNN
neighborhood graph construction with 100 neighbors and 40 PCs and cosine similarity metric,
Leiden clustering with resolution of 1.5, and UMAP generated. One cluster was filtered out as
likely B cell contamination (high Cd79a expression), resulting in 19,107 cells. Cells were then
filtered out if not present in the scATAC-seq data component, and cell type annotations from the

scATAC-seq analysis were used to annotate cells. This resulted in a final dataset of 18,972 cells.
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Cell cycle gene signature scores were generated using scanpy score_genes_cell_cycle function

and the G2M and S genes from cc.genes lists in the package Seurat.”"

Archetypal analysis

Archetypal analysis of the sScATAC-seq data was run using the py_pcha package® using the trans-
posed Pearson residual normalized count matrix. We used £ = 8, 12, and 15, and chose £ = 8
for further analysis. In order to characterize archetypal peaks, the matrix of archetype scores
(H € R¥P where p is the number of peaks) was used to uniquely assign peaks to the archetype
with the highest value (if greater than the threshold value of 0.1). To apply archetypes to other
datasets (such as the Daniel et al®® and Giles et al®® datasets, as in Fig. ,H), scanpy
gene_score function was used to score the peaks assigned to each archetype . These
scores were then linearly scaled so that they were in the 0-1 range and summing to 1 for each cell.

To generate gene expression vectors for each archetype, we calculated weighted averages of
cell expression vectors. In archetypal analysis, we decompose our original cell by peak (n x p)
data matrix into two matrices (see Fig. .55 More explicitly, X ~ W H, where X is our original
cell by peak (R™P) normalized count matrix, W € R™* is the archetypal weights (providing
the probability each cell is assigned to each archetype), and H € R**? is the archetypal score
matrix, representing accessibility profiles for each archetype. The archetype scores matrix H is
generated directly from the original data matrix: H = BX, because each archetype profile is a
linear composition of the cells in the dataset. We used the weights from the B € R**"™ matrix
(representing how strong an effect each cell has on an archetype) to calculate the weighted average
of expression profiles for each archetype, only for cells in the multiome.

For Gene Ontology enrichment analysis of genes highly correlated with the Tth archetype
(Fig. ), the GProfiler™ tool (using the python interface, v1.0.0) was run separately for
the 100 top and bottom correlating genes, and run separately for each database source, with a

significance threshold of 0.05. The background set of genes was all genes in our scRNA-seq dataset.

Analysis of other datasets

Daniel et al-* Fragment files were downloaded from SRA for day 8 samples (chronic gp33-+,
chronic gp33-, acute gp33+, and acute gp33-). BED files with single base pair Tn5 insertion sites
were generated from the fragment files using a custom script, and then intersected with our peak
atlas BED file using bedtools intersect. Counts were generated over all peaks in our peak atlas
using a custom script from the Tn5 insertion BED file. The QC analysis was done for each of
the four samples separately, with cells being filtered based on the total read counts, and then
peaks filtered based on presence in sufficient number of cells across all samples. Fragment counts

were generated from raw counts using the suggested ceiling of peak counts / 2 to remove the
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bias towards even counts, and then normalized with Pearson residuals, as described above. The
samples were then concatenated, PCA was run, kNN neighborhood graph was generated using
30 neighbors and 40 PCs with cosine similarity metric, and UMAP and Leiden clustering with
resolution of 0.3 were run. Scoring of progenitor vs. exhaustion peak signatures was calculated

using scanpy default score_genes function.

Giles et al*® Fragment files were downloaded from SRA for three samples: Armstrong infection 8
days post infection, Clone 13 infection 8 days post infection, and naive cells. BED files with single
base pair Tn5 insertion sites were generated from the fragment files using a custom script, and
then intersected with our peak atlas BED file using bedtools intersect. Counts were generated over
all peaks in our peak atlas using a custom script. Basic QC steps (filtering cells due to low total
counts and peaks due to low counts across cells) were run in scanpy, separately for each of the
three samples. Peak counts were first fragment-adjusted (ceiling of peak counts/2) to remove the
bias towards even counts and then normalized with Pearson residuals, as described above. Samples
were then concatenated, resulting in a matrix of 36,959 cells and 144,833 peaks. PCA was run,
kNN graph was generated with 30 neighbors, 40 PCs, and cosine similarity metric, UMAP was
run with default parameters, and Leiden clustering was run with a resolution value of 0.4. Scoring
of progenitor vs. exhaustion peak signatures was calculated using scanpy default score_genes

function.
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Supplementary Tables

— Table S1: Published bulk ATAC-seq datasets used in the analysis.

— Table S2: Reference set of ATAC-seq peaks for CD4 and CD8 T cells.

— Table S3: Epigenomic signatures derived from the bulk ATAC-seq data compendium.

— Table S4: Differential accessibility analysis for clusters and functional cell states in the scATAC-
seq data.

— Table S5: Differential expression analysis for scATAC-seq-derived functional cell states in the
scRNA-seq data.

— Table S6: Archetypal analysis of the sScATAC-seq data.
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Fig.S1. Flow cytometry sorting strategy (related to Figure [1)). Splenic CD4 and CD8 T cells from mice infected
with LCMV were isolated for multi-omic profiling (see Methods).
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Fig. S2. (Caption next page.)
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Fig.S2. Analysis and functional annotation of the scATAC-seq data (related to Figure [1]).

(A) UMAP plot of the scATAC-seq component of the data, colored by (left) sample (infection type) and (right) experimental
batch (scATAC-seq from multiome and standalone scATAC-seq experiment).

(B) UMAP colored by Leiden clusters.

(C) Bar plots showing composition of Leiden clusters by (left) infection type and (right) batch (scATAC-seq from multiome
vs. standalone scATAC-seq).

(D) Dotplot showing normalized scATAC-seq accessibility of a selected peak for each marker gene across scATAC-seq Leiden
clusters. Cluster assignments to functional cell states are shown on the left. A dendrogram on the right shows how Leiden
clusters relate to each other. Size of the dot represents the fraction of cells with normalized accessibility greater than 0, and
the color of the dot represents the mean accessibility for a peak in a cluster.

(E) Dendrogram of hierarchical clustering over 4,811 differentially accessible peaks (peaks enriched in at least one cluster,
with log2 fold change >1.5 and p < 0.05), for T cell functional states, separated by infection type.

(F-G) UMAP of the four clusters annotated as naive and memory populations, colored by (F) memory vs. naive and (G)
naive vs. memory epigenomic signatures derived from different bulk ATAC-seq dataset (Methods). Shown also is a UMAP
with final functional cell state annotations.

(H) Cumulative distribution function (CDF) curves showing the distribution of three exhausted vs. effector epigenomic
signature scores derived from bulk ATAC-seq data, separately for each of the four clusters annotated as either effector
or exhausted CD8 T cells (distribution of cluster 0 is significantly different from all other clusters for all scores, FDR <
2.4e—112).
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Fig.S3. Expression of selected genes across functional cell states (related to Figure [1)).
Dotplot showing normalized scRNA-seq expression of genes with important functions in T cells, across functional cell states
derived from scATAC-seq analysis, separated by infection type (left, Arm; right, Cl13). Dot size indicates the fraction of

cells with normalized gene expression greater than zero; color represents the mean gene expression within each group.
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Fig.S4. Comparison of our scATAC-seq analysis with ArchR tile-based analysis (related to Figure .

(A) UMAP generated using the default ArchR pipeline with a TileMatrix for downstream analyses. UMAP plots are colored
by (left to right): our peak-based annotations, ArchR tile-based clusters, sample (infection type), and experimental batch
(multiome scATAC-seq vs. standalone scATAC-seq).

(B) ArchR UMAP colored by our cell state annotations and by annotations derived from ArchR tile-based clustering. ArchR
clusters were annotated based on predominant overlapping annotations from our analysis.

(C) ArchR UMAP plots showing cells with conflicting annotations between our analysis and the ArchR tile-based analysis.
(D) Comparison of scATAC-seq similarities for cells sharing the same annotation versus cells with different annotations.
scATAC-seq kNN graphs were built using low-dimensional representations from either ArchR tile-based LSI or our PCA
analysis (30 dimensions, 20 nearest neighbors). For a kNN graph, for each cell from a certain functional cell state, we cal-
culated the average distance to its neighbors from the same cell state and the average distance to its neighbors from other
cell states, and then took the difference in medians for these two values (Methods). We calculated this both using ArchR
based annotations (left) and our annotations (right). A negative value indicates higher similarity between cells with the
same annotations. We found a significant difference in distances to neighbors from the same vs. different cell state between
our kNN graph and the ArchR kNN graph for all annotations, FDR < 0.005.

(E, F) Comparisons of cells that are annotated as CD4 vs. CD8 T cells in our vs. ArchR annotations (1,514 cells).

(E) UMAP plots.

(F) CDF plots showing distributions of accessibility for cells from each annotation group, for peaks of the lineage-defining
genes Cdj, Cd8a, and Cd8b1 (all differences are significant, FDR < 5.4e—19, two-sided KS test). Accessibility values were
averaged across peaks near each gene for each cell.

(G, H) Comparison of cells that are annotated as exhausted CD8 T cells in our analysis but not in ArchR annotations, as
there were no clusters with this annotation in the ArchR analysis (4,075 cells).

(G) UMAP plots.

(H) CDF plots showing distributions of exhaustion epigenomic signature scores (derived from our bulk ATAC-seq com-
pendium) for cells annotated as exhausted CD8 T cells in our analysis versus those annotated as effector CD8 T cells in both
analyses (gray line). Blue values are significantly larger than gray values for all three scores (FDR < 3.1e—58, two-sided KS
test).
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Fig.S5. Comparison of our scATAC-seq analysis with ArchR peak-based analysis (related to Figure 1). Same
comparative analysis as in Fig. but for the peak-based instead of tile-based ArchR analysis.

(A) UMAP generated using the default ArchR pipeline using an ArchR-generated PeakMatrix with MACS2 peak calling.
UMAP plots are colored by (left to right): our peak-based cell state annotations, ArchR peak-based clusters, sample (infection
type), and experimental batch (multiome scATAC-seq vs. standalone scATAC-seq).

(B) ArchR peak-based UMAP colored by our cell state annotations and by annotations derived from ArchR peak-based
clustering. ArchR clusters were annotated based on predominant overlapping annotations from our analysis.

(C) ArchR peak-based UMAP plots showing cells with conflicting annotations between our analysis and the ArchR peak-
based analysis.

(D) Comparison of neighborhood distances for cells sharing the same annotation versus cells with different annotations.
Analogous to Fig. [S4D, but comparing with ArchR peak-based annotations rather than tile-based. We found a significant
difference in distances to neighbors from the same vs. different cell state between our kNN graph and the peak ArchR kNN
graph for all annotations, FDR < 0.008.

(E, F) Comparisons of cells that are annotated as CD4 vs. CD8 T cells in our vs. ArchR peak-based annotations (1,353
cells). Analogous to Fig. 7F. The two distributions are significantly different for Cd8a and Cd8bl (FDR < 1.7e—10,
two-sided KS test).

(G, H) Comparisons of cells that are annotated as exhausted CD8 T cells in our analysis but not in ArchR peak-based
annotations, as there were no clusters with this annotation in the ArchR peak-based analysis (4,075 cells). Analogous to
Fig. ,H. Blue values are significantly larger than gray values for all comparisons (FDR < 2.7e—97, two-sided KS test).
(I, J) Comparisons of cells that are annotated as progenitor CD8 T cells in either our analysis or ArchR peak-based analysis
but not both (608 cells)

(I) UMAP plots.

(J) CDF plots showing distributions of progenitor vs. exhausted epigenomic signature scores (derived from our bulk ATAC-
seq compendium) for cells with conflicting annotations between our and ArchR analysis. Cells are either annotated as
progenitor CD8 T cells in our analysis and not in ArchR, as progenitor cells in ArchR analysis and not our analysis, or
non-progenitors in both analyses (gray line). The orange values are significantly larger than blue values in both comparisons
(FDR < 2.4e—12, two-sided KS test).
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Fig.S6. Analysis of the scRNA-seq data (related to Figure .

(A) Top row: scATAC-seq UMAP plots colored by (left) scRNA-seq Leiden clusters and (center, right) cell cycle gene
signature scores (S phase and G2M phase) in the scRNA-seq data. Bottom row: scRNA-seq UMAP plots colored by (left)
scRNA-seq Leiden clusters,(center) scATAC-seq Leiden clusters and (right) our final functional T cell state annotations
(based on the scATAC-seq analysis).

(B) Heatmap showing the correspondence between scRNA-seq-based Leiden clusters and our final cell state annotations
(based on the scATAC-seq analysis). Each square represents the fraction of cells from a given scRNA-seq cluster assigned to
each annotation; rows sum to 1.

(C) Dotplot showing expression of selected marker genes across scRNA-seg-based Leiden clusters, further stratified by their
assigned scATAC-seq-derived functional annotations. Only groups of at least 200 cells are shown. Dot size indicates the
fraction of cells with normalized gene expression greater than zero; color represents the mean gene expression within each
group. The bar plot on the right shows the number of cells assigned to each scATAC-seq annotation. We conclude that
scRNA-seq clustering cannot resolve between distinct functional annnotations, including between cells from CD4 and CD8

lineages.
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Fig. S7. Additional analysis of the scATAC-seq data from Daniel et al. and Giles et al. (related to Figure E[)
(A-B) Additional details of the reanalysis of the scATAC-seq data for CD8 T cells from Daniel et al** Complements the
analysis in Fig. -F. Leiden cluster 4 was annotated as progenitor CD8 T cells.

(A) UMAP from the original paper, colored by: (left) our Leiden clusters, (center) the original annotations, and (right) the
epigenomic progenitor score from our bulk ATAC-seq compendium (Miller et al.).

(B) CDF plot of progenitor scores for three groups: cells identified as progenitors in both analyses, cells in our Leiden cluster
4 not annotated as progenitors in the original paper, and cells annotated as progenitors in the original paper but not part of
our cluster 4. The values shown in light blue or dark blue are significantly higher than brown (FDR < 3.9e—11, two-sided
KS test).

(C-D) Additional details of the reanalysis of the scATAC-seq data for CD8 T cells from Giles et al*® Complements the
analysis in Fig. [2JG-J. Leiden cluster 3 was annotated as progenitor CD8 T cells, which included both memory precursors
(MP) and progenitor cells (Pre-Exh) defined in the original publication.

(C) UMAP from the original paper, colored by: (left) our Leiden clusters, (center) the original annotations, and (right) the
epigenomic progenitor score from our bulk ATAC-seq compendium.

(D) CDF plot of the epigenomic progenitor scores for cells defined as progenitors in our annotations (Leiden cluster 3) or
either progenitors or memory precursors (MPs) in the original paper. Similar to panel C. Colored lines for classifications are
explained in the Venn diagram, including 271 cells shown in light blue that were identified as progenitors in our analysis but
not identified as progenitors or MPs in the original publication (right). The values shown in pink and brown are significantly

lower than light blue (FDR < 4.5e—4, two-sided KS test).
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Fig. S8. Archetypal analysis of the scATAC-seq data (related to Figure |3)).

(A) Hierarchical clustering of scATAC-seq data using different sets of peaks confirms similarity of chromatin accessibility
between CD4 Tth cells and progenitor CD8 T cells (Methods).

(B) Hierarchical clustering of scRNA-seq data using different sets of genes confirms similarity of gene expression between
CD4 Tth cells and progenitor CD8 T cells.

(C) Dotplots of archetypal weights for Armstrong and Clone 13 cells. Dot size represents the fraction of cells within a given
cell state with strictly positive weight. The color of the dot indicates the average level of archetypal weight in that cell state.
(D) UMAP plots showing cell-wise archetypal weights for each of the eight inferred archetypes.

(E) Heatmap of pairwise correlations between archetypes, demonstrating that each archetype captures a distinct chromatin
accessibility program.

(F) CDF plots showing average accessibility of peaks near genes overexpressed in each cell type (LFC > 0, FDR < 0.05)
and associated with specific archetypes. Gray lines indicate baseline distributions of average accessibility for all peaks near
a gene. Only the archetypes with significantly higher accessibility compared to baseline are shown for each cell state (KS
test, FDR < 0.05, and median accessibility difference > 0.03).

(G) CDF curves comparing the distribution of our archetype weights transferred to the Daniel et al. dataset, focusing on
the CD8 progenitor population (Leiden cluster 4). Tfh archetype has the strongest weights.

(H) CDF curves comparing the distribution of our archetype weights transferrred to the Giles et al. dataset, focusing on
the CD8 progenitor population (Leiden cluster 3). Tth archetype has the strongest weights.

(I) Scatterplots showing the relationship between archetype weight and similarity of chromatin accessibility to each archetype.
Each point represents one cell. The x-axis values represent the archetype weight in that cell. The y-axis values show the
Spearman correlation between accessibility profile and the archetype peak scores over all peaks in that cell. Each cell is

colored by its functional annotation, grouped by each of the eight archetypes.
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Fig. S9. Gene expression patterns associated with scATAC-seq archetypes (related to Figure [3]).

(A) Schematic illustrating how the accessibility profile of each archetype (an archetypal score for each peak) is defined as a
linear combination of cell accessibility profiles (see Methods).

(B) Schematic showing how gene expression profiles for each archetype are derived using the cell weights from panel A.
(C) Scatterplots showing the relationship between archetype weight and the similarity of gene expression to each archetype.
Similar to Fig. [S8[, but for gene expression instead of chromatin accessibility. Each point represents one cell. The z-axis
values representing the archetype weight in that cell. The y-axis values show the Spearman correlation between the gene
expression profile in that cell and the archetypal gene expression profile over all genes. Archetypal gene expression profiles
were calculated using weighted average of cell expression profiles (see panel B, Methods). Each cell is colored by its functional
annotation, grouped by each of the eight archetypes.

(D) Boxplots showing gene archetypal scores for genes associated with cell cycle phases. Left: 52 genes related to the G2/M
phase; right: 42 genes related to the S phase.

(E) Boxplots showing chromatin accessibility archetypal scores for peaks near cell cycle-related genes. Left: 482 peaks near

G2/M-phase-associated genes; right: 359 peaks near S-phase-associated genes.
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Fig. S10. Archetypal analysis reveals cell state-specific regulation of Tox gene expression (related to Fig-
ure [3)).

(A) Top: Boxplot and scatterplot showing correlations between accessibility of individual peaks near Toz and Toz gene
expression across different cell states. Peaks are grouped by their assigned scATAC-seq archetype. Significant correlations
are colored by archetype; non-significant shown in gray. Bottom: Barplot showing the fraction of peaks within each archetype
that significantly correlate with Tox expression in each cell population.

(B) Pseudobulk scATAC-seq tracks around the Toz gene locus for different T cell subsets. Peaks are marked by rectangles
at the bottom, colored by their archetype assignment. One representative peak with significant correlation is highlighted for

each archetype.
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Fig.S11. Transcription factors associated with distinct cell states and archetypes (related to Figure [4)).
(A) Clustered heatmap showing Spearman correlations between archetypal weights and motif scores.

(B) Motifs most significantly enriched in each functional cell state compared with all other cells. The barplot shows the
difference in medians (median motif score in cells of the selected cell state minus the median score for all other cells) for the
top 10 motifs per cell state. All enrichments are significant (FDR < 0.05, LFC > 0, 1-sided KS test, with Benjamini-Hochberg
correction).

(C) Clustered heatmap showing Spearman correlations between allelic imbalance of motif matches and chromatin accessi-
bility across functional T cell states. Non-significant correlations (FDR > 0.05) are shown in gray.

(D) CDF curves showing the motif score for selected motifs in three cell populations: CD4 Tth cells, exhausted CD8 T cells,
and progenitor CD8 T cells.
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Fig. S12. Tfh archetypal gradient in Tth cells and progenitor Tcfl* CD8 T cells (related to Figure |5)).

(A) Heatmap showing correlations between the Tfh archetype and gene expression in progenitor CD8 T cells and in CD4
Tth cells. Genes shown are the top 100 most positively and top 100 most negatively correlated with Tth archetypal weights,
selected based on correlation across all Tth cells. Correlations are computed separately for each cell state, as well as within
Armstrong-only and Clone 13-only subsets.

(B) Barplots showing significantly enriched pathways among the top 100 positively and top 100 negatively correlated genes
with Tth archetypal weights. Pathway databases include Gene Ontology (GO), KEGG, Reactome, and WikiPathways (see
Methods).

(C) Scatterplot comparing correlations between the CD4 Tfh archetype and gene expression levels in CD8 progenitor cells
vs. CD4 Tth cells.

(D) UMAP highlighting the CD8 exhaustion archetypal weight in CD4 Tth cells (left) and progenitor CD8 T cells (right).
(E) Barplots showing the top 15 and bottom 15 genes significantly correlated with the CD8 exhaustion archetype, separately
for CD4 Tth cells and progenitor CD8 T cells.

(F) Heatmap of correlations between archetype scores and transcription factor motif scores for all motifs, highlighting the

CD4 Tth and CD8 exhaustion archetypes across three selected cell types.
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Fig.S13. Exploring differences between Armstrong and Clone 13 cells (related to Figure E[)

(A) CDF of our archetypal weights transferred to the Daniel et al. dataset, comparing between Armstrong and Clone 13
cells in the CD8 progenitor population (Leiden cluster 4). All distributions are significantly different (2-sided KS test, FDR
< 2.4e—13)

(B) CDF of our archetypal weights transferred to the Giles et al. dataset, comparing between Armstrong and Clone 13 cells
in the CD8 progenitor population (Leiden cluster 3). All distributions are significantly different (2-sided KS test, FDR <
7.6e—19).

(C-D) Boxplots comparing the motif scores of selected motifs between Armstrong and Clone 13 cells in the CD8 progenitor
population in (C) the Daniel et al. dataset and (D) the Giles et al. dataset. Significant difference makred with asterisk
(two-sided KS test, FDR < 0.05).

(E) Heatmap comparing the motif scores of selected motifs between Armstrong and Clone 13 cells for all subpopulations in
our dataset. Color represents the difference in medians between the Armstrong score and the Clone 13 score. Non-significant

differences are shown in gray (FDR > 0.05, two-sided KS test).
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