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During an acute viral infection, CD8 T cells encounter a myriad of
antigenic and inflammatory signals of variable strength, which
sets off individual T cells on their own differentiation trajectories.
However, the developmental path for each of these cells will
ultimately lead to one of only two potential outcomes after
clearance of the infection—death or survival and development into
memory CD8 T cells. How this cell fate decision is made remains
incompletely understood. In this study, we explore the transcrip-
tional changes during effector and memory CD8 T cell differentia-
tion at the single-cell level. Using single-cell, transcriptome-derived
gene regulatory network analysis, we identified two main groups
of regulons that govern this differentiation process. These regulons
function in concert with changes in the enhancer landscape to con-
fer the establishment of the regulatory modules underlying the cell
fate decision of CD8 T cells. Furthermore, we found that memory
precursor effector cells maintain chromatin accessibility at en-
hancers for key memory-related genes and that these enhancers
are highly enriched for E2A binding sites. Finally, we show that
E2A directly regulates accessibility of enhancers of many memory-
related genes and that its overexpression increases the frequency of
memory precursor effector cells and accelerates memory cell forma-
tion while decreasing the frequency of short-lived effector cells.
Overall, our results suggest that effector and memory CD8 T cell
differentiation is largely regulated by two transcriptional circuits,
with E2A serving as an important epigenetic regulator of the
memory circuit.

CD8 T cell | scRNA-seq | epigenetics | LCMV | T cell memory

D8 T cells have a critical role in the defense against viruses,

intracellular bacteria, and cancerous cells. Once activated,
naive CDS8 T cells rapidly proliferate, while also differentiating
into effectors capable of killing infected cells. After clearance of
an infection, the vast majority of these effector cells undergo
apoptosis, leaving behind a smaller pool of long-lived memory
CD8 T cells that provide enhanced protection against reinfection
with the same pathogen. Effector CDS8 T cells destined to die off
are called short-lived effector cells (SLECs) and can be identi-
fied by the high expression of killer cell lectin-like receptor G1
(KLRG1) (1). Memory precursor effector cells (MPECs), on the
other hand, have high potential to become memory cells and
express high levels of interleukin 7 receptor (IL-7R) (2—-4). Dy-
namic changes in gene expression occur during the differentia-
tion of activated CD8 T cells, and it has been proposed that the
diverging developmental paths of MPECs and SLECs are con-
trolled in part by the graded expression of various transcription
factors (TFs) (5).

The study of individual TFs has greatly improved our under-
standing of effector and memory CD8 T cell differentiation.
However, cell identities tend to be determined by multiple TFs
coordinately regulating each other and cell-specific effector genes,
forming gene regulatory networks (GRNs) (6). Previous work
has been done to construct a genome-wide regulatory network of
CD8 T cell differentiation from publicly available expression
data (7). However, this study relied on RNA-seq performed on
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large populations of cells averaged together. Single-cell RNA
sequencing (scRNA-seq) has recently emerged as a powerful tool
for interrogating the transcriptome in heterogeneous populations
of cells. Initial studies of single-cell gene expression in CD8 T cells
revealed extensive transcriptional changes as early as the first cell
division and identified regulators of CD8 T cell differentiation (8,
9). Recent advances in scRNA-seq technology allow for the anal-
ysis of a much greater number of cells than previously possible (10).
Furthermore, new computational approaches that combine iden-
tification of coexpression modules with cis-regulatory motif analysis
can reconstruct complex GRNs from scRNA-seq data (11). Ap-
plying this method to effector and memory CD8 T cell differenti-
ation has the potential to more accurately predict the regulatory
modules underlying the cell fate decision of CD8 T cells.

While transcriptional differences clearly influence effector and
memory CD8 T cell differentiation, the critical role of the epige-
netic landscape in regulating this cell fate decision is only beginning
to be understood. TFs can have varied effects on different cell types
depending on the local chromatin architecture, particularly at
enhancer regions, which tend to have greater cell type—specific
accessibility (12-14). Therefore, exclusively comparing TF ex-
pression levels likely yields an incomplete picture of this differ-
entiation process. Recent evidence supports the idea that the
epigenetic landscape influences CD8 T cell differentiation during a
range of infection settings and cancer, leading to the identification
of new regulators and critical cell-specific enhancers (15-20).

In this study, we used scRNA-seq to explore the transcrip-
tional changes of effector and memory CDS8 T cell differentiation
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at the single-cell level and unveil the GRNs that govern the cell
fate decision of CD8 T cells during acute viral infection. We further
demonstrated how changes in the enhancer landscape parallel the
activity patterns of these transcriptional circuits. Lastly, we found
that the chromatin accessibility at these enhancer regions, regu-
lated in part through the direct action of the TF E2A, is a po-
tential underlying mechanism by which the divergent cell fates of
MPECs and SLECs are determined.

Results

Single Cell Regulatory Network Analysis Reveals Two Transcriptional
Circuits during CD8 T Cell Differentiation. To better understand the
cell fate decision process of CD8 T cells responding to an acute
viral infection, in particular the underlying transcriptional networks
that govern effector and memory T cell formation, we performed
scRNA-seq on antigen-specific CD8 T cells during an acute infec-
tion with lymphocytic choriomeningitis virus (LCMV). Congenically
marked P14 cells, possessing a transgenic H-2D-restricted T cell
receptor (TCR) specific for the gpss 41 peptide of LCMV, were
transferred to C57BL/6 mice, followed by infection with the Arm-
strong strain of LCMV. Naive, effector, and memory virus-specific
CD8 T cells were sorted by flow cytometry on day 0, day 9, and day
129 postinfection (p.i.), respectively, and then single-cell tran-
scriptome libraries were prepared using the 10x Genomics Chro-
mium platform (Fig. 14). After initial filtering, 762 naive cells, 1,473
effector cells, and 554 memory cells were used for analysis. The
dimensionality reduction technique t-distributed stochastic neighbor
embedding (t-SNE) was used to visualize the data. This showed that
while cells from each of the three samples largely grouped together
with other cells from the same time point, naive cells were highly
distinct from effector and memory cells, suggesting more similar
overall gene expression profiles between all antigen-experienced
cells (Fig. 1B). Two distinct clusters arose within the day 9 effec-
tor cell sample (Fig. 1C). These clusters differed in their expression
of surface markers known to distinguish effector CD8 T cells with
different memory potential: KLRG1, marking SLECs, and IL-7R,
marking MPECs (1) (Fig. 1 D and E).

We next used our scRNA-seq data to more thoroughly in-
vestigate the GRNs governing effector and memory CDS8 T cell
differentiation. We took advantage of the recently developed
computational method single-cell regulatory network inference
and clustering (SCENIC) (11) to infer a regulatory network for
each TF based on coexpression in individual cells, identify po-
tential direct targets based on cis-regulatory motif analysis, and
determine the activity of these TF regulons in each cell. In this
way, cells can be clustered based on overall similarities in TF
regulatory network activity, taking into account not just TF ex-
pression but also expression of their target genes.

Because we were interested in the global regulatory networks
controlling CD8 T cell differentiation, we focused our subsequent
analyses on the 56 regulons that had activity patterns that were
strongly correlated with other regulons (Fig. 1F). Cells clustered
into two groups based on the binary regulon activity of these 56
regulons: MPECs and SLEC:s clustered together, while naive and
memory cells clustered together separately. Therefore, when classi-
fying each TF regulon as either on or off, MPECs were remarkably
similar to SLECs despite their dramatically different eventual fates.

The cluster comprised of naive and memory cells had higher
regulon activity for several TFs involved in T cell quiescence and
memory T cell differentiation, including T¢f7 (21-24), Foxol (25-30),
and Bach2 (31, 32) (Fig. 1 F and G). Additionally, the regulon for
the recently identified regulator of memory cell formation, Nr3ci,
had higher activity in naive and memory CD8 T cells (16)
(Fig. 1F). Importantly, MPECs and SLECs had surprisingly similar
regulon activity for many TFs involved in T cell quiescence, such
as Tc¢f7 and Bach2 (Fig. 1G). The regulons of TFs known to
promote effector function and terminal differentiation of CD§
T cells were found to be more active in both MPECs and SLECs

20f12 | PNAS
https://doi.org/10.1073/pnas.2013452118

(Fig. 1 F and H). For example, the regulon for 7hx21, a key gene
promoting the differentiation of SLECs (1, 33-35), had high ac-
tivity in these cells. This group also included the regulons of
Bhlhe40 and Runx2, which were identified in a previous regulatory
network study utilizing published bulk RNA-seq, as TFs inhibiting
the recall proliferation of CD8 T cells, potentially by driving their
terminal differentiation (7). Overall, two main patterns of TF reg-
ulon activity arise during effector and memory CD8 T cell differ-
entiation: a naive/memory GRN that has high activity in naive cells
that is lost in both MPECs and SLECs then reacquired in memory
cells and an effector GRN that becomes active in effector CD8
T cells and is dampened, but still increased relative to naive cells, in
long-lived memory CD8 T cells. The unexpected similarity between
MPECs and SLECs with respect to their regulon activity suggests
additional mechanisms must exist to explain their dramatically dis-
tinct cell fate decisions.

Two Major Patterns of Enhancer Activity during Memory CD8 T Cell
Differentiation. Since relative expression of TFs and activity of
their regulons appeared to be an incomplete explanation of memory
CDS8 T cell development, this prompted us to further examine the
epigenetic landscape during this T cell differentiation process. In
particular, we were interested in the regulation of enhancers
throughout this process, as enhancers are critical regulatory ele-
ments shown to control the cellular differentiation. Therefore, we
performed chromatin immunoprecipitation (ChIP)-seq for the his-
tone modification H3K27Ac, a mark associated with active regulatory
regions (36, 37), to measure enhancer activity; assay for transposase-
accessible chromatin (ATAC)-seq to identify regions of open
chromatin (38); and RNA-seq on naive CD8 T cells, MPECs,
SLECs, and memory CD8 T cells (SI Appendix, Fig. S14).

We first investigated changes in enhancer activity during memory
CD8 T cell differentiation. To do this, we performed k-means
clustering based on H3K27Ac ChIP-seq signal intensity on our
pooled replicates at 120,019 putative enhancers that were identi-
fied by subtracting known promoter regions from ATAC-seq
peaks in our four cell subsets (39) (Fig. 24). We found that the
majority of these sites (110,482/120,019 or 92.1%) had relatively
stable H3K27Ac in all four cell populations. Cluster 3 (53,364/
120,019 or 44.5%) contains sites that had no enrichment of
H3K27Ac ChIP-seq signal, indicating that these sites are likely not
actually functional enhancers in CD8 T cells. Cluster 6 (13,235/
120,019 or 11.0%) contains sites with very high H3K27Ac en-
richment in all four samples and are associated with genes re-
quired for general CD8 T cell function and identity, including
genes encoding the CDS8 glycoprotein (Cd8a and Cd8bI), TFs
required for T cell development (Ets1), T cell signaling molecules
such as protein kinase c isoenzymes (Prkca, Prkcb, Prkce, Prkch,
Prkcq, and Prkcz), and the leukocyte common antigen CD45 (Ptprc).

Interestingly, two clusters were found to have enhancer ac-
tivity that changes over the course of the viral infection: cluster 1
(5,699/120,019 or 4.7%), which has high enhancer activity in
naive and memory CD8 T cells but low activity in both MPECs
and SLECs and cluster 2 (3,838/120,019 or 3.2%), which has low
activity in naive cells and increased activity in all antigen-
experienced cells, with the highest activity in SLECs. Cluster 1
contains enhancers associated with genes related to CD8 T cell
quiescence, homeostasis, and lymph node homing, such as the
TFs Bach2, Foxol, Foxpl, 1d3, Lefl, and Tcf7 and the cytokine
and homing receptors Ccr7 (Fig. 2B), II7r, and Sell. Cluster 2
contains enhancers associated with genes related to CD8 T cell
activation and effector function. Examples include the TFs Batf,
Bhlhe40, Prdm1, and Tbx21 (Fig. 2C); the chemokines Ccl3, Ccl5,
and Ccl9; the effector molecules Gzmb, Gzmk, Ifng, and Prfl; and
other genes such as Cd44 and Kirgl. Furthermore, by comparing
relative gene expression levels, we found that genes undergoing
significant changes during memory CD8 T cell differentia-
tion largely exhibited one of these two patterns of expression
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scRNA-seq of CD8 T cells during acute viral infection. (A) Outline of scRNA-seq experiment. (B) t-SNE plot displaying relationship between naive (day

0), effector (day 9), and memory (day 129) CD8 T cells during acute LCMV infection. (C) t-SNE plot displaying four clusters of CD8 T cells arising during acute
LCMW infection. (D and E) t-SNE plots showing expression of Kirg? (D) and II7r (E), two classic markers of effector CD8 T cells with low and high potential to
become memory CD8 T cells, respectively. (F) Cells were clustered based on binary regulon activity of the 56 regulons that are active in at least 1% of the cells
and that correlated (absolute Pearson correlation > 0.30) with at least one other regulon. Cells are colored to indicate that a regulon is active (black) or
inactive (white). (G and H) Violin plots showing distribution of continuous regulon activity in naive and memory TF regulons (Tcf7 and Bach2) (G) or effector

TF regulons (Tbx21 and Bhlhe40) (H).

(SI Appendix, Fig. S1 B and C). These results suggest that there
are two dominant transcriptional circuits regulating gene expres-
sion in CD8 T cells as they undergo differentiation into memory
CD8 T cells.

Super Enhancers Exhibit Two Patterns of Activity during Memory CD8
T Cell Differentiation. A small proportion of regulatory regions,
termed super enhancers (SEs), possess exceedingly high binding
levels of Mediator, master regulator TFs, and histone modifica-
tions associated with enhancer activity such as H3K27Ac (40-42).
These SEs have been proposed to play an important role in de-
termining cell identity and are found near cell type-specific master
regulator TFs (40, 42). They can be identified by stitching together
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enhancers within 12.5 kb of each other and then ranking these
enhancer regions by enrichment of Mediator, H3K27Ac, or mas-
ter regulator TF ChIP-seq signal (40-42).

Given the particular importance of SEs in regulating expres-
sion of genes that determine cell fate, we explored the changes in
their activity during memory CD8 T cell differentiation. First, we
identified 1,149, 399, 358, and 723 SEs in naive, MPECs, SLECs,
and memory CDS8 T cells, respectively, using the rank ordering
of super enhancers algorithm (40, 42) (SI Appendix, Fig. S2A4).
Genes nearest to SEs for each subset tended to have slightly
higher average expression in that subset (SI Appendix, Fig. S2B).
However, the majority of SEs for each subset were shared with at
least one other subset, likely contributing to the relatively similar
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Fig. 2. Patterns of enhancer activity during memory CD8 T cell differentiation. (A) k-means clustering of H3K27Ac ChIP-seq signal at 120,019 nonpromoter
chromatin accessible regions in naive CD8 T cells, MPECs, SLECs, and memory CD8 T cells. On the right, the average H3K27Ac profile is shown for each of the
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average expression levels (SI Appendix, Fig. S2C). Naive CD8§
T cells had the most unique SEs (518/1,289 or 40.2%), while
MPECs, SLECs, and memory CDS8 T cells only had 17, 24, and 63
unique SEs, respectively.

As much of the critical regulation may occur because of the
relative activity of each SE, rather than its presence or absence,
we next investigated the changes in enhancer activity, as mea-
sured by H3K27Ac signal intensity in our four subsets. Using
hierarchical clustering, we identified two distinct patterns of SE
activity occurring during memory CDS8 T cell differentiation (S
Appendix, Fig. S2 D and E). Similar to the patterns we observed
of RNA expression (SI Appendix, Fig. S1 B and C) and overall
enhancer activity (Fig. 24), cluster 1 SEs started with high activity in
naive cells that was lost in both effector cell subsets then regained in
memory cells, while cluster 2 SEs gained activity after naive cells
were activated. These results demonstrate that, at both typical en-
hancers and SEs, there are two dominant regulatory patterns that
coordinate effector and memory CD8 T cell differentiation.

Regulation of CD8 T Cell Enhancer Activity. After identifying the
patterns of enhancer and SE activity arising during memory CD8
T cell differentiation, we sought to determine the TFs responsible for
controlling these regulatory regions. To do this, we performed motif
analysis on the six clusters of enhancers using the hypergeometric
optimization of motif enrichment (HOMER) motif database (43).
The region at the center of each enhancer, corresponding to the
overlapping ATAC-seq peak, was searched for enrichment of
known TF binding motifs. TF motif enrichment was compared in
each cluster for motifs that were significantly enriched in at least
one of the six clusters (—log P value > 9) (Fig. 2D).

Several known TF motifs were found to be more enriched in
the cluster 1 enhancers (high activity in naive and memory CD8
T cells but low activity in MPECs and SLECs) than the cluster 2
enhancers (low activity in naive CD8 T cells and high activity in
activated cells). High mobility group; basic helix-loop-helix; and
some forkhead motifs, which are bound by the memory T cell-
promoting TFs TCF7 (21, 22, 24), E2A (44, 45), and Foxol
(25-29), respectively, were all more enriched in cluster 1 than
cluster 2. Additionally, GATA motifs were more highly enriched
in cluster 1. Though less is known about the role of these TFs in
the CD8 T cell response to viral infection, GATA3 (46) has been
shown to regulate expression of I/7r, which is required for main-
tenance of both naive and memory CD8 T cells. E26 transformed-
specific motifs were also slightly enriched in cluster 1 relative to
cluster 2; however, these were the most highly enriched motifs in
all clusters except clusters 3 and 4, suggesting that TFs from this
family likely play important roles in all CD8 T cell enhancers. The
binding motifs of some repressive TFs were also found to be
enriched in cluster 1 enhancers. The transcriptional repressor
Blimp-1 (encoded by PrdmI) motif was enriched in cluster 1, in-
dicating that expression of this protein might inhibit activity of
enhancers critical for memory T cell formation. This is consistent
with the observation that deficiency in Blimp-1 results in higher
expression of several memory-related genes, such as Id3, Ccr7, and
Sell (47), all of which have at least one nearby enhancer in cluster
1. The RUNX motif was also enriched in this cluster. Recent work
demonstrated a role for Runx3 in acting on promoters and en-
hancers of Tcf7 and Bcl6 to promote deposition of the repressive
histone modification H3K27Me3 (48).

Cluster 2 enhancers, with low activity in naive cells and high
activity in activated cells, had higher enrichment of many other
known TF motifs. Basic leucine zipper domain TFs from the AP-
1 family that bind to the consensus AP-1 motif (5-TGA G/C
TCA-3") were highly enriched in cluster 2. AP-1 factors are in-
duced by TCR signaling, and recent work has shown that the
memory-promoting TF BACH2 competes with AP-1 factors for
binding to these sites in order to attenuate TCR-induced acti-
vation (31, 49). Additionally, the AP-1-IRF composite element
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motif was enriched in cluster 2, consistent with the known role of
the AP-1 factor BATF cooperating with IRF4 to regulate CD8
T cell effector function (50-52). Interferon regulatory factors
(IRFs) alone, on the other hand, have similar enrichment in the
two clusters of dynamically utilized enhancers. Cluster 2 also had
high enrichment of the binding motif for T-bet, a TF that drives
formation of terminally differentiated effector cells (1, 33, 34, 47,
53). Together, AP-1 factors, including those cooperating with
IRF proteins, and T-bet likely play a major role in the regulation
of these cluster 2 effector enhancers.

Finally, cluster 3 and 4 regions, which mostly lack H3K27Ac
enrichment, have high enrichment of the CTCF binding motif,
indicating that these sites might structurally regulate the three-
dimensional chromatin architecture (54). Overall, these results
suggest that cluster 1 naive/memory enhancers are positively reg-
ulated by TCF7, E2A, Foxol, and GATA-3 and negatively regu-
lated by Blimp-1 and Runx3, whereas cluster 2 effector enhancers
are regulated by AP-1, AP-1-IRF complexes, and T-bet.

Accessibility at E2A- and TCF7-Occupied Enhancers Is Maintained in
Memory Precursor Effector Cell Differentiation. Earlier, we identi-
fied a group of regular enhancers (Fig. 24, cluster 1) and SEs (S
Appendix, Fig. S2C, cluster 1) with high activity in naive and
memory CD8 T cells but low activity in both MPECs and SLECs.
A natural question that arises from this observation is how are
MPEC: able to regain activity of these enhancers on their way to
becoming memory cells, while SLECs cannot? We hypothesized
that differences in chromatin accessibility might explain this phe-
nomenon. To investigate these differences, we first normalized the
ATAC-seq signal between MPECs and SLECs and then identified
the top 5,000 MPEC- and SLEC-specific enhancers based on M
value, a metric proportional to the log2 ratio of ATAC-seq signal
in MPEC:s divided by ATAC-seq signal in SLECs (Fig. 34). After
pairing each enhancer with its nearest gene, we found that MPEC-
specific enhancers were enriched for genes with higher expression
in MPECs than SLECs (Ccr7, Foxol, Il7r, 1d3, and Tcf7), and
SLEC-specific enhancers were enriched for genes with higher
expression in SLECs than MPECs (Cx3crl, Gzma, Gzmb, Thx21,
and Zeb?2), suggesting that these enhancers do regulate gene ex-
pression in each subset (Fig. 3B). Furthermore, gene ontology
analysis using Genomic Regions Enrichment of Annotations Tool
(GREAT) (55) showed that MPEC-specific enhancers were lo-
cated near genes in memory > effector, naive > effector, and
naive > memory gene sets; white SLEC-specific enhancers were
located near genes in effector > memory, effector > naive, and
memory > naive gene sets (56) (Fig. 3C). Together, these results
suggest that the MPEC- and SLEC-specific ATAC-seq peaks we
identified are enriched for enhancers controlling the expression of
genes critical to each subset’s function and cell fate.

We then compared the DNA sequences of these two groups of
enhancers by de novo motif analysis to identify short regions of
DNA enriched in one of the groups that correspond to TF binding
sites (Fig. 3D). Among the best matches of known TF motifs for
the top de novo motifs were ZEB2, E2A, and ZEBI, and for the
second-most significant, de novo motifs were LEF1, TCF7L2, and
TCF7. Given the previously reported roles for E2A (44, 45) and
TCF7 (21, 22, 24) in memory CD8 T cell formation, we predicted
that these two TFs were binding to and regulating MPEC-specific
enhancers. By searching specifically for the E2A and TCF7 binding
motifs, we found that both were highly enriched in MPEC-specific
enhancers compared to SLEC-specific enhancers (Fig. 3E). Using
published E2A (57) and TCF7 (58) ChIP-seq data, we confirmed
that both of these TFs also have much greater binding to MPEC-
specific enhancers (Fig. 3F).

Several genes critical for memory CDS8 T cell fate and function
were found to have MPEC-specific enhancers bound by E2A
and/or TCF7 (Fig. 3 G and H). Ccr7, a chemokine receptor responsible
for T cell homing to lymph nodes, possesses three enhancers with
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Fig. 3. E2A and TCF7 binding sites are enriched in enhancers maintained in an open state by MPECs but not SLECs. (A) MA plot showing M value (log2 read
density in MPEC + read density in SLEC) versus A value (0.5 x log2 read density in MPEC x read density in SLEC) of the merged set of MPEC and SLEC
nonpromoter ATAC-seq peaks after normalization. The top 5,000 peaks are highlighted for MPECs (cyan) and SLECs (red). (B) The log2 ratio of normalized
ATAC-seq signal is compared to the log2 ratio of RNA expression for MPECs and SLECs. Only the top 5,000 MPEC- and SLEC-specific nonpromoter ATAC-seq
peaks that are associated with genes that are significantly differently expressed between MPECs and SLECs are included, with the total number in each
quadrant noted in each corner. Some notable genes with higher ATAC-seq signal and RNA expression in MPECs (cyan) or SLECs (red) are highlighted, with the
number of enhancers in parentheses. (C) Gene ontology analysis for the MPEC- and SLEC-specific enhancers was performed using GREAT (55) and compared
to published microarray gene sets of naive, day 8 effector, and memory P14 CD8 T cells (56). Circle size denotes significance of gene set enrichment. Color
represents fold enrichment. (D) The top 10 significantly enriched de novo motifs for each subset are shown, along with their significance (-log P value),
ranked from most MPEC-specific (Top) to most SLEC-specific (Bottom). On the left is the best match known motif according to HOMER. (E) The distributions of
the E2A and TCF7 motifs in the top 5,000 MPEC- and SLEC-specific enhancers are shown for the regions + 500 bp from the center of each enhancer. (F) E2A
(SRR3984693) (57) and TCF7 (SRR1024054) (58) ChIP-seq enrichment was assessed at the top 5,000 MPEC- and SLEC-specific enhancers (cyan and red, re-
spectively). (G and H) MPEC and SLEC ATAC-seq data and E2A and TCF7 ChIP-seq data are shown at the Ccr7 (G) and Tcf7 (H) loci. Highlighted in gray are
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higher accessibility in MPECs than SLECs, as well as E2A and
TCF7 peaks (Fig. 3G). Of particular interest, Tcf7 itself had two
nearby enhancers sharing this pattern, a +7.5 kb enhancer bound
by E2A and a —30 kb enhancer bound by both E2A and TCF7
(Fig. 3H). E2A is likely an important regulator of Tcf7 expression
and has previously been shown to have greater binding to these
enhancers in naive CD8 T cells than in vitro—activated CD8 T cells
(45). The higher level of ID2, an inhibitor of E proteins like E2A,
in SLECs than MPECs has been proposed to repress memory
formation through decreased E2A activity (45, 59, 60). This po-
tentially leads to lower levels of TCF7 and loss of chromatin ac-
cessibility at E2A- and TCF7-regulated enhancers, explaining why
SLECs cannot regain activity at these enhancers, reexpress critical
memory-related genes, and survive long term. Overall, these data
demonstrate that enhancers that lose accessibility in SLECs
compared to MPECs are bound by E2A and TCF7 and suggest a
mechanism explaining the opposing cell fate decisions of these two
effector CD8 T cell subsets.

T-Bet- and AP-1-Bound Enhancers Become Accessible in Memory CD8
T Cells. Memory CD8 T cells possess the ability to more rapidly
express effector molecules upon reinfection than naive CD8
T cells. We hypothesized that this could be due to a set of en-
hancers existing in a poised state: accessible in memory cells but
inactive or having low activity until the cells are restimulated. We
therefore compared the ATAC-seq signal in naive and memory
CDS8 T cells to identify the memory-specific enhancers that po-
tentially endow these cells with their enhanced protective abilities.
After normalizing the ATAC-seq signal across these two samples,
we identified the top 5,000 naive- and memory-specific enhancers
(SI Appendix, Fig. S34). Naive-specific enhancers were enriched
for genes with higher expression in naive cells than memory cells
(Ccr7, Cer9, 1d3, and Tcf7), while the memory-specific enhancers
were enriched for genes with higher expression in memory cells
than naive cells (Ccl4, Ccl5, Gzma, Ifng, Prdml, Prfl, Stat4, Tbx21,
and Xcll) (SI Appendix, Fig. S3B). Gene ontology analysis using
GREAT (55) showed that naive- and memory-specific enhancers
are enriched for genes highly expressed in the corresponding
subset (SI Appendix, Fig. S3C).

Next, we performed de novo motif analysis to determine which
TFs regulate these enhancers (S Appendix, Fig. S3D). Two memory-
specific motifs stood out as being highly significant. The top de
novo motif was consistent with the known binding motif of T-bet,
and the second-most significant de novo motif was consistent with
the AP-1 family binding motif. Searching specifically for the motifs
of T-bet and JunB, an AP-1 family member, we confirmed that
both were highly enriched in memory-specific enhancers com-
pared to naive-specific enhancers (SI Appendix, Fig. S3E). When
comparing T-bet (53) and JunD (31) ChIP-seq enrichment from
published datasets at the top 5,000 naive- and memory-specific
enhancers, we found that memory-specific enhancers had much
more T-bet and JunD binding (SI Appendix, Fig. S3F).

Several genes critical for the cytotoxic function of CDS8 T cells
were found to have memory-specific enhancers bound by T-bet
and/or JunD (SI Appendix, Fig. S3 G and H). We identified the
chemokines Ccl3 and Ccl4 and the cytokine Ifng as genes with
multiple enhancers possessing higher accessibility in memory
cells than naive cells as well as a JunD (a member of the AP-1 TF
family) and/or T-bet binding peak (SI Appendix, Fig. S3 G and
H). Additionally, Stat4 and Tbx21 have several nearby enhancers
that share this pattern, indicating that this transcriptional circuit
may be self-reinforcing, as STAT4 signaling induces T-bet ex-
pression (1, 61), and T-bet binds enhancers to regulate the ex-
pression of both Stat4 and itself. Overall, these data suggest that
the enhancers acquired by memory CD8 T cells that contribute
to their enhanced function relative to naive cells are regulated by
AP-1 factors and T-bet.

Schauder et al.
E2A-regulated epigenetic landscape promotes memory CD8 T cell differentiation

E2A Promotes Chromatin Accessibility at Naive- and Memory-Specific
Enhancers. Thus far, we have found that the E2A binding motif is
highly enriched in MPEC-specific enhancers, and E2A has greater
binding to these enhancers based on published E2A ChIP-seq data
(SRR3984693) (57). Additionally, E2A is a potential regulator of
the next most significant transcription factor TCF7 identified in our
motif analysis of MPEC-specific enhancers. Therefore, E2A might
serve as an important TF in the prevention of terminal differenti-
ation in MPECs by maintaining accessibility at memory enhancers.

To directly determine the effect of E2A on the enhancer land-
scape of CD8 T cells, we performed RNA-seq and ATAC-seq on
activated CDS8 T cells overexpressing E47, one of the two alterna-
tive splice variants of E2A that also has higher endogenous ex-
pression than the E proteins E12 and HEB, or ID2, a well-known
inhibitor of E2A activity (62). We first confirmed overexpression of
EA7 or ID2 by RNA-seq (SI Appendix, Fig. S44). Interestingly, the
cells with E47 overexpression also expressed more Id2 than the
empty vector control, suggesting a feedback mechanism by which
1d2 expression is enhanced to counteract the high E47 activity. As E
protein activity is heavily influenced by the levels of their inhibitors,
the ID proteins, we looked at the ratio of expression levels for these
molecules in our three conditions. We found a 7c¢f3:1d2 ratio of
0.0925, 0.896, and 2.63 in the MIG-Id2, empty MIG, and MIG-E47
samples, respectively, demonstrating a broad range of relative levels
for comparison (SI Appendix, Fig. S4B). When comparing our three
conditions, we found 2,022 genes with significantly different ex-
pression between MIG and MIG-E47 (588 higher in MIG and
1,434 higher in MIG-E47), 2,192 genes with significantly different
expression between MIG-Id2 and MIG-E47 (849 higher in MIG-
Id2 and 1,343 higher in MIG-E47), and 105 genes with significantly
different expression between MIG and MIG-Id2 (32 higher in MIG
and 73 higher in MIG-1d2) (SI Appendix, Fig. SAC). Overall, 2,541
genes showed significant changes in expression between at least
two of the conditions. Hierarchical clustering of these differentially
expressed genes separated them into two distinct groups: 1,653
genes had higher expression in MIG-E47 than the other two groups
(cluster 1), while 888 genes had lower expression in MIG-E47 than
the other two groups (cluster 2) (SI Appendix, Fig. SAC). Cluster 1
contains several genes expressed in memory CDS8 T cells, such as
Cxer5, 1d3, llbra, Nr4a3, Pou6fl, and Zebl (SI Appendix, Fig. S4D).
Cluster 2 contains more effector-related genes, including Bhlhe40,
Ccl5, Cxcr6, Gzmk, Junb, and Tbx21 (SI Appendix, Fig. SAE).
Overall, forced expression of E47 increases expression of more
genes than it decreases, while forced expression of Id2 does not
have a substantial effect on gene expression in this setting.

By performing ATAC-seq on cells from these three condi-
tions, we found that increased E47 leads to a substantial change
in the overall enhancer landscape when compared to the MIG
and MIG-1d2 groups (Fig. 44). MIG-E47 had 3,331 enhancers
with significantly different ATAC-seq signal compared to MIG
and 2,867 enhancers with significantly different ATAC-seq signal
compared to MIG-1d2, with 2,156 enhancers shared between the
two groups (Fig. 4B). Only one enhancer, on the other hand,
showed significantly different accessibility when comparing MIG
and MIG-Id2. Similar to our expression data, hierarchical clus-
tering demonstrated two primary patterns of changes in enhancer
accessibility in our groups: 3,182 enhancers that open upon
overexpression of E47 (cluster 1) and 860 enhancers that close
(cluster 2) (Fig. 4C). To determine which of these changes is be-
cause of a direct effect of E47, we performed motif analysis on
these two clusters of enhancers (Fig. 4D). Significant enrichment
of the E2A binding site was found in cluster 1, with 96% of these
enhancers containing this motif. Surprisingly, the AP-1 binding
site was most significantly enriched in cluster 2 enhancers, sug-
gesting that the effect of E2A on these enhancers may be indirect.
We then used GREAT to determine if genes near these two
groups of enhancers are important for different aspects of CD8
T cell function (Fig. 4F). Cluster 1 enhancers were significantly
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enriched for genes with higher expression in naive CD8 T cell than
effector CD8 T cells, such as Ccr7, Id3, Lefl, and Tcf7. Cluster 2
enhancers had more significant enrichment of genes with higher
expression in effector and memory CD8 T cells than naive cells,
such as Bhlhe40, Cd44, Gzmk, and Prdm1. These results support a
model in which E47 maintains accessibility of naive CD8 T cell
enhancers, while also indirectly preventing the opening of effector
CD8 T cell enhancers, thereby allowing a fraction of effector CD8
T cells to return to quiescence and develop into memory cells after
clearance of an infection.

E2A Overexpression Promotes Memory CD8 T Cell Formation. To test
whether E2A activity could enhance the formation of virus-
specific memory CD8 T cells in vivo, we transferred trans-
duced P14 cells to mice and infected them with LCMV Arm-
strong. However, preliminary experiments showed that enforced
EA47 expression from the beginning of an immune response led to
low numbers of transferred cells, possibly due to decreased ex-
pansion and/or increased apoptosis. To mitigate this effect, we
constructed a vector to express E47 fused to a modified human
estrogen receptor (hER), as has been done previously (63). This
allows us to selectively turn on E47 activity at a specific time by
injecting tamoxifen. We first treated two separate groups of mice
that received empty retroviral vector-transduced P14 T cells with
either corn oil or tamoxifen intraperitoneally (i.p.) on days 5, 6,
and 7 p.i., which resulted in no detectable phenotypic changes
(8I Appendix, Fig. S5 A and B). Next, we administered the same
treatments to two groups of mice that received E47-hER retroviral
vector-transduced P14 T cells and analyzed cells from spleens
on days 9 and 30 p.i. (Fig. 54). Increased E47 activity on days 5 to 7
p-i. led to significantly increased frequencies of MPECs and sub-
sequent decreased frequencies of SLECs (Fig. 5B). In the same
vein, enforced E47 activity accelerated memory development with
increased formation of IL-7R*KLRG1~ central memory CDS
T cells (Fig. 5B). Consistently, we also observed increased expres-
sion of CD27 and CD62L (Fig. 5 C and D and SI Appendix, Fig.
S5 C and D). Although the frequencies of IFN-y- and TNF-
a-producing cells were similar between the two groups, IL-2 pro-
duction, another key memory signature, was significantly increased
in the tamoxifen-treated group at day 30 p.i. (Fig. 5 E and F and SI
Appendix, Fig. S5 E and F). Lastly, increased E47 activity drove
significantly increased TCF1 expression, whereas it suppressed
T-bet expression in effector CD8 T cells (Fig. 5 G-I). While tran-
sitioning toward memory phase, tamoxifen-treated T cells main-
tained a heightened expression of Eomes and reduced expression of
T-bet, but the expression of TCF1 was indistinguishable from the
control group (Fig. 5 G-I). Taken together, these results demon-
strate that enforced E2A activity before the peak of the CD8 T cell
response diminishes terminal differentiation and promotes memory
cell formation.

Discussion

In this study, we explored memory CD8 T cell differentiation
during acute viral infection through analysis of the transcriptome
at the single-cell level and changes in the enhancer landscape.
This work revealed dynamic changes in gene expression as well
as two major patterns of TF regulon activity, as naive CD8 T cells
differentiate into memory cells. Furthermore, our work supports
a model in which the epigenetic landscape is a key factor for the
cell fate decision of effector CD8 T cells, as was also proposed in
a recent study of CD8 T cells responding to bacterial infection
(16). In our model, SLECs lose accessibility at E2A- and TCF7-
bound enhancers regulating genes that are critical for memory
potential and are therefore unable to regain activity at these
enhancers after clearance of the infection, accounting for their
inability to form long-lived memory cells.

Our regulon-based scRNA-seq analysis using SCENIC iden-
tified several TFs with known roles in CD8 T cell differentiation.
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However, some other TFs, that we and others (15, 16) identified
through investigation of the epigenome, did not appear in this
analysis or appeared in the opposite cluster as expected, such as
E2A (encoded by Tc¢f3). One major limitation of this analysis is
the reliance on coexpression patterns for initial identification of
potential regulons. Several TFs that mediate effector and memory
CDS8 T cell differentiation are regulated primarily by posttrans-
lational modifications or inhibition by other proteins, causing
them to be hidden from an expression-based analysis, as their
activity does not directly correlate with their expression. Incorpo-
ration of this information will be necessary for future specification
of the CD8 T cell regulatory network. Additionally, single-cell
ATAC-seq and other technological advances hold great promise
for deciphering the heterogeneity of the epigenome in individual
effector CD8 T cells (63).

Through our clustering analysis of H3K27Ac enrichment in
naive, MPEC, SLEC, and memory CD8 T cells, we identified two
major patterns of enhancer activity, which strongly correlated with
our regulon activity results. The first cluster, composed of en-
hancers near genes important for memory potential, had high ac-
tivity in naive and memory cells and low activity in MPECs and
SLECs and seems to be positively regulated by TCF7, E2A, Foxol,
and GATA3 and negatively regulated by Blimp-1 and Runx3. The
second cluster, made up largely of enhancers located near effector-
related genes, had negligible activity in naive cells, moderate ac-
tivity in MPECs and memory cells, and high activity in SLECs and
appears to be regulated by AP-1, AP-1-IRF complexes, and T-bet.
Similar patterns were also observed during infection with Listeria
(16) based on H3K4Mel enrichment—a marker of the presence of
an enhancer (64, 65).

Though both MPECs and SLEC:s lose activity at enhancers for
memory-related genes, this loss is only temporary for MPECs.
After viral clearance, MPECs differentiate into long-lived memory
CDS8 T cells, in part by regaining activity of these enhancers and
expression of their target genes. A natural hypothesis arising from
this phenomenon would be that these enhancers remain in an
open, poised state in MPECs, while they become permanently
closed and repressed in SLECs. We provided evidence supporting
this notion and found that E2A and TCF7 bind to and potentially
regulate these enhancers. Recently, other groups utilizing com-
parable model systems have made similar observations (15, 16).
Furthermore, we showed that E2A can regulate the accessibility of
enhancers controlling critical memory T cell genes in CD8 T cells,
and that its activity near the peak of the CDS8 T cell response can
skew their differentiation toward memory formation. Additionally,
the Tcf7 locus contained two enhancers, +7.5 kb and —-30 kb, that
are bound by E2A or E2A and TCF7, respectively, in which
SLECs had severely diminished accessibility relative to MPECs.
This could provide MPECs with a self-reinforcing circuit in
which E2A enhances expression of TCF7, TCF7 binds to its
own enhancer to stabilize its expression, and they both then act
on many other enhancers to orchestrate the memory CD8 T cell
transcriptional program.

Our results are consistent with the previously proposed de-
creasing potential model of memory CDS8 T cell differentiation (5,
66). In this model, successive stimulations by antigen and cytokines
progressively drive CD8 T cells to terminal differentiation. Fitting
our results into this framework, naive cells are activated and acquire
an effector program via AP-1 and T-bet. If limited stimulation oc-
curs, these cells retain their memory potential by maintaining
accessibility at E2A- and TCF7-regulated enhancers. Repetitive
stimulation eventually leads to inhibition of these core components
of the naive/memory GRN and subsequent permanent loss of these
enhancers, preventing the cells from ever regaining their memory
potential. It would be interesting to know how early effector CD8
T cells establish the epigenetic structure of terminal differentiation
and lose memory formation potential. With advancements in single-
cell transcriptomics and epigenomics, future studies are warranted
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Fig. 4. E2A regulates the accessibility of enhancers regulating memory T cell genes. (A) PCA plot comparing ATAC-seq signal in CD8 T cells transduced with
empty MIG, MIG-Id2, and MIG-E47. (B) Venn diagram showing the number of enhancers with significantly different ATAC-seq signal in MIG versus MIG-E47,
MIG versus MIG-1d2, and MIG-1d2 versus MIG-E47. (C) Heatmap showing hierarchical clustering of enhancers with significantly different ATAC-seq signal in the
three groups. (D) Motif analysis with top three significantly enriched TF binding motifs in enhancers more open (Top) or more closed (Bottom) in E47
overexpressing cells. (E) Gene ontology analysis for cluster 1 and cluster 2 enhancers was performed using GREAT (55) and compared to published microarray

gene sets of naive, day 8 effector, day 15 effector, and memory P14 CD8 T cells (56). Circle size denotes significance of gene set enrichment. Color represents
fold enrichment.
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Fig. 5. E2A activity promotes memory CD8 T cell formation. (A) Diagram showing experimental outline. (B) Representative flow cytometry plots and cor-

responding bar graphs showing frequencies of KLRG-1 and IL-7R expression in P14 cells transduced with MIT-E47-hER in mice that received vehicle control
(empty box) or tamoxifen (Tmx) (red box) at day 9 (Top) or day 30 (Bottom) post-LCMV Armstrong infection. (C and D) Bar graphs show the mean fluorescence

intensity (MFI) of CD27 and frequencies of CD62L expression in transduced P14

cells. (E and F) Bar graphs show the frequencies of IFN-y/TNF-« double positive

and IL-2-producing cells in transduced P14 cells. (G-/) Bar graphs show the expression of TCF1, Eomes, and T-bet in transduced CD8 T cells at day 9 (Top) or day
30 (Bottom). Data (mean + SD) are pooled from three independent experiments and analyzed using multiple t test (*P < 0.05; **P < 0.01; ***P < 0.001; n.s.,

not significant).

to elucidate the temporal cell fate bifurcation in early effector CD8
T cells.

Opverall, this work supports a model in which CDS8 T cell dif-
ferentiation is governed by the parallel action of two transcrip-
tional circuits: one controlling the loss and subsequent recovery
of memory gene expression and one responsible for the acquisition
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of effector-related genes. Though expression of these memory-
related genes is largely lost in both MPECs and SLECs, they can
be reexpressed as MPECs become memory cells because the ac-
cessibility of these enhancers is maintained in MPECs but lost in
SLECs, possibly due to the action of TCF7 and E2A. Under-
standing the regulation of this group of enhancers may be the key
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to successfully eliciting a robust memory CDS8 T cell response in
vaccines or reprogramming tumor-infiltrating lymphocytes for
optimal efficacy of adoptive cell transfer-based cancer therapies.

Materials and Methods

Generation of P14 Chimeric Mice and Infection. Mouse handling conformed to
the requirements of the Institutional Animal Care and Use Guidelines of
Medical College of Wisconsin. P14 mice, possessing a transgenic TCR specific
for the gpss_41 peptide of LCMV with the congenic marker Thy1.1, were bred
in house. C57BL/6 mice that were used as recipients were purchased from
Charles River Laboratories. P14 chimeric mice were made by adoptively
transferring 100,000 P14 Thy1.1* CD8 T cells to C57BL/6 mice (Thy1.2*). These
mice were then infected with 2 x 10° plaque-forming unit LCMV Armstrong
by i.p. injection.
For experimental procedures, see S/ Appendix, Supplemental Methods.
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