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Dependence on Bcl6 and Blimpl drive distinct
differentiation of murine memory and follicular

helper CD4* T cells

Thomas Ciucci*?*®, Melanie S. Vacchio™*®, Ting Chen'®, Jia Nie!®, Laura B. Chopp>*®, Dorian B. McGavern*®, Michael C. Kelly>®, and

Rémy Bosselut'®

During the immune response, CD4* T cells differentiate into distinct effector subtypes, including follicular helper T (Tfh) cells
that help B cells, and into memory cells. Tfh and memory cells are required for long-term immunity; both depend on the
transcription factor Bcl6, raising the question whether they differentiate through similar mechanisms. Here, using single-cell
RNA and ATAC sequencing, we show that virus-responding CD4* T cells lacking both Bcl6 and Blimp1 can differentiate into
cells with transcriptomic, chromatin accessibility, and functional attributes of memory cells but not of Tfh cells. Thus, Bclé
promotes memory cell differentiation primarily through its repression of Blimpl. These findings demonstrate that distinct
mechanisms underpin the differentiation of memory and Tfh CD4* cells and define the Bcl6-Blimp1 axis as a potential target

for promoting long-term memory T cell differentiation.

Introduction
CD4* T cells are essential for durable immune responses. Upon
antigen encounter, they differentiate into several effector sub-
sets, including T follicular helper (Tfh) cells that provide help to
B cells, or cytokine-producing cells, of which T helper type
1 (Thi) cells make IFNy and contribute to defenses against in-
tracellular pathogens (Laidlaw et al., 2016; MacLeod et al., 2009;
Swain et al., 2012). In addition, antigen-specific memory CD4*
T cells persist after the resolution of infection. Among these,
central memory (T.,,) cells, expressing the chemokine receptor
CCR7, give rise to secondary effectors upon antigenic re-
challenge (Pepper and Jenkins, 2011; Sallusto et al., 1999). One
current perspective is that T., cells emerge from central
memory precursors (Tcmp), @ small subset of CD4* T cells re-
sponding to infection that appear phenotypically distinct from
effector cells (Marshall et al., 2011; Pepper et al., 2011).
However, whether memory CD4* T cells develop along a
trajectory separate from that of other CD4* T cell subtypes is
debated (Crotty, 2018). Unlike for precursors of memory CD8*
T cells (Crawford et al., 2014; Marshall et al., 2011), no simple
combination of surface markers unambiguously distinguishes

CD4* Temy from effector T cells (Cho et al., 2017; Marshall et al.,
2011; Vogelzang et al., 2014), and the same is true of transcrip-
tion factors, including Tcfl (encoded by Tcf7), expressed by both
CD4" Temyp and Tth cells (Choi et al., 2015; Nish et al., 2017; Wu
et al., 2015; Xu et al., 2015). Additionally, both Tth and memory
cells depend on the zinc finger transcription factor Bcl6 (Ichii
et al., 2007; Johnston et al., 2009; Nurieva et al., 2009; Pepper
et al, 2011; Yu et al,, 2009). Bclé and its antagonist Blimpl
(encoded by Prdmli, called Blimpl here) promote the differen-
tiation of Tth and Thi effector cells, respectively, and inhibit
each other’s expression (Crotty et al., 2010). Accordingly, and
mirroring Bel6, Blimpl inhibits the differentiation of memory
T cells (Rutishauser et al., 2009; Shin et al., 2009). However,
while Bcl6 is needed for CD4* T cell memory, it has remained
debated whether it promotes the survival of memory cells or
the initial differentiation of memory precursors (Choi et al., 2013;
Harrington et al., 2008; Ichii et al., 2007; Pepper et al., 2011;
Tubo et al., 2016).

Recent studies using single-cell RNA sequencing (scRNAseq)
have demonstrated that the Tcyp and Ty, transcriptomes are
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distinct from both Tfh and Thl programs (Ciucci et al., 2019;
Kiinzli et al., 2020). However, such studies could not address
whether Ty, cells derive separately or from Thi or Tth lineages.
Here, we combined mouse genetics with single-cell chromatin
accessibility and transcriptomic analyses to address this ques-
tion. We demonstrate that CD4* T cells deficient for both Bcl6
and Blimpl, unlike cells deficient for Bcl6 only, give rise to long-
lived cells that develop gene expression and chromatin patterns
associated with memory T cell differentiation and that mount
antigen-driven cytokine and proliferative responses typical of
memory cells. Thus, unlike for Tth differentiation (Choi et al.,
2020; Xie et al., 2017), the critical requirement for Bcl6 during
CD4* T cell memory differentiation is to repress the expression
of Blimpl. These findings identify distinct mechanisms under-
pinning Tfh and T.np, CD4* T cell differentiation during the
immune response.

Results and discussion

Blimp1l-dependent and -independent function of Bcl6 during
early CD4* T cell differentiation

We investigated the functions of Bcl6 and Blimpl in CD4* T cells
responding to the Armstrong strain of lymphocytic chorio-
meningitis virus (LCMV Arm), which WT mice clear within 7 d
after inoculation (d7 p.i.; Oldstone, 2002). We tracked virus-
specific cells binding MHC class II tetramers loaded with the
LCMV GP66 peptide (GP66: I-AP; Homann et al., 2001). We first
inactivated Bcl6é or Blimpl in mice expressing the Cre re-
combinase from the Tnfrsf4 gene, encoding 0x40 (called Ox40-
Cre). After LCMV Arm infection, Ox40-Cre was expressed in
>75% of antigen-specific CD4* T cells but not in B cells or naive
T cells (Ciucci et al,, 2019; Fig. S1 A). Because of possible
non-cell-intrinsic effects of Blimpl and Bcl6 deletion on the im-
mune response (Kallies et al., 2006; Martins et al., 2006), we
performed experiments in mixed bone marrow chimeras
(BMCs) generated by reconstituting lethally irradiated WT hosts
with allelically marked WT “competitor” and Ox40-Cre* “tester”
bone marrow (Fig. 1 A). After immune reconstitution and viral
infection, competitor cells support a normal virus response.
Thus, we could investigate cell-intrinsic functions of Bclé and
Blimpl in the LCMV response using Ox40-Cre* tester donors
that deleted Blimpl (0x40-Cre* Blimpl?/f, called BlimplP [for
activation-induced deletion]), Bcl6 (Bcl6AP), or both (dKO). As
a control (Ctrl), we used otherwise WT Ox40-Cre* or Ox40-Cre"
tester donors.

We first assessed the tester/competitor ratios at d7 p.i. to
evaluate how each factor affected the expansion of LCMV-
responsive CD4* T cells (Fig. 1 B). Whereas Blimpl®D tester
cells had a small advantage over WT competitors, Bcl6AP tester
cells failed to efficiently compete, suggesting a broad impact of
Bcl6 on cell proliferation. In contrast, the tester/competitor ratio
in dKO:WT chimeras reverted to that in Ctrl:WT chimeras, in-
dicating that dKO and Ctrl CD4* T cells competed as efficiently
(Fig. 1 B). Thus, the initial expansion of LCMV-responding CD4*
T cells depended on Bcl6 largely through its repression of
Blimpl. In agreement with previous reports (Choi et al., 2020;
Xie et al., 2017), both Bcl62P and dKO cells failed to become Tth
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cells (defined as CXCR5™ PDIM; Fig. 1 C). No subset of dKO cells
expressed high levels of CXCR6, a Thl cell marker (Fig. 1 D).
Analyses of PSGLI and Lyé6c expression on dKO cells found little
or no PSGL1° Lyéc~ (Tfh) cells and a preponderance of PSGLI*
Lyécle cells, which, in WT mice, are enriched in memory pre-
cursors (Marshall et al., 2011; Fig. SI, B and C).

Distinct mechanisms underpin Bcl6 requirements for Tfth and
Temp differentiation
These data suggested that memory precursors could develop
from dKO cells; this would be in line with the observation that
WT d7 p.i. GP66-1-AP* CD4* T cells with little or no expression of
Bclé and Blimpl are enriched in CCR7* CXCR5™ cells, which
include Ty cells (Pepper et al., 2011; Ciucci et al., 2019; Fig. S1,
D and E). To address this and gain insight into the differentiation
of LCMV-responding dKO cells, we performed scRNAseq, which
provides single resolution over the whole transcriptome rather
than on specific markers that could depend on either factor. We
purified GP66:I-Ab* cells of all genotypes from mixed BMC,
processed them for scRNAseq using the 10x Genomics Chro-
mium system (Zheng et al., 2017), and analyzed data with the
Seurat pipeline (Stuart et al., 2019). Uniform Manifold Ap-
proximation and Projection (UMAP) dimensionality reduction,
performed on data integrated from three experiments (two bi-
ological replicates per genotype; Table S1), found that cells seg-
regated by genotype rather than by experimental replicate (Fig.
S1 F); this indicated little or no residual batch effect. Unsuper-
vised clustering, performed separately on cells from each gen-
otype, identified Ctrl clusters matching Thi, Tfh, and Temp
groups, characterized by previously defined signatures (Ciucci
et al., 2019; Fig. 2 A, left). Cells from each cluster segregated
together on a UMAP plot displaying Ctrl cells only (Fig. 2 B, left).
BlimpI*P cell clusters scored high for the Tth or Tep, signature
but low for the Thl signature (Fig. 2 A), contrasting with Bcl6AP
clusters. Accordingly, the UMAP display positioned most Blim-
pIAP cells within outlines defined from Ctrl Tfh and Ty, clusters
and most Bcl64P cells within Ctrl Thi cluster outlines (Fig. 2 B).
Thus, Bclé- or Blimpl-deficient CD4* T cells adopted tran-
scriptomic programs similar to those existing in Ctrl cell subsets.
In contrast, most dKO cells segregated away from Ctrl and
single mutant cells in the UMAP plot (Fig. 2 B, right). dKO
clusters had low expression of genes associated with Tfh dif-
ferentiation, including Cxcr5, Tox, Tox2, or Ascl2, unlike BlimpIAP
cells (Fig. 2 A, right); this was consistent with the strict Bcl6
requirement for Tth differentiation (Choi et al., 2020; Xie et al.,
2017). However, contrary to Bcl62P cells, most dKO clusters
showed high Tcp,, signature scores and expressed genes of the
Temp Program, including Tef7, Bcl2, or Ccr7, as well as I17r (Fig. 2,
A and C). Unlike in Ctrl cells, the Temp transcriptome in dKO cells
was coexpressed with Thil-related transcriptional regulators,
including Id2, Runx3, Tbx21 (T-bet), and Ifng (IFNY), although not
with cytotoxic genes or Cxcré (Fig. 2 A). In agreement with the
scRNAseq results, flow cytometry showed that most dKO cells
expressed the Teyp marker CCR7 (Fig. 2 D, top). Most also ex-
pressed IL-7Ra, which, unlike CCR?7, is not normally expressed
on Temp, cells (Fig. 2 D); this indicated that Bclé and Blimpl both
contribute to Il7r repression.
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Figure 1. Blimpl-independent impact of Bcl6 on CD4* T cell responses. (A-D) Mixed BMC from Ctrl (Ox40-Cre* Bcl6*/+ Blimp1*/* or Ox40-Cre™), Ox40-Cre*
Bcl6f (Bcl6P), BlimpI~P, or Ox40-Cre* Bcl6Mf! Blimp1fl (dKO) tester, and WT competitor were infected with LCMV Arm and analyzed at d7 p.i. (A) Schematic
representation of the experiment. (B) Tester/competitor ratios of GP66:I-Ab* T cells normalized to that of naive CD4* T cells in each animal. Data are from 3
independent transplantation experiments totaling 10 chimeras from each Ctrl, BlimpI~P, Bcl6"P, and dKO tester groups. Each symbol represents a mouse.
(C) Flow cytometric analysis of CXCR5 versus PD1 expression on spleen GP66:I-Ab* cells. Right graph shows the percentage of CXCR5* PD1" among
I-AP-GP66-specific cells for each genotype. Data are from one experiment representative (three mice per group, each symbol representing a mouse) of three
independent experiments with at least three animals per group. (D) Flow cytometric expression of CXCR5 versus CXCR6 on spleen tester GP66:1-AP* cells of
the indicated genotype. Graph on right summarizes data from more than three independent experiments. In B-D, **, P < 0.01; ***, P < 0.001; unpaired two-

sided Welch'’s t test.

A Bcl6- and Blimpl-independent T.,,p-like differentiation
program

These findings suggested that the transcriptome of dKO cells
was unique and distinct from that of Ctrl cells. However, it was
also possible that it resulted from delayed disruption of Bcl6 or
Blimpl. Indeed, differentiation programs diverge early after
CD4* T cell activation (Choi et al., 2013; DiToro et al., 2018),
conceivably before Ox40-Cre-mediated gene deletion. To address
this, we studied the responses of adoptively transferred naive
Smarta TCR transgenic cells (GP66:I-AP-specific) that had under-
gone gene deletion through activation of a tamoxifen-controlled Cre
expressed from Cd4 regulatory elements (cd4-ERt2-Cre; Aghajani
et al,, 2012; Oxenius et al,, 1998; Fig. S2 A). After verifying that
this deletion strategy gave results similar to those with Ox40-Cre
(compare Fig. S2, B-D, with Figs. 1 D and 2 D), we collected and
processed d7 pi. scRNAseq and Ctrl and dKO datasets from
tamoxifen-induced transferred Smarta cells (experiment E5), which
we combined and integrated with mixed BMC datasets (experi-
ments El and E2; 0x40-Cre deletion) for further analyses (Table S1).

Ciucci et al.
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UMAP analysis of the combined samples showed segregation
of cells according to genotype, with minimal overlap between
Ctrl and dKO cells (Fig. S2 E, top). We found good overlap across
all three experiments (E1, E2, and E5), indicating comparable
transcriptomic impact of both deletion approaches. Unsuper-
vised clustering, performed on the combined samples to detect
patterns common to both genotypes, identified clusters pre-
dominantly or exclusively comprising cells of either genotype
(Fig. S2 F). Indeed, clusters identified in this combined analysis
(numbered 10-19) matched those generated by separate clus-
tering of Ctrl and dKO cells (Fig. 2 A). Clusters 11, 12, and 16,
mostly made up of Ctrl cells, were respectively skewed toward
Temp Thi, and Tfh expression (Fig. 3 B), as were Ctrl clusters 0, 1,
and 2 in Fig. 2. The dKO-enriched clusters, chiefly cluster 10,
associated features of Thl and Ty cells, similar to Fig. 2.

Using the 10x Genomics Chromium system, we performed
single-cell assay for transposase-accessible chromatin sequenc-
ing (scATACseq) on nuclei from d7 p.i. GP66-specific Ctrl and
dKO spleen CD4* T cells captured in two BMC experiments (E2,
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Figure 2. Bcl6 promotes expression of the T, transcriptome by repressing Blimp1. (A-C) Spleen GP66:1-AP* tester T cells from mixed BMC generated as
in Fig. 1 A were analyzed by scRNAseq at d7 p.i. with LCMV Arm (Table S1 and Fig. S1 F). Data are from two replicates for each genotype, captured in ex-
periments E1-E3. (A) Heatmap shows row-standardized signature scores (bottom rows) and expression of genes characteristic of Th, Tfh, and T, cells (top
rows) among clusters (numbers below heatmap). Cells were clustered separately for each genotype. Top bar graph indicates the percentage of cells in each
cluster within that genotype. (B) UMAP analysis of GP66:I-Ab* T cells computed on cells of all genotypes from experiments E1-E3 and displayed separately for
each genotype. Each dot represents a cell colored by cluster as in A. Outlines on the Ctrl plot circle clusters expressing genes characteristic of the T, Thl, and
Tth signatures and are projected on plots of mutant cells. (C) Violin plot shows relative gene expression across clusters and genotypes (key at bottom, color
coded by cluster as in A). (D) Expression of CCR7 (top) and IL-7Ra (bottom) on spleen T cells from chimeric animals (left panels). Black lines show the ex-
pression on naive CD4* T cells, and filled histograms show expression on GP66:1-Ab* cells from the indicated genotype. Graphs on the right summarize the data;
each symbol represents a mouse. Data are from one experiment representative of two independent ones, each with at least three mice per group. ***, P <
0.001; **** P < 0.0001; unpaired two-sided Welch’s t test.

E4 with Ox40-Cre) and one Smarta adoptive transfer experi- indicated distinct distributions of chromatin-accessible regions
ment (E5, Cd4-ERt2-Cre; Table S1); we combined all three da- between dKO and Ctrl cells. Examination of the heatmap showed
tasets and used the Signac extension of Seurat for analysis that clusters II, III, and IV, mostly comprising Ctrl cells, had
(Stuart et al., 2019, 2020 Preprint). Cells were largely segregated ~ chromatin accessibility at genes characteristic of Thi, Temp, and
by genotype on a UMAP plot of the combined samples (Fig. S2E,  Tfh cells, respectively (Figs. 3 B, right; and Fig. 3 C). To examine
bottom), and all clusters (labeled for scATACseq with roman if there was overall correspondence between gene expression
numerals throughout this study) were dominated by either and chromatin accessibility, we leveraged the Signac integration
genotype (Fig. 3 A, top; and Fig. S2 F). Thus, scATACseq feature, which links each cell from the scATACseq dataset to the

Ciucci et al. Journal of Experimental Medicine
Transcriptional control of memory CD4* T cell development https://doi.org/10.1084/jem.20202343

920z Aeniged 60 uo 1senb Aq jpd-e£z2020Z Wel/ye8Ez81/£7£202029/1/612/pd-ajoe/wal/bio ssaidny//:dpy woy papeojumoq

4 0f 12


https://doi.org/10.1084/jem.20202343

d7 p.i. scATACseq

Ctrl dKO
o |
o |l
° N | ATAC
v clusters
e VI
e VI
10
e 10
e 11
: ]é RNAseq
° 14 cluster
]2 projection
e 17
18
e 19
-5 0 5 10 -5 0 85 10
UMAP 1
B d7 p.i.
scRNAseq scATACseq
Ctrl dKO Ctrl dKO
0.6 0.8
o4 ] i I
Tbx21 ]
Runx3
|d2
Ifn,
Gzm
Cxcr6
Prf1
Cxcr5
Tox
Tox2
n
¥
1d3
Bel2
Ccr7
Sell
l7r
112
Tnf
Selplg ]
'I_'m] (N ) ® )
Temp H: ‘ nmiv 1 vwvi
o0 000 000 o
1112131617 1013141518 19
Z-scored Z-scored Z-scored
expression signature score accessibility
. N 1
4 -20 2 4-4-20 2 4 4-20 2 4
C d7 p.i. SCATACseq
Ctrl cell cluster-specific chromatin accessibility
Cluster  comb  Asci2 Sell cer7 wr
I 11 . i aill Aoy d i
1]
i i il Al J il
\Y]
HH Hi [ B R

Figure 3. Bcl6 and Blimp1 regulate the epigenomic landscape of CD4*
T cells. Integrated scRNAseq and scATACseq analyses of Ctrland dKO LCMV-
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transcriptomic cluster that best matches that cell's promoter
accessibility status (Stuart et al., 2019). This linked the main
three Ctr]l RNA clusters 11, 12, and 16 to chromatin clusters III, II,
and IV, respectively, and in dKO cells clusters 10 (RNA) and I
(chromatin; Fig. 3 A, bottom). These analyses indicate a strong
correspondence between gene expression and chromatin orga-
nization in virus-responding CD4* T cells. They also show that
combined disruption of Blimpl and Bcl6 caused profound changes
in both, generating a unique transcriptomic and epigenomic
pattern associating features of both Thi and T, cells, but dis-
tinct from either.

Establishment of a memory program independently of Bcl6
and Blimp1l

To study if dKO LCMV responders could generate memory cells,
we first evaluated mixed BMC 30 d or more after LCMV Arm
infection. We found that GP66-specific dKO CD4* T cells per-
sisted after d30 p.i., with only a modest reduction in tester/
competitor ratios compared with Ctrl tester cells (Fig. 4 A). This
contrasted with the reduced fitness of Bcl6-deficient tester cells,
in line with previous results (Ichii et al., 2007).

Thus, we examined the transcriptome and chromatin acces-
sibility of Ctrl and dKO CD4* T cells that persisted after LCMV
infection. We captured and processed two samples of each
genotype for both scRNAseq and scATACseq, all from BMCs
processed as in Fig. 4 A, which we integrated for UMAP analysis
and clustering (Table S, experiments E6 and E7; Ctrls in Fig. S3,
A and B). Similar to d7 p.i. data, we found a good match between
scATACseq and scRNAseq clustering (Fig. 4, B-D). In line with
our previous study (Ciucci et al., 2019), the predominant Ctrl
scRNAseq clusters exhibited T, (Tcf7, Ccr?7, cluster 1) and Tth
(Cxcr5, Ascl2, Tox2, cluster 3) attributes. They matched scA-
TACseq clusters II and VI, respectively (Fig. 4 D, bottom), which
showed corresponding chromatin accessibility at Sell and Ccr7 or
Ascl2 (Fig. S3 C). These analyses suggested that Tfh and central
memory functions are carried by separate cell subsets. Both
cluster pairs 1:IT and 3:VI were overwhelmingly composed of Ctrl
cells and had a low Thi score (Figs. S3 B and 4 C). In contrast,
scRNAseq cluster O, predominant among dKO cells but shared
with Ctrl cells, associated expression of memory (Tcf7, Ccr7, Bcl2)
and Thi effector genes, but not of Tth-related genes (Fig. 4, C and
E). However, suggesting that Ctrl and dKO components were not

specific CD4* T cells at d7 p.i. For each analysis platform, UMAP projection
and clustering were performed on the full set of cells (both genotypes, all
captures), and data are from three replicates for each genotype (Table S1and
Fig. S2 E). (A) UMAP plots of scATACseq data, displayed per genotype with
cells color coded by scATACseq cluster (Roman numerals, top) or by projected
transcriptomic cluster (Arabic numerals, bottom). Putative Temps Th1, and Tth
clusters are outlined on the Ctrl UMAP plot (bottom). (B) Heatmaps show
row-standardized gene expression (scRNAseq) or chromatin accessibility
(scATACseq) among clusters of Ctrl and dKO cells. Row-standardized scores
of transcriptomic signatures is shown at the bottom of the scRNAseq heat-
map (color code underneath). The top bar graph indicates the percentage of
cells in each individual cluster within the indicated genotype. Cluster numbers
and color code are shown underneath heatmaps. For each genotype, clusters
comprising <4% of cells were omitted from the heatmap. (C) Traces show
scATACseq peaks at relevant loci in cells from Ctrl clusters I1-1V.
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Figure 4. Bcl6 and Blimp1 regulate the transcriptome and epigenome of memory CD4* T cells. Mixed BMCs made from WT competitor and tester of
indicated genotypes were infected with LCMV Arm and analyzed >30 d later. (A) Right: Tester/competitor ratios of spleen GP66:1-AP* T cells normalized to that
of naive CD4* T cells in each animal 30 d p.i. Data are from three independent transplantation experiments, totaling eight mice in each group and performed as
schematized on the left. Each symbol represents a mouse. **, P < 0.01. (B-E) Integrated scRNAseq and scATACseq analyses of tester I-A>-GP66-specific Ctrl
and dKO CD4* T cells performed as reported in Table S1and Fig. S3 A and displayed as in Fig. 3. Data are from two independent experiments for each genotype.
(B) scRNAseq UMAP plot displayed per genotype and color coded by cluster. (C) Heatmaps show row-standardized gene expression or chromatin accessibility
among clusters of Ctrl and dKO cells as in Fig. 3 B. (D) scATACseq UMAP plots shown separately for each genotype and color coded by scATACseq cluster (top)
or by projected transcriptomic cluster (bottom). (E) Violin plot shows the relative expression of indicated genes across clusters and genotypes.

strictly equivalent, each projected onto distinct scATACseq
clusters: cluster V for Ctrl cells and predominantly cluster I for
dKO cells. Ccr7 expression was similar in the main Ctrl and dKO
clusters, whereas expression of Il7r trended higher in dKO than
in Ctrl clusters (Fig. 4 E); flow cytometry analysis of CCR7 and
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IL-7Ra protein expression was consistent with such gene ex-
pression data (Fig. S3 D). We conclude from these analyses that
antigen-specific CD4* T cells can persist and acquire tran-
scriptomic and chromatin attributes of memory independently
of the transcription factors Bclé and Blimpl. Such cells had a
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unique differentiation pattern, combining retention of central
memory features and expression of Thl- but not Tfh-related
genes, unlike the more distinctive patterns of Ctrl T, and
Tth cells.

Bcl6- and Blimpl-independent functional memory responses
Last, we examined if persistent virus-specific dKO cells dis-
played functional attributes of memory. We first examined
production of cytokines in response to antigen stimulation,
which better evaluates cytokine expression than scRNAseq on
ex vivo cells. We found similar production of IL-2 and TNFa by
dKO versus Ctrl virus-specific cells that had been stimulated
in vitro with GP66 30-40 d after primary Arm infection (Fig. 5
A). We made similar observations in a single set of chimeras
analyzed 80 d after primary infection, suggesting long-lasting
memory (Fig. S3, E and F). To measure in vivo responses to
antigen rechallenge (recall), we inoculated the clone 13 strain of
LCMV into chimeras infected with LCMV Arm 230 d earlier.
Assessing tester/competitor ratios among GP66-specific cells at
d5 after rechallenge, we found that both Ctrl and dKO tester cells
responded to recall infection, a key property of memory T cells
(Fig. 5 B). dKO cells were slightly outnumbered by the WT
competitor, in line with cell distribution in the nonrechallenged
d30 p.i. WT:dKO chimera (Fig. 4 A). Intracellular staining found
similar expression of the cell cycle-associated antigen Ki67 in d5
postrecall Ctrl and dKO cells (Fig. 5 C). We conclude from these
experiments that virus-responsive CD4* T cells can provide
long-lived antigenic responses, a defining attribute of memory
T cells, despite lacking both Bcl6 and Blimpl.

CD4* memory T cells contribute to long-lived protection after
infection or vaccination; their potential importance has re-
cently been highlighted in severe acute respiratory syndrome
coronavirus 2 infection (Lipsitch et al., 2020). Understanding
the molecular mechanisms that control their development and
maintenance is therefore necessary to expand immunization
strategies. Here, we leveraged transcriptomic and epigenomic
analyses to disentangle the differentiation of memory and ef-
fector CD4* T cells. We demonstrate that the transcription
factor Bcl6 uses distinct mechanisms to promote memory de-
velopment and Tfh cell differentiation. Bcl6 repression of
Blimpl supports the development of long-lived antigen-specific
responses with functional, transcriptomic, and epigenomic at-
tributes of memory, contrasting with the strict requirement for
Bclé6 in Tth cell differentiation.

Given the involvement of Bcl6 in both Tfh and memory
responses, it has been proposed that memory CD4* T cells
differentiate from early responding cells expressing a Tfh-like
program (Choi et al., 2013; Crotty, 2018). Contrasting with this
idea, we found that Tfh cell differentiation required Bcle,
regardless of Blimpl status, as previously reported (Choi et al.,
2020; Xie et al., 2017), whereas Temp and memory cells could
develop in cells lacking both factors. These distinct genetic
requirements indicate that these two subsets are mechanis-
tically distinct.

Virus-responding Bcl6-Blimpl dKO CD4* T cells harbor hybrid
transcriptomic and chromatin patterns, with features of Tmp
and Thl cells, whether early in the response or at the memory
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phase. The expression of a memory program in dKO responder
cells supports the idea that Bclé and Blimpl normally divert
undifferentiated cells toward Tfh and Thi fates, respectively,
and that they do so in part by repressing genes characteristic of a
memory program. Indeed, previous chromatin immunoprecip-
itation followed by sequencing analyses have shown that both
Bcl6 and Blimpl bind genes associated with memory differen-
tiation, including Ccr7 or Il7r (Hatzi et al., 2015; Liu et al., 2016;
Mackay et al., 2016). These findings suggest that “effector”
transcription factors, such as Bclé and Blimpl, serve in part to
divert cells from a less differentiated program triggered by an-
tigen receptor stimulation. Consistent with this idea, recent
studies showed that epigenetic silencing of memory genes is
necessary for the acquisition of effector functions in short-lived
effector T cells (Gray et al., 2017; Pace et al., 2018).

Memory T cell potential is inversely correlated with T cell
proliferation during the initial response to infection and im-
munization (Buchholz et al., 2013; Cho et al., 2017; Nish et al.,
2017; Tubo et al., 2016). Unexpectedly, given the role of Bcl6 in
memory cell survival, disrupting both Bcl6 and Blimpl preserved
both clonal expansion and long-lived responses. Thus, targeting
Bcl6 and Blimpl represents a new approach to amplify antigen-
specific T cells while minimizing the loss of long-term potential
or the accumulation of terminally differentiated effectors and
could be explored to improve cancer adoptive T cell therapy.

Materials and methods

Mice

Mice carrying floxed alleles for Bclé (Hollister et al., 2013),
Blimp1 (Shapiro-Shelef et al., 2003), and Rosa26YFP (Srinivas
et al, 2001) were previously described, as were Ox40-Cre
(Klinger et al., 2009; Zhu et al., 2004; obtained from N. Kill-
een, University of California at San Francisco, San Francisco, CA,
via]. Zhu, National Institute of Allergy and Infectious Diseases,
Bethesda, MD), Smarta (Oxenius et al., 1998), and Cd4FRT2Cre
(Aghajani et al., 2012) animals. BlimplYFP mice were from The
Jackson Laboratory (008828). These mutant lines were back-
crossed two or three times with C57BL/6 mice and then inter-
crossed to produce desired recombinant strains. CD45.1 or
CD45.2 C57BL/6 mice were obtained from Charles River Labo-
ratories. The Ox40-Cre allele was maintained heterozygous, and
only female Ox40-Cre* mice were used for breeding. For ex-
periments with Ox40-Cre deletion, Ctrl mice included in
experimental designs were Ox40-Cre* Bcl6*/* Blimpl*/* or Ox40-
Cre~ animals from the same line as experimental mice. For ex-
periments with Cd4ERT2Cre deletion, Ctrl mice were Cre-negative
littermates from the same line. T cells from Ox40-Cre* and
Cd4ERT2Cre+ populations were gated on Rosa26YFP expression as
an indicator of Cre recombinase activity, except where other-
wise noted. Mice were housed in specific pathogen-free facili-
ties. Animal procedures were approved by the National Cancer
Institute Animal Care and Use Committee.

Mixed BMCs and infection
Mixed BMCs were made with T cell-depleted (Pan T Dynal kit;
Invitrogen) bone marrow cells isolated from CD45 disparate
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Figure 5. Bcl6 repression of Blimpl mediates its im-
pact on CD4"* T cell memory response. (A) Ctrl and dKO
tester cells from mixed BMC generated and processed as
in Fig. 4 A are analyzed by flow cytometry for (i) staining
with anti-CD4 and |-AP-GP66 tetramer (left column,
ex vivo) and (ii) intracellular expression of TNFa and IL-
2 after 4 h at 37°C with GP66 peptide (right columns).
Bottom graphs summarize the percentage of GP66-
specific cells (left, not corrected for chimerism to allow
comparison with cytokine response; normalized tester/
competitor ratio expressed as in Fig. 4 A was 0.5 in that
experiment) and of cytokine-producing cells (right two
plots). Data are from two pooled independent experi-
ments (two mice per experiment) and are representative
of a total of four experiments. (B) Mixed BMCs with Ctrl
or dKO tester cells were infected with LCMV Arm and
rechallenged 30 d later with LCMV clone 13 (left). Graph
shows tester/competitor ratios of spleen GP66:I-AP*
T cells in each animal 5 d after clone 13 rechallenge,
normalized to the ratio of naive CD4* T cells. Data are
from three independent transplantation experiments, to-
taling eight Ctrl and seven dKO chimeras. (C) Histogram
overlays (top) show, and bottom graph summarizes, Ki-67
expression on spleen GP66:I-A°* Ctrl and dKO tester cells
from BMC analyzed 5 d after clone 13 rechallenge (as in B,
filled histograms and symbols on graphs). Plain line his-
tograms and open symbols on graphs show Ki-67 ex-
pression on memory cells from chimeras analyzed at d30
p.i. LCMV Arm with no rechallenge as in Fig. 4 A. Data are
from one recall experiment with two or three animals per
group (as shown on graph) and are representative of two
other recall experiments. In A-C, **, P < 0.0, ***, P <
0.001; ****, P < 0.0001; unpaired two-sided Welch'’s
t test.
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mice, mixed together at various ratios (from 1:1 to 1:5), and in-
jected into lethally irradiated (950 rad) CD45.1 recipients. Chi-
meric animals were infected 8-10 weeks after reconstitution.

Chimeric and nonchimeric 6-16-wk-old animals were in-
fected by i.p. injection of 2 x 105 PFU of LCMV Arm. For re-
challenge experiments, mice were infected i.v. with 2 x 10® PFU
of LCMV clone 13. The chimerism of CD4* GP66:I-Ab* T cell
populations was calculated from the ratio of the CD45.2* tester
population (Ctrl, Blimpl~P, Bcl6”P, or dKO) over the CD45.1*
CD45.2* WT competitor relative to the tester/competitor ratio in
naive (CD44!°)CD4* T cells in the same animal.

Adoptive cell transfer

Gene disruption in CD4* Smarta T cells was induced by ta-
moxifen gavage (5 mg/mouse/d in corn oil for 4 consecutive
days) of donor Smarta Bcl6f/f Blimplf/f Rosa26YFF Cd4-ERt2Cre" or
Cre-negative littermate Ctrls. After 3 d of rest, 30,000 spleen CD4*
T cells from tamoxifen-treated donors were bead purified as pre-
viously described (Ciucci et al., 2019) and i.v. injected into CD45
congenic recipients that were infected with LCMV Arm 24 h later.

Antibodies

Antibodies for the following specificities were purchased from
BD Pharmingen, BioLegend, or Thermo Fisher eBioscience: CD4
(RM4.4 or GKL1.5), CD8a (53-6-7), CD45.2 (104), CD45.1 (A20),
TCRP (H57-597), CD5 (53-7.3), B220 (RA3-6B2), CD44 (IM7), IL-
7Ra (A7R34), CCR7 (4B12), CXCR5 (SPRCL5), CXCR6 (SA051D1),
IL-2 (Jes6-5H4), IFNy (XMGL.2), TNFa (MP6-XT22), Ki-67
(SolAls), PSGL1 (2PH1), Ly6C (HKL4), CD27 (LG.7F9), and
BCL6 (K112-91). MHC tetramers loaded with the LCMV GP66
peptide were obtained from the National Institutes of Health
Tetramer Core Facility.

Cell preparation and staining

Spleen cells were prepared and stained as previously described
(Ciucci et al., 2017). Surface staining with GP66:1-Ab* tetramer
and for CCR7 or CXCR5 was performed at 37°C for 1 h before
staining with antibodies for other cell surface markers. Intra-
cellular staining for Bcl6é or CCR7 was performed as previously
described with a two-step fixation to preserve YFP and GFP
fluorescence (Heinen et al., 2014). Cytokine staining was per-
formed after 4 h on splenocytes incubated in the presence of
2 pg/ml GP66 (GLKGPDIYKGVYQFKSVEFD) peptide (AnaSpec)
and GolgiStop. Flow cytometry data were acquired on LSR Il and
FACSymphony devices (BD Biosciences) and analyzed with
FlowJo software (BD Biosciences). Dead cells and doublets were
excluded by Live/Dead staining (Invitrogen) and forward scatter
height by width gating. Except if otherwise mentioned, the
numbers in the cytometry plot indicate the percentages of cells
in the gates. Purification of lymphocytes by cell sorting was
performed on a FACS Fusion device (BD Biosciences).

scRNAseq

Allelically marked GP66:1-Ab* Rosa26YFP* spleen T cells from
LCMV infected chimera or adoptive transfer hosts (experiment
E5) were sorted, then loaded onto a 10x Genomics Chromium
platform to generate cDNAs carrying cell- and transcript-
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specific barcodes that were used to construct sequencing li-
braries using Chromium Single Cell 3’ (version 2 or version 3) or
5' (version 1.1) Library & Gel Bead Kits according to the manu-
facturer’s instructions. Cells of each genotype were captured
separately, except for experiment E2, in which Ctrl and dKO
populations were sorted and barcoded separately with TotalSeq
antibodies (BioLegend) before mixing and cell captures. Li-
braries were sequenced on multiple runs of an Illumina NextSeq
system using paired-end 26 x 98 bp or 26 x 57 bp in order to
reach a sequencing saturation >70%, resulting in at least 50,000
reads/cell. Single-cell sequencing files were processed, and
count matrixes were extracted using the Cell Ranger Single Cell
Software Suite (version 1.3.1). Further analyses were performed
in R using the Seurat package (Stuart et al., 2019).

Data were preprocessed by removing genes expressed in
fewer than two cells and excluding cells that were potential
doublets or empty droplets or cells expressing at least 10% mi-
tochondrial genes. Linear dimension reduction (principal com-
ponent analysis) was performed based on the highly variable
genes for each preprocessed dataset. For the data captured in
experiments E1-E3, they were integrated using the Seurat in-
tegration method with the FindIntegrationAnchors and In-
tegrateData R functions. Afterward, clustering was performed
separately for each genotype. Clusters representing not >2% of
each population were grayed out in the UMAP plot. For other
experiments, datasets were integrated through the Seurat inte-
gration method, and UMAP projection along with clustering was
performed on the full set of cells. Clusters representing not >2%
of all cells were grayed out in the UMAP plots, whereas clusters
with >4% cells in each genotype were shown in the heatmaps.
Gene signature scores from published signatures (Ciucci et al.,
2019) were calculated using the AddModuleScore function.

scATACseq

GP66:1-Ab* Rosa26YFP* spleen T cells from LCMV-infected
chimera (all experiments except E5) or Smarta cells from
LCMV-infected WT recipients (experiment E5) were sorted, and
nuclei were isolated before transposition at 37°C for 1 h and
captured onto the 10x Genomics Chromium platform. Libraries
were constructed using the V1 Chromium Single Cell ATAC
Solution according to the manufacturer’s instructions (10x Ge-
nomics). Libraries were sequenced on multiple runs of the II-
lumina NextSeq system using paired-end 50 x 50 bp in order to
reach at least 9,000 unique fragments/cell. Single-cell se-
quencing files were processed, and count matrixes were ex-
tracted using the Cell Ranger ATACseq Software (version 1.0.1).
Further analyses were performed in R using the Seurat and
Signac packages (Stuart et al., 2019).

Only cells with 3,000-40,000 fragments, nucleosome signal
<1, transcription start site enrichment >2, ratio of reads in ge-
nomic blacklist region <0.05, and percentage of reads in peaks
>50% were analyzed. Reduction of data dimensionality was
performed using the latent semantic indexing algorithm. Data
were integrated using the Signac integration method with Fin-
dIntegrationAnchors and IntegrateEmbeddings R functions. The
integration anchors were identified using the reciprocal latent
semantic indexing projection, and the low-dimensional cell
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embeddings were integrated across replicates. UMAP projection
and clustering were performed on the full set of cells. Clusters
representing not >2% of all cells were grayed out in the UMAP
plots, whereas clusters representing with >4% of cells in each
genotype were shown in the heatmaps. Gene activity was cal-
culated based on fragments matching gene genomic coordinates
from 2 kb pairs upstream of the transcription start site to 2 kb
pairs downstream of the transcription termination site.

Statistical analyses

Except for deep-sequencing data, statistical significance was
calculated with Prism software. Except where otherwise indi-
cated in figure legends, error bars in graphs indicate the SD, and
statistical comparisons were done by unpaired two-sided
Welch’s t test. Statistical significance indicated in figure panels
uses the following convention: *, P < 0.05, **, P < 0.01; ***, P <
0.001; ****, P < 0.0001.

Online supplemental material

Fig. S1 shows (i) deletion efficiency as assessed from Rosa26YF?
expression, (ii) subsets of antigen-responding CD4* T cells de-
fined by expression of Ly6C and PSGLI, (iii) correspondence
between expression of Bclé or Blimpl and that of CXCR5 and
CCRY, and (iv) UMAP replicate information on scRNAseq ex-
periments EI-E3. Fig. S2 shows (i) schematic and results of
Tamoxifen-induced deletion of Bclé and Blimpl, and (ii) repli-
cate information on and cluster distribution of d7 p.i. scATACseq
and scRNAseq experiments shown in Fig. 3. Fig. S3 shows (i)
replicate information on and cluster distribution of memory
scATACseq and scRNAseq experiments shown in Fig. 4, (ii)
memory ATAC peaks on select genes, (iii) expression of CCR7
and IL-7Ra on memory cells, and (iv) frequency of and cytokine
production by d80 p.i. memory cells. Table S1 summarizes
metrics for individual scRNAseq and scATACseq experiments.

Data availability

Sequence data are deposited in the National Center for Bio-
technology Information Gene Expression Omnibus under ac-
cession nos. GSE149912, GSE149913, and GSE184848. All other
data and code are available upon request.
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Figure S1.  (A) Ox40-Cre* Rosa26"FP mice were infected with LCMV Arm, and spleen cells were analyzed at d7 or d30 p.i. Plots show Cre activity as reported by
YFP expression on the indicated spleen T cell populations and is representative of more than three independent experiments. (B and C) Mixed BMCs made
from Ctrl, Bcl6P, BlimpI~P, or dKO tester and WT competitor were infected with LCMV Arm and analyzed at d7 p.i. (B) Ly6c versus PSGL1 expression on spleen
GP66:1-AP* cells of the indicated genotype. (C) Bar graph shows the proportion of each subset as defined in B within the GP66:I-AP* populations in each tester
genotype. (B and C) Data are from one experiment representative of three independent experiments with at least three animals per group. (D) Expression of
Bcl6 and of YFP (indicative of Blimp1) on spleen GP66:I1-AP* T cells (left plot) defines subsets analyzed for CCR7 versus CXCR5 expression (right three plots).
(E) Graph shows the percentage of CCR7* cells on the indicated GP66:1-AP* population. Each symbol represents a mouse. Data are from two pooled ex-
periments representative of four independent experiments. **, P < 0.01; unpaired two-sided Welch’s t test. (F) UMAP plots from GP66:I-AP* T cells analyzed in
Fig. 2. Each dot represents a cell and is color coded by genotype. Each plot includes cells of the experiment indicated at the top (defined in Table S1).
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Figure S2. Analyses of adoptively transferred Cd4-ERt2-Cre transgenic Smarta cells undergoing Bcl6 and Blimp1 deletion before antigen-induced
activation, and scRNAseq and scATACseq analyses of Ctrl and dKO d7 p.i. LCMV-specific CD4* T cells, from mixed BMC or adoptive transfer ex-
periments, as in Fig. 3. (A) Schematic representation of Smarta T cell adoptive transfer experiments. (B) Graphs summarize numbers of (left) and Ki-67
expression in (right) Smarta cells from tamoxifen-treated donors that were either Bcl6"? Blimp1?/ft Cd4-ERt2-Cre (dKO, red-filled symbols) or Cre~ littermates
(Ctrl, open symbols), after transfer to LCMV Arm-infected WT recipients. (C) Expression of IL-7Ra (top) or CXCRS (bottom) on Ctrl (gray filled) or dKO (red
filled) adoptively transferred cells processed as in B. Dotted black lines represent the expression on naive CD4* T cells from the same infected mice. Graph on
right summarizes the data; symbol code as in B. MFI, mean fluorescence intensity. (D) Expression of CXCR5 versus CXCR6 on the same mice as in C. Graph on
right summarizes the data with symbols as in B. (B-D) Data are from one experiment representative of two independent experiments with at least three
animals per group. (E) UMAP plots display GP66:1-AP* T cells (tester cells from BMC; experiments E1, E2, and E4) or adoptively transferred Smarta cells (E5),
captured at d7 p.i. LCMV Arm and processed for scRNAseq (top) or scATACseq (bottom) as in Fig. 3. Each dot represents a cell and is color coded by genotype.
Each plot includes cells of a single experiment, as indicated at the top and defined in Table S1. (F) Bar plots indicate the distribution of scATACseq (top) or
scRNAseq (bottom) clusters of d7 p.i. cells into Ctrl (gray) or dKO (red) genotypes. Data are from the three experiments shown in E. In B-D, **, P < 0.01; ***, P <
0.001; unpaired two-sided Welch's t test.

Ciucci et al. Journal of Experimental Medicine
Transcriptional control of memory CD4* T cell development https://doi.org/10.1084/jem.20202343

S3

920z Aeniged 60 uo 1senb Aq jpd-e£z2020Z Wel/ye8Ez81/£7£202029/1/612/pd-ajoe/wal/bio ssaidny//:dpy woy papeojumoq


https://doi.org/10.1084/jem.20202343

A d30-40 p.i. experiments

scRNAseq scATACseq
E6 E7

N N
g o Ctrl
<§( <§( 9 Il dKo
=) D

-4

-4
E ;6 =3 0 3 6 -6 -3 0 3 6 -10 “8 0 5 -10 -5 0 5
UMAP 1 UMAP 1
B C d30-40 p.i. scATACseq
1. Ctrl cell cluster-specific chromatin accessibility

0.75 Cluster 2mb Asci2 Sell Cor7 mr
I
0.5 SCATACseq i " . Jlli ki 1 “ J
0.25 I Ctrl i | L nn o skt J A
0 - -l [l dKO v
oo

v V VI VI
v h
s I n § oy l 1
1 HH H T TR SIS VIS—
0.75
0.5 scRNAseq
025 Ctrl
0 ] = M dKkO
01 2 3 4 5
D d30 p.i. Arm, GP66:1-AP CD4* T cells
NS dKO .
15 - 5000
2 |a P P I
%é 10| & i & 3000
fx 05 ; = 2000 @ O ctrl
z E l/ Ty
. K g = 4000 @® dKO
0 0 0

IL-7Ra >

>d80 p.i. Arm, CD4* T cells

E ex vivo CD44h F 4-hour GP66 culture
NS
NS NS
5, 57" -t 5 1 257 T 4
9 40 o u—
ié 5 :Eg‘; 2829 % f CD44 o hi
8% 2 ® ctl £3, 2310 cl O @
gc 1 @® dKO 23 ; <0 os ko O @
S 0! -
0= 0 =
Ctrl dKO Ctl dKO Gl dKO

Figure S3. LCMV-specific T cell responses in mixed BMCs made from WT competitor and either Ctrl or dKO tester cells, infected with LCMV Arm and
analyzed > 30 d later as in Figs. 4 and 5. (A-C) Ctrl and dKO GP66:I-AP* tester spleen T cells from mixed BMC were analyzed at d30-40 p.i. with LCMV Arm.
(A) UMAP plots display tester GP66:1-AP* T cells captured at d35 (E6) or d40 (E7) p.i. and processed for scRNAseq (left) or scATACseq (right) as in Fig. 4 B. Each
dot represents a cell and is color coded by genotype. Each plot includes cells from the indicated experiment. (B) Bar plots indicate the Ctrl (gray) versus dKO
(red) genotype distribution of scATACseq (top) or scRNAseq (bottom) clusters of d30-40 p.i. cells referred to in A. Data are from the two experiments shown in
A. (C) Traces show chromatin accessibility at selected loci across all cells from indicated Ctrl scATACseq clusters defined in Fig. 4, C and D. (D) Expression of
CCRY7 (left) or IL-7Ra (right) on Ctrl (gray filled) or dKO (red filled) tester I-AP-GP66-specific CD4* T cells at d30 p.i. with LCMV Arm of BMC mice as in Fig. 4 A.
Dotted black lines represent the expression on CD44'° CD4* T cells from the same infected mice. Graphs summarize the data, with symbol code on the right.
Data are from one experiment representative of two independent experiments with at least three animals per group. Each symbol represents a mouse. ****,
P < 0.0001; unpaired two-sided Welch’s t test. MFI, mean fluorescence intensity. (E) Graph summarizes the frequency of ex vivo Ctrl (black symbols) or dkO
(red symbols) tester CD4* CD44" GP66:I-Ab* T cells from mixed BMC, analyzed as in Fig. 4 A at d80 p.i. LCMV Arm. (F) Filled symbols show intracellular
expression of TNFa (left) or IL-2 (right) by d80 p.i. tester CD44"' CD4* T cells from BMC analyzed in E, as assessed by flow cytometry after 4-h in vitro culture
with GP66 peptide. Open symbols summarize background staining as gated on CD44% cells in the same cultures. Data in E and F are from a single experiment
with three mice for each genotype and are not corrected for chimerism.

Ciucci et al. Journal of Experimental Medicine
Transcriptional control of memory CD4* T cell development https://doi.org/10.1084/jem.20202343

S4

920z Aeniged 60 uo 1senb Aq jpd-e£z2020Z Wel/ye8Ez81/£7£202029/1/612/pd-ajoe/wal/bio ssaidny//:dpy woy papeojumoq


https://doi.org/10.1084/jem.20202343

Provided online is one table. Table S1 summarizes metrics for individual scRNAseq and scATACseq experiments.
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