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Abstract

Following resolution of infection, T cells differentiate into long-lived memory cells that recirculate
through secondary lymphoid organs or establish residence in tissues. In contrast to CD8*
tissue-resident memory T cells (Trp), the developmental origins and transcriptional regulation

of CD4* Ty remain largely undefined. Here, we investigated the phenotypic, functional, and
transcriptional profiles of CD4* Trp in the small intestine (SI) responding to acute viral infection,
revealing a shared gene-expression program and chromatin accessibility profile with circulating
Th1 cells and the progressive acquisition of a mature Trpy program. Single-cell RNA-sequencing
identified heterogeneity among established CD4* Trp Which were predominantly located in

the lamina propria, as well as revealing a population of cells that co-expressed both effector-

and memory-associated genes, including the transcriptional regulators Blimp1, 1d2, and Bcl6.
Tnl-associated Blimpl and 1d2 and Tgy-associated Bcl6 were required for early Try formation
and development of a mature Try population in the SI. These results demonstrate a developmental
relationship between Tyl effector cells and the establishment of early Trm, as well as highlighting
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differences in CD4* versus CD8* Try populations, providing insights into the mechanisms
underlying the origins, differentiation, and persistence of CD4* Ty in response to viral infection.

One sentence summary

Maintenance of anti-viral CD4* Ty relies on transcriptional regulators that program both Tyl
and Tgy populations.

Introduction

In response to infection, CD4* T cells differentiate into diverse effector cell subsets
reflecting the infection milieu, including type 1-helper T cells (T{1), type 2-helper T

cells (Ty2), T helper 17 cells (Ty17), regulatory T cells (Trgg) and follicular helper cells
(Ten) (2). After pathogen clearance, a portion of the responding cells persists in secondary
lymphoid organs (SLOs) or tissues as long-lived CD4™ tissue-resident memory T cells
(Trm) (2) with heterogenous phenotype, function, and trafficking properties (3-6). The Ty
subset, which migrates to germinal centers (GC) and mediates B-cell antibody responses, is
the predominant memory population, exhibits greater multipotency in response to pathogen
rechallenge, and includes precursors of recirculating CD4* memory T cells (4, 7, 8).

Long-lived CD4* Trp cells are found in most tissues including lung, skin, female
reproductive tract (FRT), and small intestine (SI) (9, 10); these cells are critical for recruiting
innate immune cells, CD8* T cells, and B cells to sites of reinfection (11). While the
phenotype, function, and regulation of CD4* Tgy, differ among infection models and tissue
types, CD4* Trym generally express high levels of CD69, physically cluster and interact with
other immune cell populations to optimize function, and require tissue-specific cytokines
for their recruitment and maintenance (9). Lung CD4* Tr play a critical role against
bacterial, viral, worm infections and in allergic asthma (12), while skin CD4* Trp cells
mediate response to herpes simplex virus (HSV) and Leishmania major infection (13, 14).
Intravaginal HSV-specific CD69" CD4* Try localize in clusters containing CD8* T cells,
macrophages, and other antigen-presenting cells, and produce interferon-gamma (IFN-y) to
directly inhibit viral replication (15). Defining the developmental origins of CD4* Trm

has proved challenging due to heterogeneity within the effector T cell population and
unresolved mechanisms of CD4* memory T cell differentiation (9). CD4* Tgrp have been
developmentally linked to Ty cell subsets with characteristics of the relevant helper effector
cells, such as intestinal Tyl cells in Listeria infection, lung T2 cells in allergic asthma, and
lung TH17 cells in Klebsiella pneumoniaimmunization (16-19). This raises the question of
whether there is a true Trp precursor, or whether Tryp cells are long-lived effector T cells
lodged in tissues.

The expression and activity of transcriptional regulators critical in circulating CD4* T cell
differentiation, such as Blimp1 and Bcl6, are not well characterized in the context of CD4*
Trm population. Bcl6 promotes Try and memory CD4* T cell populations by inhibiting
Blimp1, while Blimpl promotes Tyl differentiation by directly inhibiting Bcl6 and Tgy
development (4, 20). Bcl6-deficient CD4™ T cells following influenza infection did not
differentiate into lung T resident helper (Trp) cells, whereas loss of Bcl6 in effector CD4*
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T cells following house dust mite exposure resulted in more CD4* T cells in the lung,
highlighting the involvement of Bcl6 in CD4* Try differentiation (19, 21, 22). Notably,
Bcl6 and Blimp1 are co-expressed by regulatory follicular helper cells (Tggr), a population
that displays hybrid functions of Treg and Tgy (23, 24). CD8* Trwm, Which also provide
protection in non-lymphoid tissues (NLT), upregulate transcriptional programs in common
with Tgy cells, supporting the idea that CD4* Tgy are related to Tgy (25). To facilitate
retention in their respective tissues (GCs or NLT) and prevent egress, memory Tgy and
CD8* Trwm cells express the C-type lectin CD69 (10, 26) and downregulate transcription
factor (TF) Kruppel-like factor 2 (KIf2) (27, 28) and its downstream target, egress factor
sphingosine-1-phosphate receptor 1 (S1prl). Furthermore, both Ty and CD8* Try subsets
express ICOS, thought to induce downregulation of KIf2 (29-31), and Bcl6, which promotes
CD8* T cell memory (20, 32). Conversely, Ty1-associated TFs, Blimpl (33, 34) and Runx3
(35), are central regulators of the CD8* Ty program (10, 36). Blimp1 and related TF Hobit
cooperate to repress tissue egress genes and maintain HSV-specific CD8* Tgy in the skin
(37). Runx3 is expressed at low levels by CD4* IEL (38), and overexpression of Runx3

in CD4* T cells mediated TGF-B responsiveness and enhanced CD8" T cell-like epithelial
residency of CD4* Trp (36). Thus, it is unclear whether CD4* Ty share a developmental
relationship with effector Ty subsets or Tgy cells.

E protein TFs and their inhibitors, Id proteins, also play critical regulatory functions in
CD4* T cell differentiation. 1d2 is highly expressed by CD4* Ty1 cells and mediates TH1
differentiation (39); conversely, 1d3 is important for Tgy development (40). Importantly,
Bcl6 can directly inhibit 1d2 expression, allowing E protein-driven expression of CXC-
chemokine receptor type 5 (CXCRS5) by Tgp cells (39). In acute LCMV infection, 1d3
expression also marks long-lived CD4* memory T cells in circulation (41). Despite these
TFs being vital in development of circulating CD4* T cell subsets, it is unclear how they
influence the Trwm population in viral infection.

Here we studied the immune response to acute infection with Lymphocytic
Choriomeningitis Virus-Armstrong (LCMV-Arm), focusing on key transcriptional regulators
of CD4" Ty differentiation, tissue-residency, and homeostasis. CD4* Tgp exhibited an
effector-like identity, with cell-surface molecule expression, cytokine production, and
enrichment of the T1 gene-expression signature. In contrast to CD8" Trm, CD4* Trm

did not express CD103, accumulated in the lamina propria (LP) rather than the epithelium,
showed delayed progressive acquisition of the mature Trym program, and did not require
Runx3 for their development. Notably, single-cell RNA sequencing demonstrated that the
LP CD4* Tgrm population at a memory timepoint displayed heterogeneity, and a portion of
cells co-expressed the Tyl and Try lineage-defining transcriptional antagonists, Blimpl and
Bcl6. Finally, Blimp1, 1d2, and Bcl6 were all ultimately required for establishment of CD4*
Trm in response to viral infection.
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Results

Antiviral CD4* Trm share phenotypic, transcriptional, and epigenetic profiles with
circulating Tyl cells

To better understand the developmental origins of antiviral CD4* Trp, specifically how
Trwm relate to effector CD4* Ty subsets in SLOs, we examined the CD4* T cell response

to acute LCMV infection. SMARTA TCR transgenic CD4* T cells specific for LCMV were
transferred into CD45* congenically distinct host mice that were subsequently infected with
LCMV-Arm. Following infection, SMARTA T cells in specified tissues were phenotyped by
flow cytometry: spleen (SPL), mesenteric lymph nodes (mLN), both the epithelium (IEL)
and the lamina propria (LPL) of the small intestine (SI), kidneys (KID), liver (LIV), and
lungs for (Fig. 1A & fig. SLA-D). To distinguish between cells in the vasculature (IV*)

and tissues (1\VV7), mice were injected with an anti-Thy1 antibody prior to tissue harvest

and IV~ cells were studied. Circulating CD4" effector T cell subsets were characterized by
cell-surface molecules: Tyl cells by expression of SLAM, and Tgy cells by expression of
CXCR5 (1). SMARTA CD4* T cells in the spleen and mLN showed substantial populations
of both Tyl cells and Ty cells, with a higher frequency of Tgy cells present on days 21 and
40 (Fig. 1B,C & fig. S1C,E). Interestingly, the lung population included a sizable portion of
CXCR5* cells, consistent with a previously described Tgr population in influenza infection
(23). However, CD4* T cells across all tissues and Tl cells in the spleen and mLN were
predominantly SLAM* CXCR5™ at days 7, 21, and 40, supporting a direct relationship
between Trym and Tyl subsets.

CD4* Trm were next analysed for expression of molecules associated with tissue-residency
and memory T cells, revealing both shared characteristics and notable differences with
circulating Th cells. CD8" Ty can be distinguished from the circulating memory
populations by their expression of the C-type lectin CD69 and the integrin CD103 (27,

42). However, the majority of CD4* Try in IEL and LPL expressed CD69 but not CD103

at all timepoints (Fig. 1D,E & fig. S1F), consistent with previous studies (11). There was

a lower frequency of IV~ cells in the kidneys, liver, and lungs which expressed CD69,
indicating tissue-specific requirements for residency (Fig. S1F). CD27 has been shown to be
critical in memory T cell development (43) and marks memory human CD4* T cell subsets
with high CD27 expression associated with less antigen recall ability and greater plasticity
(44, 45). At the peak response to LCMV-Arm infection, circulating and SI SMARTA T cells
were predominantly CD27* (Fig. 1D,E). By day 21 of infection, the majority of spleen and
mLN CD4* T cells remained CD27*, while approximately half of the IEL and LPL cells
were CD27~. Lymphocyte antigen 6 complex (Ly6C) marks CD4* memory T cells, where
terminally differentiated cells are Ly6C* and multi-potent cells are Ly6C™ (5, 46). At the
peak of infection, approximately 50% of CD4* T cells in the spleen, mLN and S| expressed
Ly6C (Fig. 1D,E). However, by day 21, the majority of S| CD4* Tgp were Ly6C™, while the
frequencies in circulating populations remained stable consistent with previous studies (11,
18). Thus, CD4* T cells in tissues could be distinguished from their circulating counterparts
by elevated CD69 expression, loss of Ly6C expression, and heterogeneous CD27 expression.
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To determine whether the CD4* Ty response differed with different antigens, we utilized
LCMV-Arm specific NIP mice (47). NIP cells have been shown to efficiently induce
NP-specific GC B cells and generate greater numbers of Tr during infection, relative to
GP-specific SMARTA cells (47). We also analyzed GPgg_77-1-AP tetramer CD4* T cells to
assess endogenous CD4* T cell responses. We found that NIP and tetramert CD4* T cells
in the Sl also showed a bias towards the T1 phenotype and expressed CD69, similar to
SMARTA T cells (Fig. S1G, H).

Global gene expression by SI CD4* Trm cells was compared to effector T subsets,
SMARTA SLAM* Tyl cells, CXCR5* Tgy cells, and SI Try at days 7 and 21 after
infection by bulk RNA sequencing. Principal component analysis (PCA) of gene expression
revealed a clear separation of D21 IEL/LPL samples from all other samples (Fig. 2A).

Day 7 IEL and LPL CD4* T cells aggregated closely with day 7 Ti1 cells, consistent

with their phenotypic similarities. We also observed some separation between D21 IEL

and LPL samples, perhaps due to heterogeneity driven by tissue localization or functional
requirements. Gene enrichment analysis (GSEA) was used to compare the transcriptional
profiles of CD4* T cells from the Sl and spleen on day 21 of infection (Fig. 2B).

SI CD4* Trw cells were significantly enriched for the Tl gene-expression signature

(7) with minimal enrichment of the Tgy signature (7). Furthermore, CD4* Ty Were
enriched for published gene-expression signatures of both CD8* Trp (48) and CD4*
non-lymphoid tissue (NLT) (11) when compared to both Tyl or Tgy splenic subsets (Fig.
2B). This indicates that CD4* Ty at, an early memory time point had upregulated the
tissue-residency program expressed by late memory Try. We next assessed the expression
of specific genes encoding surface receptors, effector molecules, and TFs with known roles
in effector and memory CD4* T cell development or the CD8* Ty program (Fig. 2C).
Compared to naive CD4* T cells, IEL and LPL effector and memory populations expressed
genes associated with SI-homing such as Ccr9and revealed expression consistent with the
Trm Program including expression of Ca69and loss of K/f2and S1pri. CD4* Ty cells in
the IEL and LPL at day 21 expressed genes associated with both the effector/Ty1 program,
such as Gzma, Gzmb, Ifng, Tbx21, Prdm1, 1d2, Stat4 and the memory/Tgy identity such
as /cos, Pdcdl, Stat3, Bcl6. Notably, D21 Sl and TH1 populations expressed both Bc/6and
Prdm1 concurrently, as these TFs are known reciprocal antagonists.

We performed Assay for Transposase-Accessible Chromatin sequencing (ATACseq) to
assess accessible regulatory regions in these CD4* T cell populations. A correlation heatmap
comparing differentially accessible regions (DARS) among all samples revealed that D7 IEL
cells were more closely associated with the Ty1 subset at both effector and memory time
points (Fig. 2D). We directly quantified peaks in differentially accessible regions for D7
IEL, Tgn, or TH1 cells and found few peaks distinguishing IEL and Tyl samples compared
to 2,036 DARs between the IEL and Tgy subset (Fig. 2E,F). Of the DAR-associated genes,
more were differentially expressed genes between IEL and Tgy populations compared

to IEL and TH1 cells (Fig. 2F), in a pattern consistent with correlated accessibility and
expression. When we compared specific gene loci among different time points and tissues,
we observed similar profiles for D7 IEL and D7 Ty1 cells, which were distinct from naive
and D7 Tgy profiles (Fig. 2G). Overall, these data revealed the acquisition of Try, features
in response to LCMV-Arm as well as similarities between CD4" Ty and effector Ty1 cells
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in surface-receptor expression, transcriptional profile, and chromatin landscape, suggesting
that these two populations are related.

Antiviral T4l CD4" T cells show tissue migration potential and produce Tyl cytokines

We further investigated the differentiation and function of circulating and Sl-residing CD4*
T cells during infection. We profiled CCR9 and CD49d expression of C-C chemokine
receptor type 9 (CCR9) and integrin alpha 4 (CD49d), which mediate gut-homing and are
upregulated by cells that traffic to the SI (49) (Fig. 3A,B). The proportion of CCR9*CD49d*
CD4* T cells increased in the IEL and LPL as cells migrated in to the tissue. Interestingly, of
the CCR9*CD49d* cells with the potential to traffic to the SI, more than 80% of cells from
the spleen and 90% of cells from the mLN were SLAM* Th1 effector cells (Fig. 3C,D),
raising the possibility of a developmental relationship between circulating Tyl cells and SI
CD4* Trm. While a number of Ty cells express CCR9 at day 6 of infection and therefore
can access Sl tissues, there gut-homing cells were biased towards the Ty1 phenotype (Fig.
3C). Recently, two subsets of influenza-specific resident CD4™ T cells in the lung were
described: Trp1 cells with a Tyl phenotype expressing P-selectin glycoprotein ligand-1
(PSGL1), and Try cells with a Tgy phenotype expressing folate receptor 4 (FR4) (21, 22).
In our studies, SI CD4* Trym populations were PSGL1* and did not express FR4 (fig. S2A),
suggesting the type of infection and tissue-specific cues may direct the differentiation of
distinct CD4* Try subsets in the lung versus SI.

To assess the functional capacity of anti-viral SI CD4" Ty and splenic effector T cell
subsets, SMARTA CD4" T cells from each tissue were re-stimulated ex vivo with the
GPg1-go peptide and production of IFNy and TNFa was quantified (Fig. 3E). An increased
proportion of CD4* T cells in the SI produced both cytokines compared to those in the
spleen on day 7 of infection; however, the frequency of cytokine-producing cells in the SI
was lower than splenic T cells at a memory time point. SI CD4* T cells also expressed
higher levels of Granzyme A and B at both effector and memory time points compared

to CD4* T cells from the spleen and mLN (Fig. 3F). A cytotoxic subset of CD4* T

cells, THCTL, has been shown to develop in the lung following influenza A infection

(50) and mediate MHC-I1-restricted cytotoxicity, produce high levels of effector cytokines,
and uniquely express inhibitory molecules NKG2A/C/E (51). To determine if there were
parallels between THCTL and Trp in viral infection beyond granzyme expression, we
evaluated expression of NKG2A/C/E by LCMV-specific CD4* Trp compared to circulating
CD4* T cells, CD8" T cells, and NK cells on day 21 of infection. CD4* SMARTA T cells
in both SI compartments expressed minimal levels of NKG2A/C/E compared to circulating
SMARTA T cells, CD8* T cells, and NK cells (fig. S2B). Despite their shared expression of
IFNy and Granzyme B, Sl-resident CD4* Ty cells did not express canonical markers of
THCTL, which further indicated that the Try, program may be influenced by infection type
and tissue-specific cues. These data overall highlighted similarities between CD4* Ty and
Tyl effector cells.

CD4* T cells show delayed progressive acquisition of the mature Tgy signature

PCA analysis of bulk RNAseq data revealed separation of Sl populations at days 7 and 21,
suggesting additional maturation from the effector to the mature Try population (Fig. 2A).
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Comparison of Sl and splenic T cells showed that D7 Trpy cells expressed 13-15% of the
genes from the mature D21 Trp and had not upregulated the CD4* NLT gene signature
(Fig. 4A,B). Interestingly, the kinetics of CD4* and CD8" Try maturation appear to be
different: effector CD8* T cells in the Sl on day 7 of infection have already acquired the
majority of the mature CD8" Ty expression pattern at day 35, with 57% of “core” Trm
genes shared between the two time points (fig. S3A and (48)). Tissue localization may play
a role in the kinetics of Ty maturation, as we observed more CD4* Try cells in the
lamina propria at day 21 of infection, compared to CD8* Tgy cells, which localized to the
epithelium (fig. S3B). Differential localization by CD4" Ty for HSV-specific responses in
the skin has been observed where memory CD4* Tgy accumulate in the dermis and CD8*
Trm localize to the epidermis (10). Thus, acquisition of the full CD4" Trym gene-expression
program requires more time than the CD8* Tgy program.

To explore differences in the transcriptional programs between effector and memory Sl
CD4* T cell subsets and to evaluate heterogeneity of cells within these populations, we
utilized bulk RNAseq and single-cell RNAseq (SCRNAseq) to compare gene expression. Due
to the cell number limitations we were only able to generate LPL samples for sScRNAseq

at the memory time point. Unsupervised Uniform Manifold Approximation and Projection
(UMAP) clustering separated samples by tissues, with D21 LPL cells (purple), and D21 SPL
cells (dark blue) grouped separately from other samples and enriched for their respective

gut or spleen gene-expression signatures generated from our bulk RNAseq (Fig. 4C). While
a subset of D7 IEL and LPL cells (yellow, red) clustered together, a high proportion of

D7 Sl cells were intermixed with D7 SPL cells (green) and were observed throughout

the UMAP. Utilizing our bulk RNAseq data and published datasets (11, 48), we evaluated
the expression of the spleen and Sl gene signatures for single-cell samples (Fig. 4C,D).
While D21 spleen and LPL samples were enriched for the respective spleen or SI gene
signatures, clusters dominated by D7 cells expressed low to intermediate levels of both gene
signatures, suggesting that cells at day 7 were not yet defined by a specific program (Fig.
4C,D). The memory Tyl gene signature (>1.5 fold-change between D41 and D7 TH1 cells)
was enriched in both the D7 and D21 Sl clusters compared to splenic cells, although the

D7 spleen replicates did show variable expression. The memory Tgy gene signature (>1.5
fold-change between D41 and D7 Tgy cells) was only enriched in the D21 SPL samples,
once again highlighting the Tyl versus Tgy division among spleen CD4* T cells (Fig. 4D).
The D21 LPL cluster showed highest enrichment of the CD4* NLT and CD8* Tgpy gene
signature, with moderate expression of residency-related genes by D7 SI samples, consistent
with the observation that D7 SI CD4* T cells undergo additional maturation.

Focused analysis of spleen and SI CD4* T cells from day 7 of infection revealed 7 clusters,
with all clusters containing a mixture of cells from both spleen and Sl (fig. S4A). The
clusters were separated into Ty1 and Tgy subsets, with clusters 2, 3, 4, 5, and 6 enriched
for the effector Tyl gene signature, including Slamf1 and 1d2, while clusters 0, 1, and 5
were enriched for the effector Tgy gene signature, including Cxcr5and /a3 (Fig. S4B,C).
The CD4 NLT (11) gene signature was also enriched in clusters 2, 3, 4, 5, and 6 with
accompanying expression of tissue-associated genes such as Cad69and Ccr9. Interestingly,
cells in clusters 2, 4, and 5 expressed both Tgy and Ty1 gene-expression signatures,
consistent with the notion that SI CD4* T cells at day 7 of infection are still differentiating
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and likely require further cues for their full maturation into CD4* Tgrp. RNA velocity
analysis on scRNA-seq samples was used to assess potential developmental trajectories

for CD4* Trpy cells (Fig. 4E and fig S4D). This revealed a general progression of D7
splenic CD4* T cells towards D7 IEL and LPL populations, evolution into the mature Ty
D21 LPL population (Fig. 4F and fig. S4E), and a gradual increase in expression of the
memory TH1 gene signature between days 7 and 21 (Fig. 4G). Overall, our sequencing data
highlighted differences between effector and memory SI CD4* T cells, with D7 SI T cells
sharing transcriptional similarities with D7 splenic T cells and the evolution to a distinct
tissue-resident population by D21 post infection.

CD4* Trm exhibit heterogeneity and express effector and memory-associated genes

To examine heterogeneity of established CD4* Ty, we analyzed scRNAseq data focusing
on D21 spleen and LPL CD4* T cells (Fig. 5A). The LPL clusters showed enrichment

for the CD4* NLT (11), CD8* Trpm (48), and memory Tl gene signatures, while cells

in the spleen expressed the highest level of the memory TgH gene signature compared

with LPL cells (Fig. 5B). Gene signature enrichment analysis of the LPL cells revealed
some heterogeneity among cells in the LPL population, with differential expression of of
Trm-associated genes (Fig. 5C). We next focused on expression of TFs involved in the
effector versus memory programs, specifically /d2and Prdm1 for Tyl effector cells and
Bcl6 and Stat3for memory T cells (52) (Fig. 5D); all four genes showed elevated expression
by the LPL compared to spleen. Unlike the SI CD8" Tgy population, which contains
distinct subsets marked by 1d3 and Blimp1, /d3expression was not deteted in ScRNAseq

of D21 LPL cells or bulk RNAseq of the total SI population (Fig. 5D). We also observed
differential expression of Cad27and Cd69 mRNA, consistent with flow cytometry data

(Fig. 2C). Finally, we examined expression of Runx3and K/f2, which regulate CD8* Trwm
development (27, 48). LPL cells were enriched for Runx3but expressed low levels of K/f2
compared to the spleen CD4* T cells, with accompanying downregulation of its target SZpr
(Fig. 5D). These data suggested that mechanisms of tissue retention are shared by both
CD4" and CD8* T

Expression of both Bl/imp1and Bcl6, typically considered reciprocal antagonists, by Trp at
levels higher than splenic CD4* T cell populations in bulk RNAseq analysis was unexpected
(Fig. 2C). We compared expression of either Bc/6 and Prdm1 or Stat3and Stat4 (which are
associated with memory and effector fates, respectively) in single cells (Fig. 5E). A number
of cells co-expressed the TF pair, Bc/6and Prdm1, as well as Stat3and Stat4, suggesting
that CD4* Ty have a hybrid transcriptional program that drives aspects of both effector and
memory gene-expression programs. To confirm these findings, we transferred Blimpl-YFP
SMARTA CD4* T cells to congenically distinct mice that were subsequently infected with
LCMV-Arm. On day 14 of infection, Blimp1* and Blimpl~ SMARTA T cells from the
spleen and Sl were sorted and Bc/6 mRNA levels were compared using qPCR. We observed
a two to three-fold increase in Bc/6 mRNA in Blimpl-YFP* IEL and LPL cells compared to
splenic populations, confirming co-expression of B/imp1 and Bc/6 (Fig. 5F). Together, these
data highlighted the heterogeneity within the SI CD4* T cell population that begins during
the effector phase, and implicated Blimp1, 1d2, and Bcl6 as regulators of a CD4* Ty
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residency program, allowing for sustained effector functions and persistence as long-lived
memory T cells.

Blimp1 and 1d2 are required for virus-specific CD4* Try progenitor cells in the SI

To evaluate the relationship between early CD4* Trym and Tyl populations, we investigated
the role of Blimpl and 1d2, TFs in Ty1 development and effector function (20, 39). D7

and D21 SI Trp expressed both factors, suggesting that Blimpl and 1d2 may function

in the seeding or development of CD4* Trym (Fig. 2C, 5D). Importantly using PageRank
analysis (53) of RNAseq and ATACseq samples, Blimp1 was also predicted as a regulator
of gene expression by SI CD4* T cell samples relative to splenic T cells at day 7 of
infection (fig. S5A). Additionally, PageRank also predicted 7¢f12, encoding the E protein
transcription factor HEB and target of 1d2 inhibition, as regulator of SI CD4* T cells. These
data suggested that Ty1-associated Blimpl and 1d2 may be critical factors in early Trm
development.

To gain insight into the kinetics of Blimp1 expression by circulating and SI CD4* T cells
following viral infection, Blimpl-YFP SMARTA CD4* T cells were studied (Fig. 6A,B).
On day 7 of infection, the majority of SI CD4" T cells expressed Blimp1 compared to only
40-50% Blimpl* CD4" T cells in the circulation. By day 21 of infection, the frequency

of Blimpl*™ CD4™ T cells in the Sl decreased to approximately 60%, but was still higher
than in circulating CD4* T cell population. To determine if Blimp1 contributes to CD4*
Trwm differentiation, we transferred Blimp1"CD4-Cret SMARTA T cells (Blimp1-KO) as a
50:50 mix with wild-type SMARTA T cells (WT) into congenically distinct hosts and and
the frequency and number of WT to Blimp1-KO cells were compared over the course of
infection (Fig. 6C,D and fig. S5B). Loss of Blimp1 significantly impaired the accumulation
of early CD4* Trp at day 7 in all tissues, particularly the SI IEL and LPL, with Blimp1-KO
CD4* T cells making up ~10-15 % of the total SMARTA population isolated from the SlI.
As a control, a 50:50 mix of CD4-Cre* and WT CD4-Cre~ SMARTA cells was followed

as well; on day 7 of infection the ratio of Cre* and Cre™ cells showed that Cre expression
did not impair the accumulation of cells compared to wildtype cells (Fig. S5C). There was
no evidence of delayed Try differentiation as the Blimp1-KO SMARTA CD4* T cells
remained at a dramatically reduced proportion compared to WT cells at the memory time
points (Fig. 6C,D and fig. S5C). Despite an absence of SLAM™* Ty1 cells at day 7 (Fig.
S5D), there was a similar frequency of WT and Blimp1-KO SMARTA cells in the spleen;
however, by day 14 of infection, the proportion of Blimp1-KO CD4* T cells was reduced
compared to WT cells in the spleen and mLN (Fig. 6C,D and fig. S5C). Cell numbers
reflected the frequencies, with significantly fewer Blimp1-KO compared to WT CD4* T
cells in the SI by day 7 of infection (Fig. S5E,F). Given the critical role of Blimpl in

Tw1 differentiation, we specifically compared the WT and KO frequencies within the Ty1
population. The deficit of Blimp1-KO CD4* T cells was significantly different between the
Sl and mLN and the IEL and spleen when comparing the frequency of KO to WT cells
(fig. S5G). Expression of gut-homing markers CCR9 and CD49d on WT and Blimp1-KO
cells was significantly reduced on KO cells in both the circulation and SI (Fig. S5H),
suggesting Blimp1 both promotes the ability of effector CD4* T cells to migrate into the

Sl and supports Tyl differentiation. We also examined the effect of Blimp1 deficiency on
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CD4* Trm populations in other mucosal barrier surfaces, including the liver, kidney, and
lung (fig. S51), and observed a 4-fold loss in accumulation of Blimp1-KO cells compared to
WT. While Blimp1 has been shown to work in conjunction with the TF Hobit (encoded by
ZIp683) to mediate Try development (37, 54), it was not detected in our bulk RNAseq data,
and minimally in our scRNAseq datasets. Collectively, these data show that in the absence
of Tl cells due to the loss of Blimp1 resulted in a failure to accumulate early CD4* Trm
progenitors in the tissues, consistent with Tyl cells seeding the Try compartment.

Next, we examined the expression of E protein TF inhibitors 1d2 and 1d3 by CD4* T

cells in a viral infection, given the prediction of E protein activity in CD4* Tgp by
PageRank, the importance of 1d2 in Ty1 development (39), and the role of 1d3 in memory
T cells (41). SMARTA CD4™" T cells expressing 1d2-YFP and 1d3-GFP reporter alleles (39)
were transferred to naive recipients that were subsequently infected with LCMV-Arm. IEL
and LPL CD4* T cells expressed only 1d2 at effector and memory time points while a
subset of circulating CD4* T cells expressed both 1d2 and I1d3 (Fig. 6E,F). Given recent
observations that Blimp1 and 1d3 expression can identify functionally and transcriptionally
distinct subsets in CD8* Try and tumor-infiltrating lymphocytes (TIL) (55), we investigated
whether similar subsets can be identified in S| CD4* Tgp population using a mouse model
expressing both Blimpl-YFP and 1d3-GFP reporter alleles (fig. S6A,B). Distinct Blimp1-
YFP* and 1d3-GFP* populations in the spleen and mLN were observed while SI CD4* T
cells were mainly Blimp1*, consistent with bulk RNAseq data where Tyl and SI CD4* T
cells expressed /a2and Prdmi mRNA while only Tgy expressed /a3 mRNA (Fig. 2C).

We next followed the response of WT and /d2/"CD4-Cre* (1d2-KO) SMARTA cells to
LCMV-Arm. On day 7 of infection, 1d2-KO cells were significantly reduced compared to
WT cells in the spleen, mLN, and Sl tissues, and SI 1d2-KO CD4* T cells were further
reduced compared to spleen and mLN at later time points (Fig. 6G,H and fig. S6C).
Consistent with the role of 1d2 in Tyl differentiation, there were fewer 1d2-KO SLAM™*
Th1 cells compared to WT on day 7 of infection, and the Ty1 population was absent by day
21 of infection (fig. S6D). The reduction in 1d2-KO CD4* T cells was also reflected in cell
numbers (Fig. S6E,F). However, when we compared the frequencies of 1d2-KO to WT TH1
cells, we only observed a significant difference between cells in the spleen and LPL at day
7 of infection (Fig. S6G). The similar deficit in 1d2-KO Ty1 cells across all tissues suggests
that the impact of 1d2 on CD4* Ty is not Sl-specific and associated with the role of this TF
in Tyl differentiation.

Given the phenotypic, transcriptional, and functional similarities between Ty1 and CD4*
Trm cells and the involvement of T1-associated TFs in CD4* Tgy development, we
hypothesized that the effector Tyl population contained progenitors of CD4* Ty We
transferred naive SMARTA CD4* T cells into congenically distinct hosts and infected the
mice with LCMV-Arm. On day 6 of infection, Tyl and Tgy SMARTA T cell populations
from the mLN were sorted and re-transferred subset into new recipients (3.5-6.5x10° Ty1
or 1-3.5%10° Ty cells per mouse), which had been infected with LCMV-Arm 3 days prior
to transfer. On day 5 following re-transfer, we re-isolated SMARTA cells from the spleen,
mLN, and Sl and compared the number of recovered cells to the number of transferred cells
(Fig. 61). Consistent with the idea that circulating TH1 cells give rise to small intestine Trp,
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we observed a higher ratio of recovered to transferred Tyl cells in the IEL and LPL samples
compared to the transfers of Tgy cells. Conversely in the spleen and mLN, there was a
higher ratio of recovered to transferred Tgy cells. Overall, these data support our hypothesis
that CD4" Try are developmentally and transcriptionally similar to the circulating Tl
population.

Bcl6 plays a dual role in the antiviral CD4" Try differentiation program

The requirement for Blimp1 and 1d2 in early CD4* T cell accumulation in tissues suggests
a relationship between CD4* Try and circulating effector Tl rather than Tgy cells.
However, Tgy have been posited to share transcriptional programming with CD4* memory
T cells and CD8* Try, and we observed expression of Be/6by D21 SI CD4* Try (Fig.
2C), which was unexpected given the direct repression of Blimp1 and 1d2 expression

by Bcl6. To examine if Bcl6 may also be regulating the CD4* Trp program through a
mechanism distinct from its known function within circulating effector and Tgy populations,
we transferred a 50:50 mix of WT and Bc/67fCD4-Cre* (Bcl6-KO) SMARTA cells into
recipients infected with LCMV-Arm (Fig. 7A). Over the course of infection, the frequency
and numbers of WT and Bcl6-KO cells were compared. Loss of Bcl6 significantly reduced
the splenic and lymph node CD4* T cell populations as early as day 7 of infection, and

this deficiency was amplified at memory time points. Bcl6 deficiency did not as severely
impact CD4* T cell accumulation in the Sl at day 7 compared to circulating subsets.
However, by day 14 and 21 of infection, the frequency of Bcl6-KO cells was lower than
that of WT cells (Fig. 7A,B). The differences in frequencies of WT and Bcl6-KO CD4*

T cells were mirrored in the absolute cell counts (Fig. S7A,B). Consistent with the role of
Bcl6 in Tgy differentiation, splenic Bcl6-KO CD4* T cells did not express CXCR5 and
were predominantly SLAM™* (Fig. S7C). The differential impact on CD4* Trp between
effector and memory time points was consistent with mRNA levels: day 7 IEL and LPL
effector T cells expressed lower Bc/6than splenic samples, while day 21 SI IEL and LPL
expressed Bcl6 at higher levels than their circulating memory T cell counterparts (Fig. 2C).
Furthermore, Bcl6-KO SI CD4™ T cells displayed increased CD69 expression on day 7 and
21 and an early elevation of CD27 expression followed by a loss at day 21 compared to
WT cells (Fig. S7D). Interestingly, while accumulation of CD4" Try required Bcl6, CD8*
Trm Were unaffected by Bcl6 deletion at effector and memory time points, highlighting
another difference in the Tgy transcriptional program between CD4* and CD8* T cells (Fig.
S7E). We also examined the effect of Bcl6 deficiency in other mucosal barrier surfaces,
including the liver, kidney, and lung, and saw that Bcl6-KO cells in tissues were similarly
less impaired than their circulating counterparts compared to WT at day 7 (Fig. S7F).

To further assess the role of Bcl6 in early CD4* Tgy development, we performed bulk
RNAseq of WT and Bcl6-KO SMARTA CD4* T cells at day 7 of infection. PCA analysis
showed that loss of Bcl6 in splenic CD4™ T cells led to a more Tw1-profile with splenic
Bcl6-KO CD4* T cells grouping closely with Tl samples. SI Bcl6-KO CD4* T cells
clustered closely with WT SI samples and were more similar to D21 IEL and LPL cells
than their D7 WT counterparts (Fig. 7C). GSEA showed that D7 IEL and LPL Bcl6-KO
cells were enriched for genes expressed by D21 SI cells and depleted for genes that were
downregulated by D21 Sl cells, suggesting that loss of Bcl6 accelerated progression of

Sci Immunol. Author manuscript; available in PMC 2023 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 12

effector T cells into mature Trp (Fig. 7D). Additionally, loss of Bcl6 resulted in enrichment
of the CD4* NLT gene signature by both splenic and SI populations and the CD8" Trm
gene signature by SI CD4* T cells, indicating that splenic Bcl6-KO cells upregulated
genes indicative of Try more than WT cells. This conclusion is further supported by
gene-expression signature analysis of sScRNAseq data, with enrichment for the CD4 NLT
and D20 SI genes in the Bcl6-KO SI populations at day 7 (Fig. 7E). Additionally, SI
Bcl6-KO cells at day 7 expressed higher /d2, Pram1, and Cd69than WT cells, suggesting
that Bcl6 inhibits aspects of the Ty program at early stages of the immune response (Fig.
7F). Interestingly, Runx3, a key regulator of CD8* Trp (48) and known target of Bcl6
inhibition, also had higher expression in SI Bcl6-KO cells. However, shRNA knockdown
of Runx3 in activated SMARTA CD4" T cells did not impair SI CD4* T cells compared

to spleen (Fig. S7G). Collectively, our data demonstrate that Bcl6 is required to support
the SI CD4* Trwm program, likely in maintaining the memory qualities of long-lived Ty
populations.

Discussion

In this study, we sought insights into the differentiation and transcriptional programming
of the antiviral CD4* Try response. In the context of acute viral infection, we found that
the early CD4* Tgy progenitor population in the SI was heterogenous and phenotypically,
transcriptionally, and epigenetically similar to the recirculating splenic Tyl population. At
memory time points, CD4* Try expressed both Ty1/effector and Trp/memory-associated
genes, including co-expression of antagonistic factors, Blimp1 and Bcl6, in the same cells.
We identified roles for Blimp1 and Id2 in supporting early CD4* Try development, while
Bcl6 can mediate the maturation and/or persistence of CD4* Ty with Tyl characteristics
in tissues. Multiple levels of regulation have been proposed for CD4* Tgy differentiation,
including elements that dictate residency versus recirculation potential, determine CD4*
versus CD8* lineage commitment, and regulate cellular responses to tissues-specific cues
(11). Our study describes an additional level of regulation, one directing the effector
versus memory identity of Ty cells where CD4™ Ty acquire a gene-expression signature
including TFs associated with both effector and memory cell fates, in order to balance

the required rapid response of effector lymphocytes against the persistence and plasticity
inherent in memory populations.

Our data highlight a shared phenotype and transcriptional profile for CD4* Try and Tl
cells in response to acute infection. Circulating CD4* T cell populations were composed of
both SLAM™* Th1 cells and CXCR5* Tgy cells, while tissue-resident CD4* T cells were
predominantly SLAM?* cells. This observation is consistent with studies in other infection
models and tissues where CD4* Trm cells reflected the T effector program associated
with the acute pathogen/antigen exposure (16, 17, 19). At barrier surfaces, Trm cells are
among the first to encounter antigen and rapidly coordinate a local recall response (11, 12),
which requires enhanced effector traits. Recent studies raised the possibility that CD4* Trm
could arise from, or in parallel to, TgH cells. Given that fate-committed Tgy cells are the
main proportion of the circulating CD4" memory T cell population (8), CD4* Trym with
Trn characteristics (Tggr) in influenza infection have recently been reported (21, 22), and
Ten cells have a gene-expression pattern associated with memory cells and T cell survival.
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However, our study shows that Trp cells retained Tyl effector functions and required
both Blimp1 and Id2, critical factors in differentiation of effector Ty1 cells, consistent with
circulating Tw1 effector cells serving as precursors of SI Try. Additionally, S| CD4* Trm
co-expressed effector- and memory-associated genes, suggesting that CD4™ Ty require
some aspects of the memory/Tgy programs for their long-term maintenance and survival.

Given the established role of Blimp1l as a Ty1 fate-defining TF and a regulator of CD8*
tissue residency (34, 37), it may be essential for both the Ty1 and tissue-residency aspects
of the CD4* Trym program. These observations are consistent with previous studies showing
the function of Blimp1, and its family member Hobit, in regulating the transcriptional
program of CD8* Trm by inhibiting lymphocyte egress from the tissues, repressing the
development of circulating memory cells (37), and driving CD4* Try-mediated colitis in
human patients (54). We observed minimal Hobit expression and a clear requirement for
Blimp1 in establishing SI CD4* Trm. Blimpl-deficiency and 1d2-deficiency separately

led to a decrease in CD4™ T cells in both the SI and spleen, especially within the

Tw1 population. However, only loss of Blimpl caused a significant reduction in Sl cells
compared to circulating splenic and mLN cells. This was consistent with Blimp1 regulating
the expression of genes required for the migration into tissues or inhibiting genes that allow
for egress (37), in addition to its role in Tyl differentitiation. The role of 1d2 in the Try
program is likely due to its role in Tyl differentiation, further supporting the hypothesis that
Trm and Tyl cells are developmentally related.

We also examined the impact of deleting Bcl6, an essential Tgy and memory T cell-
associated TF, on CD4* Try differentiation. During the effector phase, Bcl6-deficiency
more dramatically impacted splenic CD4* T cells compared to the Sl population. This is
consistent with the known role of Bcl6 in repressing the Tyl program in Tgy cells via
inhibition of Blimp1 and 1d2 (56), and in inhibiting the accumulation of lung Ty2 Trpm cells
in an allergic house dust mite response (19). Furthermore, comparison of the transcriptional
profiles of WT and Bcl6-KO cells at day 7 revealed an enrichment for Trp-associated
gene-expression signatures by Bcl6-KO CD4* T cells from the SI and within the splenic
population. Surprisingly, by the memory time point, Bcl6 expression was upregulated in the
Trm population, with deletion of Bcl6 impairing the relative frequency and number of Trm
cells compared to the peak of the response. This may be because Bcl6 represses KIf2 in
order for mature Trp cells to maintain the low levels of S1prl and prevent recirculation,
which we also observed in our bulk RNAseq analysis (27, 56). Bcl6-expressing Tgy cells
share a transcriptional profile with CD8* memory-precursor T cells and contribute to the
CD4* memory T cell population (8), suggesting that Bcl6 promotes long-lived CD4* and
CD8* T cells. Thus, Bcl6 may actively enhance the memory attributes of the CD4* Ty
population.

Although CD4"* Ty populations were enriched for the core CD8* Tgy signature and
similarly depended on Blimp1 and Bcl6 for early seeding of the Sl, there were clear
differences between the two Try lineages. SI CD8* Ty cells expressed both CD69 and
CD103 and accumulated in the SI epithelium and LP, while CD4* Trp cells had minimal
expression of CD103 and preferentially localized to the LP compartment. While effector
CD8* T cells in tissues acquired much of the gene-expression profile of mature Try, CD4*
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T cells on day 7 of infection were distinct from the memory cells in the SI, requiring

more time to fully upregulate the Trp program. This observation is reminiscent of the
stepwise transcriptional and genome accessibility changes described for CD4* CD8aa

IEL (57), consistent with a time-dependent progression to tissue residency for CD4* Trw.
Previous work showed that CD4* T cells which migrate into the IEL upregulate Runx3 to
become more cytotoxic CD4*CD8*aa cells (38); additionally, ectopic Runx3 expression
can drive the TGF-B-transcriptional network in CD4* Tr, promoting surivival, residency,
and effector functions (36). However, we did not observe Runx3 dependence in the
infection-driven response. This may be due to compensation by other Runx family proteins,
such as Runx1 which is known to regulate CD4* Tgy formation (36), or other differences
associated with CD4*CD8*a.a cells. Interestingly, Bcl6 has been shown to inhibit Runx2
and Runx3 in day 7 Trp cells (56). Thus, CD4* Trp may fail to express sufficient Runx

to drive the expression of CD103 and other key targets that mediate epithelial residence due
to their concomitant upregulation of Bcl6. Additionally, accumulation of CD4* Try was
accompanied by a requirement for 1d2 but not 1d3, whereas CD8* Tgy in the Sl expressed
both 1d2 and 1d3, with minimal defect arising from the 1d2 deletion alone (55).

Here, we have highlighted the importance of Blimpl and 1d2 in establishing early effectors,
and likely progenitors, of the CD4* Tgrp SI population following viral infection. Blimp1 and
Id2 presumably drive the T1-associated genes of the tissue-residency program, given the
developmental relationship between Tyl and Trpy cells. Surprisingly, Bcl6 also influenced
Trm formation, mediating repression of genes associated with mature Ty, Which may
contribute to the erosion of CD4* Try populations. Further work is required to elucidate
how CD4* Ty are maintained in the tissues, particularly how Blimp1, Bcl6, and 1d2

may interact in the Ty gene-expression program at effector and memory stages. A better
understanding of the transcriptional regulation of CD4* Tgy in the intestine will enhance
our knowledge of Trp directed immune responses in the context of long-term memory and
how to target these cells for therapeutic purposes.

Material and Methods

Study design

Mice

The goal of this study was to determine the developmental origins and transcriptional
regulation of CD4" Tgrp. To test the developmental origins of CD4* Ty, TCR transgenic
T cells were transferred into congenically distinct hosts, and the response to viral infection
was observed and characterized by flow cytometry. Additionally, TCR transgenic T cells
with various genotypes were also evaluated in response to viral infection to determine the
transcriptional regulation of CD4* Trpm. The number of samples combined, number of
replicates and statistical tests are listed in the figure legends.

All mice were housed under specific pathogen-free conditions in an American Association
of Laboratory Animal Care—approved facility at the University of California, San Diego
(UCSD), and all procedures were approved by the UCSD Institutional Animal Care and
Use Committee. Blimp1-YFP mice (stock #008828;The Jackson Laboratory), 1d3-GFP
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mice(58), 1d2-YFP mice(59), /a2 mice(60), CD4-Cre mice (stock#017336; The Jackson
Laboratory), SMARTA mice (T cell receptor (TCR) transgenic for I-AP-restricted LCMV
glycoprotein amino acids GPg1_gg (61)), NIP mice (TCR transgenic for I-AP restricted
LCMV nucleoprotein (NP) peptide 311-325), P14 mice (TCR transgenic for H-2DP-
restricted LCMV glycoprotein GP33_41; stock #037394-JAX; The Jackson Laboratory),
CD45.1, and CD45.1.2 congenic mice were bred in house. Bc/67"CD4-Cre*CD45.1*
SMARTA and Prdm17'CD4-Cre*CD45.1* SMARTA mice were received from the Crotty
lab at the La Jolla Institute. Recipient C57BL/6J (B6) mice were either bred at UCSD or
received from The Jackson Laboratory. Both male and female mice were used throughout
the study, with sex and age matched T cell donors and recipients (or female donor cells
transferred into male recipients). All animals used were between 6 weeks — 6 months of age.

T cell transfer and infection

Naive wild-type, Blimp1-YFP, 1d2-YFP/Id3-GFP SMARTA CD4* T cells or wild-type P14
CDS8™* T cells congenically distinct for CD45 were adoptively transferred intravenously at
1x10° SMARTA cells or 5x10% P14 cells. For cotransfers, Pram17CDA4-Cre*, 1d27fCD4-
Cre*, Bcl6”'CD4-Cre* and corresponding control SMARTA CD4* T cells or Bc/67'CDA4-
Cre* and corresponding control P14 CD8" T cells were mixed in a 1:1 ratio and

adoptively transferred at 1x10° total cells per recipient mouse. Mice were then infected
intraperitoneally with 2x10° plaque-forming units (PFU) of lymphocytic choriomeningitis
virus-Armstrong (LCMV-Arm) strain.

mLN sort-and-retransfer experiments

1x10° naive SMARTA CD4* T cells were adoptively transferred into recipients congenically
distinct for CD45 and infected intraperitoneally with 2x10° PFUs of LCMV-Arm. On day 6
of infection, mesenteric lymph nodes were removed, processed, and pooled. CD4* T Cells
were enriched using MACS column depleting B cells, MHCIl-expressing cells, and CD8*

T cells. Enriched CD4" T cells were stained with antibodies for CD4, CD45.1, CD45.2,
SLAM, and CXCRS5 and Tyl (SLAM™) and Tgy (CXCR5™) cells were sorted from sample.
Sorted TH1 and Ty cells were then re-transferred into recipient mice which had been
infected with LCMV-Arm for 3 days. On day 5 following re-transfer, cells were recovered
from the spleen, mLN, and SI.

Antibodies, flow cytometry, and cell sorting

The following antibodies were used for surface staining (all from eBioscience unless
otherwise specified): CD4 (GK1.5), CD45.1 (A20), CD45.2 (104), B220 (RA3-6B2,
1:400), SLAM (TC15-12F12.2, BioLegend), CD8 (53-6.7, BioLegend), CD69 (H1.2F3,
Biolegend), CD103 (2E7), CD27 (LG.7F9), Ly6C (HK1.4, BioLegend), CD199/CCR9
(eBioCW-1.2), CD49d (R1-2), P2Rx7 (1F11, BioLegend), FR4 (12A5, BioLegend),
NKG2A/C/E (20d5, Invitrogen), NK1.1 (PK136, eBioscience), PSGL-1 (4RA10,
Invitrogen), ), CD90.2 (30-H12, Biolegend). Cells were incubated for 30 minutes at 4°C
in PBS supplemented with 2% bovine growth serum and 0.1% sodium azide, unless
specified otherwise. CXCRS5 staining was performed by incubating cells with purified anti-
CXCRS5 (SPRCLS5, 1:50; Invitrogen), followed by PE-Cy7- or BV510-labeled streptavidin
(1:1000, eBioscience) each for 30 minutes at 4°C. Intracellular staining was performed
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using the eBioscience FOXP3/Transcription Factor Staining Buffer Set and the following
antibodies: Granzyme A (3G8.5, BioLegend), Granzyme B (GB12, LifeTech), IFN-y
(XMGL1.2, BioLegend), IL-2 (JES6-5H4), and TNFa (MP6-XT22). For cytokine staining,
CD4* T cells from the spleens, lymph nodes, and SI were incubated for 6 hours at 37°C
in RPMI-1640 media containing 10% (v/v) bovine growth serum with 10nM GPgg_g1
peptide and Protein Transport Inhibitor (eBioscience). Stained cells were analyzed using
LSRFortessa or LSRFortessa X-20 cytometers (BD) and FlowJo software (TreeStar). All
sorting was performed on the BD FACSAria instrument.

Methods for bulk RNA seq, sScRNAseq and ATACseq can be found in Supplementary
Matrials.

Statistical methods

Statistical tests were performed using Prism (7.0/9.0) (Graphpad). Two-tailed paired t-test
was used for comparisons between 2 groups, while one-way ANOVA test was used for
comparisons between 2+ groups. P values of <0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD4" Try retain a T1 effector cell profile during viral infection.
Naive SMARTA CD4* T cells were transferred into congenically distinct mice that were

subsequently infected with LCMV-Arm. On days 7 and 21 of infection, SMARTA CD4* T
cells were isolated. (A) Representative flow plots showing frequency of IV~ SMARTA cells
in peripheral blood (PBL), spleen (SPL), mesenteric lymph nodes (mLN), intraepithelial
lymphocytes (IEL) and lamina propria lymphocytes (LPL) from the small intestine (SI),
kidney (KID), liver (LIV), and lung on indicated day of infection. (B-C) Expression of
SLAM and CXCR5 by SMARTA CD4* T cells in PBL, SPL, mLN, IEL, LPL, kidney,
liver, and lung on indicated day of infection. Representative flow cytometry plots (B)

and quantification (C) of SLAM* and SLAM~CXCR5" SMARTA CD4* T cells. (D-E)
Expression of CD69, CD103, CD27 and Ly6C by SMARTA CD4* T cells in SPL, mLN,
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IEL, and LPL on indicated day of infection. Representative flow cytometry plots (D) and
quantification (E) of frequencies of CD69*, CD27%, and Ly6C* cells. Numbers in flow plots
indicate percent of cells in corresponding gate. Data are representative (A,B) or cumulative
(C,E) of 3 experiments (A-E) with n=2—4 mice. Graphs show mean £ SD; *p < 0.05, **
p<0.01, *** p<0.001, ****p< 0.0001. Paired t-test (C) or one-way ANOVA test (E) was
performed for statistical significance.
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Figure 2. CD4* Try in viral infections are transcriptionally and epigenetically similar to Tyl

cdls.

(A) Principal component analysis (PCA) of bulk RNAseq of circulating and resident
SMARTA CD4* T cells from spleen and Sl, harvested on day 7 or 21 of LCMV-Arm
infection. (B) Gene set enrichment analysis (GSEA) of day 21 RNAseq data. (C) Heatmap
showing gene expression of transcriptional regulators (left) or cell surface receptors/
cytokines (right). Values are calculated as a logofold change between each sample and
naive population. (D-G) ATACseq of circulating and resident SMARTA CD4* T cells from
spleen and IEL on day 7 or spleen on day 20 of infection. (D) Pearson correlation for peaks
in differentially accessible regions. (E) Volcano plots comparing peak counts between D7
IEL and Tl or Tgy subsets. Numbers in volcano plots indicate number of differentially
accessible regions in IEL compared to either Tyl or Tgy samples. (F) Left, heatmap
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showing differentially accessible regions (DARS) between IEL compared to splenic Tgy
or Tyl populations. Right, heatmap showing expression of genes corresponding to DARs.
Values are calculated as a log,fold change between IEL and Tgy or THl. (G) Genome
browser tracks depict ATACseq chromatin accessibility across samples for indicated gene.
Data from average of 3 replicates (A-C) or 2 replicates (D-G) with cells pooled from 4-5
mice per replicate for day 7 and n=12-15 mice per replicate for day 21.

Sci Immunol. Author manuscript; available in PMC 2023 November 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nguyen et al.

SPL

mLN

IEL

w
~

% CCR9*CD49d*
Nooo

(2]

D
1

=
3
%)
=

,_
]
L
CD49d-PerCPCy5.5

Page 25

E D7 D21 F

A A

Total

Unstim Lymphocytes

SPL SPL

mLN _&@

mLN

15 23 36

2

IEL

2
m
m

o

47 i 66

2 0 0
0 10° 10¢10° 10° 1050 100({ 5 75
CCR9-PECY7 > 10¢ Lo P
LPL ;10° 26 L g i
D6 D7 D8 o 3107 ,
ns *K *ok ut_s 0 £
5 ns ok % Z 3 3 O 0 13
0 10° 104 16° 0 10° 10¢
01 IFNy-BV42] ————————» GzmA-PE
54
ns *kk
*
1004 5
z
N 50
4]
ES
04
D7
*
*kK
1004
o
5 501
o
0 B . ‘
% 14 20 96 1 od e g |
TR TR D7 D21 D7 D21
CXCR5-PECY7 > HsPL [@mLN [IEL [JLPL WsPL EmLN [IEL [JLPL
D6 D7 D8
00, XE Bk g0 Rk kKkk g0 RkE ke
S%ﬂ - "I 5 ﬂ ﬂ
JUblE Hal. gl
SPL  mLN SPL mLN SPL mLN

[OSLAM* [JSLAM/CXCRS5*

Figure 3. Ty1 effector cellsfrom the spleen and mL Ns express gut homing molecules.
(A-B) CCR9 and CD49d expression by CD4* T cells in specified tissues on days 6-8 of

LCMV-Arm infection. Representative flow cytometry plots (A), and quantification (B) of
CCR9*CC49d* SMARTA CD4* T cells. CCR9*CD49d* quadrants are highlighted in red
(C-D) Expression of SLAM and CXCR5 by CCR9*CC49d* SMARTA CD4* T cells in the
spleen or mLN on days 6-8 of LCMV-Arm infection. Representative flow cytometry plots
(C) and quantification (D) of Tyl (SLAM*CXCR5™) and Tgy (SLAM™CXCR5") SMARTA
cells. (E) IFNy and TNFa expression by CD4* T cells on indicated day of infection
following ex vivo GPg1_gg peptide stimulation in specified tissues. Representative flow
cytometry plots (top) and quantification (bottom) of IFNy* and TNFa* SMARTA CD4* T
cells. (F) Granzyme A (GzmA) and B (GzmB) expression by SMARTA CD4* T cells in
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specified tissues on indicated day of infection. Representative flow cytometry plots (top) and
quantification (bottom) of GzmA™* and GzmB* SMARTA CD4* T cells. Numbers in flow
plots indicate frequency of cells in corresponding gate. Data are representative (A,C,E,F) or
cumulative (B,D,E,F) of 2 experiments with n=3-4 mice. Graphs show mean + SD; *p <
0.05, ** p<0.01, *** p<0.001, ****p< 0.0001. One-way ANOVA (B, E-F) or paired t-test
(D) were performed for statistical significance.
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Figure 4. Effector S| CD4* T cellsin viral infection progress towardsa mature Try program.
(A) Top, comparison of gene expression of IEL (left) and LPL (right) CD4* Ty cells

relative to Tyl and Tgy subsets on day 21 of LCMV infection. Red denotes genes
with increased expression in Ty relative to Tyl and Tgy cells; blue denotes genes

with increased expression in Tyl and Tgy relative to Trpy cells. Bottom, comparison of
differentially expressed genes in mature Try cells (from top panel) in cells from IEL or
LPL on day 7 of infection. Black denotes genes from top panel (either blue or red) which
are differentially expressed by day 7 S| SMARTA CD4* T cells compared to day 7 splenic
SMARTA CD4* T cell subsets. (B) Gene set enrichment analysis (GSEA) comparing day
7 and 21 SI SMARTA CD4™ T cells. (C-G) Single-cell RNAseq of circulating and resident
SMARTA CD4* T cells from spleen and Sl, harvested on day 7 or 21 post-infection. (C)
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UMAP dimensional reduction colored by sample (top) and relative enrichment of indicated
gene signatures (bottom). (D) UMAP reduction and violin plots showing relative enrichment
of indicated gene signatures. (E) Velocity field projected onto UMAP plot of specified
tissues. Arrows show the local average velocity evaluated on a regular grid. (F) UMAP

plots showing latent time with yellow representing the most terminal state. (G) UMAP plots
showing enrichment of specified gene signature. Data are from 2-3 replicates (A-C) or 2
replicates (D-H) of cells pooled from 4-5 mice for day 7 and n=12-15 mice for day 21.
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Figure5. CD4" SI Ty exhibit heterogeneity and express genes associated with both effector
and memory fates.

Single-cell RNAseq of SMARTA CD4™ T cells from spleen and Sl on day 21 following
LCMV-Arm infection. (A) UMAP dimensional reduction of SI and LPL SMARTA CD4*

T cells colored by tissue identity. (B-C) UMAP reduction of SPL and LPL samples (B) or
LPL samples only (C) showing relative enrichment of indicated gene signatures. (D) UMAP
reduction showing relative expression of indicated transcriptional regulators, cell surface
receptors or cytokines. (E) UMAP dimensional reduction showing merged expression of
indicated TF pairs. (F) Bar plot showing relative fold-change of Bc/6 mRNA in indicated
tissue compared to spleen in Blimpl* versus Blimpl~™ SMARTA CD4* T cells from mice
on day 15 of LCMV-Arm infection. One-way ANOVA test was performed for statistical
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significance. Data are from 2 replicates (A-E) or 3 replicates (F) of cells pooled from 12-15
mice per replicate. Graphs show mean = SD; *p < 0.05, ** p<0.01.
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Figure 6. Lossof Blimp1 or d2 impairsearly CD4* Try differentiation.
(A) Representative histograms of Blimp1-YFP expression by SMARTA CD4* T cells from

spleen, mLN, and Sl on day 7 or 21 following LCMV-Arm infection. (B) Quantification of
Blimp-YFP* cells of total SMARTA CD4* T cells in indicated tissues. (C) Representative
flow plots showing the frequency of WT and Blimp1-KO SMARTA CD4* T cells in
indicated tissues at specific time points. (D) Quantification of the frequency of WT and
Blimp1-KO of total SMARTA CD4* T cell population. (E) Representative flow plots of
Id2-YFP and 1d3-GFP expression by SMARTA CD4* T cells from SPL, mLN, and Sl on
day 7 or 21 of infection. (F) Quantification of the frequency of 1d2-YFP* or ID2-YFP*Id3-
GFP* cells of total SMARTA CD4* T cells. (G) Representative flow plots comparing

the frequency of WT and 1d2-KO SMARTA CD4* T cells in indicated tissues at specific
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time points. (H) Quantification of the frequency of WT and 1d2-KO of total SMARTA
CD4* T cell population. Numbers in flow plots or histograms indicate percent of cells

in corresponding gate. (1) Ratio of number of SMARTA Tyl or Tgy cells recovered at

day 8 of infection (day 5 post-transfer) compared to number of SMARTA Tyl or Tgy

cells transferred at day 6 of infection. Data are representative (A,C,E,G) or cumulative
(B,D,F,H,I) of 2—-4 experiments with n=2—4 mice per experiments. Graphs show mean * SD;
*p < 0.05, ** p<0.01, *** p<0.001, ****p< 0.0001. One way ANOVA (B, D, F, H) or paired
t-test (1) was performed for statistical significance.
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Figure 7. Loss of Bcl6 at day 7 enhancesthe Ty differentiation program.

(A) Representative flow plots showing the frequency of WT and Bcl6-KO SMARTA CD4*
T cells in indicated tissues at specific time of infection. (B) Quantification of the frequency
of WT and Bcl6-KO of total SMARTA CD4* T cell population. (C,D) Bulk RNAseq of WT
and Bcl6-KO SMARTA CD4* T cells from SPL and SI, harvested at day 7 of LCMV-Arm
infection. (C) Principal component analysis (PCA) of RNAseq data. (D) Gene enrichment
analysis (GSEA) of indicated gene signatures in day 7 RNAseq data. (E-F) Single-cell
RNAseq analysis of WT and Bcl6-KO SMARTA CD4* T cells from SPL and S, harvested
at day 7 and 21 of LCMV-Arm infection. Violin plots showing relative enrichment of
indicated gene signature (E) or relative gene expression of indicated gene (F). Data are
representative (A), or cumulative (B-F) of 3 experiments with n=2—-4 mice (A-B) or 2-3
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replicates of cells pooled from 5-12 mice per replicate (C-F). Graphs show mean + SD;
*p < 0.05, ** p<0.01, *** p<0.001, ****p<0.0001. One way ANOVA was performed for
statistical significance (B).
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