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A novel memory-like Tfh cell subset is precursor to
effector Tfh cells in recall immune responses

Han Feng!®, Zixuan Zhao'®, Xiaohong Zhao'@®, Xue Bai'®, Weiwei Fu?@®, Liangtao Zheng>®, Boxi Kang>®, Xiaohu Wang'®, Zemin Zhang>®, and
Chen Dong"**@®

T follicular helper (Tfh) cells, essential for germinal center reactions, are not identical, with different phenotypes reported.
Whether, when, and how they generate memory cells is still poorly understood. Here, through single-cell RNA-sequencing
analysis of CXCR5*Bcl6* Tfh cells generated under different conditions, we discovered, in addition to PD-1" effector Tth
cells, a CD62L*PD1'*™ subpopulation. CD62L-expressing Tfh cells developed independently from PD-1* cells and not in direct
contact with B cells. More importantly, CD62L* Tfh cells expressed memory- and stemness-associated genes, and with better

superior long-term survival, they readily generated PD-1" cells in the recall response. Finally, KLF2 and IL7R, also highly
expressed by CD62L* Ttfh cells, were required to regulate their development. Our work thus demonstrates a novel Tfh
memory-like cell subpopulation, which may benefit our understanding of immune responses and diseases.

Introduction

Follicular helper T (Tfh) cells are essential in the regulation of
germinal center (GC) reactions. They were originally defined by
the expression of CXCR5, which facilitates CD4* T cell migration
into B cell follicles (Ansel et al., 1999; Breitfeld et al., 2000;
Schaerli et al., 2000; Kim et al., 2001). Subsequently, Tth cells
were found to highly express PD-1, ICOS, or BTLA, but not
CD62L, CCR7, and PSGL1, markers for naive T cells, and were
proposed to be distinct from other helper T cell subsets (Yu and
Vinuesa, 2010; Suan et al., 2015; Crotty, 2014; Nurieva et al.,
2008). In 2009, Bclé was defined as the lineage-specific tran-
scription factor for Tth cells; lack of Bcl6 in CD4* T cells impaired
Tth cell development and the GC reaction (Nurieva et al., 2009;
Yu et al., 2009; Johnston et al., 2009). Using a Bcl6-RFP reporter
mouse, we previously showed that CXCR5*Bclé6* T cells were
functionally polarized Tth cells and were sometimes called GC-
Tth cells (Liu et al., 2012; Crotty, 2011). However, Tth cells are
not phenotypically and functionally identical. Heterogeneity of
CXCR5*Bcle* GC-Tth cells has been reported, characterized by
expression of IFN-y (Velu et al., 2016; Liang et al., 2019), IL-4
(Weinstein et al., 2016), or IL-13 (Gowthaman et al., 2019). On
the other hand, Tth cells circulating in human peripheral blood
were classified into Tfhl, Tfh2, and Tth17 subpopulations based
on their CXCR3 and CCR6 expression (Morita et al., 201;
Schmitt et al., 2009). Thus, single-cell analysis of Tth cells is

needed to better understand their functional heterogeneity in
immune responses.

Memory T cells are generated as a result of immune re-
sponses. After the peak of the immune response, most effector
cells undergo apoptosis during the contraction phase, leaving a
small population of long-lived memory cells, which can maintain
quiescent states but are also capable of self-renewal and survival
without further antigenic stimulation (Seder and Ahmed, 2003).
Memory T cells have been defined as central memory (Tcm),
effector memory (Tem), and tissue-resident memory (Trm cells)
T cells based on the expression of surface molecules and func-
tions (Sallusto et al., 2004). Tem cells express homing receptors
that facilitate their migration to peripheral tissues and produce a
variety of cytokines to perform rapid effector functions. Tcm
cells rarely produce any effector cytokine, but express CD62L
and CCR7, which regulate cell circulation through lymph nodes
(Sallusto et al., 2004). Trm cells express CD103 and CD69 and are
specifically localized at the inflamed tissues (Mueller et al.,
2013). Recent studies on chronic infection and cancer models
have identified a subset of CD8* lymphocytes with progenitor-
like features, including self-renewal and the capacity to generate
long-lived Tcm cells (Leong et al., 2016; He et al., 2016; Im et al.,
2016; Gattinoni et al., 2017). This population of cells is sensitive
to the immune checkpoint blockade therapy in cancer and thus
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became a promising immunotherapeutic target (Im et al., 2016;
Utzschneider et al., 2016; Brummelman et al., 2018). Though
CD8* memory T cells have been characterized, their CD4* T cell
counterparts have not been well studied, especially with regard
to their generation and function. In particular, the ontogeny of
memory Tth cells remains poorly understood, although we and
others showed that CXCR5* or Bclé* effector Tth cells could
generate memory Tfh cells (Liithje et al., 2012; Liu et al., 2012).
In this study, we conducted single-cell RNA-sequencing
(RNA-seq) analysis on CXCR5*Bcl6* Tth cells generated under
several conditions. In addition to the previously characterized
PD-1* effector Tth cells, we discovered a novel Tfh subset with
memory cell features. This population of cells exhibits increased
survival and gives rise to effector cells in the recall response.
Our results thus reveal Tfh cell heterogeneity and offer new
insights into memory Tfh cell development and regulation.

Results

Single-cell RNA-seq analysis of Tfh cell heterogeneity

To characterize the heterogeneity of Tth cells, we performed
single-cell RNA-seq analysis, using the 10x Genomics platform,
on live Tth cells isolated from keyhole limpet hemocyanin
(KLH)-immunized Bcl6RF x Foxp3©FP reporter mice based on the
CD4*CD44MCXCR5*Bcl6-RFP*Foxp3-GFP-B220- gating (Fig. Sl
A). After concatenation of data and quality control, a total of
5,410 cells were captured with 1,251 median genes per cell.
Bioinformatic analysis of gene expression via unsupervised
clustering identified 10 major cell clusters (Fig. 1 A). To define
the identity of each cell cluster, we defined the most signifi-
cantly differentially expressed genes (DEGs) in each cluster.
DEGs in cluster 1 (C1) exhibited the characteristics of conven-
tional effector Tth cells, with high levels of expression in clas-
sical Tfh cell signature genes including Pdcdl, Lag3, Hifla, Tox,
121, Cxcr5, and Tox2. We also found several previously uniden-
tified Tfh cell subtypes: Sell* central memory-like (Pepper and
Jenkins, 2011) (C3), Ifitl* interferon-stimulated (C6), and Stmni*
highly proliferating (C5 and C7). The lack of signature gene
transcripts precluded the definition of CO and C2 clusters (Fig. 1
A). Due to the existence of duplicates and multiplets, cells of C8
and C9 were likely macrophages and B cells, respectively, based
on DEGs, and were excluded from further analysis. Interest-
ingly, the expression of Pdcdl and Sell in Tth cells was mutually
exclusive (Fig. S1 B). Pdcdl expression was mostly detected in Cl,
C5, and C7, but barely in C3, whereas Sell was highly expressed
in C3 and C6 (Fig. S1 B). II21, Hifla, and Lag3 expression corre-
lated well with that of Pdcdl, while KIf2, Slprl, and II7r shared
similar expression patterns with Sell. On the other hand, the
expression of Icos and Tcf7 was widely distributed in each cluster
(Fig. 1 B).

We then further focused on DEGs in Cl (Pdcdi™) and C3
(Sellhi). Many genes previously characterized as important in
Tth cell generation and function, including Ascl2, Egr2, Maf, Egrl,
Pou2afl, Cd200, Batf, and Tox2 (Liu et al., 2012, 2014; Xu et al.,
2019), were highly expressed in C1 (Fig. 1 C). In addition, several
unidentified genes including Srgn, Padi4, Tbcld4, and Angptl2,
involved in cell metabolic pathways and inflammatory
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responses (Suzuki et al., 2003; Moltke et al., 2014; Tabata et al.,
2009; Chen et al., 2020), were also found in DEGs of C1. C1 cells
thus likely represented effector Tfh cells. In the meantime, cells
in C3 specifically upregulated expression of genes related to
memory T cell formation, such as Sell, Lefl, and Ccr7 (Seder and
Ahmed, 2003; Sallusto et al., 2004; Mueller et al., 2013; Zhao
et al., 2010), as well as genes involved in cellular localization
and migration, including Slpri, Itgb7, Vim, Selplg, Slpr4, Il7r, and
Cytip (Rivera et al., 2008; Neri et al., 2011; Mueller et al., 2013);
anti-apoptosis and cell stemness-related genes, such as Kif2,
Klf6, and Bcl2 (Bai et al., 2007; Wang et al., 2016; Carlson et al.,
2006; Garcia-Séez, 2012); and cell cycle inhibitors, including
Ms4a4b, Cdkn2d, and Lspl (Baumgartner and Harper, 2003; Xu
et al., 2010) (Fig. 1 C).

The above data suggest that Bcl6* Tfh cells may be heterog-
enous. To examine if they were not limited to KLH immuniza-
tion, we also conducted single-cell RNA-seq of Tfh cells in
draining lymph nodes of influenza-infected mice and Peyer’s
patches (PP) of naive mice using the same gating strategy.
Tfr cells in draining lymph nodes of KLH-immunized
Bcl6RFP x Foxp3©FP reporter mice were also isolated based on
CD4*CXCR5*Bcl6-RFP*Foxp3-GFP* gating and analyzed simi-
larly. The Uniform Manifold Approximation and Projection
(UMAP) analysis showed generally consistent cell cluster sub-
types in these Tfh and Tfr cells as Tth cells in the KLH model
(Fig. S1 C), although the ratios between the cell clusters were
different depending on the immune contexts and cell subtypes
(Fig. 1 D). Tth cells in PP showed relatively higher frequencies
of Pdcdi cluster (C1) and lower frequencies of Sell™ cluster (C3)
compared to those from KLH immunization and influenza in-
fection (Fig. 1 D and Fig. S1 D). Furthermore, C4 in Tfr cells
derived from KLH immunization was unique (Fig. S1 C), and
almost not detected in Tth cells under all conditions (Fig. 1 D).
Although the majority of the Tfr cells express Foxp3 (Fig. S1E),
genes with the highest levels of expression in C4 of Tfr cells
were Ctla4, Id2, Foxol, Il2ra, I12rb, and Nrnl, all related to reg-
ulatory T cell development and function (Fig. S1 F).

To validate the above single-cell RNA-seq results, we ana-
lyzed PD-1 and CD62L protein expression by flow cytometry in
CD4*CD44MCXCR5*Bcl6* Tth cells in draining lymph nodes of
KLH-immunized mice. We found ~60% GC-Tth cells expressed
PD-1 and ~25% CD62L* (Fig. 1, E and F). In addition, we also
examined Tth cells in draining lymph nodes of influenza virus-
infected mice and in PP in unchallenged mice at steady states.
Similar cell distribution patterns were observed (Fig. 1, E and F),
though the ratio of PD1* versus CD62L* Tfh cells in PP was
significantly higher compared with that in KLH immunization
and influenza infection (Fig. 1, E and F). Consistent with the
single-cell RNA-seq results, CD4*CXCR5*Bcl6* follicular regula-
tory (Tfr) cells from KLH immunization also contained PD1* and
CD62L* subpopulations but the ratio of PD1* versus CD62L* in
Tfr cells were relatively lower than those in Tth cells (Fig. 1 F and
Fig. S1 D).

Taken from the above data, it appears that during the im-
mune response, Tth cells, and perhaps Tfr cells, contain several
distinct subtypes, especially with a CD62L-expressing popula-
tion, in addition to the conventional PD-11 effector Tth cells.
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Figure 1. Identification of CD62L-expressing Tfh cells through single-cell transcriptomic analysis. (A) Unsupervised clustering of KLH
immunization-derived Tfh single-cell RNA-seq data was performed on a UMAP. Selected DEGs of the indicated cluster were highlighted in the UMAP.
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(B) UMAP visualization showing gene expressions of Pdcdl, 121, Hifla, Lag3, Sell, KIf2, S1pr1, Il7r, Bcl6, Icos, Tcf7, Lefl. (C) DEGs of each cluster were shown by
heatmaps. Selected genes of marker genes in C1 and C3 were highlighted. (D) Cluster distributions of each single-cell sample were shown by stacked bars.
(E) Flow cytometry analysis of PD-1and CD62L expression in Tfr cells derived from draining lymph nodes on day 8 after KLH immunization and GC-Tth cells
derived from draining lymph nodes at day 8 after KLH immunization (KLH), day 9 after influenza infection (Flu), as well as PP at steady state. (F) Statistical
analysis of PD1* and CD62L* percentages in indicated cell types. Data of E and F represent two independent experiments. Data are shown as mean = SD; two-

tailed t test; *¥, P < 0.03; ***, P < 0.00L; ****, P < 0.0001; ns, no significance.

Increased percentages of CD62L* Tfh cells along with immune
response progression

The above single-cell transcriptomic analysis has revealed a
CD62L-expressing Tth cell population. To characterize these
cells further, we first examined Tfh cells in B6 mice analyzed at
different time points after KLH immunization. PD-1* Tth cells
were the predominant cell population at the early stages of the
immune response but sharply decreased 14 days after immuni-
zation (Fig. 2, A-C). In contrast, CD62L" Tth cells increased in
percentages over time and became the major composition of Tfh
cells 28 days after immunization (Fig. 2, A-C), suggesting that
they may indeed represent the memory cells.

We also analyzed antigen-specific Tfh cells using OT-II TcR
transgenic T cells. Similar to KLH immunization, naive OT-II
T cells transferred into CD45.1 recipient mice developed into PD-
1* and CD62L* Tth cell populations after OVA immunization
(Fig. 2, D-F). The ratios of PD-1* versus CD62L* Tth cells were
firstly increased upon antigen immunization and then decreased
after the peak of the immune response (Fig. 2 F).

Although in single-cell analysis, Bcl6 transcripts were not
been well detected in Tth cells (Fig. 1 B), possibly due to limi-
tation of sensitivity, through Bclé intracellular staining, we
found that Bcl6 protein expression in CD62L* Tth cells and PD-1*
Tth cells were comparable (Fig. 2, G and H). Meanwhile, the
overall chromatin accessibilities at the Bclé gene locus had no
significant difference between CD62L* Tth cells and PD-1* Tth
cells (Fig. 2 I). Taken together, we believe that CD62L* Tth cells
discovered in single-cell RNA-seq were indeed bona fide

Tfh cells.

Ontogeny of CD62L-expressing Tfh cells
To analyze if CD62L-expressing Tfh cells develop as a function
of cell divisions, we transferred CFSE-labeled-naive OT-II T cells
from Bcl6RFP x Foxp3®FP x OT-1I mice into CD45.1 transgenic
mice and immunized them with OVA protein. Since CD45.2*
CD44MCXCR5*Bcl6* Tth cells were barely detected in the first
three cell divisions at day 4 after OVA immunization (Fig. S2 A),
we mainly analyzed the expressions of PD-1 and CD62L in Tfth
cells having divided above three times. After OVA immuniza-
tion, T cells, even without divisions, rapidly downregulated
CD62L expressions and some gradually regained the expressions
of CD62L after divisions (Fig. S2 B). More importantly, Tth cells
simultaneously acquired PD-1 and CD62L expression along with
the cell divisions (Fig. 3, A and B), indicating that CD62L* and
PD-1* Tth cells were generated simultaneously at early phases of
immune responses.

To explore the ontogeny of CD62L* Tfh cells, especially to
understand if they are derived from PD-1* Tth cells, we further
employed a new II21 fate-mapping mice in our analysis. In the
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single-cell analysis, Il21 expression was restricted in PD1*, but
not CD62L* Tth cells (Fig. 1 B). Using IL21V¥P reporter mice, we
confirmed that PD-1 was coexpressed with IL-21 in CXCR5* cells
after KLH immunization (Fig. 3, C and D). By utilizing a new
II21°**Rosa¥f? lineage-tracing mouse, we found that at the im-
mune contraction phase (day 21) after KLH immunization,
memory CD62L* Tth cells had not expressed IL-21 (Fig. 3, C and
E), indicating that the majority of memory CD62L* Ttfh cells
were not derived from IL-21-expressing PD-1* Tth cells. In the
meantime, we also observed a fraction of CD62L* Tth cells ex-
pressing intermediate levels of IL-21 at the early stage, but these
cells were not detected at the immune contraction phase (Fig. 3
C), which indicates that they were not long-lived and may not
serve as the Tfh memory precursor cells. Meanwhile, through
the prediction of cell developmental trajectory calculated by the
RNA velocity analysis, a strong developmental path from Sell
toward Pdcdi™ Tfh cells, but not the reverse, was observed
(Fig. 3 F).

To better characterize CD62L* Tth cells, we performed TCR
clonotype analysis on PD-1* and CD62L* Tfh cells generated after
KLH immunization with naive T cells as controls. Based on the
TCRP chain sequences, as expected, TCR clonotypes were dis-
tinct between naive T cells and two subsets of Tth cells (Fig. 3 G).
Importantly, CD62L* and PD1* Tth cells shared many TCR se-
quences, which suggests that PD1* and the majority of CD62L*
cells were derived from the same progenitors (Fig. 3 G). This
result is consistent with that obtained with OT-II T cells, and
they together indicate a stochastic process in the generation of
antigen-specific CD62L* and PD-1* Tth cells. However, we still
observed a fraction of CD62L* Tth cells carrying unique TCRs,
the basis of which is still unknown (Fig. 3 G). These CD62L* Tth
cells, as one possibility, may derive from pre-existing or by-
stander memory T cells. When we further analyzed the shared
TCRP sequences between PD-1* and CD62L* Tth cells, we found
that certain TCRs showed differential distributions between two
groups of cells (Fig. 3, H and I), suggesting that TCR signaling
may impact the development of PD-1* and CD62L* Tth cells.

Taken together, CD62L* Tth cells were generated at an early
stage during development, simultaneously with PD-1* Tth cells
derived from the same progenitors with biased TCR preferences.
Moreover, long-lived CD62* Tth cells were not derived from
IL-21-expressing PD-1* Tfh cells.

CD62L-expressing Tth cells are not preferentially in contact
with B cells

Tth cells are in close contact with cognate B cells to provide
“help” in B cell proliferation and differentiation. Thus, we
compared PD-1- and CD62L-expressing Tth cells in forming
conjugates with B cells. B cell-conjugated Tth cells were sorted
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Figure 2. Increased percentages of CD62L* Tfh cells during the progression of immune responses. (A and B) Kinetic expression of PD-1and CD62L in
CD4*CD44MCXCR5*Bel6* GC-Tth cells after KLH immunization at indicated time points. (C) The ratios of PD1* versus CD62L* Tth cell percentages at indicated
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time points. (D and E) Kinetic expression of PD-1 and CD62L in adoptive-transferred CD45.1*CD44MCXCR5*Bcl6* OT-II T cells after OVA immunization at
indicated time points. (F) The ratios of PD1* versus CD62L* cell percentages in transferred CD45.1*CD44"CXCR5*Bcl6* OT-1I T cells at indicated time points.
(G) Representative Bcl6 intracellular staining levels in PD-1*, CD62L* Tfh cells, and non-Tfh cells at indicated time points. (H) Mean fluorescence intensities
(MF1) of Bcl6 expression in CD62L and PD-1* Tth cells at each time point. (1) Chromatin accessibility of the Bcl6 gene locus of CD62L* Tfh, PD-1* Tfh, and naive
CD4* T cells were analyzed in parallel. Red lines highlight the differentially accessible regions of Bclé gene within different cells. Data of A-G represent two
independent experiments. Data are shown as mean or mean + SD; two-tailed t test; **, P < 0.03; ***, P < 0.001; ****, P < 0.0001; ns, no significance.

from KLH-immunized Bcl6®*® x Foxp3¢FP reporter mice (Fig. 4 A)
and disassociated in vitro. The majority of B cell-conjugated Tth
cells were PD-1%, but barely expressed CD62L (Fig. 4 B), sug-
gesting that CD62L-expressing Tth cells were not preferentially
in contact with B cells. However, we observed that both
PD-1- and CD62L-expressing Tth cells required B cells for their
generation, as KLH-immunized B cell-deficient uMT mice
showed the absence of both PD-1* and CD62L* Tth cells (Fig. S2,
C and D). These results suggest that CD62L* Tfh cells, though not
preferentially in contact with B cells, depended on B cells for
their development. To further characterize the localization of
CD62L* Tth cells, we then performed immunofluorescence. By
immunizing Bcl6-RFP reporter mice, we observed notably re-
duced proportions of CD62L-expressing Bcl6* T cells within the
GC area when compared with CD62LBclé* T cells (Fig. 4, C and D).
This observation suggests that the majority of Bcl6-expressing
CD4 T cells within the GC, very likely expressing PD-1 (Fig. S2
E), lacked CD62L expression. Furthermore, our comprehensive
analysis of the overall cellular distribution of CD62L*BCL6 RFP*
cells elucidated their predominant localization within PNA*B220~
GC areas, with only a sparse presence detected in the PNA-B220*
follicle mantle and T cell zone (Fig. 4 E). These discerning findings
effectively distinguish CD62L"Bcle* Tth cells discovered in our
study from the previously characterized follicle mantle Tfh cells.
Based on the above observation that CD62L* Tth cells highly ex-
pressed T cell migration markers, such as Slprl, Slpr4, etc. (Fig. 1, B
and C), CD62L* Tth cells are likely to circulate into the periphery.

CD62L-expressing Tfh cells exhibit memory cell features
To better analyze the characteristics of CD62L* Tfh cells, we
compared Pdcdi™ cell cluster (C1) and Sell™ cluster (C3) in their
DEGs based on our single-cell RNA-seq results. The genes spe-
cifically expressed in Sell™ cluster were related to pathways
associated with cell stemness (GO: 0019827; GO: 0035019) and
T cell memory (Hale et al., 2013) from published gene sets, but
less correlated with genes involved in mTCRCI signaling and
glycolysis processes (Fig. 5 A and Fig. S3 A). Gene set enrichment
analysis (GSEA) also revealed that CD62L* Tth cells were char-
acterized by transcripts associated with Wnt, Notch, and
Hedgehog signaling pathways, whereas PD-1* Tth cells were
characterized by transcripts associated with cell cycle, apo-
ptosis, and oxidative phosphorylation (Fig. 5 B). Moreover,
Pdcdl expression was mostly enriched in C1, C2, C5, and C7
(Fig. 1 C). Although the cell cycle did not have any significant
difference between Cl and C3, C5 and C7 represented distinct
cell status and proliferation phases (Fig. 5 C), indicating that
Pdcdi-expressing cells were more proliferative.

To further validate the observations in single-cell RNA-seq
analysis, we compared bulk RNA-seq data of CD62L* and PD-1*
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Tfh cells, as well as non-Tfh cells isolated based on
CD4*CD44MCXCR5Bcl6-RFP-Foxp3-GFP-. Consistent with
single-cell RNA-seq data, CD62L* Tth cells exhibited increased
expression of genes associated with anti-apoptosis and lym-
phocytes egress and decreased expression in those associated
with cell cycles and Tth effector function compared with PD-1*
Tth cells (Fig. 5 D).

To understand if PD-1* and CD62L* Tth are distinct at epi-
genetic levels, we performed an assay for transposase-accessible
chromatin with high throughput sequencing (ATAC-seq) to
compare the open chromatin landscapes of CD62L* and PD-1*
Tth cells and analyzed differentially accessible regions. Naive
CD4* T cells and in vitro differentiated Tfh-like cells were ana-
lyzed in parallel as controls. Overall, 174 genes were more ac-
cessible and 2,482 genes were less accessible in chromatins of
CD62L* Tfh cells, while 765 genes were more accessible and 679
genes less accessible in chromatins of PD-1* Tth cells, both
compared to naive CD4* T cells (Fig. 5 E). The total open chro-
matin regions in CD62L* Tth cells were significantly less than in
PD-1* Tth cells. As expected, the Pdcdl and Sell loci showed in-
creased accessibility in PD-1* and CD62L* Tth cells, respectively
(Fig. S3 B). Further analysis on the open chromatin regions in
PD-1* and CD62L* Tth cells revealed that binding motifs of genes
associated with cell stemness, like Flil, Sox10, Sox17, Oct2, were
strongly associated with the accessible chromatin regions of
CD62L* Tth cells (Fig. 5 F). In contrast, motifs related to T cell
effector function, especially those of Jun-APl1 complex and AP-1
family members, were enriched in PD-1* Tth cells (Fig. 5 G). The
chromatin accessibility data support that CD62L* Tth cells exhibit
quiescent, stem-like, and reduced chromatin accessibility.

To verify the memory and stem-like features of CD62L* Tth
cells, we compared the survival of CD62L* and PD-1* Tth cells.
We adoptively transferred CD62L* and PD-1* Tth cells derived
from OVA-immunized CD45.1 mice receiving naive CD4* T cells
from Bcl6RFP x Foxp3SFP OT-II transgenic mice (Fig. 6, A and B).
Without antigen stimulation, PD-1* Tth cells went apoptotic
quickly; meanwhile, CD62L* Tth cells showed lower cell death
rates (Fig. 6 B) and migrated into peripheral lymphoid organs
through blood (Fig. 6 C). More importantly, upon antigen re-
challenge (Fig. 6 D), CD62L* Tth cells proliferated as well as naive
T cells (Fig. 6 E), but much more rapidly than PD-1* Tth cells,
CXCR57Bcl6-CD62L" non-Tth cells, or CXCR5"Bcl6-CD62L* Tem
cells (Fig. 6 E). Notably, CD62L* Tth cells gave rise to secondary
CXCR5*Bcl6* Tth, especially PD-1* effector Tth cells, more effi-
ciently compared with all other cell types (Fig. 6, E and F).
Similarly, CD62L* and PD-1* Tfh cells largely maintained
CXCR5*Bcl6* Tth phenotypes in the recall response (Fig. 6, H and
1), in contrast to naive T cell and Tcm cell controls (Fig. 6, H and
I). These results indicate that CD62L* Tth represents effector
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Figure 3. Ontogeny of CD62L-expressing Tfh cells inimmune responses. (A and B) Naive OT-Il labeled with CFSE were adoptively transferred into CD45.1
recipient mice, which were subsequently immunized subcutaneously with OVA. Mouse draining lymph nodes were isolated for analysis at day 4 after
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immunization. (A) Representative flow cytometry staining of PD-1 or CD62L in each cell division of CXCR5*Bcl6*CD45.2* OT-Il cells. (B) Statistical analysis of
(left) CDB2L*CXCR5*Bcl6* and (right) PD1* CXCR5*Bcl6* cell percentages in transferred CD45.2+ OT-II cells. (C-E) IL21-VFP and /121°R26"FP mice were
subcutaneously immunized with KLH. 5 or 21 days later, mice were sacrificed for analysis. (C) Representative flow cytometry analysis of PD-1and CD62L versus
IL-21-VFP or YFP expression in CD4*CD44MCXCRS5* cells at day 5 after KLH immunization of IL21-VFP mice or day 21 after KLH immunization of 21°R26"""
mice, respectively. (D and E) Statistical analysis of IL-21-VFP* or YFP* percentages in PD1* or CD62L* Tfh cells, respectively. (F) RNA velocity analysis of cells in
C1, C3, and C6 projected onto the UMAP plot. Arrows indicated the direction and speed of each cell. (G-1) Bcl67*PFoxp3°FP mice were immunized with KLH,
8 days later, PD-1* Tth, CD62L* Tth, and naive T cells were isolated into 96-well plates, and the TCRB chain mRNA sequences were amplified and sequenced.
(G) TCRB clonotypes in PD-1* Tfh, CD62L* Tfh, and naive T cells. (H) The distribution of shared TCRB sequences in CD62L* and PD1* Tth cells. Blue and red
boxes indicate the uneven presence of indicated TCRB clonotypes in PD1* and CD62L* Tth cells, respectively. (I) The proportions of shared TCR in each TCR Vb
subtype between CD62L* and PD1* Tth cells. Blue and red lines indicate higher percentages of indicated TCR Vb in PD1* and CD62L* Tth cells, respectively.
Data above are representative of two independent experiments. Data of A-E represent two independent experiments. Data are shown as mean or mean + SD.

**, P < 0.01; ***, P < 0.00L; ****, P < 0.0001; ns, no significance.

memory Tth cells, but not multipotent memory CD4* T cells, like
Tcm cells. Of note, GC B cell responses and the production
of antigen-specific antibodies were higher in mice receiving
CD62L* Tfh cells (Fig. 6, J-L). Similar observations were also
made at 1 wk after secondary immunization (Fig. S4, A-F). GC B
development and antigen-specific antibody production were
highest in the recipients of CD62L* Tth cells (Fig. S4, E and F).
Intriguingly, at this time point, the total cell proliferation and
Tth development were relatively similar in the recipients of
CD62L* Tth cells and of naive OT-II cells (Fig. S4, B and C), which
contrasts with day 4 (Fig. 6, E and F). These findings suggest that
CD62L* Tth cells act as quicker responders upon recall response
and provide efficient help to B cells.

In addition, when CD62L* and PD-1* Tth cells were trans-
ferred into Tcrbd~/~ mice and reimmunized with OVA antigen
14 days later (Fig. S4 G), CD62L* Tth cells exhibited increased
survival rates and proliferation in response to antigen exposure,
while PD-1* Tth cells were almost incapable of producing more
effector Tth cells (Fig. S4 H). Moreover, both GC B cell responses
and antigen-specific IgG production in mice receiving CD62L*
Tth cells were significantly higher compared with those trans-
ferred with PD-1* Tth cells (Fig. S4, I and J).

Collectively, these data together indicate that CD62L* Tth
cells are relatively resistant to cell apoptosis, and with stem-like
phenotypes, can give rise to effector cells efficiently in response
to secondary immune response.

Transcriptional factor KLF2 regulates the development of
CD62L-expressing Tfh cells

In the single-cell RNA-seq data, Il7r expression correlated with
Sell, but not Pdcdl expression in Tfh cells (Fig. 1 B). The ATAC-
seq analysis also revealed that the Il7r gene locus was more ac-
cessible in CD62L* than PD-1* Tfh cells (Fig. S5 A), suggesting
that the IL7R signaling, an important regulator in memory T cell
generation and maintenance (Seddon et al., 2003; Kondrack
et al., 2003; Li et al., 2003; Kitano et al., 2011; McDonald et al.,
2016), may contribute to the regulation of CD62L* Tth cells. We
therefore administrated anti-IL7R blocking antibody to CD45.1
recipient mice transferred with naive CD4* T cells from Bcl6®F x
Foxp3%*P OT-1I transgenic mice and immunized with OVA (Fig. S5
B). IL7R blockade increased PD-1 expression and decreased CD62L
expression in Tfh cells at both peak and late stage of immune
response (Fig. S5, C and D). These data indicate that IL7R signaling
regulates the development of CD62L*/PD-1* Tth cells.

Feng et al.
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Given the established roles of TCF1 in stem-like and central
memory CD8* T cells (Jeannet et al., 2010; Pais Ferreira et al.,
2020; Zhao et al., 2010; Choi et al., 2015; Xu et al., 2015), we
further analyzed its expression in different Tth cell subsets. The
vast majority of the CXCR5*Bcl6* Tth cells at day 7 after KLH
immunization expressed TCFl, consistent with the previous
reports about the essential roles of TCF1 in the development of
Tth cells. Unlike PD-1* Tth cells, which ubiquitously expressed
TCF1, there was a fraction of CD62L* Tfh cells that did not ex-
press TCF1 at day 21 after immunization, which indicated that
TCF1 may not be necessary for the maintenance of CD62L* Tth
cells (Fig. S5, E and F). Moreover, by integrative analysis of
TCFl-bound genes in CD4* T cells in public, TCF1 chromatin
immunoprecipitation sequencing dataset (GSE103385), and
genes upregulated or downregulated during Tth cell develop-
ment (GSE40068), we have defined TCFl-regulated genes in
Tfh cells (Fig. S5 G). TCF1 directly bound to plenty of genes
highly expressed in PD-1* Tfh cells, mainly associated with
effector functions of Tfh cells, which suggests the key roles of
TCF1 in regulating PD-1* Tth cells (Fig. S5 G). TCF1 also could
bind to several feature genes of CD62L* Tth cells, including Sell,
KIf2, I7r, Bcl2, etc. (Fig. S5 G). Thus, TCF1 may not specifically
regulate PD-1* or CD62L* Tth cells alone.

To understand the regulation of CD62L* Tth cells, we thus
turned to another transcription factor, KLF2. KIf2 expression
was restricted within Sell-expressing, but not Pdcdl-expressing
Tth cells in single-cell RNA-seq data (Fig. 1 B), raising a possi-
bility that KLF2 may regulate CD62L* Tth cells. Utilizing KLF2SFP
reporter mice, we found obvious coexpression of GFP with
CD62L, but not PD-1 in Tth cells after KLH immunization (Fig. 7,
A and B). Then we generated Bcl6FRT2KI2fl x OT-II mice,
which allowed specific knockout of KIf2 in Bcl6-expressing Tth
cells after the tamoxifen treatment without interfering CD4*
T cell homeostasis. Naive OT-II cells from Bcl6<*e*RT2K1f201fl x OT-
II mice were transferred into CD45.1 recipient mice followed by
OVA immunization, and tamoxifen or control corn oil were in-
traperitoneally injected in recipient mice on days 3, 5, and 7 after
immunization (Fig. 7 C). Total CXCR5*Bcl6* Tth cell percentages
were not affected by KIf2 deficiency (Fig. 7 D); however, both
PD-1* and CD62L* Tth cells were significantly altered (Fig. 7 E).
Although a previous study suggested that KLF2 inhibited Tfh cell
differentiation (Lee et al., 2015), our data demonstrated that
deficiency in KIf2 in committed Bcl6* Tth cells did not impair Tth
cells in general, but mainly increased the PD1* versus CD62L*
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Figure 4. CD62L-expressing Tfh cells are not in contact with B cells, and prone to circulate. (A) The gating strategy used for isolating B cell-conjugated
GC-Tfh cells. Cells were obtained from the draining lymph nodes of Bcl6®"PxFoxp3°FP double reporter mouse on day 8 after KLH immunization.
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(B) Representative flow cytometry staining of PD-1and CD62L expression on B cell-conjugated and unconjugated Tth cells after EDTA treatment. (C-E) BCL6-
RFP reporter mice were subcutaneously immunized with KLH, and the draining lymph nodes were isolated, embedded in OCT, and subjected to cryosectioning
for subsequent immunofluorescence staining. (C) Representative immunofluorescence staining of B220 (blue), PNA (gray), BCL6-RFP (red), CD62L (green), and
CD4 (violet), and multicolor overlapping images of the frozen sections. The upper panels represent five-color overlapping, B220, PNA, and CD4 staining (left to
right); the bottom panels represent three-color overlapping (CD62L*Bcl6-RFP*CD4), Bcl6-RFP, CD62L, two-color overlapping (CD62L*Bcl6-RFP) of single GC,
and entire follicles (left to right). White arrows indicate CD62L*BCL6-RFP* CD4 T cells in the GC area. The length of scale bars represents 50 pum, unless labeled
in the image. (D) Statistical analysis of CD62L*BCL6-RFP* and CD62L~BCL6-RFP* CD4 T cells in GC areas. (E) Statistical analysis of CD62L"BCL6-RFP* CD4
T cells localized in GC area (PNA*B220' ), follicle mantle (PNA-B220*), and T cell zone (PNA-B220-CD4*). Data of A-E represent two independent ex-
periments. Data are shown as mean. Paired t test; ****, P < 0.0001, ns, no significance.

Tth cell ratios. Similar results were also observed in the KLH-
immunized Bcl6°eERT2KIf20f mice (Fig. 7, F-H). Deficiency in KIf2
in Tth cells suppressed CD62L*, but not total Tth cell populations
(Fig. 7, G and H). Furthermore, we observed that Icos expression
was relatively higher in KLF2MCD62L* Tth cells compared with
PD-1* Tth cells (Fig. 5 D). This finding contradicts a previous
work that the blockade of ICOS signaling favors KIf2 expression
in CD4* T cells (Weber et al., 2015). These results support the
differential roles of KIf2 at different stages of Tfh cell develop-
ment. Moreover, the function of KIf2 in regulating CD62L* Tth
cells was dose-dependent since minimal effects were detected in
Bcl6reERT2K1A/+ mice (Fig. 7 H).

In addition, we further investigated the effect of Klf2 defi-
ciency in Bclé-fated cells in the recall immune response. Naive
OT-1I cells from Bcl6ereERT2KIAN OT2 transgenic mice were
transferred into Tcrbd~/- recipient mice followed by OVA im-
munization and tamoxifen-induced KIf2 deletion (Fig. 71I). OVA/
IFA reimmunization was conducted on day 21 after primary
immunization. CXCR5*Bcl6* Tth cells were greatly decreased in
tamoxifen-treated than control mice (Fig. 7, ] and K), especially
PD-1M effector Tfh cells (Fig. 7 M). Additionally, loss of Kif2
in Tth cells resulted in the accumulation of non-functional PD-1-
CD62L- Tth cells during secondary immune response (Fig. 7 M).
Moreover, GC B cell responses and antigen-specific IgG pro-
duction were also substantially reduced due to Kif2 deficiency
(Fig. 7, Land N). These results indicate that the deletion of KIf2 in
Bcl6-expressing Tfh cells impaired memory Tfh cell forma-
tion, but not simply affecting L-selection expression in this
population.

These data overall support that KIf2, specifically expressed in
CD62L* Tfh cells, is required for the generation of these cells,
and more importantly, these cells are required in Tfh cell re-
sponses in the memory phase.

Discussion
In this work, through single-cell RNA-seq analysis of
CXCR5*Bcl6* Tfh cells, we discovered a new subset, which
highly expressed CD62L but not PD-1. These cells were induced
starting at early stages and gradually became the predominant
Tth population at the memory phase of the immune response.
The CD62L* Tth cells, with memory cell-like transcriptional
features, exhibited increased survival and efficiently gave rise
to effector Tth cells in secondary immune response.

How memory T cells are generated remains unclear and may
vary in different effector cell types. A small fraction of CD8*
T cells in lymphocytic choriomeningitis virus (LCMV) or Listeria

Feng et al.
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monocytogenes infection acquired memory precursor character-
istics with increased expression of IL-7 receptor subunit-a (IL-
7Ra), CD27, and B cell lymphoma 2 (BCL-2), and decreased
expression of killer cell lectin-like receptor G1 (KLRGI), distinct
from the KLRGIMIL7Ra'*"CD27MBCL-2M terminal effector cells
(Kaech et al., 2003; Joshi et al., 2007; Joshi and Kaech, 2008;
Sarkar et al., 2008; Schluns et al., 2000). Memory CD8* T cells
in circulation have been classified as Tcm or Tem cells. Tem
cells typically express lymph node homing markers, L-selectin
(CD62L), and CCRY7, and exhibit self-renewal and proliferation
capacity. Subsequently, a small fraction of Tcm cells was iden-
tified and termed as stem cell memory T cell (Tscm), which
coexpress stem cell markers such as Scal in addition to CD62L
and CCRY7 and represent a multipotent memory T cell precursor
to give rise to other memory subsets (Gattinoni et al., 2011; Lugli
et al., 2013). The identification of Tscm strongly supports a
progressive model for CD8* memory T cell differentiation,
suggesting that naive T cells, upon activation, further differen-
tiate into Tscm and progressively reconstitute the entire mem-
ory cell pool. Moreover, a CD62L-expressing Tpex population
was recently identified with long-term proliferative potential,
multipotency, and repopulation of exhausted T cells in chronic
infection. While Tpex shares transcriptional similarity with Tth
cells, they are fundamentally distinct populations with differing
roles and regulation mechanisms (Tsui et al., 2022). Therefore,
the pathways of memory CD4* T cell generation have not been
well elucidated. There is evidence which shows that lineage-
committed effector CD4* T cells, such as IFN-y-producing Thl
effector cells with transgenic TCR specific for LCMV peptide, can
return to quiescent state with IL-7 receptor but not CD62L
expression and produce IFN-y during secondary responses,
therefore acting like Tem cells (Harrington et al., 2008). In the
literature, a population of T-betl®”CXCR5*CCR7*PD-1- T cells
were shown to be generated during infection and subsequently
gave rise to Tth and Thl cells, which fit the definition of Tcm
cells with the potential of differentiating into different types of
T cells in the recall response (Pepper et al., 2011). Subsequently,
more studies showed that long-lived CXCR5* T cells with
memory and stem cell features had the ability to generate Tth
cells upon rechallenge (Hale et al., 2013; Robinson et al., 2022;
Xia et al., 2022). However, these populations of T cells, notably
with a gradient of Bcl6 expression levels from none to high, were
likely a mixture. Indeed, we reported previously that using our
Bclé reporter mice, CXCR5*Bcl6™ cells exhibited non-polarized
gene expression patterns (Liu et al., 2012). In contrast, our
current study specifically focused on Bcl6*CXCR5* Tth cells and
identified a distinct CD62L* subpopulation, which served as
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Figure 5. CD62L-expressing Tfh cells exhibit stem-like memory precursor transcriptional features. (A) Enrichment scores of gene sets associated with
stemness, memory, mTORC1 signaling, and glycolysis of C1 (orange color) and C3 (blue color). (B) Pathways enriched in Pdcd1" and Sell clusters as analyzed by
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GSEA. (C) Stacked bars showing cell cycle phases in each cluster. (D) Heatmaps showing genes associated with cell cycle, anti-apoptosis, Tfh cell signature, and
cellular localization expression in CD62L* Tth, PD-1* Tfh, and non-Tfh cells derived from draining lymph nodes of Bcl6®"P x Foxp3©°FP double reporter mice at
day 8 after KLH immunization. (E) Chromatin accessible regions of CD62L* Tth, PD-1* Tth, and naive CD4* T cells were analyzed in parallel. Venn map shows
the overlap of upregulated peaks (top) of CD62L* Tfh and PD-1* Tth cells compared with naive CD4* T cells or downregulated peaks (bottom) of CD62L* Tth
and PD-1* Tfh cells compared with naive CD4* T cells. (F and G) CD62L* and PD-1* Tth cells derived from draining lymph nodes of Bcl6®"P x Foxp3SFP double
reporter mice on day 8 after KLH immunization were isolated and ATAC-seq was performed. Binding motif of gene or gene complex enriched in CD62L* Tth
cells (F) and (G) PD-1* Tfh cells upregulated peaks. Specific genes were highlighted in red dots. ****, P < 0.0001.

effector memory Tth precursors. Importantly, we conducted a
side-by-side comparison of different T cell populations during
secondary immune response. Our findings revealed that
CD62L*Bcl6*CXCR5* T cells predominantly maintained their Tfh
identity during the transfer experiment. In contrast, only a small
fraction of the progenies of CXCR5*Bcl6~ Tcm cells became Tth
cells, with the majority of this cell population adopting non-Tth
cells containing multiple cell phenotypes (Fig. 6, H and I). These
results showed the distinct nature of CD62L*Bcl6*CXCR5* Tth
cells studied in our research compared with the cell population
discussed in previous literature.

There are rising discussions about the contribution of pe-
ripheral CXCR5* Tfh-like cells in Tth cell memory. The charac-
teristics of circulating CXCR5* Tfh-like cells and distinct
CCR7°"PD1M cells and CCR7/°"PD1™ cell subpopulations were
defined with resting and effector phenotypes, respectively (He
et al., 2013). However, due to the lack of Bcl6 expression in blood
CXCR5* Tfh-like cells, whether circulating CXCR5* Tth-like cells
are derived from Bcl6* Ttfh cells was unclear. We have proved
that blood CXCR5* Tfh-like cells contain both Bcl6-expressed
and non-expressed cell populations, which indicated mixed
origins (data not shown). Moreover, although CXCR5*
CCR7MPD1Y Tth-like cells expressed several molecules includ-
ing CD62L, CCR7, and IL7Ra, similar to our CD62L* Tth cells, they
were poorer in the induction of GC responses compared with
CXCR5*CCR71°%PD1M cells, which is opposite to CD62L* Tth
cells in our research. Therefore, circulating CXCR5*CCR7M
PD1¥ T cells are different from the CD62L* Tfh cells we ana-
lyzed in our study.

In this study, we showed that CD4* T cells, after activation,
differentiate into CXCR5*Bcl6*PD-1* effector and CD62L*
CXCR5*Bcl6* memory-like Tfh cells simultaneously. CD62L*
CXCR5*Bcl6* memory-like cells exhibited an increased ability to
circulate and efficiently generate effector cells in the secondary
response, somewhat similar, but superior to Tcm cells. Our
finding thus revealed the development of memory Tfh cells,
filling the gaps between naive, effector, and memory T cells.

There are currently debates regarding the relationships be-
tween GC-Tth and memory Tth cells. Some regard memory Tth
cells as the descendants of GC-Tth cells. In this opinion, the
majority of effector Tfh cells undergo apoptosis as the GC re-
action terminates, leaving behind a fraction of cells that survive
and transition into memory Tfh cells. Long-lived CXCR5*PD-1*
Tth cells have been reported recently in the context of NAD-
induced cell death blockade (Kiinzli et al., 2020). However,
these cells differ from CD62L* effector memory Tfh precursor
cells discussed in our manuscript in their multipotent capacity
and elevated glycolysis activity in the secondary response, sug-
gesting a mixed cell population with both effector and memory
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Tth cells, including Tcm cells. The second possibility is that a
proportion of memory Tfh cells may be generated very early
during an immune response, and the development of memory
Tth cells is in parallel with that of effector Tth cells (Crotty,
2018). Our data showed simultaneous induction of CD62L*
memory Tfh precursor cells at an early stage of the immune
response with PD-1* Tth cells, supporting the bifurcation of Tth
cells into memory and effector Tfh cells with similar TCRs
during differentiation.

The cellular metabolism is associated with the quiescent and
activation states of T cells. T cell activation requires catabolic
and anabolic metabolisms that facilitate energy consumption
and biosynthesis (Chapman et al., 2020). The stem cell-like
memory T cells maintain a quiescent state with a paused cell
cycle; in the meantime, the requirements for nutrient uptake
and mitochondrial metabolism are quite low in these cells
(Gattinoni et al., 2017; Galletti et al., 2020). Through transcrip-
tional profiling of CD62L* Tth cells, we found that the glycolysis
process and mitochondrial metabolism, mainly oxidative phos-
phorylation, are largely decreased in CD62L* compared
with PD-1* Tfh cells. In the meantime, the cell cycle- and
proliferation-related genes are also downregulated, whereas
the anti-apoptosis genes are highly expressed in CD62L* Tth
cells, indicating that CD62L* Tfh cells maintain a quiescent, low
metabolic activity, but have strong survival, in line with Tscm
CD8* T cells. However, when encountering an antigen again,
CD62L* Tth cells can efficiently exit the quiescent state to enter
the activation state and differentiate into PD-1* Tth cells, as well
as maintain a CD62L* Tth cell pool.

In conclusion, through single-cell RNA-seq analysis, we dis-
covered a novel Tth subpopulation with CD62L expression. This
population has stem cell-like and memory precursor features,
and with long-term survival ability, can give rise to effector Tth
cells in the recall immune response. The exploration of CD62L*
Tth cells gives further insights into memory Tfh cell develop-
ment and regulation.

Materials and methods

Mice

C57BL/6, OT-1I, uMT, TCRbd /-, and CD45.1 congenic mice were
maintained in-house. The Bcl6®F mice were generated previ-
ously (Liu et al., 2012) and were backcrossed with C57BL/6 mice
at least eight times. The Bcl6R*Pmice were crossed with Foxp3©F?
mice (Lin et al, 2007) to generate Bcl6®™® x Foxp3®FP double
reporter mice. Bcl6ERT2 and II21°" mice were generated as
described (Feng et al., 2022). KLF2-GFP mice and KIf2f°* mice
are kind gifts of Dr. Stephen C. Jameson of the University of
Minnesota Medical School (Minneapolis, MN). IL21-VFP mice
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Figure 6. CD62L-expressing Tfh cells give rise to effector Tfh cells in the secondary immune response. (A) Schematic diagram of PD-1* or CD62L* Tth
cell adoptive transfer. (B) Cell death rates in CD45.2* OT-II* CD4* T cells in the spleen from CD45.1 recipient mice adoptively transferred with PD-1* or CD62L*
Tth cells. (C) CD45.2* OT-II* CD4* T cell percentages in indicated tissues from CD45.1 recipient mice adoptively transferred with PD-1* or CD62L* Tth cells.
(D) Schematic diagram of PD-1* or CD62L* Tfh cell adoptive transfer and OVA immunization. (E-G) Absolute numbers of (E) CD45.2*OT-II*CD4* T cells, (F)
CD45.2*0T-II* CD4*CXCR5*Bcl6* Tfh cells, or (G) PD-1*CD45.2*OT-II* CD4*CXCR5*Bcl6* Tth cells in mice adoptively transferred with indicated cells on day 5
after OVA immunization. (H) Representative flow cytometry staining of CXCR5 and Bcl6 in CD45.2*OT-1I* T cells of mice receiving indicated cell types.
(1) Statistical analysis of CXCR5*Bcl6* cell percentages in CD45.2* OT-II* T cell derived from indicated transferred mice. (J and K) Statistical analysis of GC B cell
percentages (J) and absolute number of mice received indicated cells (K). (L) OVA-specific IgG levels in serum of mice receiving indicated cells were measured
by ELISA. Data above are representative of two independent experiments. Data of A-C represent two independent experiments. Data of D-L represent at least
three independent experiments. Data are shown as mean * SD; two-tailed t test (C, E-G, and I-K) or two-way ANOVA (L); *, P < 0.05; **, P < 0.01; ***, P <
0.001; ****, P < 0.0003; ns, no significance.
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Figure 7. KLF2 regulate the development of CD62L-expressing Tfh cells. (A) Representative expression of KLF-GFP with CD62L and PD-1in Tth cells on
day 14 after KLH immunization of KIf25F" Bcl6R™ mice. (B) KLF2-GFP* cell percentages in CD62L* and PD-1* Tth cells on day 14 after KLH immunization of
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KIf257P Bcl6R™ mice. (C) Experimental workflow of Bcl6<ERT2KIf2%/ OT-II cell adoptive transfer and immunization experiment. (D and E) Tth cell percentages
in CD4+*CD44" cells (D), and (E) percentages of PD-1* (left) and CD62L* (right) in Tth cells of vehicle- and tamoxifen-treated mice. (F) Experimental workflow of KLH
immunization of Bcl6<ERT2KIf2 and control K2V WT mice. (G and H) Tfh cell percentages in CD4*CD44" cells (G), and (H) the percentages of PD-1* (left) and
CD62L* (right) cells in Th cells of KLH-immunized WT, Bcl6<*ERT2K(f2%*, and Bcl6r*FR™K(f2Vf mice. Data above are representative of two independent experiments.
(1) Experimental workflow of the recall immunization. (J) Representative flow cytometry staining of CXCR5*Bcl6* cells in CD45.2*CD44" OT-II cells derived from
draining lymph nodes of control and tamoxifen-treated recipient mice. (K and L) Percentages and absolute numbers of (K) CXCR5*Bcl6* Tth cells and (L) GL7*Fas* GC
B cells. (M) Proportions of indicated cell populations among secondary CXCR5*Bcl6* Tfh cells. (N) OVA-specific IgG production in serum from control and tamoxifen-
treated recipient mice. Data of A, B, and F-N represent two independent experiments. Data of C-E represent three independent experiments. Data are shown as mean

+ SD; two-tailed t test (B, D, E, G, H, and K-M) or two-way ANOVA (N); *, P < 0.05; **, P < 0.0, ***, P < 0.001; ****, P < 0.0001; ns, no significance.

(JAX 030295) were purchased from the Jackson Laboratory. All
the mice were maintained under specific pathogen-free con-
ditions in the Animal Facility of Tsinghua University. All the
animal protocols used in this study were accredited by the
American Association for Accreditation of Laboratory Animal
Care and Institutional Animal Care and Use Committee of
Tsinghua University.

Animal models

Immunization

For KLH immunization, the mice were subcutaneously immu-
nized with KLH (100 ug/mouse) mixed with complete Freund’s
adjuvant (CFA, 1 mg/ml; Sigma-Aldrich) near the base of the tail
and sacrificed and analyzed on day 7 after immunization.

For chicken OVA immunization, the mice were subcutaneously
immunized with OVA (150 pg/mouse) mixed with CFA (1.5 mg/
ml; Sigma-Aldrich) near the base of the tail and sacrificed and
analyzed on day 7 or indicated time point after immunization.

Infection

Influenza virus A/Puerto Rico/8 (PR8, HIN1) was generated by
Dr. Hong Tang and his colleague at CAS Key Laboratory of In-
fection and Immunity. The mice were anesthetized and intra-
nasally infected with 0.1 half lethal dose (LD50) of HIN1 PR8
influenza virus and were sacrificed and analyzed on day 9 after
infection.

Flow cytometry and cell sorting

For surface staining, cells were first incubated with anti-CD4 (17-
0042-83; eBioscience), anti-CD45.2 (56-0454-82; eBioscience),
anti-TCRvp5.1/5.2 (46-5796-82; eBioscience), anti-CD44 (103030;
BioLegend; 563058, BD), biotinylated anti-CXCR5 (551960; BD),
followed by streptavidin-BV421 (405225; BioLegend), anti-B220
(11-0452-82; eBioscience), anti-CD279 (17-9982-82; eBioscience),
anti-CD62L (47-0621-82; eBioscience), anti-CDI127 (560733;
BD), anti-CD19 (550992, 553088; BD), anti-IgD (405708; Bio-
Legend), anti-GL7 (48-5902-80; eBioscience), and anti-CD95
(53-0951; eBioscience) staining. Dead cells were excluded by
cell viability dye staining (Fixable viability dye eF505; eBio-
science). To trace the cellular division, cells were prelabeled
with (CFSE (565082; BD).

For intracellular staining, cells were fixed and permeabilized
with the Foxp3 transcription factor staining buffer kit (eBio-
science), followed by incubation with anti-BCL6 (562401; BD),
anti-Foxp3 (11-5773-82; eBioscience), and anti-TCF1 (6444S;
CST). Cells were analyzed on LSRFortessa (BD) flow cytometer
and analyzed using Flow]Jo.
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For cell sorting, cells were sorted on FACSAria (BD) cell sorter
with indicated surface marker staining.

Adoptive cell transfer
Flow cytometric sorting was used for the isolation of various
T cell populations before adoptive transfer. For analysis of cell
survival ability, TCRvf5.1/5.2*CD44MCXCR5*Bcl6-RFP*Foxp3-
PD1*CD62L- PD-1* Tfh cells and TCRVBS.I/S.ZJ'CD44hiCXCRS+
Bcl6-RFP*Foxp3-PD1-CD62L* CD62L* Tfh cells from OVA-
immunized CD45.1* recipient mice receiving naive Bcl6®® x
Foxp3CFP OT-II cells were sorted with FACSAria flow cytometer
at day 8 after immunization. 10° sorted cells were then intra-
venously injected into TCRbd /- recipients respectively. 3 days
later, the mice were sacrificed and analyzed as described above.
For analysis of memory potential in recall response,
TCRvp5.1/5.2*CD44 Bcl6-RFP-Foxp3-GFP-CD62LM naive OT-II
T cells from age- and sex-matched naive Bcl6®? x Foxp3SFP OT-II
transgenic mice, as well as TCRvp5.1/5.2*CD44MCXCR5 Bcl6-
RFP-Foxp3-CD62L- non-Tth cells, TCRvf5.1/5.2*CD44MCXCR5™d
Bcl6-RFP-Foxp3-CD62L* Tcm cells, TCRvpB5.1/5.2*CD44MCXCR5*
Bcl6-RFP*Foxp3-PD1*CD62L- PD-1* Tth cells, and TCRvf5.1/
5.2*CD44MCXCR5*Bcl6-RFP*Foxp3 PD1-CD62L* CD62L* Tth cells
from OVA-immunized CD45.1* recipients previously transferred
with naive OT-II T cells were sorted with FACSAria flow cytom-
eter at day 8 after immunization. 10* sorted cells were then in-
travenously injected into new CD45.1* recipients respectively. On
day 4 or day 7 after OVA immunization, the mice were sacrificed
and analyzed as described above.

Single-cell RNA-seq

Tth cells were isolated from PP at steady state, as well as
draining lymph nodes of KLH immunized (8 days after immu-
nization) or HIN1 PR8 infected (9 days after immunization).
Bcl6®F? x Foxp3©FP double reporter mice based on the gating of
CD4*CD44MCXCR5*Bcl6-RFP*Foxp3-GFP-B220~. Tfr cells were
isolated from KLH immunized (8 days after immunization).
Bcl6®FP x Foxp3CFP double reporter mice based on the gating of
CD4*CXCR5* Bcl6-RFP* Foxp3-GFP*B220. All mice used for
single-cell sorting were aged between 6 and 8 wk. Sorted cells
were resuspended in PBS containing 0.5% FBS at 106/ml con-
centration. Approximately 10,000 cells from each sample were
loaded into one channel of Single Cell Chip A using a Chromium
Single Cell 3’ v2 Reagent Kit (10x Genomics). After cell capture
and lysis, complementary DNA was synthesized and amplified
for 12 cycles according to the manufacturer’s protocol (10x Ge-
nomics). Libraries were synthesized and amplified for 10 cycles
according to the manufacturer’s protocol (10x Genomics). The
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library quantity and quality were examined by Agilent 2100
Bioanalyzer and Qubit (Thermo Fisher Scientific). Sequencing
was performed using Hiseq-PE150 (Illumina) by Novogene.

Single-cell RNA-seq data analysis

Sample demultiplexing, barcode processing, and unique molec-
ular identifier (UMI) counting were performed using Cell
Ranger version 3.0 (10x Genomics). Pooled data were imported
into R version 3.6 using Seurat version 3.2.2. Cells with unique
feature counts <200 or >3,000 were excluded for further
analysis, along with cells containing mitochondrial counts above
10%. Samples with the same identities, i.e., two batches of Tth
cells sorted from the KLH immunization model, were combined
into one dataset with “Merge” function in Seurat version 3.2.2.
Datasets with different identities were then integrated for
analysis using “FindIntegrationAnchors” and “IntegrateData”
functions in Seurat version 3.2.2. For gene expression profiles,
UMIs were normalized across cells per 10,000 and log-
transformed using “NormalizeData” function in Seurat ver-
sion 3.2.2 before integration. Then the values were converted to
z-scores using “ScaleData” function in Seurat version 3.2.2 on
the integrated dataset. For dimensional reduction, a nonlinear
dimensional reduction technique, i.e., UMAP, was chosen. Data
were then subjected to clustering using “FindNeighbors” and
“FindClusters” functions in Seurat version 3.2.2 (resolution
0.3). DEGs for each cluster were identified using “FindMarkers”
function in Seurat version 3.2.2 (Stuart et al., 2019). “AddMo-
duleScore” function was used to calculate module scores for
selected features. For calculating cell cycle phase scores and
assigning cell phase, “CellCycleScoring” was used.

Due to the inevitable existence of doublets and multiplets,
cells used for clustering were not pure Tth cells. According to the
DEGs in C8 and C9, we thought those cells were likely macro-
phages and B cells respectively based on the differential ex-
pressions of Lyz2, Apoe or Cd79a, Cd79b, Iglc2. However, because
the proportion of those cells was very limited and barely influ-
enced the further analysis, we thus did not exclude those cells
from the total cell pool. But we won'’t pay attention to these two
clusters in the following part.

For RNA velocity analysis, python package “Velocyto”
(https://github.com/velocyto-team/velocyto.py) was used to
calculate spliced reads and unspliced reads from previously
aligned bam files (from Cell Ranger). Loom files were generated
from this step for further analysis. Then metadata from the Seurat
object including cell clustering and cell embedding information
was integrated into the loom file. The RNA velocity was estimated
by the python package “scVelo” based on the loom object.

Bulk RNA-seq

PD-1* Tfh (CD4"CD44MCXCR5*RFP*PD-1"GFP-B2207) cells,
CD62L* Tth (CD4*CD44MCXCR5*RFP*CD62L*GFP-B220") cells,
and non-Tfh (CD4*CD44MCXCR5 RFP-GFP-B220) cells were
isolated from draining lymph nodes of KLH immunized Bcl6®F? x
Foxp3S*? double reporter mice, and CXCR5* CD4* T cells from
peripheral blood were isolated from the same batch of mice. The
sorted cells were then lysed by RLT buffer (Qiagen) and RNA
was extracted by using RNeasy Plus Mini Kit (Qiagen). RNA
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quality was examined by Agilent 2100 Bioanalyzer. Libraries
were prepared using SMART-Seq Ultra Low Input RNA Kit
(Clontech). Quality for the cDNA library was examined by Agi-
lent 2100 Bioanalyzer. Sequencing was performed using Hiseq-
SE50 (Illumina) by BGL

Bulk RNA-seq data analysis

The clean reads were aligned to mm10 by Bowtie2 version 2.2.9
with default parameters and then uniquely mapping reads were
summarized by “featureCounts” from Subread package. DEGs
were identified by at least twofold change and adjusted P value
(false discovery rate [FDR]) <0.01. “ClusterProfiler” function in
R version 3.6 was used for pathway analysis.

ATAC-seq

PD-1* Tth cells and CD62L* Tth cells were isolated from draining
lymph nodes of KLH immunized Bcl6®® x Foxp3°f? double re-
porter mice and used for ATAC-seq experiments. ATAC-seq li-
brary was constructed using TruePrep DNA library Prep Kit V2
and TruePrep Index Kit V2 for Illumina. Basically, 50,000 cells
were resuspended in 35 ul of lysis buffer (10 mM Tris-HCl, 10 mM
NaCl, 3 mM MgCl,, 0.1% IGEPAL CA-630) and incubated on ice for
10 min with three times vortex. DNA fragmentation was per-
formed by adding 10 ul TruePrep Tagment Buffer L and 5 pl
TruePrep Tagment Enzyme to the system and the mixture was
incubated and shaken at 37°C for 30 min. The fragmented DNA was
then purified by using 1.8x AMPure Beads, barcoded with dual
indexes and PCR amplified. Size selection and library purification
were conducted by using 0.4x and 1.6x AMPure beads, respec-
tively. The library quantity and quality were examined by Agilent
2100 Bioanalyzer and Qubit (Thermo Fisher Scientific). Sequencing
was performed using Hiseq-PE150 (Illumina) by Novogene.

ATAC-seq data analysis

Low-quality reads and adaptor sequences were removed by
Trim Galore version 0.4.4 with parameters “-q 10 -length 30
-stringency 50.” Paired-end reads were aligned to the mml0
using Bowtie2 version 2.2.9 with -X 2,000 (Langmead and
Salzberg, 2012). Reads that mapped to the mitochondrial ge-
nome were filtered and PCR duplicates were removed using
“picard MarkDuplicates.” To identify peaks, the bam files con-
taining unique, non-chrM reads were used to call peaks with
MACS2 using parameters “-nomodel-keep-dup all -q 0.01 -g
mm” (Zhang et al., 2008). For differential coverage, corre-
sponding bam files were merged to call peaks to get a union peak
set. For each peak in the peak set, raw ATAC-seq reads were
counted using “featureCounts.” Differentially expressed peaks
were identified by at least 1.5-fold change and adjusted P value
(FDR) <0.1. For downstream analysis, HOMER was used to find
transcriptional factor motifs (http://homer.ucsd.edu/homer).

Immunofluorescence

Tissues were isolated and fixed in 4% paraformaldehyde, then
sliced to 8 pm. The frozen sections were stained overnight at 4°C
with primary antibodies: biotinylated anti-PNA (B-1075; Vector
lab), anti-PD-1 (11-9981-85; eBioscience), anti-CD62L (104407;
BioLegend), and anti-CD4 (553051; BD). The sections were then
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incubated with streptavidin-BV421 (405225; BioLegend) at 37°C
for 2 h. The images were acquired by confocal microscope LSM
780 (Zeiss) and processed using ZEN imaging software (Zeiss).

Statistical analysis

The statistics were performed with two-tailed unpaired Stu-
dent’s t test or two-way ANOVA (Graphpad Prism 6), when in-
dicated. Differences with P value <0.05 were considered
significant: *, P < 0.05, *, P < 0.01, ***, P < 0.001, ns, no sig-
nificant difference.

Online supplemental material

Fig. S1 shows the heterogeneity of Tth and Tfr cells revealed by
single-cell RNA-seq (related to Fig. 1). Fig. S2 shows developmental
features of PD-1* and CD62L* Tth cells (related to Figs. 3 and 4). Fig.
S3 shows transcriptional and epigenetic features of CD62L* Tfh
cells (related to Fig. 5). Fig. S4 shows CD62L-expressing Tth cells
promote recall responses (related to Fig. 6). Fig. S5 shows IL7R
signaling regulates CD62L* Tth cell development (related to Fig. 7).

Data availability

Expression data have been deposited in the Gene Expression
Omnibus database under the Super Series accession number
GSE230438. This Super Series includes data for single-cell RNA-
seq, bulk RNA-seq, and ATAC-seq in this paper.
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Figure S1. Heterogeneity of Tfh and Tfr cells revealed by single-cell RNA-seq. (A) The gating strategy of GC-Tfh cells for single-cell RNA-seq. Live
CD4*CD44MCXCR5*RFP*GFP~B220- cells were sorted from draining lymph nodes of Bcl6RFP x Foxp3S™ reporter mice on day 8 after KLH immunization, and
single-cell RNA-seq (10x platform) was performed. (B) Violin plots of Pdcdl and Sell expressions in each cluster. (C) Live CD4*CD44MCXCR5*RFP*GFP~B220~
(GC-Tfh) cells were sorted from PP of Bcl6%"" x Foxp3©FP reporter mice under steady state and draining lymph nodes on day 8 after KLH immunization (KLH),
day 9 after influenza infection (Flu) and were used for single-cell RNA-seq (10x platform). Unsupervised clustering of single-cell RNA-seq data of each sample
was performed on a UMAP. (D) Cell distribution patterns in each model were shown by UMAP visualization. C1 and C3 were visualized in orange and blue,
respectively. (E) Foxp3 expressions in indicated samples. (F) Heatmaps of DEGs in Tfr cells of each cluster. Selected marker genes of C4 were highlighted.
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Figure S2. Developmental features of PD-1* and CD62L* Tth cells. (A and B) Naive OT-Il labeled with CFSE were adoptively transferred into CD45.1
recipient mice, which were subsequently immunized subcutaneously with OVA. Draining lymph nodes were isolated for analysis on day 4 after immunization.
(A) Immunofluorescence intensity of CFSE in each cell division of indicated cell populations. (B) CD62L* cell percentages in transferred CD45.2* OT-Il cells. (C
and D) pMT and control mice were subcutaneously immunized with KLH. 7 days later, draining lymph nodes were isolated for analysis. (C) Representative flow
cytometry analysis of CXCR5 and Bcl6 expression in CD4*CD44" cells of uMT and control mice. (D) Representative flow cytometry analysis of PD-1and CD62L
expression in Tfh (CXCRS"Bcl6") and Tem (CXCR5™9Bcl6™9) cells of uMT and control mice. (E) C57BL/6 mice were subcutaneously immunized with KLH, and
the draining lymph nodes were isolated, embedded in OCT, and subjected to cryosectioning for subsequent immunofluorescence staining. Representative
immunofluorescence staining of PNA (blue), PD-1 (green), CD62L (red), and CD4 (violet) and four-color overlay image of the frozen sections. The length of scale
bars represents 100 um, unless labeled in the image. Data of A-E represent two independent experiments. Data are shown as mean; two-tailed t test; **, P <
0.0L; ****, P < 0.0001 ns, no significance.
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Figure S4. CD62L-expressing Tfh cells promote recall responses. (A) Schematic diagram of adoptive transfer with indicated T cell populations and OVA
immunization. (B-D) Absolute numbers of (B) CD45.2*OT-II"CD4* T cells, (C) CD45.2*OT-lI* CD4*CXCR5*Bcl6* Tfh cells, (D) PD-1*CD45.2*OT-II*
CD4*CXCR5*Bcl6* Tth cells, in mice adoptively transferred with indicated cells on day 7 after OVA immunization. (E) Statistical analysis of GC B cell per-
centages of mice receiving indicated cells. (F) OVA-specific IgG levels in sera of mice receiving indicated cells were measured by ELISA. (G) Schematic diagram
of PD-1* or CD62L* Tth cell adoptive transfer experiment with OVA immunization. (H) Absolute numbers of CD45.2* OT-II T cells, CD45.2* CD4*CXCR5*Bcl6*
OT-1I Tth cells, or Ki67* CD45.2* OT-II T cells in draining lymph nodes or circulating blood from recipient mice adoptively transferred with PD-1* or CD62L* Tth
cells on day 5 after OVA reimmunization. (1) GC B cell percentages in draining lymph nodes from recipient mice were adoptively transferred with PD-1* or
CD62L* Tfh cells on day 5 after OVA reimmunization. (J) Antigen-specific IgG level in serum from recipient mice receiving PD-1* or CD62L* Tth cells. Data above
are representative of two independent experiments. Data of A-] represent two independent experiments. Data are shown as mean + SD; two-tailed t test; ¥,
P < 0.05; **, P < 0.01; ***, P < 0.00L; ****, P < 0.0001; ns, no significance.
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Figure S5.  IL7R signaling regulates CD62L* Tth cell development. (A) Mean ATAC-seq coverage at the I[7r gene locus in CD62L* Tfh cell, PD1* Tfh, naive
T cell, and in vitro induced Tfh-like cells. (B) Schematic diagram of IL-7R blocking antibody treatment in mice adoptively transferred with naive OT-II* T cells.
(C) Representative flow cytometry plots of CD62L and PD-1 expression in the transferred CD45.2* OT-II* CD4*CXCR5*Bcl6* Tfh cells from control and IL-7R
blocking antibody-treated recipient mice. (D) Statistical analysis of PD-1* and CD62L* cell numbers (upper) and percentages (bottom) in Tth cells of control and
IL-7R blocking antibody-treated recipient mice at indicated time points. (E and F) B6 mice were subcutaneously immunized with KLH and analyzed on day 8
and 21 after immunization. (E) Representative flow cytometry staining of TCF1versus CD62L and PD-1in CD4*CD44MCXCR5*Bcl6* cells. (F) TCF1* percentages
in PD-1* and CD62L* Tth cells. (G) GSEA indicated the genes upregulated and downregulated by TCF7 in CD62L* Tfh cells and PD1* Tfh cells. Data of B-F
represent two independent experiments. Data are shown as mean + SD; two-tailed t test; ¥, P < 0.05; **, P < 0.01; ns, no significance.

Feng et al. Journal of Experimental Medicine

Identification of memory Tfh precursor cells through single-cell transcriptomic analysis https://doi.org/10.1084/jem.20221927

S6


https://doi.org/10.1084/jem.20221927

	A novel memory
	Introduction
	Results
	Single
	Increased percentages of CD62L+ Tfh cells along with immune response progression
	Ontogeny of CD62L
	CD62L
	CD62L
	Transcriptional factor KLF2 regulates the development of CD62L

	Discussion
	Materials and methods
	Mice
	Animal models
	Immunization
	Infection
	Flow cytometry and cell sorting
	Adoptive cell transfer
	Single
	Single
	Bulk RNA
	Bulk RNA
	ATAC
	ATAC
	Immunofluorescence
	Statistical analysis

	Online supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material


