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Transient T-bet expression functionally specifies a
distinct T follicular helper subset

Difeng Fang™*®, Kairong Cui?*, Kairui Mao', Gangqing Hu?, Rao Li, Mingzhu Zheng?, Nicolas Riteau?, Steven L. Reiner*®, Alan Sher*®, Keji Zhao?,

and Jinfang Zhu'®

T follicular helper (Tfh) cells express transcription factor BCL-6 and cytokine IL-21. Mature Tfh cells are also capable of
producing IFN-y without expressing the Thl transcription factor T-bet. Whether this IFN-y-producing Tfh population
represents a unique Tfh subset with a distinct differentiation pathway is poorly understood. By using T-bet fate-mapping
mouse strains, we discovered that almost all the IFN-y-producing Tfh cells have previously expressed T-bet and express
high levels of NKG2D. DNase | hypersensitivity analysis indicated that the Ifng gene locus is partially accessible in this
“ex-T-bet” population with a history of T-bet expression. Furthermore, multicolor tissue imaging revealed that the
ex-T-bet Tfh cells found in germinal centers express IFN-y in situ. Finally, we found that IFN-y-expressing Tfh cells

are absent in T-bet-deficient mice, but fully present in mice with T-bet deletion at late stages of T cell differentiation.
Together, our findings demonstrate that transient expression of T-bet epigenetically imprints the Ifng locus for cytokine

production in this Thl-like Tfh cell subset.

Introduction
T follicular helper (Tth) cells are considered as a distinct subset of
CD4 T helper (Th) cells, in parallel with classical type 1 Th (Thi),
type 2 Th (Th2), and IL-17-producing Th (Th17) cells (King, 2009;
Zhu et al., 2010; Crotty, 2011, 2014). However, while Tfh cells
mainly produce IL-21 as their signature cytokine, several studies
have also shown that some Tfh cells are capable of expressing
Thl- or Th2-signature cytokines, IFN-y or IL-4, both of which
contribute to the regulation of different B cell Ig isotype switch-
ing (Snapper and Paul, 1987; Johnston et al., 2009; Reinhardt et
al., 2009; Lu et al., 2011). Overproduction of IFN-y by Tth cells
also contributes to autoimmune disease lupus-associated pa-
thology (Lee et al., 2012). However, whether IFN-y-producing
Tth cells represent a unique subset of Tth cells or all the Tth cells
have the capacity to produce low amounts of IFN-y is unknown.
The transcription factor BCL-6 is the master regulator for the
differentiation and functions of Tfh cells (Johnston et al., 2009;
Nurieva et al., 2009; Hatzi et al., 2015) and inhibits the expres-
sion of T-bet, a crucial transcription factor for differentiation
of IFN-y-producing Thl cells (Szabo et al., 2000; Nurieva et al.,
2009; Qi, 2016). Conversely, T-bet inhibits Tfh cell commitment

by diverting BCL-6 from its target genes and/or by repressing
BCL-6 expression (Nakayamada et al., 2011; Oestreich et al., 2011,
2012). Consistent with the idea of mutual repression between
BCL-6 and T-bet, it has been shown that mature Tfh cells that
express BCL-6 do not express T-bet (Nurieva et al., 2008). How-
ever, a balance between BCL-6 and T-bet may also be achieved
with their coexpression under certain circumstances, and thus,
mature Tfh cells generated in vivo in response to bacterial or
viral infections uniformly express low levels of T-bet (Pepper
et al., 2011; Hale et al., 2013; Weinstein et al., 2018). Neverthe-
less, whether such low levels of T-bet expression are sufficient
to induce IFN-y production is not clear. It has been shown that
although T-bet expression at low levels in a regulatory T (T reg)
subset is sufficient to induce chemokine receptor CXCR3 expres-
sion, such low amounts of T-bet are not sufficient to induce IFN-y
production (Yu et al., 2015). Therefore, how Tth cells with low or
no T-bet expression can produce IFN-y is still not known.
Interestingly, some studies have shown that BCL-6 and
T-bet may be coexpressed at high levels by some CD4 T cells at
early stage of infections (Fahey et al., 2011; Kitano et al., 2011;
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Nakayamada et al., 2011; Pepper et al., 2011; Hale et al., 2013;
Schmitt et al., 2016; Vella et al., 2017; Weinstein et al., 2018). It
has been suggested that BCL-6/T-bet coexpressing early “Th1”
cells may become mature Thl cells by down-regulating BCL-6
during Thi differentiation (Nakayamada et al., 2011). However,
the relationship between these BCL-6/T-bet coexpressing cells
and mature Tth cells is not clear. It is possible that some CD4 T
cells may initially express high levels of T-bet with or without
BCL-6 expression and undergo chromatin remodeling at the Ifng
locus, and during the process of these cells becoming BCL-6-ex-
pressing Tth cells and migrating to B cell follicle, T-bet expression
would be extinguished by BCL-6. Nevertheless, in germinal cen-
ters (GCs), these mature Tth cells that have previously expressed
T-bet (referred to as ex-T-bet cells hereafter) may epigenetically
memorize their potential to produce IFN-y.

Here we used a T-bet reporter and T-bet fate-mapping mouse
strain to test this intriguing hypothesis. We found that ex-T-bet
cellsin the steady-state enriched for genes that are preferentially
expressed by Tth cells. Fully developed Tth cells generated upon
immunization in GC did not express T-bet; however, a substantial
proportion of Tfh cells consisted of ex-T-bet cells. Among the Tth
cells found in GC, the ex-T-bet population represented the major
IFN-y-producing population in situ. Antigen-specific ex-T-bet
Tfh cells had remodeled the Ifnglocus and T-bet was essential for
IFN-y production by these Tth cells. Finally, genome-wide anal-
ysis of Tfh cell subsets revealed that cell surface marker NKG2D
was preferentially expressed by the ex-T-bet Tfh subset.

Results and discussion

Tfh signature genes are preferentially expressed by ex-T-bet
cells in steady-state

Although “one transcription factor, one cell fate” is a useful model
to simply describe terminally differentiated CD4 T cells, accumu-
lating evidence indicates that one “homogenous” cell type, partic-
ularly during their differentiation, may be quite heterogeneous
based on dynamic coexpression of master transcription factors
at the single-cell level (Fang and Zhu, 2017). We have previously
reported that T-bet and GATA3 expression by T reg cells are dy-
namic, but transient expression of T-bet does not seem to be lim-
ited within the T reg population (Yu etal., 2015). To track the fate
of T-bet-expressing effector CD4 T cells, we further studied the
T-bet fate-mapping mouse strain (Fig. S1 A), T-bet-ZsGreen-T2A-
CreER™-Rosa26-loxP-STOP-loxP-tdTomato (ZTCE-tdTomato), in
which cells that have expressed T-bet during the period of tamox-
ifen (TMX) treatment are permanently marked by the expression
of a fluorescent protein, tdTomato, even after they have turned
off T-bet expression, which can be determined by the expression
of another fluorescent protein, ZsGreen.

Naive CD4 T cells from the ZTCE-tdTomato T-bet fate-map-
ping mice were cultured under Thl or Th17 conditions in vitro
with or without 4-hydroxytamoxifen (4-OHT) treatment. Almost
all the 4-OHT-treated Thl cells, but not Th17 cells, expressed
both ZsGreen and tdTomato, indicating the faithfulness of this
reporter system (Fig. S1 B). The effectiveness of T-bet fate-map-
ping was also confirmed in vivo since most ZsGreen-expressing
splenic CD4 T effector cells within the memory-like population
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(CD4*CD44MCD25) were also tdTomato-positive in the ZTCE-
tdTomato mice injected with TMX, while the naive CD4 T cells
(CD4*CD44%CD25) in the same animal did not express either
ZsGreen or tdTomato (Fig. 1 A). We also observed that a substan-
tial proportion of tdTomato-positive memory-like CD4 T cells
did not express ZsGreen (Fig. 1 A); based on the properties of the
reporter system, these are presumably cells that had transiently
expressed T-bet during the period of exposure to TMX (ex-T-bet
cells). To verify the T-bet protein levels in T-bet-expressing and
ex-T-bet cells, we sorted CD4*CD44MgCD25-tdTomato*ZsGreen*
and CD4*CD44MghCD25-tdTomato*ZsGreen™ cells as shown in
Fig. 1 A and then performed intracellular staining. Consistent
with T-bet fate-mapping system, T-bet protein was detected in
all the purified CD4*CD44h%¢PCD25-tdTomato*ZsGreen* T-bet-
expressing cells; however, the vast majority of CD4*CD44high
CD25 tdTomato*ZsGreen~ cells did not express T-bet and thus
were ex-T-bet cells (Fig. 1 A and Fig. S1C).

We then performed RNA sequencing (RNA-Seq) analysis to
determine whether these ex-T-bet cells have specific gene ex-
pression profiles. Comparing to the T-bet-expressing (tdTomato*
ZsGreen*, T*G*) population, we identified 284 genes that were
up-regulated and 319 genes that were down-regulated in the ex-
T-bet (tdTomato*ZsGreen-, T*G") population (Fig. 1 B and Table
S1). To determine what potential CD4 T subsets are within the
ex-T-bet population, we checked the 284 up-regulated genes for
transcription factors and cytokines that are important for dif-
ferent CD4 T subsets and found that transcription factors Bcls,
Rorc, and Foxp3, and cytokines II21 and Tgfb3 were enriched in
the ex-T-bet population (Fig. S1, D and E). GO cellular component
analysis showed that cell surface molecules Cxcr5and Pdcdl were
highly expressed in the ex-T-bet population (Fig. S1 F). Cxcr5,
Pdcdl, Bcl6, and 1121 mRNA levels were also confirmed by quanti-
tative reverse-transcription PCR (qRT-PCR; Fig. 1C). Collectively,
these data indicate that T-bet may be dynamically expressed by
several subsets of splenic CD4 T cells, including a T reg subset as
we reported previously (Yu et al., 2015), and that the ex-T-bet
cell population also contains Tth-like cells since the expression
of Tth signature genes including Cxcr5, Pdcd]l, Bcl6, and 1121 was
enriched in this population.

A subset of Tfh cells induced by immunization has a history of
T-bet expression

Since an ex-T-bet population within splenocytes from naive
mice displays a Tfh-like phenotype, we wondered whether T-bet
is transiently expressed during Ttfh cell differentiation in vivo.
Some reports using infection models have shown that T-bet is
expressed by all the Tth cells, but at low levels (Pepper et al., 201;
Hale et al., 2013; Weinstein et al., 2018); this is probably due to a
strong Thi response in these models.

To investigate the heterogeneity of Tth cells in vivo, we ad-
opted an immunization protocol known to generate a robust
antigen-specific Tfh cell response without biasing toward a
Thi response (Grover et al., 2012; Riteau et al., 2016). ZTCE-
tdTomato mice were immunized with the 15-mer peptide, AS15,
whose sequence is derived from a protein of Toxoplasma gondii,
as an antigen emulsified in CFA. To make sure that TMX was
delivered to cells when animals were immunized, we pretreated
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Figure 1. Tfh cells in GCs do not express T-bet but some have a history of T-bet expression. (A) ZTCE-tdTomato mice were treated (i.p.) with TMX on
days 0, 2, and 5. After 10 d, the expression of ZsGreen and tdTomato by the splenic naive CD4 T cells (CD4*CD44'°“CD25-) and memory-like CD4 T effector
cells (CD4CD44MCD25) cells was assessed by flow cytometry. The plot represents a typical profile from more than five experiments. (B) Splenic CD4*
CD44MehCD25 tdTomato*ZsGreen (T*G") and CD4*CD44M"e"CD25 tdTomato*ZsGreen* (T*G*) cells sorted from TMX-treated naive ZTCE-tdTomato mice were
used for RNA-Seq analysis. Samples are in biological duplicates. (C) Relative gene expression levels of Tfh-related genes in CD4*CD44"8"CD25 tdTomato*
ZsGreen™ (T*G") and CD4*CD44"e"CD25 tdTomato*ZsGreen* (T*G*) populations were measured by qRT-PCR (n = 4). Data are representative of three inde-
pendent experiments. (D) Experimental procedure of immunizing ZTCE-tdTomato mice with AS15/CFA. (E and F) ZTCE-tdTomato mice were immunized with
AS15/CFA for 16 d and treated with TMX as shown in D. dLN cells were analyzed by flow cytometry. The percentage of ZsGreen* cells among the tdTomato*
cells was calculated for the PD-1YCXCR5!" non-Tth and PD-1"CXCR5" Tfh populations (mean + SD; n = 7; *, P < 0.0001). Data are representative of three
independent experiments. (G) ZTCE-tdTomato mice were treated as in D. Different cell types in GC were analyzed by multicolor tissue imaging. GC (yellow,
BCL-6); ex-T-bet-Tfh cell (pink, CD4-blue and tdTomato-red); T-bet-ZsGreen-green. Arrows indicate ex-T-bet-Tfh cells in GC. Data are representative of two
independent experiments with two animals in each experiment.

mice with TMX 1 d before immunization (Fig. 1 D). Since Tth- tion (~10-15%) of CXCR5MghPD-1heh cell population expressed
like cells were found in naive mice, we used tetramer staining T-bet-ZsGreen, but the frequency of T-bet-ZsGreen-expressing
to track newly differentiated antigen-specific Tth cells in our cells, as well as mean fluorescence intensity of T-bet-ZsGreen
study (Fig. S2 A). After 16 d of immunization, the vast major-  within the CXCR5M¢"PD-1Mgh Tfh cell population, dramatically
ity of the antigen-specific CXCR5M8"PD-1M¢h Tfh cells in the reduced on day 16 (Fig. S2 B). These results indicate that T-bet is
draining lymph node (dLN) did not express the T-bet-ZsGreen transiently expressed during the differentiation of a Tfh subset.
reporter (Fig. 1, E and F), which is consistent with an antago- Although CXCR5 is wildly used to identify Tth cells, the func-
nistic relationship between transcription factor T-bet and BCL-  tion of mature Tfh cells depends on their location (Victora and
6. However, a substantial proportion of these Tfh cells (~20%) Nussenzweig, 2012; Qi, 2016), and they reside in B cell follicle
displayed an ex-T-bet cell phenotype (tdTomato*ZsGreen™). with some within GC. BCL-6 is highly expressed by GC B cells
In contrast, even though ex-T-bet cells were also found in the and Tfh cells and widely used to identify GC. We used multiplex
CXCR5"°"PD-1% non-Tfh cell population, about half of these ~immunofluorescence confocal imaging of the dLN to localize the
tdTomato* cells also expressed high levels of ZsGreen (Fig. 1E).  ex-T-bet CD4 T cells. Consistent with the flow cytometry data,
Interestingly, on day 6 after immunization, a substantial propor-  a substantial fraction of CD4 T cells found in GC were ex-T-bet
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(CD4*tdTomato*, shown as pink in the image), but not T-bet-ex-
pressing (CD4*ZsGreen*), cells (Fig. 1 G). Thus, using T-bet fate-
mapping mice, we found T-bet is transiently expressed during
differentiation of a Tth cell subset, and ex-T-bet Tth cells can be
found within GC in vivo after immunization.

The ex-T-bet Tfh cells in GCs are potent IFN-y-producing cells
To test whether the AS15-specific Tth cells can express IFN-y,
and if so, to understand the relationship between IFN-y-pro-
ducing Tth cells and ex-T-bet Tth cells, we purified and studied
the CD4*CD44M¢hCD25 Tetramer* cells from the AS15/CFA-im-
munized ZTCE-tdTomato mice. Strikingly, among the Tfh com-
partment, only the ex-T-bet (tdTomato*) population represented
potent IFN-y-producing cells (Fig. 2, A and B). By using another
T-bet fate-mapping mouse strain, T-bet-Cre-tdTomato (Fig. S2,
Cand D), in which all cells that are currently expressing or have
previously expressed T-bet are labeled by tdTomato expression
in the absence of TMX, we confirmed that all the cells capable
of IFN-y production were within the population that had ex-
pressed T-bet (Fig. 2 C and Fig. S2 E). To further confirm IFN-y
production without in vitro restimulation and to visualize IFN-y-
expressing ex-T-bet Tth cells in situ, we made an IFN-y-eYFP-
T-bet-Cre-tdTomato mouse strain. Flow cytometry analysis
showed that all eYFP* IFN-y-producing cells were within the
tdTomato* population (Fig. 2 D and Fig. S2 F). Imaging of the
draining lymph node of the immunized mice also showed that
almost all the IFN-y-producing Tth cells (eYFP*CD4*) in the GC
were tdTomato* (Fig. 2 E). Collectively, our data indicate that, al-
though Tth cells do not express T-bet in GC, the IFN-y-expressing
Tfh cells in GC represent a subset of Tfh cells that have a history
of T-bet expression.

The Ifng locus is accessible in ex-T-bet Tfh but not in

other Tfh cells

Epigenetic information often predicts a development fate and
“memorializes” the prior effect of a transcription factor during
cell differentiation (Rothenberg, 2013), which can be reflected by
“open chromatin regions” identified through detection of DNase
I hypersensitivity sites (DHSs; Boyle et al., 2008; Thurman et
al., 2012). It has been reported that T-bet is involved in chroma-
tin remodeling at the Ifng locus during Thl cell differentiation
(Mullen et al., 2001; Zhu et al., 2012). However, it is not known
whether transient expression of T-bet is sufficient to remodel the
Ifng locus. To evaluate the accessibility of Ifnglocus in the anti-
gen-specific ex-T-bet Tth cells, we applied a sensitive DHS assay
(scDNase-Seq; Jin et al., 2015) with tdTomato~ and tdTomato* Tfh
(CXCR5highpD-1high) a5 well as tdTomato™ and tdTomato* non-Tth
(CXCR5""PD-1!°%) populations within the CD4*CD44highCD25"
Tetramer* cells from the AS15/CFA-immunized T-bet-Cre-
tdTomato mice. Interestingly, the Ifnglocus was accessible at the
CNS-6 and CNS+29 regions in both ex-T-bet Tfh cells (CXCR5Mgh
PD-1MghtdTomato*) and CXCR5°WPD-1°"tdTomato* population
that presumably contains conventional Thl cells, whereas these
regions were inaccessible or much less accessible in the tdTomato~
Tth and non-Tth cells (Fig. 2 F). In contrast, the CNS-34 site was
primarily accessible in CXCR5°"PD-1°"tdTomato* population.
Thus, the Ifng locus is partially accessible in ex-T-bet Tth cells
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compared with the conventional Thl cells and these results sug-
gest that at early stage of Tfh cell differentiation, transient ex-
pression of T-bet may epigenetically imprint the Ifng locus for
its later expression in a subset of Tth cells.

Transient T-bet expression is required for IFN-y

production by Tfh cells

The above results showed that ex-T-bet Tfh cells had the capabil-
ity to express IFN-y. However, whether transient T-bet expression
during development is necessary for Tfh cells to produce IFN-y is
unknown. We first immunized Thx217/1-CD4-Cre and wild-type
control mice. The percentage, as well as the total cell numbers,
of antigen-specific CXCR5M€"PD-1high Tth cells were higher in
T-bet-deficient mice than in wild-type control mice (Fig. 3, A
and B). This is consistent with the function of T-bet in inhibiting
BCL-6 activity as previously reported (Nakayamada et al., 2011).
Nevertheless, IFN-y expression by Tfh cells was abolished in the
absence of T-bet (Fig. 3 C). To test whether T-bet is required at
late stages of T cell differentiation, we treated ZTCE-tdTomato
and ZTCE-tdTomato- Thx21%/% mice with TMX after 7 d of immu-
nization (Fig. 3 D and Fig. S1 A). Interestingly, the Tfh cells from
the ZTCE-tdTomato- Thx21/f mice (T-bet late-knock-out mice)
could still express normal levels of IFN-y (Fig. 3 E). However,
the percentage of antigen-specific CXCR5M¢"PD-1Mgh Tfh cells
were higher in ZTCE-tdTomato- Thx21/f mice treated with TMX
(Fig. 3 F). Thus, transient but not continuous T-bet expression
is essential for Tth cells to acquire and maintain their ability to
produce IFN-y.

NKG2D is preferentially expressed by ex-T-bet Tfh cells

Given that transient T-bet expression is essential for Tfh cells to
acquire their ability to produce IFN-y, finding specific surface
protein(s) to distinguish ex-T-bet Tth cells from other Tth cells
will be helpful to track IFN-y-producing Tth cells without using
the T-bet fate-mapping tools. We thus performed RNA-Seq anal-
ysis on the same cell subsets that were used for scDNasel-Seq
analysis. Clustering of all differentially expressed genes among
these four groups (Fig. 4 A and Table S2) revealed T-bet fate-
mapping-associated gene clusters (Clusters 1, 2, and 3) and Tth
cell-specific gene clusters (Clusters 4 and 5). Within the Cluster
2, asubset of genes, including Ifng, was expressed at higher levels
in tdTomato* Tth cells than in tdTomato~ Tth cells as expected.
Interestingly, genes in Cluster 3, such as KIrkl, were highly ex-
pressed in both Tth and non-Tfh cells that were tdTomato*. There
was a substantial overlap between the 67 genes that were higher
in tdTomato* Tth cells than in their tdTomato™ counterparts, and
the 113 genes that were higher in tdTomato* non-Ttfh cells than in
their tdTomato~ counterparts (Fig. 4 B). Although Ifngexpression
was increased in both tdTomato* Tth and non-Tfh population,
higherlevels of Ifngtranscripts were detected in tdTomato* non-
Tfh cells compared with tdTomato* Tth cells (Table S2), which
is consistent with the DHS results shown in Fig. 2 F. Within the
67 genes, there were 9 differentially expressed genes that en-
code proteins located at plasma membrane (Fig. 4 C). Indeed,
high protein expression levels of NKG2D (encoded by Klrkl) and
NKG2A/B (encoded by Klrcl) were found in tdTomato*, but not
tdTomato~ antigen-specific Tth cells (Fig. 4 D). On the other hand,
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Figure 2. Ex-T-bet Tfh cells display a partial accessibility at the Ifnglocus and have the capability to express IFN-y. (A-C) Sorted CD4*CD44"g"CD25-
Tetramer* cells from the immunized TMX-treated ZTCE-tdTomato mice (A and B) or TMX-untreated T-bet-Cre-tdTomato mice (C) were cultured in IL-2-sup-
plemented media overnight. Cells were then stimulated with PMA and ionomycin for 4 h. Cytokine production was assessed by intracellular staining. Per-
centages of IFN-y-producing cells were calculated (mean + SD; in B: **, P < 0.005, n = 6; in C: *, P < 0.05, n = 3). Data are representative of two independent
experiments (A-C). (D) Cells from dLN of immunized IFN-y-eYFP-T-bet-Cre-tdTomato mice were stained with cell surface markers. Percentage of eYFP* cells
among the CD4*CD44"&"CD25 Tetramer* tdTomato* or tdTomato~ Tfh (CXCR5"&"PD-1Meh) population was calculated (mean + SD; *, P < 0.05, n = 4). Data are
representative of three independent experiments. (E) IFN-y-eYFP-T-bet-Cre-tdTomato mice were immunized with AS15/CFA. dLN was harvest for imaging
analysis. GC (yellow, BCL-6); IFN-y-expressing ex-T-bet-Tth cell (shown in white; CD4 shown in blue; tdTomato shown in red; and IFN-y-eYFP shown in green).
Arrows indicate IFN-y-expressing ex-T-bet-Tfh cells. Data are representative of two independent experiments with two animals in each experiment. (F)
CD4*CD44MehCD25 Tetramer*-CXCR5MPD-1hghtd Tomato~, CXCR5NENPD-1Mghtd Tomato*, CXCR5YPD-1%tdTomato™, and CXCR5'9%PD-1WtdTomato* cells
were sorted from AS15/CFA-immunized T-bet-Cre-tdTomato mice. DHS analysis was performed through scDNase-Seq, and the Ifng gene locus was viewed
by the Washington University genome browser. Peaks at the CNS-34, CNS-6 and CNS+29 sites that displayed differential accessibility among the samples are
highlighted in red. Cell samples are in biological duplicates.

Acoesslblllty

0 Jeansk P

0. 006

a well-known Thi-specific protein CXCR3, which is also a T-bet
target gene, was expressed only by a fraction of tdTomato* Tfh
cells (Fig. 4 D). Furthermore, by using eYFP-IFN-y reporter mice,
we found that all the antigen-specific IFN-y-producing Tth cells
were NKG2D positive (Fig. 4 E). Thus, NKG2D serves as a useful
cell surface marker to identify the IFN-y-producing Tfh subset.
In conclusion, we have identified a subset of Tfh cells with
a history of T-bet expression and epigenetic imprints on the
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Ifng locus; these cells express NKG2D and have the capability
to express IFN-y in GC. Early but not late T-bet expression is
required for the development of IFN-y-producing Tfh cells. In
fact, T-bet expression at late stages of T cell differentiation is
inhibitory for the generation of this subset. Thus, manipulat-
ing the duration of T-bet expression in vivo may regulate the
balance between IFN-y-producing Thl cells and IFN-y-pro-
ducing Tth cells.
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Figure 3. Early but not late expression of T-bet is necessary for IFN-y production in Tfh cells. (A and B) CD4-Cre- Thx21V and wild-type (WT) control
mice were immunized with AS15/CFA for 16 d. The total cell number (A) and percentage (B) of CD4*CD44"e"CD25 Tetramer*CXCR5"&"PD-1Meh population was
calculated (mean + SD; *, P < 0.05, n = 5). Data are representative of three independent experiments. (C) CD4*CD44""CD25-Tetramer* cells from immunized
CD4-Cre-Thx21V and wild-type control mice were sorted and cultured in IL-2 supplemented media overnight. Cytokine production was assessed by intracel-
lular staining 4 h after stimulation with PMA and ionomycin. Percentages of IFN-y-producing cells were calculated (mean + SD; **, P < 0.0005; n > 5). Data are
representative of two independent experiments. (D) Experimental procedure of immunizing the ZTCE-tdTomato- Thx21"% mice with AS15/CFA while inducing
late T-bet deletion. (E) ZTCE-tdTomato and ZTCE-tdTomato-Thx2I" mice were immunized with AS15/CFA for 16 d and treated with TMX on days 7,9, and
12 as shown in D. CD4*CD44"ehCD25 Tetramer™ cells were sorted and cultured in IL-2-supplemented media overnight. Cells were then stimulated with PMA
and ionomycin for 4 h. Cytokine production was assessed by intracellular staining. Percentages of IFN-y-producing cells were calculated (mean = SD; n.s.; not
statistically significant, n = 6). Data are representative of two independent experiments. (F) Mice were treated as in D. The percentage of CD4*CD44"g"CD25-
Tetramer*CXCRS5"&"PD-1Meh population was calculated (mean + SD; *, P < 0.05; n = 4). Data are representative of two independent experiments.

Tfh cells and T reg cells have been regarded as parallel CD4
T cell subsets to conventional Thl, Th2, and Thi7 cells (O’Shea
and Paul, 2010). However, it has been recently shown that the
master regulators for conventional effector T helper cells, T-bet
(for Thi), GATA3 (for Th2), and RORyt (for Thi7) can be ex-
pressed by different subsets of T reg cells (Campbell and Koch,
2011; Yu et al., 2015; Levine et al., 2017). For Tth cells, our find-
ing that a subset of Tth cells have a history of T-bet expression
may have a broader implication since some Tfh cells are capa-
ble of expressing the Th2 signature cytokine IL-4, and some Tth
cells that induce antigen-specific IgA responses in the gut are
derived from IL-17-producing, presumably RORyt-expressing,
cells (Reinhardt et al., 2009; Liang et al., 201L; Lu et al., 2011;
Hirota et al., 2013). It has been reported that while GATA3 is
critical for the acquisition of IL-4-producing capacity, it is no
longer essential for IL-4 production after cell fate commitment
(Zhu etal., 2004). It has also been previously shown that during
an in vivo response to LCMV infection, BCL-6-expressing Tth
cells 5 d after infection express high levels of T-bet; however,
the mature Tth cells 15 d after infection express very low levels
of T-bet (Weinstein et al., 2018). It is likely that high levels of
T-bet expression during early Tth cell differentiation determine
the capacity of these pre-Tfh cells to produce IFN-y, whereas
low levels of T-bet expression in mature Tfh cells may not be
functionally relevant.

Based on our current study and these previous reports dis-
cussed above, we propose that transient induction of a par-
ticular effector master regulator, including T-bet, GATA3 and
RORyt may be a common feature for the development of dis-
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tinct IFN-y-, IL-4-, or IL-17-producing Tth subsets in GCs. Thus,
dynamic coexpression of multiple antagonizing transcription
factors could be a plausible mechanism that results in hetero-
geneity and plasticity of CD4 T helper cells. In a striking paral-
lel with T reg cells, Tth cells should also be considered to exist
in distinct differentiated states similar to conventional effector
T helper cells.

Materials and methods

Mice

T-bet-ZsGreen-T2A-CreER™ (ZTCE)-Rosa26-loxP-STOP-loxP-
tdTomato (ZTCE-tdTomato) mice on C57BL/6 background was
previously described (Yu et al., 2015), and ZTCE-tdTomato mice
were bred to Thx21"/f mice to generate ZTCE-tdTomato- Thx21%/1,
T-bet-Cre mice (Haddad et al., 2013) (JAX 024507) were bred onto
Rosa26-loxP-STOP-loxP-tdTomato (Madisen et al., 2010) (JAX
7914) for six generations to generate T-bet-Cre-tdTomato mouse
strain. T-bet-Cre-tdTomato mice were further crossed with
IFN-y-eYFP (Reinhardt et al., 2009; JAX 017580) mice to gener-
ate IFN-y-eYFP-T-bet-Cre-tdTomato. T-bet-ZsGreen mice were
previously generated (Zhu et al., 2012) and maintained at the
National Institute of Allergies and Infectious Diseases (NIAID)-
Taconic repository (Line 8419). Thx21%/ (Intlekofer et al., 2008)
were bred to CD4-Cre mice (Lee et al., 2001) to generate CD4-
Cre-Thx21"/f mice. All mice were 8-12 wk of age when they were
used under a protocol approved by the NIAID Animal Care and
Use Committee. Mice were bred and/or maintained in the NIAID
specific pathogen-free animal facilities.
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Figure4. Unique gene expression profile of the ex-T-bet Tfh cells reveals cell surface markers for identifying this population. (A) RNA-Seq analysis was
performed using CD4*CD44Mg"CD25 Tetramer*-CXCR5MePD-1Me"td Tomato*, CXCR5"8"PD-1Me"td Tomato~, CXCR5'%PD-1°"td Tomato*, and CXCR5'9¥PD-11o"
tdTomato~ antigen-specific cell populations from dLN of AS15/CFA-immunized T-bet-Cre-tdTomato mice. Differentially expressed genes were clustered. Cell
samples are in biological duplicates. (B) Overlapping of the 67 and 113 genes that were expressed at higher levels in tdTomato* cells compared with tdTomato~
counterparts in Tfh and non-Tfh compartment, respectively. (C) tdTomato* Tfh cell-specific genes (compared with the tdTomato~ Tth cells) that encode cell
surface molecules. (D) Antigen-specific Tfh cells from the AS15/CFA-immunized T-bet-Cre-tdTomato mice were stained with anti-NKG2D, anti-NKG2A/B, or
anti-CXCR3. Data are representative of three independent experiments. (E) NKG2D and IFN-y-eYFP expression in antigen-specific Tfh cells from immunized

IFN-y-eYFP mice were measured. Data are representative of two independent experiments with five animals in each experiment.

Mouse manipulation

Naive ZTCE-tdTomato mice were administrated with 3 mg TMX
(T5648; Sigma) in corn oil (C8267; Sigma) through i.p. injection
on days 0, 2, and 5. 10 d after TMX injection, splenic cells were
harvested for sorting and followed by RNA-Seq analysis. In all
immunization assays, mice were immunized with 20-ug peptide
AS15 (AVEIHRPVPGTAPPS; synthesized by Peptide Synthesis and
Analysis Unit, Research Technologies Branch, NIAID) emulsified
in the oil and CFA (F5506, Sigma) by subcutaneous s.c. injection
at two sites along the back (50 pl/site). After 16 d, inguinal drain-
ing lymph nodes (dLN) were harvested to make single-cell sus-
pension for staining or fixed for imaging. ZTCE-tdTomato mice
were treated with TMX on days -1, 2, 7, and 12 and immunized
with AS15/CFA on day 0. Cells were stained at 37°C for 1 h with
Tetramer I-AP-AVETHRPVPGTAPPS-APC or -BV421 provided by
the National Institutes of Health Tetramer Core Facility. To de-
lete T-bet at a late stage, ZTCE-tdTomato- Thx2I/ mice were
injected with TMX on days 7, 9, and 12 after they were immu-
nized with AS15/CFA.

Cell culture and purification
Naive CD4 T cells (CD4*CD44°"CD62LPghCD25-) were sorted
from peripheral lymph nodes by using FACSAria (BD Biosci-
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ences). Sorted cells were mixed with T cell-depleted splenocytes
(used as antigen-presenting cells) and cultured under Thi condi-
tions (anti-CD3, 1 pg/ml; anti-CD28, 3 pg/ml; anti-IL-4, 10 ug/ml;
IL-12,10 ng/ml; and IL-2, 100 U/ml) or Th17 conditions (anti-CD3,
1 pg/ml; anti-CD28, 3 pg/ml; anti-IL-4, 10 pg/ml; anti-IFN-y, 10
pg/ml; anti-IL-12, 10 pg/ml; TGFP1, 1 ng/ml; IL-6, 10 ng/ml; and
IL-1B, 10 ng/ml) for 4 d. 4-OHT was added at the beginning of the
culture. FACS-sorted CD4*CD44¢"CD25 Tetramer* cells from
dLN were cultured in resting condition (IL-2, 50 U/ml) overnight
before restimulation. The basic culturing media is the RPMI me-
dium 1640 (Invitrogen) supplemented with 10% FBS (Hyclone),
200 mM glutamine, 100 mM sodium pyruvate (Gibco), 50 pM
B-mercaptoethanol (Sigma), 100 U/ml penicillin, and 100 pg/
ml streptomycin.

Immunofluorescent staining

Mice were immunized with AS15/CFA, and dLNs were harvested
after 16 d. Samples were treated with the fixation and perme-
abilization solution (554722; BD Bioscience) for 12 h. Samples
were then dehydrated in 30% sucrose and embedded in optimal
cutting temperature freezing media (Sakura Finetek). CM3050S
cryostat (Leica) and Superfrost Plus slides (VIWR) were used to
make sections, which were further permeabilized and blocked
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in PBS (0.1% Triton X-100 and 10% normal mouse serum) and
then stained with antibodies in PBS (0.01% Triton X-100 and 5%
normal mouse serum). Fluormount G (Southern Biotech) and
Leica TCS SP8 confocal microscope were used to collect signaling
from slides. Data were analyzed by Imaris software (Bitplane).
Antibodies against CD4 (RM4-5), BCL-6 (K112-91), and B220
(RA3-6B2) were purchased from BD Bioscience; antibody against
GFP/YFP (A-21311) was purchased from Thermo Fisher.

Flow cytometry analysis and reagents

Unless otherwise stated, cell staining was performed at 4°C.
Single-cell suspensions were first incubated with anti-CD16/32
(2.4G2) for 15 min to block antibody Fc receptors. To detect in-
tracellular cytokine production in vitro, cells were stimulated
with 10 ng/ml phorbol 12-myristate 13-acetate (PMA) and 500
nM ionomycin for 4 h in the presence of monensin (00-4505-
41; eBioscience). Cells were fixed in 4% paraformaldehyde for 15
min at room temperature and permeabilized with 0.5% Triton
X-100. For transcription factors staining, the Foxp3 Staining
Buffer Set (00-5523-00; eBioscience) was used according to the
manufacturer’s instruction. Flow cytometry data were collected
from the LSR II or FORTESSA (BD Biosciences), and the results
were analyzed with the FlowJo 10 software (Tree Star). Antibod-
ies were purchased from several commercial sources indicated
below. Antibodies against CD4 (RM4-5), CD25 (PC61.5), CD44
(IM7), CD62L (MEL-14), and PD-1 (J43) were from eBioscience;
anti-CXCR5 (2G8), IFN-y (XMG1.2), T-bet (04-46), CD138 (281-2),
CD19 (1D3), B220 (RA3-6B2), NKG2D (9C11G4), and NKG2A/C/E
(20d5) from BD Bioscience; anti-IL-4 (11B11) was from BioLeg-
end; 2.4G2 (PUR0O01) was from Harlan; and Fixable Viability Dye
eFluor 506 was from eBioscience.

qRT-PCR
RNeasy Mini kit (74104; Qiagen) was used to harvest total RNAs
from sorted cell samples. The diluted RNAs were reverse tran-
scribed with PrimeScript RT Master Mix (RR036A; TaKaRa)
and analyzed with 7900HT Fast Real-Time PCR system (Applied
Biosystems) using FastStart Universal SYBR Green Master (Rox;
04913850001; Roche). Expression of specific gene transcripts
was measured by using the following primer pairs: 1121, 5'-GGA
CCCTTGTCTGTCTGGTAG-3" and 5-TGTGGAGCTGATAGAAGT
TCAGG-3'; Cxcr5, 5'-ATGAACTACCCACTAACCCTGG-3" and 5'-
TGTAGGGGAATCTCCGTGCT-3'; Bcl6, 5'- CCGGCACGCTAGTGA
TGTT-3' and 5-TGTCTTATGGGCTCTAAACTGCT-3’; Pdcdl, 5'-ACC
CTGGTCATTCACTTGGG-3"and 5'-CATTTGCTCCCTCTGACACTG-
3’; Thx21, 5-AGCAAGGACGGCGAATGTT-3' and 5-GGGTGGACA
TATAAGCGGTTC-3'. Hprt was used for normalization purposes.

RNA-Seq and scDNase-Seq analysis

CD4*CD44¢hCD25- tdTomato*ZsGreen™ and CD4*CD44higbCD25-
tdTomato*ZsGreen* cells from naive mice after TMX treatment
were used for RNA-Seq experiment. CD4*CD44h8bCD25 Tetram-
er*-CXCR5"e"PD-1Mehtd Tomato*, CXCR5M€PD-1M¢htdTomato,
CXCR5""PD-1*"tdTomato*, and CXCR5°"PD-11°"tdTomato-
cells from AS15/CFA-immunized T-bet-Cre-tdTomato mice were
used for RNA-Seq and scDNase-Seq analysis. The total RNAs
were harvested and purified by using Qiagen’s miRNeasy micro
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kit (217084; Qiagen). Qiagen’s DNase set (79254; Qiagen) was
used for on-column DNase digestion. PolyA-tailed RNAs were
purified from total RNA by using Dynabeads mRNA DIRECT kit
(61012; Ambion Life Technologies). scDNase-Seq was performed
according to a protocol described previously (Jin et al., 2015).
The RNA-Seq and scDNase-Seq libraries were sequenced with
Mlumina HiSeq system, and 50 bp reads were generated by the
National Heart, Lung, and Blood Institute DNA Sequencing and
Computational Biology Core. Sequence reads were mapped to
mouse genome (mm9) by using bowtie 2 with default settings
(Langmead and Salzberg, 2012), and reads mapped to multiple
positions (MAPQ < 10) were discarded. In the DHS analysis,
only one read for genomic site with multiple alignment hits
were retained. Gene expression levels were measured by RPKM
(reads per kilobase of exon per million reads; Mortazavi et al.,
2008). Differentially expressed genes were identified by edgeR
3 (Robinson et al., 2010) with the following criteria: FDR (false
discovery rate) < 0.01, FC (fold change) log, > 1, and RPKM > 3.
Differently expressed genes were clustered by using software
MeV. SICER (Zang et al., 2009) was used to call peaks (window
size is 200 bp, gap size is 400 bp, and others by defaults). The
location of protein is analyzed by PANTHER Overrepresentation
Test-GO cellular component complete.

Statistics

Differences between groups were determined by two-tailed un-
paired or paired Student’s t test with Prism 7 software (Graph-
Pad). Data are presented as mean + SD. A P < 0.05 was considered
statistically significant and is indicated as * or **; not statistically
significant is indicated as n.s.

Accession code

The RNA-Seq and scDNAase-Seq datasets are available in
the Gene Expression Omnibus database under the acces-
sion no. GSE102959.

Online supplemental material

Fig. S1 shows generation and characterization of inducible T-bet
fate-mapping mouse strain and identification of Tfth-related gene
expression in ex-T-bet population. Fig. S2 shows Tfh cell gating
strategy and immunization of constitutive T-bet fate mapping mice.
Table S1is an Excel file of differentially expressed genes between
CD4*CD44M¢"CD25 tdTomato*ZsGreen* and CD4*CD44M8hCD25-
tdTomato*ZsGreen~ cell populations. Table S2 is an Excel file of
differentially expressed genes in CD4*CD44M8hCD25-Tetram-
er*-CXCR5Me"PD-1ightd Tomato*, CXCR5ME"PD-1"ghtd Tomato-,
CXCR5°"PD-1"tdTomato*, and CXCR5""PD-1"°"tdTomato~ anti-
gen-specific cell populations.
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