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T follicular helper (Tth) cells are critical in providing help for B cells in the germinal center reaction. Tth cell plasticity,
especially with regard to their expression of effector Th cytokines, has been described, but lacks in-depth analysis with genetic
approaches. In this study, we systemically compared transcriptomic profiles of Tth cells derived from various types of immune
responses and found gene clusters corresponding to effector Th cells were differentially induced in response to pathogens or
immune responses. Of special interest, a subset of Tth cells producing IFN-y was generated in an influenza virus infection,
partially dependent on the innate cytokine IL-12. Lineage-tracing mouse model revealed unique developmental regulation of
IFN-y" Tth cells, while selective ablation of these cells impaired the induction of IgG2¢” germinal center B cells and the control
of influenza infection. These results indicate that pathogen-associated Tth cell plasticity is necessary for host immunity, which

has implications in vaccine design.
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INTRODUCTION antibodies are highly effective in opsonizing and neutralizing

Antibody is essential for host protection against foreign pa-
thogens; defects in antibody production result in suscept-
ibility to bacterial, viral and parasitic infections. Based on the
heavy chains, antibodies are classified into five major classes
or isotypes, i.e., IgA, IgD, IgE, IgG and IgM. IgG in mouse
can be further divided into IgG1, IgG2a/c, IgG2b and IgG3
subclasses (Xu et al., 2012). Depending on the subclass, IgG
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pathogens as well as in activating the complement system,
while IgA and IgE have almost no ability to activate com-
plement (Ward and Ghetie, 1995). Moreover, different IgG
subclasses have different binding affinities for Fc receptors
(FcRs) expressed on immune effector cells. IgG1 does not
bind to FcyRIV or FcyRI, but functions via FcyRIIl. In
contrast, I[gG2a in BALB/c and IgG2c in C57BL/6 mice
additionally bind to high-affinity FcyRI and FcyRIV, and
activate complement better than IgG1 (Coutelier et al., 1987
Huber et al., 2006; Sangster et al., 2000; Zivkovié et al.,
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2018).

Antibody isotype switching in B cells is dependent on the
nature of antigen, as well as “help” from T cells. IL-21,
predominantly produced by T follicular helper (Tth) cells, is
critical in the production of antigen-specific antibody,
especially of the IgG1 isotype; deletion of //21r dampened
IgG1 while increasing IgE levels (Ozaki et al., 2002; Suto et
al., 2002). IL-4, on the other hand, is essential for IgE pro-
duction and is also important in IgGl class switching
(Gowthaman et al., 2019; Wu and Zarrin, 2014). Double
deficiency in IL-4 and IL-21 eliminated IgG1 and IgE iso-
types (Ozaki et al., 2002), indicating overlapping regulation
of IgG1 production by IL-21 and IL-4. On the other hand,
IFN-y selectively induces IgG2 antibody, which is the pre-
dominant protective neutralizing antibody isotype in murine
viral infections (Miyauchi et al., 2016; Snapper and Paul,
1987). TGF-P mediates the IgG2b and IgA class switch (Park
et al., 2005).

The Tth cell is specialized in delivering help to B cells and
is required for germinal center reactions. Originally defined
by the expression of CXCRS, which facilitates Tth cell mi-
gration into B cell follicles (Ansel et al., 1999; Breitfeld et
al., 2000; Kim et al., 2001; Schaerli et al., 2000), Bcl-6 was
subsequently determined as the first lineage-specific tran-
scription factor in Tth cells (Johnston et al., 2009; Nurieva et
al., 2009; Yu et al., 2009). Inactivation of the Bcl6 gene in
CD4' T cells impaired Tfh cell formation and the germinal
center response. Tth cells are essential in generating high-
affinity antibody through the germinal center reaction
(Crotty, 2019; King et al., 2008; Vinuesa et al., 2016), likely
via providing the CD40L and IL-21 signals to promote B cell
proliferation and differentiation (Glatman Zaretsky et al.,
2009; Linterman et al., 2010; Xu et al., 1994; Zotos et al.,
2010). Cytokines released by T cells together with CD40L
further induce Activation-induced Cytidine Deaminase
(AID) expression in B cells, which promotes class-switch
DNA recombination of the immunoglobulin heavy chain,
thus give rise to different antibody isotypes (Glatman Zar-
etsky et al., 2009; King and Mohrs, 2009; Reinhardt et al.,
2009), as well as somatic hypermutation of Ig V genes.

Although originally reported to lack the expression of
signature cytokines and transcription factors found in Thl,
Th2 and Th17 cells (Nurieva et al., 2008), Tth cells have also
been reported in the literature with different phenotypic and
functional features. Based on the expression of CXCR3 and
CCR6, Tth cells in human peripheral blood, although they
lack Bcl6 expression, were subdivided into CXCR3 ' CCR6
Tfhl, CXCR3 CCR6 Tfh2 and CXCR3 CCR6' Tth17 cells
with distinct capacities to help B cells in vitro (Morita et al.,
2011; Schmitt et al., 2014). The blood CXCR3'CXCRS"
ICOS™ Th cells positively correlate with the induction of
protective antibody responses upon seasonal flu vaccination
(Bentebibel et al., 2013), though their functions are still
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controversial. During chronic SIV infection, a large fraction
of GC-Tth cells expresses CXCR3 and IFN-y, associated
with increased IgG1 production, and may serve as viral re-
servoirs (Velu et al., 2016). One recent work showed that in a
ZIKA infection model in the presence of IFNRA blockade,
Thl-like Tth cell population was induced, which was re-
quired for the virus-specific IgG2¢ class switching and
promoted plasma cell differentiation (Liang et al., 2019).
However, the ontogeny of those cells and the relationship
between Tth cells and Thl cells remains unclear. On the
other hand, sequentially acquired IL-4 expression by GC-Tth
cells, together with IL-21 expression, was reported to reg-
ulate IgG1 production and antibody-secreting plasma cell
differentiation in Nippostrongylus brasiliensis-infected mice
(Weinstein et al., 2016). Recently, Tth13 cells, which pro-
duce IL-13 along with IL-4, were identified and shown to be
necessary for anaphylactic IgE production in response to
allergens (Gowthaman et al., 2019). Taken together, all of the
above data suggest the existence of Tfh cell heterogeneity
and/or plasticity. However, whether different subtypes of Tth
cells are present in all immune responses or, if instead, they
display different features depending on the immune context,
has not been resolved, especially by use of genetic ap-
proaches.

To understand whether and how Tth cells regulate B-cell
production of IgG isotypes in different immune responses,
we performed RNA sequencing on Tth cells generated in a
variety of infection and immunization models. Tth cells were
found to exhibit distinct phenotypes depending on the im-
mune context. Moreover, we found an IFN-y-secreting Tth
cell population in viral and bacterial infections that is regu-
lated by IL-12 signaling. Fate-mapping mouse model reveals
IFN—yHﬁ Tth cells are generated in parallel, and specific
elimination of IFN-y" Tfh cells during influenza infection
dampened anti-viral antibody production, especially of the
IgG2" germinal center B cells, resulting in susceptibility to
influenza infection. Our data indicate Tth cell plasticity de-
pending on the nature of the infection, which has implica-
tions in the rational design of vaccines.

RESULTS

Tfh cells exhibit distinct gene expression features in
different immune responses

To systemically analyze and compare Tth cells in different
types of immune responses, we used Bel6"""xF, oycpSGFP mice
(Fontenot et al., 2005; Liu et al., 2012) to isolate bona fide
GC-Tth cells based on the CXCR5 Bcl6 Foxp3 gating
(Figure 1A) from Peyer’s patches at steady state, as well as
draining lymph nodes (dLNs) in keyhole limpet hemocyanin
(KLH)-immunized, influenza virus A/Puerto Rico/8 (PRS,
HIN1)-infected, S. mansoni soluble egg antigen (SEA)-
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treated, and experimental Sjogren’s syndrome (ESS)-in-
duced mice. RNA sequencing analysis followed by tran-
scriptome comparisons were performed on these various
types of Tth cells. As expected from previous literature (Liu
et al., 2012), genes including 1121, Cxcr5, Tox, Sh2dla, Bcl6,
Dnasell3, Slamf6, Fas, 1d3, Tspan32, Cd160, Cd200, Btla,
Cd27, Cd69, Egr2 and Egr3 were highly expressed among
all Tth cells, when compared to non-Tth cells. In total, there
were 450 genes sharing similar expression patterns in Tth
cells, which identifies a core module of the Tfh cell tran-
scriptional signature (Figure 1C). Further analysis revealed
that these commonly expressed genes in Tth cells are highly
enriched in pathways associated with T cell activation, B cell
activation and regulation, and immunoglobulin production
(Figure 1D). Principal component analysis (PCA) also
showed distinct transcriptional characteristics in Tth cells
from these models. Moreover, Tfth cells derived from the
KLH immunization and ESS models shared more tran-
scriptional similarity, compared with other models, with re-
latively higher expression of Icos, Tcf7, Il6ra in both (Figure
1B and E). This could possibly be due to the use of complete
Freund’s adjuvant (CFA) in both models, suggesting that
innate immunity has a strong influence on the transcriptional
program of Tth cells. Of note, Tth cells generated during
influenza virus infection elicited upregulated expression of
Ifng, together with increased Thx21, 1110, Cxcr3, Fos, Pdcdl,
Ascl2 expression compared to the other models. In contrast,
transcription of //4 and 1l5 was significantly elevated in the
SEA immunization model (Figure 1E).

These data indicate that Tth cells, though they share a core
transcriptional module, preferentially express certain Th-re-
lated genes depending on the nature of the immune re-
sponses, a phenotype likely imprinted by the innate immune
reaction.

Specific induction of IFN-y" Tfh cells during viral in-
fection

Tth cells have been shown to be important in influenza in-
fection (Liu et al., 2014). Although IFN-y" Tfh cells re-
present a unique feature of viral and bacterial infection, they
constituted only a small fraction of total Tth cells. To further
characterize IFN-y-expressing Tfh cells, we utilized
BcléRFPXIfngYFP mice. Consistent with RNA sequencing re-
sults and FACS staining, approximately 20%-30% of
CXCR5 RFP(Bcl6)” Tth cells in the lung draining lymph
nodes during influenza infection were YFP(IFN-y)" (Figure
2A and E). In response to L. Monocytogenes infection, IFN-
y" Tfh cells were detected at levels comparable to influenza
infection. In contrast, Tfth cells exhibited only very modest
YFP expression in Peyer’s patches at the resting state, with
no expression detected after KLH or SEA immunization
(Figure 2E). During influenza infection, approximately
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10%-15% activated CD4" T cells were YEP'RFP™ (Figure
2B). However, there were no natural killer (NK) cells,
macrophage, dendritic cells, B cells or CD8" T cells co-
expressing I[FN-y and Bcl6 upon influenza challenge (Figure
2C).

We also observed specific cellular localization of YFP
RFP" CD4" T cells inside of the PNA'IgD GC areas of
draining lymph nodes at D9 post influenza infection (Figure
2D). By contrast, YFP single positive CD4" T cells, likely
Thl cells, were found outside of follicles. These results
suggest a role of IFN-y-expressing Tth cells in regulating GC
responses.

Next, we compared the transcriptional profiles of IFN-y"
and IFN-y Tfh cells by RNA sequencing. A total of 279
genes were found significantly (>2-fold) upregulated in
IFN-y" Tth cells and 252 genes were downregulated. By
comparison with Thl and Tth cells generated during viral
infection, we found that Th1l-related and cytotoxicity-related
genes, including Ccl3, 1112rb2, Ccl4, Cxcr6, Zeb2, Bhlhe40,
Ifng, Il18rap, Thx21, Ccr2, Prdml, Gzmb and Runx2 were
highly expressed in IFN-y" Tfh cells (Figure S1A and B in
Supporting Information), while several Tth signature genes
like Btla, Tox and Pou2afl were decreased in expression
compared to IFN-y Tth cells. The expression of Icos was
higher in IFN-y" Tfh cells. Interestingly, expression of sev-
eral memory-related genes, including Sell, Ccr7 and KIf9,
was increased in IFN-y Tth cells. Of note, expression of
Cxcr3, previously identified as a Th1-like Tth cell marker in
human peripheral blood (Ma and Deenick, 2014; Morita et
al., 2011), did not correlate with that of Ifng in Tth cells
during influenza infection (Figure S1A in Supporting In-
formation), suggesting that CXCR3 may not be involved in
regulating the localization of these cells. Considering this,
IFN-y" Tth cells in our flu model may not be exactly the
same population as the previously reported CXCR3" Tth or
Tth-like population in human or mouse (Obeng-Adjei et al.,
2015; Ryg-Cornejo et al., 2016; Velu et al., 2016; Velu et al.,
2018).

Gene set enrichment analysis (GSEA) using published
transcription datasets revealed that IFN-y" Tfh shared more
similar features with Th1 cells rather than Tth cells in LCMV
infection (Shaw et al., 2016) (Figure S1C in Supporting In-
formation). Pathway analysis of upregulated genes in IFN-y"
Tth cells indicated that they were enriched for genes related
to cellular cytotoxicity and B cell responses (Figure S1D in
Supporting Information), suggesting bifunctional character-
istics of these cells. To further validate the differentially
expressed genes between these two subsets, we examined T-
bet, TOX, BLIMP1 and BCL6 protein expression in IFN-y"
Tth cells and IFN-y Tth cells by flow cytometry. Consistent
with mRNA expression, IFN-y" Tfh cells showed increased
T-bet and BLIMP1 expression, but similar levels of BCL6
expression, compared to IFN-y Tth cells. However, unlike
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Figure 1 Tfh cells exhibit distinct transcriptional profiles in different immune contexts. A, Representative example of gating strategy used to isolate GC-
Tth (CD4+CD44I“CXCR5+RFP+GFP7B2207) cells for bulk RNA sequencing. B, PCA of transcripts in five indicated mouse models. C, Heatmap of commonly
expressed genes (FPKM>5) in 5 models compared to non-Tfh samples (fold change>2, FDR<0.01). D, Pathways enriched in commonly expressed genes. E,
Heatmap of differentially expressed transcripts (fold change>2, FDR<0.01) among different models. Selected genes were highlighted in the heatmap.

RNA-seq result, TOX expression was similar, even higher in
IFN-y" Tfh cells (Figure SIE in Supporting Information).
These results indicate that IFN-y" Ttfh cells have increased
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expression of Thl-associated genes, but maintain similar
expression in Tfh related molecules. Moreover, gene set
enrichment analysis also indicated that IFN-y" Tfh cell
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Figure 2 Specific induction of IFN-y" Tth cells during viral infection. The IfngYFPXBcMRFP reporter mice were intranasally infected with HIN1 PRS8

influenza virus and analyzed 9 d later. A, Representative flow cytometric images of Ifing-YFP reporter expression in CXCR5'RFP" Tth cells and (B)
YFP'RFP" cells (gated on CD4+CD44}“). C, Statistics of YFP'RFP" populations in NK cells (gated on CD3 NK1.1"), macrophages (F4/80"), dendritic cells
(MHCII'CD11¢'CD11b"), B cells (CD19'B220"), CD8" T and CD4" T cells. D, Representative immunofluorescence images of PNA (blue), YFP (green),
RFP (red), IgD (violet) staining in the frozen sections of lung draining lymph nodes. E, Representative YFP expression in Tth cells from Peyer’s patches at
steady state, as well as dLNs in KLH immunized, HIN1 PR8 infected and SEA immunized or spleen in Listeria Monocytogenes infected I/thFPXBcMRFP

reporter mice. Data are shown as mean+SD; two-tailed #-test; *, P<0.05; **, P<0.01.

highly expressed apoptosis-related molecules (Figure S1F in Reduced capacity of inactivated influenza virus in in-
Supporting Information), which imply that they might un- ducing protective humoral immunity

dergo apoptosis rather than differentiation into memory cells, Vaccination is the most effective way to prevent the spread of

after peak of the immune response. influenza infection. We thus compared the development of
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IFN-y" Tth cells during infection by natural HIN1 PR8 and tion, although similar percentages of IFN-y" CD4 T cells

vaccination with virus chemically inactivated using a pre- were induced by live virus infection and vaccination,
. . . . . . . +. + IR — +
viously described method with modifications (Miyauchi et IFN-y Bcl6 double-positive cells as well as IFN-y Bcl6
al., 2016). Natural infection with influenza virus induced single-positive cells were not significantly induced in lung
. . . + . . . .
preferentially expression of Bcl6 and IFN-y in CD4 " cells in dLNs by vaccination (Figure 3A and B). Furthermore, GC B
lung dLNs and lung tissue, respectively, likely due to the cells in lung draining lymph nodes were significantly de-
differences in cytokine environments and cellular distribu- creased compared to live virus infection (Figure 3B).
tions between lymph nodes and lung tissues (Figure 3A and Moreover, IgG2c¢ production by GC B cells in either dLNs or
+ + . . . . . . . . . .
B). CXCRS5 Bcl6' Tth cells were very limited in lung tissue lung tissues was significantly decreased in vaccinated mice
compared to lung dLNs, mainly due to lack of classical GC compared to infected mice (Figure 3C and D). These results
structure in lung tissue. When we compared T cell pheno- suggest a reduced capacity of inactivated influenza virus in
types between natural virus and inactivated virus vaccina- inducing protective immunity compared to live influenza
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Figure 3 Inadequate induction of IFN-y" Tfh cells by inactivated influenza virus vaccine. The Ifing" " xBcl6"" reporter mice were either infected with live
PR8 virus or immunized with inactivated virus (vaccination), and then sacrificed and analyzed on day 9 post infection, or on days as indicated. A,
Representative flow images of Ifing-YFP and Bcl6-RFP expressions in CD4 CD44" T cells obtained from lung draining lymph nodes and lung tissues of
Ifng" "xBcl6™" reporter mice. B, Statistical analysis of IFN-y'Bcl6” CD4" T cells, IFN-y Bcl6” CD4" T cells, IFN-y Bel6™ CD4" T cells and GC B cells
(gating) obtained from lung draining lymph nodes and lung tissues of lfngYFPXBcltﬁRFP reporter mice. C, Representative flow images of IgG1 and IgG2c
staining in GC B cells obtained from lung dLNs or lung tissues of the reporter mice. D, Statistical analysis of IgG1" or IgG2¢” GC B cell percentages in total
IgD activated B cells in lung dLNs or lung tissues. E, Correlation analysis of IFN-y Bel6” CD4" T cell or IFN-y" CD4" T cell percentages with GC B cell
percentages. F, Representative flow images (upper) and statistical analysis (below) of YFP'RFP " cells in CD4'CD44" T cells in lung draining lymph nodes of
IfngYFPXBCIGRFP reporter mice vaccinated at ages of 4-5, 8-9 or >19 weeks old. Data above are representatives of two independent experiments. Data are
shown as mean£SD; two-tailed r-test; *, P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001; n.s, no significance.
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virus, especially in the Tth compartment. Moreover, when
we integrated the analysis on live influenza infection and
inactivated influenza vaccination results, GC B cell devel-
opment appeared to positively correlate with the percentages
of IFN-y Bcl6, but not total IFN-y" CD4" T cells (Figure
3E). Furthermore, when we compared mice at different ages
in terms of their responses to the inactivated influenza vac-
cination, IFN-y Bcl6” and IFN-y Bel6  cell populations were
both significantly decreased in juvenile (4 weeks) and el-
derly (>19 weeks) groups compared to mice of 8w, whereas
similar frequencies of IFN-y Bcl6' cells were identified in
all three groups (Figure 3F). Thus, age may affect IFN-y
expression in T cells, which may underscore the differential
efficacy of vaccine protection in humans (Flannery et al.,
2019; Goodwin et al., 2006; Osterholm et al., 2012).

Innate signaling regulates the induction of IFN-y" Tfh
cells during influenza infection

Interleukin 12 is necessary for Thl cell differentiation (Ro-
mani et al., 1997). Our RNA-sequencing result showed that
1112rb2, but not [123r, gene expression was significantly
increased in IFN-y" Tfh compared to IFN-y Tth cells. In-
terestingly, the 1/12p40 (I112b) gene was selectively and
highly expressed in lung dLN cells during influenza infec-
tion, but not in draining lymph nodes after SEA immuniza-
tion, KLH immunization or in Peyer’s patches at the steady
state (Figure 4A). 1112p35 (Il12a) gene expression pattern
was similar to that of 1//2p40, although it was also highly
expressed in the KLH immunization model (Figure 4A). We
also compared //12 expression during live virus infection and
vaccination. Although 1//2p40 showed similar expression
levels between live virus and vaccine, 1/12p35 expression
was significantly higher with live virus infection (Figure
4B). These data suggest that //12 is selectively expressed
during influenza infection, which may impact the induction
of IFN-y'Bcl6" cells. To further investigate the source of IL-
12, we examined IL-12 expression in lung dLNs and lung-
infiltrating cells through flow cytometry. Overall, CD11c"
dendritic cells produced higher amounts of IL-12 compared
to B220" B cells in both lung dLNs and lung tissue after
influenza infection (Figure 4C). B cells barely produced IL-
12 in draining lymph nodes, however, expressed elevated
levels of IL-12 in lung tissues (Figure 4C). The increased
levels of IL-12 expression in dendritic cells and B cells in
lung tissue may also account for the preferentially presence
of IFN-y" cells in lung tissue compared to dLNs. To ascertain
the cellular localization of IL-12 in situ, we carried out im-
munofluorescence of lung dLNs at day 9 post influenza in-
fection. Consistent with the flow staining, there was little IL-
12 expression in B cell zone, especially PNA" GC areas. We
found IL-12 expression mainly localized at the T cell zone or
T-B border regions, indicating that IL-12 likely functions
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outside GCs (Figure 4D).

To investigate the roles of IL-12 in the induction of IFN-y"
Tth cells, we added IL-12 into Tth cell in vitro differentiation
cultures. The IFN-y'Bcl6" cells were only observed in Tfh
(IL-6" IL-21) cultures with IL-12, but not in either Th1 (IL-
12) or Tth (IL-6" IL-21) culture conditions (Figure S2A and
B in Supporting Information). Moreover, a relatively low
concentration of IL-12 induced even more IFN-y Bcl6 cells
compared to higher concentrations (Figure S2A and B in
Supporting Information). Although IL-12 levels did not af-
fect the expression of Bcl6, the presence of IL-6 and IL-21
interfered with the production of IFN-y in Tth cells com-
pared to Thl cells (Figure S2B in Supporting Information).
Interestingly, IL-12 promoted the development of
IFN-y Bel6 cells in vitro at early time points (0-24 h), but
not late stage (48—72 h) after T cell activation (Figure S2C-E
in Supporting Information).

The above results suggest a role for IL-12 in the induction
of IFN-y'Bcl6™ Tfh cells. To further investigate the func-
tional importance of IL-12 in vivo, we infected /126"~ mice
with influenza virus and found that the body weights of the
knockout (KO) mice showed a more severe reduction from
day 5 to 9 during influenza infection (Figure 4E). Con-
sistently, the virus clearance in lung tissues was defective in
the absence of IL-12 (Figure 4F). GC B cell percentages and
cell numbers as well as Tfh cell percentages were sig-
nificantly decreased in the /172b" group (Figure 4G). The
percentage of IFN-y Bcl6" double-positive cells among total
CD4°CD44" cells was also greatly reduced in /126" mice
(Figure 4H). Meanwhile, total IFN-y’ CD4 T cell percen-
tages were also sharply decreased in the KO mice, although
IFN-y Bcl6” CD4" T cells were not significantly changed
(Figure 4H), indicating that, among Tfh cells, the IFN-y"
subpopulation was selectively impacted as a result of IL-12
deficiency. Moreover, virus-specific 1gG, especially 1gG2c
was decreased as a result of the deficiency of IL-12 (Figure
41).

IFN-y" and IFN-y" Tfh cells develop independently
during viral infection

To further understand the ontogeny of IFN-}(+ Tth cells, we
utilized an Ifng”* mouse that we recently constructed (un-
published data) and generated an Ifng”*:R26""" fate-mapping
mouse which IFN-y expressed cells will continuously ex-
press YFP. Similar to the /fng reporter mouse, approximately
20% of Tfh cells generated in influenza-infected Ifng™":
R26""" mice were found to be YFP" (Figure 5A), suggesting
that, in this model, IFN-y Tth cells were not generated from
an IFN-y" precursor. YFP" Tth cells were not present in KLH
or SEA immunized mice (Figure 5A). Unexpectedly, we
observed that 10%—15% Tfh cells were YFP' in Peyer’s

patches, however, such population were not observed in the
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IFN-y reporter mice which indicated that these cells had
previously expressed IFN-y, but lost the expression of IFN-y
at the time of detection (Figures 2E and 5A). Since the fre-
quencies of Tth, GC B, and total IFN-y+ CD4 T cells in
Peyer’s patches were not affected in the conditional Bcl6
knockout mice at steady state, this IFN-y-expressed fraction
of Tth cells in Peyer’s patches do not influence the home-
ostasis (Figure S3 in Supporting Information).

At day 9 post influenza infection of Ifing™:R26""" mice,
we observed Tth cell formation in both YFP" or YFP™ CD4"
T cells at similar percentages (Figure 5B). However, when
Ifng™:R26""" were crossed with Bcl6™ mice, Tfh cell for-
mation was almost totally abolished among YFP'CD4™ T
cells (Figure 5B). At the same time, the total frequency of
IFN-y-expressing cells (Figure 5C, left) as well as IFN-y
expression in non-Tth cells were unaffected (Figure 5C,
right). However, the Tfh versus non-Tfh ratios in YFP cells
were severely decreased because of Bcl6 deficiency (Figure
5C, middle). We then carried out immunofluorescence ana-
lysis and confirmed the localization of IFN-y-expressing
cells within B cell follicles in wild-type mice, which was not
the case in the Bcl6-deficient mice (Figure 5D).

To further investigate the plasticity between Tth cells and
Thl cells, we generated Bcl6"™ " > R26'™™ fate-mapping
mice, in which cells historically expressing Bcl6 would be
marked and continuously express tdTomato. We then in-
fected these mice with influenza. Different from CXCRS"
PD1" Tth cells in which the majority of cells expressed
tdTomato, non-Tth cells barely expressed it (Figure 5E),
excluding the possibility that Thl cells were derived from
Tth precursors. Similar results were also found in lung-in-
filtrating lymphocytes and splenocytes (Figure 5F).

Therefore, we conclude that IFN-y-expressing Tth cells
generated during influenza infection go through a distinct
developmental process compared to IFN-y Tth cells and
also that Th1 cells were not derived from Tth cells.

Elimination of the IFN-y" Tfh population dampened
anti-viral GC response

To assess the function of IFN-y" Tfh cells in viral infection,
we used Bel6" Ifng” conditional knockout mice which IFN-
y" Tth cells were specifically eliminated without influencing
the IFN-y Tth cell population, thus provides a powerful tool
to investigate the functional roles of IFN-y" Tfh cells in anti-
viral immunity. After intranasally (i.n.) infected Bel6™ Ifng™
(KO) and Bcl"” (WT) controls with influenza virus A/
Puerto Rico/8 (PRS, HIN1), the KO mice displayed a more
severe body weight reduction and delayed recovery com-
pared to WT mice from days 5 to 9 after influenza challenge
(Figure 6A). At day 9 post infection (dpi), viral hemagglu-
tinin (HA) mRNA levels in the lung tissues of KO mice were
much higher than in control mice (Figure 6B), indicating
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attenuated virus clearance in the KO mice. Although GC B
cell as well as Tth cell and the total IFN-y" cell percentages
showed no obvious difference between the two groups, the
absolute number of GC B cells in lung draining lymph nodes
was lower in the KO mice (Figure 6D). Also, the IgG2¢” GC
B cell percentages were substantially decreased as a result of
Bcl6 deletion (Figure 6E), while the IgG1" cells had no ob-
vious change (Figure 6E). Consistently, though influenza
virus-specific IgG1 antibodies had mild differences, virus-
specific IgG2c antibodies were decreased in KO mice (Fig-
ure 6F), indicating the specific role of IFN-y" cells in mod-
ulating 1gG2 class switching. /n vitro co-culture assay also
indicated that IFN-y" Tfh cells promote GC B cell differ-
entiation and IgG2c class switching (data not shown).
Moreover, an in vitro virus neutralizing assay revealed that
the generation of neutralizing antibodies against influenza
virus was decreased in the absence of IFN-y’ Ttfh cells
(Figure 6C).

Thus, we concluded that IFN-y" Tfh cells are critical for
proper humoral immune responses during influenza virus
infection, especially mediating anti-viral antibody produc-
tion and IgG2 class switching in GC. Loss of IFN-y" Tfh
cells results in increased susceptibility to influenza virus
infection and defects in virus clearance. These results further
support earlier work using Zika virus (Liang et al., 2019).

DISCUSSION

In this study, we have systemically defined diverse tran-
scriptional profiles of Tth cells in the context of different
types of immune responses. Influenza infection specifically
induces an IFN-y-expressing Tth cell type, that is tran-
scriptionally and phenotypically distinct from conventional
Tth cells.

Through transcriptomic profiling of Bcl6-expressing GC-
Tth cells derived from different models, we observed a ro-
bust gene expression signature module of GC-Tth cells apart
from Bcl6, the lineage-defining factor, in a wide variety of
immune responses. The stable expression of these genes is
critical for Tth cell generation and function, but unlikely
associates with a particular type of immune response. This
cluster of genes could offer hints for the construction of a Tth
cell transcriptional regulation network, which so far remains
unclear. In addition to these common genes, we observed the
existence of gene clusters associated with immune context-
dependent Tfh cell polarization. Bioinformatic analysis
identified numerous genes differentially expressed among
Tth cells derived from different immune responses. Parti-
cularly, the expression of IFN-y or IL-4 is not restricted to
specific antigens, but rather reflects the type of immune
response. These specific Tth types do not exist at the steady
state, but only emerge in response to certain kinds of
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Figure 6 Elimination of IFN-y" Tth population dampens anti-viral GC responses. Bel6™ (WT) and Ifng xBcl6™ (KO) mice infected intranasally with 0.1
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infection or innate stimuli. Even at the same anatomic loca-
tions, different immune responses still induced differential Tth
responses, largely dependent on the innate signals. The ex-
pression of Ifng by Tth cells is closely associated with in-
tracellular viral or bacterial infection, but not in the response
to helminth antigens or commensal bacteria in the intestinal
microenvironment. The major mechanism for generation of
IFN-y-expressing Tth cells in bacterial and viral infection is
likely the similar immune recognition mechanisms and the
innate immune responses to these pathogens (Akira et al.,
2006; Stewart and Cookson, 2016). However, anatomic lo-
cations may be an important factor in regulation of Tth cell
differentiation. The spatial localization likely restricts certain
kind of immune environment and cellular composition which
may promote specific Tth response (Zhang et al., 2021).

Our results revealed that only a fraction of Tth cells during
influenza virus infection expressed IFN-y. Transcriptional
analysis indicated differential gene expression profiles be-
tween IFN-y" and IFN-y Tth subsets. IFN-y" Tfh cells up-
regulated Ifng and Thx21 expression during infection, similar
to Th1 cells. Previous studies indicated that T-bet is neces-
sary for both Thl and Tth cell development in viral infec-
tions (Fang et al., 2018; Weinstein et al., 2018). The
“ex-T-bet” expression pattern was shown to be critical in the
induction of IFN-y" GC-Tth cells (Fang et al., 2018). Our
analysis of Bcl6 fate-mapping mice has further elucidated the
ontogeny of IFN-y" Tfh cells in that they do not generate
Bcl6 Thl cells. However, such transition was not observed
in Thl cells. Immunofluorescence staining indicated that IL-
12 expression mainly localized at T cell zone and T-B border
region, but not in B cell follicle of draining lymph nodes.
Meanwhile, IL-12 induces IFN-y Bcl6" cells at first 48 h of
T cell activation in vitro. Above observations indicated that
IL-12 may induce IFN-y-expressing Tth precursor cells at T-
B border at early phase of immune response. Deficiency of
Bcl6 in IFN-y-expressing cells resulted in failure of migra-
tion of those IFN-y-expressing Tth precursor cells into GC
areas and maturation into GC-Tth cells. Thus, influenza in-
fection derived IFN-y" and IFN-y Ttfh cells emerged in
parallel rather than in sequence. IFN-y-expressing Tth cells
thus do not represent an intermediate stage of Tth cell in
influenza infection, but rather a subset independent from
IFN-y Tth cells. Our data support the idea of plasticity, but
not different developmental stages of Tth cells during in-
fectious diseases (Crotty, 2018).

IFN-y-expressing Tth cells have been also observed by
others (Reinhardt et al., 2009; Weinstein et al., 2018). One
recent paper calling them IFN-y-producing Thl-like Tth
cells showed their importance in mediating the serum IgG2c
antibody production in ZIKV infection by use of chimeric
mouse models (Liang et al., 2019). Our data, consistent with
theirs, further show the importance of this unique Tth cell
subset in regulating IgG2 class-switching in GC during viral
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infection. Specifically, we eliminated IFN-y" Tth cells during
influenza infection without affecting total Tth cells, but re-
sulting in disappearance of IFN-y-expressing T cells in
germinal centers. Functional data indicated that IFN-y" Tth
cells are critical for the anti-viral antibody response, espe-
cially IgG2¢” GC B cell response. Therefore, the interaction
of IFN-y-expressing Tfh cells with GC B cells inside
germinal center are critical for isotype switching. These re-
sults highlight the importance of IFN-y" Tfh cells in the
production of appropriate antibody isotypes and host defense
against pathogens.

Innate signals are important in shaping effector T cell
generation. Here, we found that IL-12 selectively regulated
the development of IFN-y'Bcl6, but not IFN-y Bcl6" cells
during influenza infection. IL-12 has been shown in several
studies to be a powerful cytokine used as vaccine adjuvant to
enhance cell-mediated cytotoxicity as well as humoral im-
munity (Jalah et al., 2012; Marinaro et al., 1999; Okada et al.,
2017; Stevceva et al., 2006). Given that induction of IFN—y+
Tth cells and IL-12 production were both decreased in mice
receiving an inactivated influenza virus vaccine, a strategy to
enhance IL-12 signaling should be beneficial in future vac-
cine design to induce protective humoral immune responses
against influenza virus.

Overall, our current work demonstrates adaptive Tth cell
plasticity in response to pathogen infection. Our analysis of
IFN-y" Tfh cells generated during influenza virus infection
revealed their unique differentiation and regulatory func-
tions. These cells are vital in GC response against viral in-
fection, a finding that has important implications in the
future design of anti-viral vaccines.

MATERIALS AND METHODS

Mice
RFP

The Bcl6™™” and Bci6™ mice were generated previously (Liu
et al., 2012; Liu et al., 2016) and have backcrossed with
C57BL/6 mice for at least 8 times. The Bcl6" mice were
crossed with FoxpSGFP (Lin et al., 2007) or IfngYFP (Re-
inhardt et al., 2009) mice in order to generate
Bcl6RFPXF0xp36FP or Bcl6RFPXIfngYFP double reporter mice.
The Bcl6™ mice were crossed with Ifing™ or Ifing™:R26"""
(unpublished) mice in order to generate Ifing”*xBcl6" or
Ifng®™:R26 """ xBcl6™ conditional knockout mice. /126"
mice were a kind gift from Dr. Junling Liu (Shanghai Jiao
Tong University). Bel6™ ™" mice generated in house (un-
published) by inserting P2A-iCreERT?2 right before the stop
codon of the Bcl6 gene. The Bel6™ ™ "* mice were crossed
with Rosa26-tdTomato(Ai9) mice in order to generate
Bel6“ ™ % R26™° mice. All the mice were maintained
under specific pathogen free (SPF) conditions in Animal

Facility of Tsinghua University. All the animal protocols
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used in this study were accredited by the AAALAC and
IACUC of Tsinghua University.

Animal model

Infection and vaccination
Influenza virus A/Puerto Rico/8 (PRS, HIN1) was generated
by Dr. Hong Tang and his colleague at CAS Key Laboratory
of Infection and Immunity. For natural virus infection, the
mice were anesthetized and intranasally infected with 0.1
half lethal dose (LDs,) of HIN1 PR8 influenza virus, and
were sacrificed and analyzed on day 9 post infection. The
serum was collected for ELISA assays, and the lung draining
lymph nodes were isolated for analyzing T and B lympho-
cytes. Virus titers were determined by relative amounts of
viral RNA in the lung tissues using RT-PCR. For vaccina-
tion, the mice were intranasally immunized with virus in-
activated with 0.05% formaldehyde, and then sacrificed on
day 9 or 14 post immunization.

For Listeria monocytogenes infection, the mice were in-
travenously injected with 10° CFU of bacteria per mouse in
200 pL of PBS, and sacrificed and analyzed 8 d post infection.

Immunization

For KLH immunization, the mice were subcutaneously im-
munized with KLH (100 pg per mouse) mixed with CFA
(1 mg mLﬁl, Sigma-Aldrich, USA) near the base of tail, and
sacrificed and analyzed on day 7 post immunization.

For S. mansoni soluble egg antigen (SEA) immunization,
the mice were subcutaneously immunized with SEA (100 ug
per mouse) into rear footpads, and then sacrificed and ana-
lyzed on day 14 post immunization. The SEA was a kind gift
from Dr. Xiaoping Chen at Shanghai Tongji University.

ESS model induction

The ESS model was established by immunizing the mice
with mouse salivary gland (SG) proteins as described before
with minor modifications (Lin et al., 2015). Briefly, the bi-
lateral salivary gland from mice was collected for homo-
genization in 1x PBS, the supernatant was collected by
centrifugation and the containing soluble SG protein was
quantified by BCA assay. The mice were subcutaneously
immunized with SG proteins (1 mg per mouse) emulsified in
CFA (5mg mLfl, Sigma-Aldrich) on the neck and then
boosted with SG proteins (0.25 mg per mouse) emulsified in
Freund’s incomplete adjuvant (Sigma-Aldrich) on day 14
after initial immunization. The mice were sacrificed and
analyzed at week 5 after initial immunization.

Flow cytometry and cell sorting

For surface staining, cells were first incubated with anti-CD4
(eBioscience, USA), anti-CD44 (BioLegend, USA), bioti-
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nylated anti-CXCRS5 (BD, USA), followed by streptavidin-
BV421 (BioLegend), anti-B220 (eBioscience), anti-PD1
(eBioscience), anti-CD19 (BD), anti-IgD (BioLegend), anti-
GL7 (eBioscience), anti-CD95 (eBioscience) staining. Dead
cells were excluded by cell viability dye staining (Fixable
viability dye eF505, eBioscience).

For intracellular staining, cells were fixed and permeabi-
lized with the Foxp3 transcription factor staining buffer kit
(eBioscience), followed by incubation with anti-IFN-y (BD/
eBioscience), anti-BCL6 (BD), anti-IgG1 (BD), anti-IgG2c
(Bethyl Laboratories, USA). For intracellular cytokine
staining, cells were first stimulated with PMA and ionomy-
cin in the presence of Brefeldin A (Golgiplug, BD) for 5 h
prior staining. Cells were analyzed on LSRFortessa (BD)
flow cytometer and analyzed using FlowJo.

For cell sorting, cells were sorted on FACSAria (BD) cell
sorter with indicated surface marker staining.

RNA-sequencing and Bioinformatics analysis

All samples for RNA-sequencing are followed the same
procedure. Total RNA were extracted using RNeasy Micro
Kit (QIAGEN, Germany). The quality of the extract RNA
was analyzed on Agilent 2100 Bioanalyzer (Agilent, USA).
cDNA synthesis and amplification were conducted using
SMARTer Ultra Low Input RNA kit (Clontech laboratories,
USA). The libraries were generated using Low Input Library
Prep Kit (Clontech laboratories). The RNA-sequencing were
performed on Hiseq4000 platform (BGI, Shenzhen, China).

Low quality reads and adaptor sequences were removed by
Trim Galore v0.4.4. The clean reads were aligned to mm10
by bowtie2 with default parameter, and uniquely mapping
reads were summarized by FeatureCounts (from Subread
package). Differentially expressed genes were determined
using at least 2-fold changes and FDR adjusted p-value less
than 0.05 by DEseq?2. Highly expressed common genes were
determined with FPKM>10 and fold changes less than 2
between any groups.

ELISA

96-well plates were first coated with heat-inactivated virus,
washed and then incubated with serial dilution of sera at
4°C overnight, to quantify the amounts of influenza specific
antibodies. After washing with 1x PBS with 0.5%Tween 20,
the plate-bound virus-specific antibodies were detected by
using HRP-conjugated anti-mouse 1gG, IgG1, IgG2c. In this
study, the influenza virus neutralization assay was performed
as previously described (Miyauchi et al., 2016).

Real-time PCR

To determine gene expression level, total RNA was extracted
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with Trizol reagent (Invitrogen, USA), and cDNA was syn-
thesized by using SuperScript III Reverse Transcriptase Kit
(Thermo Fischer Scientific, USA), and quantified by real
time PCR using SYBR real-time kit (Bio-Rad Laboratories,
USA). The housekeeping gene Actb was used as the internal
control for normalizing gene expression.

Immunofluorescence

Tissues were isolated and fixed in 4% paraformaldehyde,
then sliced to 6 um. The frozen sections were stained over-
night at 4°C with primary antibodies: biotinylated anti-PNA
(Vector lab, USA), anti-IgD (BioLegend). The sections were
then incubated with streptavidin-BV421 (BioLegend) at 37
for 2 h. The images were acquired by confocal microscope
LSM 780 (Zeiss, Germany) and processed using ZEN ima-
ging software (Zeiss).

T cell in vitro differentiation

Naive CD4 T (CD4'CD25 CD62L"CD44"") cells from in-
dicated mice were sorted and cultured with plate-bound anti-
CD3 (8 pg mL ") and anti-CD28 (8 pg mL ") under follow-
ing conditions: (i) neutral condition (ThO), anti-IL-2
(10 pgmL "), anti-IL4 (10pgmL ") and anti-TGFp
S g mLﬁl) in complete RPMI 1640 medium; (ii) Tth-like
condition, ThO condition plus mIL-6 (20 ng mLfl) and mIL-
21 (10 ngmL"); (iii) Thl condition, ThO condition plus
mlL-12 (10 ng mLfl). When indicated, mIL-12 were added
at 20, 10 or 5 ng mL™" in Tfh-like culture condition for high,
middle, low concentrations respectively. Cells were analyzed
at 72 h post initial culture.

Statistical analysis

The statistics were performed with two-tail unpaired Stu-
dent’s t-test or two-way ANOVA (Graphpad Prism 6), when
indicated. Differences with P-value<0.05 were considered
significant: *, P<0.05; **, P<0.01; *** P<0.001; n.s, no
significant difference.

Data and code availability

Gene expression omnibus: RNA-seq data have been de-
posited under accession code GSE166248.
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