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Histone methyltransferase Nsd2 is required for
follicular helper T cell differentiation
Xuehui Long1*, Le Zhang1*, Yang Zhang1, Min Min1, Bichun Lin1, Jingjing Chen1, Xiaojie Ma1, Sulan Zhai1, Zhenming Cai1, Yingxia Liu1, Yanlai Lu1,
Nan Che2, Wenfeng Tan2, Jun Qin3, and Xiaoming Wang1

Follicular helper T (Tfh) cells provide essential help for humoral immune response. Transcriptional factor Bcl6 is the master
regulator for Tfh generation and is induced very early after T cell activation in a CD28-dependent manner, but how CD28 signal
promotes Bcl6 early expression remains unknown. Here we found that CD28 signal quickly induces expression of the
H3K36me2 methytransferase Nsd2, which is required for Bcl6 expression as early as the first cell division after T cell
activation. Nsd2 deficiency in T cells leads to decreased Bcl6 expression, impaired Tfh generation, compromised germinal center
response, and delayed virus clearance. Ectopic Bcl6 expression rescues the Tfh defect of Nsd2 KO cells. ICOS signal is
dispensable for early Nsd2 induction but required for sustained Nsd2 expression, which is critical for Tfh maintenance.
Overexpression of Nsd2 increases Bcl6 expression and enhances Tfh generation; 4-mo-old mice even develop spontaneous Tfh.
Overall, our study reveals Nsd2 as a critical epigenetic regulator for Tfh differentiation.

Introduction
Upon antigen stimulation, naive T cells differentiate into func-
tionally distinct subsets. Follicular helper T (Tfh) cells are the
specialized subset providing essential help for B cells in germinal
centers (GCs) and thus are predominantly required for efficient
humoral immune response (Liu et al., 2013; Qi, 2016; Vinuesa
et al., 2016). By facilitating high-affinity antibody generation,
Tfh cells have an important role in protective immunity against
pathogen infections. In addition, aberrant Tfh differentiation is
implicated in antibody-mediated autoimmune diseases, such as
systemic lupus erythematosus (Crotty, 2014; Ueno et al., 2015).

The transcription factor Bcl6 is selectively expressed in Tfh
cells and has been demonstrated to be the master regulator for
Tfh differentiation (Johnston et al., 2009; Nurieva et al., 2009;
Yu et al., 2009), although other transcription factors such as
ASCL2, IRF4, BATF, TCF1, and Maf are also required (Bauquet
et al., 2009; Betz et al., 2010; Bollig et al., 2012; Choi et al., 2015;
Liu et al., 2014). Bcl6 promotes Tfh generation by multiple
mechanisms, including repressing expression of key transcrip-
tion factors for helper T cell 1 (Th1), Th2, and Th17 differentia-
tion; inhibiting Blimp1 expression; and down-regulating T cell
egress molecules, thus facilitating Tfh migration toward the
B cell follicle (Johnston et al., 2009; Nurieva et al., 2009; Yu
et al., 2009). In contrast to our profound understanding of the

mechanisms by which Bcl6 promotes Tfh differentiation, it re-
mains much less clear how Bcl6 expression itself is regulated.
Previous studies revealed that Bcl6 was induced as early as the
first cell division after T cell activation, and that CD28 cos-
timulatory signal from dendritic cell–priming was critically re-
quired for such Bcl6 early expression (Baumjohann et al., 2011;
Weber et al., 2015). But how CD28 signal induces Bcl6 early
expression is unknown. Another costimulatory signal, inducible
T cell costimulator (ICOS), is not required for Bcl6 early induc-
tion (Weber et al., 2015) but could promote Bcl6 expression by
inactivating Foxo1 and helping to maintain Tfh (Choi et al., 2011;
Stone et al., 2015; Weber et al., 2015).

Epigenetic regulations including histone modifications could
respond quickly to external stimuli and combine various signals,
and thus play essential roles in cell differentiation and plasticity
events (Allis and Jenuwein, 2016). During CD4+ T cell differen-
tiation, specific epigenetic modifications, especially histone
methylation, correlate with distinct lineages and play critical
roles (Nakayamada et al., 2012; Wilson et al., 2009). In terms of
Tfh differentiation, H3K27me3 modification has been revealed
to be critically involved (Wei et al., 2009). UTX (ubiquitously
transcribed tetratricopeptide repeat, X chromosome; KDM6A)-
mediated H3K27me3 demethylation enforces Tfh-related gene
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expression such as IL6ra to sustain Tfh lineage, and deficiency in
UTX leads to impaired GC B cell response and antibody pro-
duction against chronic virus infection (Cook et al., 2015). In
addition, the H3K27me3 methyltransferase Ezh2 is required for
Tfh generation (Chen et al., 2019; Li et al., 2018). H3K36 meth-
ylation is another important histone modification and has
gained attention in recent years (Wagner and Carpenter, 2012).
Unlike H3K27me3 modification, which occurs mainly near
the gene promoter region, H3K36 methylation, especially
H3K36me2/3, decorates the gene body region and associates
with active transcription (Wagner and Carpenter, 2012). Our
previous study revealed that Nsd2 expressed in B cells is re-
quired for GC B cell selection by regulating adhesive interaction
between GC B cells and follicular dendritic cells (Chen et al.,
2018). However, the role of H3K36me in T cell differentiation
has not been investigated yet.

Here we found that H3K36me2 modification mediated by
methyltransferase Nsd2 is required for Bcl6 expression and Tfh
differentiation. Nsd2 expression is quickly induced upon T cell
activation in a CD28-dependent manner, and ICOS signal is re-
quired for sustained Nsd2 expression. Nsd2 deficiency leads to
impaired Tfh generation and maintenance, whereas its over-
expression increases Tfh differentiation and GC response.

Results
CD28-dependent Nsd2 is required for Bcl6 early expression in
T cells
To explore how CD28 signal promotes Bcl6 early expression, we
initially analyzed published gene expression profiles of anti-CD3
plus anti-CD28 stimulated T cells (DuPage et al., 2015). When we
focused on the H3K36 methyltransferases, we found that only
Nsd2 is significantly up-regulated by CD28 signal in both human
and mouse T cells (Fig. 1 A). Nsd2 is a key methyltransferase for
H3K36 dimethylation (H3K36me2), which is a permissive
marker associated with transcriptional elongation (Kuo et al.,
2011). At the protein level, CD3 plus CD28 stimulation also
promoted Nsd2 expression much more strongly than CD3
stimulation alone (Fig. 1 B). The necessity of CD28 signal for
efficient Nsd2 expression was also confirmed by stimulation
experiments with CD28-deficient T cells (Fig. 1 C).

We then generated T cell–specific Nsd2-deficient mice by
crossing CD4Cre toNsd2 floxedmice and obtained CD4Cre+Nsd2fl/fl

mice (Nsd2CD4 KO mice). Compared with control Nsd2CD4 WT mice
(either CD4Cre+Nsd2+/+ or CD4Cre-Nsd2fl/fl), deletion of Nsd2 in
T cells did not lead to significant T cell development defects (Fig.
S1, A–C). We crossed the mice with an OT II TCR transgenic
background and performed adoptive transfer experiments to
examine Bcl6 early expression during cell division, as previously
reported (Baumjohann et al., 2011). Although T cell activation
and proliferation were not affected by Nsd2 ablation (Fig. 1, D
and E), we found that Bcl6 expressionwas dramatically impaired
as early as the first cell division after T cell activation in the
absence of Nsd2 (Fig. 1 F). Chromatin immunoprecipitation
(ChIP) analysis showed that Nsd2 deletion severely reduced
H3K36me2 modification across the Bcl6 gene body, suggesting
that Nsd2 potentially directly regulates Bcl6 expression

(Fig. 1 G). As a control, the H3K36me2modifications on other Tfh
related transcription factors, such as Prdm1, Ascl2, andMaf,were
not affected by Nsd2 deletion (Figs. 1 G and S4). Overall, these
data revealed that, during T cell activation, Nsd2 expression is
up-regulated in a CD28-dependent manner, which then pro-
motes Bcl6 early induction.

Nsd2 is specifically required for Tfh differentiation and
GC response
Since Nsd2 promotes Bcl6 early expression, we assessed the role
of Nsd2 in Tfh differentiation. Upon particulate antigen sheep
red blood cell (SRBC) immunization, Tfh generation was sig-
nificantly decreased inNsd2CD4 KOmice comparedwithNsd2CD4 WT

mice, by either CXCR5+PD1+ or CXCR5+ICOS+ staining (Fig. 2 A).
Accordingly, the GC B cell response was also strongly reduced in
Nsd2CD4 KO mice (Fig. 2 B). The reduced GC response was also
revealed by immunohistological staining. T cell–specific deletion
of Nsd2 did not affect the splenic structure before immunization,
whereas it led to severely decreased GC on sections (Fig. 2 C).
When the mice were subjected to soluble antigen OVA immuni-
zation, the Tfh differentiation and GC response were also signif-
icantly reduced compared with Nsd2CD4 WT mice (Fig. 2, D and E).
Consistent with decreased GC response, the OVA specific antibody
in serum from OVA immunized Nsd2CD4 KO mice was dramatically
reduced (Fig. 2 F). Follicular regulatory T cells (Tfr) are a subset of
regulatory T cells (T reg cells), which also express Bcl6 (Chung
et al., 2011; Linterman et al., 2011). Although both localize in B cell
follicles, Tfh and Tfr cells have opposite functions and derive from
distinct progenitors (Sage and Sharpe, 2016). We analyzed Tfr
differentiation by staining CXCR5/PD1 among Foxp3+ cells in
Nsd2CD4 KO mice and, interestingly, found that Tfr differentiation
was not affected by Nsd2 ablation (Fig. S2 A). When we first gated
on the reduced CXCR5+PD1+ fraction and then applied the Foxp3
gate, we observed increased Foxp3+ percentages (Fig. S2 B), sug-
gesting that Nsd2 is specifically required for Tfh differentiation,
but not for Tfr differentiation. To further validate whether Nsd2
regulates Tfr cells, we crossed Nsd2fl/fl mice with Foxp3Cre-YFP

mice to obtain T reg cell– and Tfr-specific conditional KO mice.
In these mice, we found that T reg, Tfr, Tfh, and GC B cell re-
sponses were all normal (Fig. S2, C–F). Therefore, we concluded
that Nsd2 is specifically required for Tfh differentiation but not for
Tfr cells. Our data suggest that the Bcl6 regulation mechanism
might be different in Tfh and Tfr cells. In fact, a previous study
revealed distinct Bcl6 expression levels in Tfh and Tfr cells, with
the latter expressing lower amounts, and Tfr cells even express a
fair amount of Blimp1, which is devoid in Tfh (Linterman et al.,
2011), also suggesting potentially different mechanisms for Bcl6
regulation in these two subset cells.

We also analyzed cell differentiation of other T cell lineages
and found that Th2 and Th17 differentiation were unaffected in
the absence of Nsd2 (Fig. S3 A). Interestingly, Nsd2 deficiency
led to increased Th1 differentiation, as revealed by both T-bet
staining and cytokine staining (Fig. S3 B). Given that Nsd2
regulates Bcl6 expression as early as the first cell division after
T cell activation, and previous studies reported that during early
T cell fate determination, a bifurcation between Tfh and Th1
occurs (Choi et al., 2011; Shen et al., 2018), we reasoned that the
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Figure 1. CD28-dependent Nsd2 promotes Bcl6 early expression in activated T cells. (A) Heatmap depicting relative mRNA expression of eight known
H3K36 methyltransferases in T cells stimulated as indicated (previously published data, Gene Expression Omnibus: GSE58998). Left, microarray analysis of
human CD4+ T cells; right, RNA-seq analysis of mouse CD4+ T cells. (B) Immunoblotting analysis of Nsd2 protein inmouse CD4+ T cells after 24-h stimulation as
indicated. (C) CD4+ T cells fromWT or CD28-deficient mice were stimulated with anti-CD3 and anti-CD28 for 24 h and analyzed for Nsd2 expression. (D) Flow
cytometry analysis of CD69 expression on WT and Nsd2-deficient OT II in transfer recipient spleens 2 d after OVA immunization. (E) Proliferation of co-
transferred carboxyfluorescein succinimidyl ester (CFSE)–labeled OT II T cells at different time points after OVA immunization. FACS plot shows the rep-
resentative CFSE dilution at day 3. (F) CTV-labeled OT II T cells were adoptively transferred into WT recipients, followed by subcutaneous immunization with
OVA/Alum, and then stained for Bcl6 or isotype control 48 h later (left). Histograms show overlay of Bcl6 in WT and Nsd2 KO T cells in first and second cell
division (middle). Mean fluorescence intensity (MFI) is summarized on right. (G)WT and Nsd2-deficient OT II T cells were transferred into recipients, followed
by OVA/Alum immunization. OT II T cells were then sorted out at day 3 for ChIP-qPCR analysis of H3K36me2modification on the Bcl6 and Prdm1 gene loci. Data
are representative of three (D–F) or two (B, C, and G) experiments. For bar graphs, bars represent means, and dots represent individual mice. Statistical
analysis was done with Student’s t test. Error bars show means ± SD. *, P < 0.05; **, P < 0.01.
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increased Th1 lineage could be due to skewed Tfh differentiation
under conditions permissive for both Tfh and Th1 differentia-
tion. To test this hypothesis, we analyzed T cell differentiation
under Th1-prone conditions by in vitro differentiation experi-
ments. The data showed that Nsd2 KO and WT T cells differ-
entiated into Th1 at comparable levels (Fig. S3 C), suggesting that
Nsd2 ablation has no effect on the bona fide capacity of Th1
lineage decision. Overall, these observations revealed a specific

role of Nsd2 for Tfh lineage differentiation, but not for other
T cell lineages.

Nsd2 promotes Tfh differentiation in a cell-intrinsic manner
Using the T cells from OT II transgenic Nsd2CD4 KO mice, we
performed adoptive transfer experiments to analyze whether the
role of Nsd2 in Tfh differentiation is cell intrinsic. Nsd2CD4 WT

and Nsd2CD4 KO OT II T cells were transferred into congenically

Figure 2. Nsd2 loss impaired Tfh differentiation and GC B cell response. (A and B) Nsd2CD4WT and Nsd2CD4KO mice were immunized with SRBCs and
analyzed by flow cytometry for Tfh (A) or GC B cells (GCB; B) at day 7. Data are representative of three independent experiments. (C) Immunohistological
analysis of splenic cryosections before and after SRBC immunization. B220 stains for B cells; CD3 stains for T cells; IgD stains for naive B cells; and GL7 stains
for GCB cells. Scale bar: 100 mm. (D and E) Nsd2CD4WT and Nsd2CD4KOmice were immunized with OVA and analyzed by flow cytometry for Tfh (D) or GCB (E) at
day 7. Data are representative of three independent experiments. (F) Anti-OVA specific antibody in the serum from OVA immunized mice in D and E was
analyzed by ELISA. In A, B, D, and E, bars represent means, and dots represent individual mice. Statistical analysis was done with Student’s t test; error bars
show means ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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distinct recipient mice, and the mice were then immunized with
either soluble OVA or particulate SRBC-OVA. We found that Tfh
differentiation at day 3 or 5 was significantly reduced inNsd2 KO
T cells compared with WT T cells upon both forms of immuni-
zation (Fig. 3, A and B). To assess the functional consequence of
such Tfh defects under OT II background, we transferred OT II
T cells of each genotype into CD28 KO recipients (the endoge-
nous CD28-deficient T cells cannot generate Tfh for B cell help),
immunized the mice with OVA conjugated to 4-hydroxy-3-ni-
trophenylacetyl (NP-OVA), and analyze GC response 7 d later.
The data showed dramatically reduced GC response in CD28 KO
mice transferred with Nsd2-deficient T cells compared with WT
T cells (Fig. 3 C).

Although the T cell numbers in Nsd2CD4 KO mice did not show
significant alteration compared with Nsd2CD4 WT mice, there
seemed to be a slight trend of reduction (Fig. S1 B). In addition,

the observation of unaltered cell number cannot rule out the
possibility that T cell function might be affected during thy-
mocyte development, since CD4Cre starts to express early in
thymus. Therefore, to more precisely assess the role of Nsd2 in
Tfh differentiation, we adopted an inducible KO system by
crossing CD4CreERT2 mice (expressing a fusion protein with a
tamoxifen-sensitive estrogen receptor variant and Cre) with OT
II TCR transgenic Nsd2fl/fl mice. The mice also carry loxP-STOP-
loxP-YFP at Rosa26 locus (RosaYFP+), serving as a reporter for
Cre activity.We treated the adult mice with tamoxifen to acutely
ablate Nsd2 in mature T cells and then immediately adoptively
transferred the cells into recipient mice for Tfh generation. We
found that under this setting, acute Nsd2 ablation in mature
T cells led to a striking reduction of Tfh differentiation (Fig. 3 D).
Overall, these data revealed that Nsd2 is critically required for
Tfh differentiation in a cell-intrinsic manner.

Figure 3. Nsd2 is required for Tfh differentiation in a cell-intrinsic manner. (A and B) Nsd2CD4WT and Nsd2CD4KO OT II T cells were adoptively transferred
into congenically distinct receipt mice, immunized with OVA (A) or SRBC-OVA (B), and analyzed at days 3 and 5. Data are representative of four independent
experiments. (C) Nsd2CD4WT and NSD2CD4KO OT II T cells were adoptively transferred into CD28−/− mice, immunized with NP-OVA, and analyzed for GC B cells
at day 7. Data are representative of three independent experiments. (D) CD4CreERT2+RosaYFP+Nsd2+/+ and CD4CreERT2+RosaYFP+Nsd2fl/fl mice on OT II TCR
transgenic background were treated with tamoxifen for 5 d consecutively, and OT II T cells from these mice were adoptively transferred into recipient mice,
which were subjected to OVA immunization and analyzed for Tfh at day 3. n = 10. Data were pooled from three experiments. In all bar graphs, bars represent
means, and dots represent individual mice. Error bars show means ± SD. Statistical analysis was done with Student’s t test. **, P < 0.01; ***, P < 0.001.
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ICOS signal–dependent sustained Nsd2 expression is required
for Tfh maintenance
When we analyzed the Nsd2 expression dynamics in vivo, we
found that Nsd2 was sustained at high levels. Once up-regulated
after T cell activation and 5 d after activation, Nsd2 was still
abundantly expressed (Fig. 4 A), leading us to consider whether
Nsd2 is also important for Tfh maintenance. Using the
CD4CreERT2 inducible KO system in Fig. 3 D, we found that ab-
lating Nsd2 in transferred OT II T cells starting from day 3 after
immunization, the time point when Tfh had already been gen-
erated, resulted in significantly reduced Tfh at day 7 (Fig. 4 B).
Similar to the role of Nsd2 in Bcl6 early expression, inducible
ablation of Nsd2 after Tfh generation also decreased Bcl6 at late
time points (Fig. 4 C). These data suggested that Nsd2 not only is
required for initial Bcl6 expression to promote Tfh early dif-
ferentiation, but also is important for Tfh maintenance via Bcl6
regulation.

Previous studies reported that ICOS signal is required for
Tfh maintenance and late-stage differentiation (Crotty, 2014;
Weber et al., 2015). We therefore tested whether ICOS signal
mediated the sustained high level of Nsd2. Indeed, we found
that 2-d ICOS ligand (ICOSL) blockade led to severe reduction

of Nsd2 in both activated non-Tfh cells and Tfh cells at day 5
(Fig. 4 D). Notably, ICOSL blockade did not affect Nsd2 ex-
pression at early time points of T cell activation (Fig. 4 E),
suggesting that ICOS signal is required for sustaining Nsd2
expression at late time points of T cell activation, but not for
early Nsd2 expression.

Bcl6 overexpression rescues the defect of Tfh differentiation
in the absence of Nsd2
We sorted CXCR5+PD1+ Tfh cells fromNsd2CD4 WT andNsd2CD4 KO

mice for mRNA sequencing (RNA-seq) and identified 310 dif-
ferentially expressed genes (DEGs) between these Nsd2 WT and
KO Tfh cells. When we focused on the known Tfh-relevant
genes, only expression of Bcl6 and CXCR5 was reduced in KO
cells (Fig. 5 A). There was no significant alteration for other Tfh-
relevant genes, includingMaf, BATF, Ascl2, Irf4, Slamf1, Tcf7, Lef1,
Icos, Cd40, etc. (Liu et al., 2013). Although Cxcr5mRNA is reduced
in Nsd2CD4 KO cells, the H3K36me2 mark on its locus was unaf-
fected, suggesting that it is not a target of Nsd2 (Fig. S4). We also
performed ChIP–quantitative PCR (qPCR) for other Tfh-related
genes and did not find that any of them lost H3K36me2 mod-
ifications (Fig. S4).

Figure 4. ICOS signal–dependent sustained Nsd2 expression is required for Tfh maintenance. (A) Recipient mice were adoptively transferred with WT
OT II T cells and immunized with OVA on the next day (day 0). OT II T cells were then sorted out at time points indicated for Western blot analysis of Nsd2
expression. Data are representative of three independent experiments. (B) OT II T cells were transferred into recipient mice, which were subjected to OVA
immunization and tamoxifen treatment as shown on the upper panel. On day 7 after immunization, Tfh differentiation of YFP+ OT II T cells was analyzed by
flow cytometry. Data are representative of three independent experiments. (C) Tfh cells of each genotype from B were analyzed for Bcl6 expression. Data are
representative of three independent experiments. (D and E) Adoptive transfer of OT II T cells and OVA immunization were done as in A. Mice were treated with
anti-ICOSL blockade antibody or isotype control daily starting from day 3 (D) or day 0 (E). CXCR5−PD1− and CXCR5+PD1+ OT II T cells at day 5 (D) or total OT II
T cells at day 1.5 (E) after immunization were sorted out for Western blot. For bar graphs in B and C, bars represent means, and dots represent individual mice.
Error bars show means ± SD. Statistical analysis was done with Student’s t test. ***, P < 0.001.
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Flow cytometry analysis confirmed the reduced Bcl6 protein in
Nsd2 KO Tfh (Fig. 5 B). To validate whether Bcl6 expression
regulation is the predominant mechanism by which Nsd2 pro-
motes Tfh differentiation, we performed rescue experiments by
retrovirally overexpressing Bcl6 in Nsd2-deficient T cells. In the

empty vector control transduction group, Nsd2 KO T cells differ-
entiated less to Tfh compared withWT cells. However, in the Bcl6
transduction group, Tfh differentiation efficiency was comparable
between Nsd2 WT and KO cells (Fig. 5 C), meaning that the Tfh
differentiation defect in the absence of Nsd2 is fully rescued by

Figure 5. Ectopic Bcl6 expression fully rescues the Tfh differentiation defect in the absence of Nsd2. (A) RNA-seq analysis of Nsd2 WT and KO
CXCR5+PD1+ Tfh from SRBC immunized mice. DEGs (Padjust < 0.05 and log2[fold change] greater than 0.5 or less than −0.5) are shown in black, and non–DEGs
are shown in gray. Tfh related genes are highlighted in red dots (DEGs) or blue dots (non-DEGs). (B) Flow cytometry analysis of Bcl6 expression in gated Tfh.
Data are representative of three independent experiments. (C) Nsd2 WT and KO OT II T cells were retrovirally transduced with Bcl6 or empty vector control
(Ctrl) and adoptively transferred into recipients, which were then subjected to OVA immunization. Tfh differentiation of the transduced cells was analyzed by
flow cytometry 3 d later. Data are representative of three independent experiments. (D and E) OT II T cells were transduced as in C and transferred into
CD28KO receipts, which were immunized with NP-OVA/Alum for 7 d, and GC B cell response (D) and anti-NP antibody (E) were measured. Data are rep-
resentative of two independent experiments. In B–D, bars represent means, and dots represent individual mice. Error bars show means ± SD. Statistical
analysis was done with Student’s t test. n.s., not significant; **, P < 0.01; ***, P < 0.001. MFI, mean fluorescence intensity.
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Bcl6 overexpression. Overexpression of Bcl6 also rescued GC B cell
responses and antibody titers (Fig. 5, D and E). These data suggest
that Nsd2 promotes Tfh differentiation predominantly via up-
regulating Bcl6 expression, although we cannot completely rule
out whether there are other mechanisms involved.

T cell–expressed Nsd2 is required for clearance of chronic
lymphocytic choriomeningitis virus (LCMV) infection
Tfh generation and humoral immune response are indispensable
for control of chronic virus infections such as LCMV-cl13
(Bergthorsdottir et al., 2001; Chou et al., 2016; Cook et al.,
2015; Harker et al., 2011). When we infected Nsd2CD4 WT and
Nsd2CD4 KO mice with LCMV-cl13, we found that both Tfh dif-
ferentiation and GC response were significantly impaired in
Nsd2CD4 KO mice (Fig. 6, A and B). LCMV specific antibodies in
mouse serum were also reduced in Nsd2 T cell–deficient mice
(Fig. 6 C). Accordingly, we observed that the virus clearance in
Nsd2CD4 KO mice was delayed (Fig. 6 D). LCMV-cl13 infection led
to body weight loss in both Nsd2CD4 WT and Nsd2CD4 KO mice.
However, compared with Nsd2CD4 WT mice, body weight of
Nsd2CD4 KOmice recoveredmore slowly (Fig. 6 E). CD8 T cells are
also important for virus clearance; however, it seemed that
LCMV-specific CD8 T cell frequency was not affected by Nsd2

deficiency (Fig. S3 D), although we cannot completely exclude
the role of Nsd2 for CD8 T cell function. Overall, our data suggest
that Nsd2 protects mice from chronic LCMV infection by pro-
moting Tfh generation and antibody response.

Nsd2 overexpression in T cells leads to increased Tfh and
GC response
We further tested the role of Nsd2 in Tfh differentiation by gain-
of-function approaches. Mice harboring loxP-STOP-loxP cas-
sette and Nsd2 cDNA at Rosa26 locus (Nsd2OE/+) were crossed
with CD4Cre mice to obtain T cell–specific Nsd2 overexpression
mice (Nsd2CD4 OE; Fig. 7 A). In this mouse strain, H3K36me2
modification was also increased (Fig. 7 B). For control mice
(WT), we used either CD4Cre-Nsd2OE/+ or CD4Cre+Nsd2+/+ litter-
mate mice. Upon SRBC immunization, we observed stronger Tfh
differentiation and GC B cell response in Nsd2-overexpressing
mice compared with WT mice (Fig. 7, C and D). The Tfr cells
were not affected by Nsd2 overexpression (Fig. S2 G). We then
crossed the Nsd2CD4 OE mice to OT II TCR transgenic mice to
analyze the effect of Nsd2 overexpression on the early Bcl6 ex-
pression. As shown in Fig. 7 E, the Nsd2-overexpressed T cells
showed significantly increased Bcl6 levels at first cell division
after OVA immunization. Consistently, we also observed

Figure 6. T cell–expressed Nsd2 is required for clearance of chronic LCMV virus infection. Nsd2CD4WT and Nsd2CD4KO mice were infected with LCMV-cl13
and analyzed at indicated time points. (A and B) Tfh (A) and GC B cell (GCB; B) frequency and number were analyzed by flow cytometry at day 10 or 40. n = 8
for Tfh; n = 10 for GCB. Data were pooled from three independent experiments. (C) LCMV specific antibodies in serum were measured by ELISA at day 40 after
infection. Data are representative of two independent experiments. (D) Virus load in the serum of mice after LCMV cl13 infection. n = 16. Data were pooled
from three experiments. (E) Body weight before and after infection. Results are presented relative to original body weight (day 0). Data were pooled from three
experiments. In A, B, and D, bars represent means, and dots represent individual mice. Statistical analysis was done with Student’s t test. Error bars show
means ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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increased Tfh differentiation for Nsd2CD4 OE OT II T cells
(Fig. 7 F). Notably, in the 4-mo-old Nsd2CD4 OE mice, we observed
spontaneous Tfh generation and GC response (Fig. 7, G and H),
strongly demonstrating that Nsd2 is a critical regulator of Tfh
differentiation.

Discussion
Bcl6 is the most essential transcription factor for Tfh fate de-
termination and is expressed early after antigen-specific

stimulation in a CD28-dependent manner. However, little is
known regarding the epigenetic mechanism that promotes Bcl6
expression during early Tfh differentiation. In this study, we
report that H3K36me2 methyltransferase Nsd2 is robustly in-
duced by CD28 costimulatory signaling to promote early Bcl6
expression during T cell activation. The other costimulatory
signal, ICOS signaling, is not involved in the early induction of
Nsd2, but is required for the maintenance of Nsd2 at later time
points. Deficiency of Nsd2 in T cells lead to impaired Tfh dif-
ferentiation and maintenance due to reduced Bcl6 expression.

Figure 7. Nsd2 overexpression in T cells leads to increased Tfh and GC response. (A) Scheme of Nsd2 overexpression in mice. (B)Western blot of Nsd2
and H3K36me2 in CD4+ T cells from indicated mice. Data are representative of two independent experiments. (C and D) Mice of indicated genotype were
immunized with SRBCs and analyzed by flow cytometry for Tfh (C) and GC B cell (GCB; D) response at day 7. Data are representative of three independent
experiments. (E) CTV-labeled OT II T cells were transferred into recipient mice and immunized with OVA for 2 d. Histogram shows Bcl6 expression of cells in
first and second cell division based on CTV dilution. Data are representative of three independent experiments. (F)OT II T cells were adoptively transferred into
congenically distinct recipient mice, immunized with OVA, and analyzed for Tfh differentiation at days 3 and 5. Data are representative of three independent
experiments. (G and H) Unimmunized WT and Nsd2CD4 OE littermate mice were analyzed at age 4 mo by flow cytometry for Tfh (G) and GCB (H). Data were
pooled from four experiments. In C–H, bars represent means, and dots represent individual mice. Error bars show means ± SD. Statistical analysis was done
with Student’s t test. *, P < 0.05; **, P < 0.01. MFI, mean fluorescence intensity; pLN, peripheral lymph node; spl, spleen.
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Ectopic Nsd2 expression results in enhanced Tfh generation
and GC B cell responses, and 4-mo-old Nsd2 overexpression
mice even develop spontaneous Tfh cells and GCs. These data
demonstrate that the histone methyltransferase Nsd2 acts as
a critical epigenetic regulator of Bcl6 expression and Tfh
differentiation.

CD28 and ICOS are distinct coreceptors for T cell differenti-
ation, with CD28 expressed on both naive and active T cells,
whereas ICOS is expressed only after T cell activation (Smith-
Garvin et al., 2009), and these two signals are both required for
Tfh differentiation and maintenance (Barnett et al., 2014;
Vinuesa et al., 2016). Despite the in-depth studies about the role
andmechanism of ICOS signaling in Tfh development, much less
is known regarding how CD28 signal induces Bcl6. Our data thus
provide a valuable mechanistic explanation for this question.We
found that CD28 signaling rapidly induces Nsd2 to promote Bcl6
expression and Tfh differentiation. ICOS is essential for Tfh
development and is believed to be able to promote Bcl6 ex-
pression (Akiba et al., 2005; Bossaller et al., 2006; Choi et al.,
2011; Gigoux et al., 2009), although it is not required for early
Bcl6 expression (Weber et al., 2015). By repressing KLF2, ICOS
signal critically maintains the Tfh phenotype (Weber et al.,
2015). Moreover, ICOS signal inactivates FOXO1 to indirectly
up-regulate Bcl6 expression (Stone et al., 2015). At the post-
translation level, ICOS signal helps to maintain Bcl6 protein
levels in an osteopontin-dependent manner (Leavenworth et al.,
2015). In addition, ICOS signal derived from bystander B cells
could promote T cell migration into B cell follicles (Xu et al.,
2013). Our study provides another level of mechanistic insight
into how ICOS promotes Tfh differentiation.We found that ICOS
signal promotes Nsd2 expression at late but not early stages of
Tfh differentiation, and that the sustained high level of Nsd2 at
late stages is required for Tfh maintenance. Therefore, both
CD28 and ICOS signaling are required for Nsd2 expression, al-
though at different time points, to promote Tfh differentiation.

Tfh cells provide critical help for B cell–mediated humoral
response and thus are essential for protection against pathogen
infections. Here we showed that Tfh defects in the absence of
Nsd2 lead to impaired clearance of chronic virus infection. In
addition to their role in pathogen infection, Tfh cells have also
been implicated in other pathological situations, such as auto-
immune diseases, especially the autoantibody-mediated auto-
immune diseases (Crotty, 2014; Ueno et al., 2015). Given that
Nsd2 is an epigenetic enzyme, the activity of which could be
easily targeted by small molecules in principle, our findings may
help to design better vaccines and develop therapeutic strategies
for autoimmune diseases.

Materials and methods
Mice
Nsd2fl/fl mice and Nsd2OE mice were previously described (Li
et al., 2017). CD4Cre transgenic mice, CD4CreERT2 transgenic
mice, Rosa26loxP-Stop-loxP-YFP reporter mice, OT II transgenic
mice, CD28−/− mice, and B6 (C57BL/6J) and B6-CD45.1 (Ptprca
Pepcb/BoyJ) mice were obtained from the Jackson Laboratory.
All mice were maintained on C57BL/6J background. All control

mice were littermate controls. 6–12-wk-old male and female
mice were used for experiments. 4-mo-old mice were used for
spontaneous Tfh analysis. Mice were maintained in a specific
pathogen–free environment, and animal protocols were re-
viewed and approved by the Institutional Animal Care and Use
Committee of Nanjing Medical University and the Institutional
Biomedical Research Ethics Committee of the Shanghai In-
stitutes for Biological Sciences, Chinese Academy of Sciences.

Flow cytometry and cell sorting
For surface staining, cells were isolated from spleen or lymph
nodes, incubated with indicated antibodies on ice for 30 min,
and washed with staining buffer (2% FBS in PBS with 0.1% NaN3

and 50 mM EDTA). For intracellular staining, cells were fixed
with 1% paraformaldehyde in PBS and permeabilized with cold
methanol as previously described (Chen et al., 2018). Data were
acquired on a Beckman Cytoflex and analyzed with FlowJo 10
software. Cell sorting was performed with a BD Aria II. Sorting
efficiency was tested, and only cells with high purity (>98%)
were used for the experiments.

Mouse immunization and treatment
For induction of Tfh and GC response, mice were immunized
with 2 × 108 SRBCs (i.p.) or 100 µg NP-OVA (or OVA) precipi-
tated with aluminum hydroxide gel adjuvant (Alum) plus 1 µg
LPS (i.p. or s.c.). For adoptive transfers, 106 OT II T cells were
injected i.v. into recipient mice. Acute ablation of Nsd2 was
done as previously described (Wang et al., 2014). Briefly,
CD4CreERT2+RosaYFP+ OT II mice were treated daily for 5 d with
tamoxifen (Sigma-Aldrich) at a dose of 1 mg permouse. 106 OT-II
T cells from the treated mice were then injected i.v. into re-
cipient mice. For in vivo blockade of ICOSL, mice were treated
with 500 µg monoclonal antibody to ICOSL (HK5.3; Bio-X-Cell)
by i.p. injection daily as previously described (Wang et al., 2014;
Weber et al., 2015).

Early Bcl6 expression analysis during CD4+ T cell activation
Cell Trace Violet (CTV)–labeled OT-II cells (5 × 105) were
adoptively transferred into recipients, followed by s.c. immu-
nization with 100 µg OVA in Alum plus 1 µg LPS. Peripheral
lymph nodes were dissected 48 h later and analyzed by flow
cytometry (Baumjohann et al., 2011).

RNA-seq
CXCR5+PD1+ Tfh from SRBC immunized mice were sorted out at
day 7 for RNA extraction and library construction at RiboBio Co.,
Ltd. Two biological replicates (two Nsd2CD4 WT samples and two
Nsd2CD4 KO samples) were performed, and each sample com-
bined a mixture of RNA from at least three mice. Sequencing
was done on an Illumina Hiseq 2500 platform and SE50 single-
end module. Sequence reads were mapped to mm10 reference
genome using Hisat2 (Kim et al., 2015), and differential gene
expression analysis was detected using Bioconductor DESeq2
package with a threshold of Padjust < 0.05 and |log2(fold change)|
>0.5 (Love et al., 2014). Genes with fragments per kilobase of
transcript per million mapped reads <1 were not included for
analysis. Raw data files and processed files have been uploaded
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to Gene Expression Omnibus public database under accession
no. GSE130550.

Immunoblot analysis
For immunoblot analysis, 106 sorted CD4+ T cells were lysed in
100 µl SDS loading buffer. Nonspecific binding to membranes
was blocked by 5% milk in PBS with 0.05% Tween20 for 1 h at
room temperature, then membranes were incubated with pri-
mary antibodies diluted in 5% BSA in PBS overnight at 4°C with
constant rotation. The membranes were incubated with sec-
ondary antibodies diluted in PBST for 1 h at room temperature.
Chemiluminescence was detected using Immobilon Western
Chemiluminescent HRP Substrate (Millipore).

T cell in vitro stimulation
CD4+CD25− T cells were activated with anti-CD3 (5 µg/ml; 145-
2C11; Bio-X-Cell) or anti-CD3 (5 µg/ml) plus anti-CD28 (5 µg/ml;
37.51; Bio-X-Cell) at a concentration of 106 cells/ml in RPMI
supplemented with 10% FBS, nonessential amino acids, sodium
pyruvate, L-glutamine, Hepes, and β-mercaptoethanol.

Retroviral transduction and cell transfer
Transduction was performed as previously described (Chen
et al., 2018; Wang et al., 2014). Briefly, virus was packaged in
the Plat-E cell line (Cell Biolabs) by transfectingMSCV-GFP-Bcl6
plasmid, and the viral supernatants were harvested at day 2 after
transfection. CD4+ T cells were stimulated for 24 hwith anti-CD3
plus anti-CD28 and spin infected with viral supernatant. The
culture mediumwas then replaced with complete T cell medium
supplemented with 100 U/ml recombinant human IL-2, incu-
bated for 2 d, and adoptively transferred into recipient mice,
which were then immunized with OVA.

ChIP-qPCR assay
Briefly, CD4+ T cells were cross-linked in 1% formaldehyde for
5 min at room temperature, quenched with 0.125 M glycine for
5 min at room temperature, and lysed in 0.2% SDS with a
protease-inhibitor tablet for 10 min on ice. Genomic DNA were
then fragmented by sonicating. For immunoprecipitation, anti-
dimethyl histone H3 (07-274; Millipore) and Whsc1/Nsd2
(ab75395; Abcam) were used. DNA purification was performed
using the ChIP DNA Clean & Concentrator (ZYMO Research)
according to the manufacturer’s instructions.

LCMV infection
For LCMV chronic infection, age-matched mice were infected
intravenously with LCMV cl13 (106 plaque-forming units). After
infection, mice were weighed daily, and body weight was cal-
culated as a percentage of initial weight on day 0. For detection
of serum viral load, RNAwas extracted from 10 µl of serum from
infected mice using ZR Viral RNA Kit (ZYMO Research). RT-
qPCR was done as described (McCausland and Crotty, 2008).

ELISA
OVA specific antibodies were detected using plates coated with
OVA (albumin from chicken egg white; Sigma-Aldrich), goat
anti-mouse IgG (Southern Biotech), and goat anti-mouse IgG1

HRP (Southern Biotech). LCMV antibody titers were measured
with coated cell lysates from LCMV-infected BHK-21 cells, goat
anti-mouse IgG2c HRP (Southern Biotech), and goat anti-mouse
IgG2b HRP (Southern Biotech).

Statistical analyses
Student’s t tests were used for bioinformatics analysis, except
where ANOVA was used as indicated in figure legends. Unless
otherwise indicated, the data in figures are displayed as the
mean ± SD. P values are denoted in figures by ns, not significant;
*, P < 0.05; **, P < 0.01; and ***, P < 0.001.

Online supplemental material
Fig. S1 shows analysis of T cell development. Fig. S2 shows Tfr
differentiation analysis. Fig. S3 shows Th and CD8 T cell dif-
ferentiation analysis. Fig. S4 shows anti-H3K36me2 ChIP-qPCR
analysis.
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Figure S1. Nsd2 is not required for T cell development. (A) Thymocyte development analysis by flow cytometry. (B) T cell cellularity in spleen and lymph
nodes. (C) T reg cell analysis in spleen. In A–C, bars represent means, and dots represent individual mice. Error bars show means ± SD. Statistical analysis was
done with Student’s t test. ns, not significant; DP, CD4+CD8+ double positive; pLN, peripheral lymph node.
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Figure S2. Tfr cell differentiation analysis. (A and B) Tfr analysis by flow cytometry with splenocytes from SRBC immunized Nsd2CD4WT and NSD2CD4KO

mice at day 7. (C–F) Analysis of T reg cell (C), Tfr and Tfh (D), and Bcl6 expression (E) and GC B cell response (F) in Nsd2+/+ Foxp3Cre-YFP, and Nsd2fl/fl Foxp3Cre-YFP

mice immunized with SRBC for 7 d. (G) Analysis of Tfr cells in Nsd2 OE mice at day 7 after SRBC immunization. Data are all representative of more than three
experiments. In all bar graphs, bars represent means, and dots represent individual mice. Error bars show means ± SD. Statistical analysis was done with
Student’s t test. ns, not significant; ***, P < 0.001.
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Figure S3. Th cell differentiation analysis. (A) Th2 and Th17 analysis of CD4 T cells from Nsd2CD4WT and NSD2CD4KO mice immunized with NP-OVA/Alum/
LPS. (B) Th1 cell differentiation analysis by transcriptional factor staining (upper) or cytokine staining (lower) in splenic CD4+ T cells from NP-OVA/Alum/LPS
immunized mice. For cytokine analysis, cells were restimulated with PMA/ionomycin for 4 h. (C) In vitro Th1 differentiation analysis. Sorted naive CD4+ T cells
of indicated genotypes were stimulated with anti-CD3 and anti-CD28 in the presence of IL12 (10 ng/ml), IFNγ (10 ng/ml), and anti-IL4 (5 µg/ml) for 4 d. Cells
were restimulated with PMA/ionomycin/GolgiPlug for 4 h before FACS staining for INFγ. Data are all representative of more than two experiments. (D) GP33-
tetramer staining for splenic LCMV-specific CD8 T cells in mice infected with LCMV-cl13 10 d earlier. In all bar graphs, bars represent means, and dots represent
individual mice. Error bars show means ± SD. Statistical analysis was done with Student’s t test. ns, not significant; **, P < 0.01; ***, P < 0.001. FSC, forward
scatter.
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Figure S4. ChIP-qPCR for H3K36me2 modifications on Tfh-related genes. OT II T cells from Fig. 1 G were used for experiments. Data were all repre-
sentative of two experiments. Error bars show means ± SD.
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