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INTRODUCTION
T follicular helper (Tfh) cells, a subset of CD4+ T cells char-

acterized by Bcl6 expression (Johnston et al., 2009; Nurieva 

et al., 2009; Yu et al., 2009), provide essential help to B cells 

during germinal center (GC) reactions through CD40 and 

the cytokines IL-21 and IL-4 (Reinhardt et al., 2009; Zotos 

et al., 2010; Crotty, 2011; Lüthje et al., 2012). Tfh cells drive 

B cells to undergo Ig class switching and somatic hypermu-

tation (Victora et al., 2012) and facilitate high-a�nity B cell 

selection via death receptor CD95 on B cells (Takahashi et 

al., 2001). B cells within GCs can also di�erentiate into mem-

ory B cells or long-lived plasma cells (Victora et al., 2010). 

Thus, precise control of GC reactions is critical to ensure 

production of high-a�nity antibodies that do not react to 

self-antigens (Vinuesa et al., 2009).

T follicular regulatory (Tfr) cells o�er negative regula-

tion on GC responses. Similar to Tfh cells, Tfr cells express 

CXCR5, ICOS, and PD-1, as well as the transcription factor 

Bcl6 (Chung et al., 2011; Linterman et al., 2011; Wollenberg 

et al., 2011). However, Tfr cells coexpress typical T regula-

tory (T reg) cell markers, such as Foxp3, GITR, Blimp-1, 

and CTLA-4. Tfr cells are speci�c for the immunized anti-

gen, irrespective of self or foreign (Aloulou et al., 2016). Tfr 

cell di�erentiation is primed by dendritic cells (Gerner et al., 

2015) at an early stage and further matured by B cells (Ker-

foot et al., 2011; Linterman et al., 2011; Sage et al., 2014a). 

Costimulatory signals CD28 and ICOS (Linterman et al., 

2011; Sage et al., 2013) and transcription factor Bcl-6 (Chung 

et al., 2011; Linterman et al., 2011) are important for Tfr gen-

eration. Id2 and Id3 limit Tfr cell formation (Miyazaki et al., 

2014), whereas NFAT facilitates CXCR5 up-regulation in 

Foxp3+ T cells (Vaeth et al., 2014). Cytokine IL-21 inhib-

ited Tfr cell proliferation through Bcl-6 suppression of IL-2 

responsiveness (Sage et al., 2016; Jandl et al., 2017). Tfr cells 

were shown to control the magnitude of GC response after 

immunization through CTLA-4 (Sage et al., 2014b; Wing et 

al., 2014). However, the physiological and pathological roles 

of Tfr cells are largely unknown.

Here, we analyzed Bcl6�/�Foxp3Cre (KO) mice, which 

have decreased CXCR5+PD1+CD4+Foxp3+ Tfr cells, in in-

fection and autoimmune diseases. KO mice exhibited en-

hanced protection to in�uenza virus. More importantly, 

Bcl6�/�Foxp3Cre/Cre mice were more prone to develop au-

toimmune diseases and more susceptible to an experimental 

Sjögren’s syndrome (ESS) model. Therefore, Tfr cells are cru-

cial controls for autoimmune diseases.

RESULTS AND DISCUSSION
Generation and analysis of Bcl6�/�Foxp3Cre/Cre mice
To study Tfr cells, we speci�cally deleted the Bcl6 gene in 

Foxp3+ T reg cells (Bcl6�/�Foxp3Cre KO mice). First, we im-

munized KO mice and Bcl6�/�Foxp3WT/WT (WT) mice 

with 4-hydroxy-3-nitrophenyl (NP)–conjugated KLH or 

KLH in CFA. CXCR5+PD1+ cells were observed in the T 
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reg (CD4+Foxp3+) cell population in the draining lymph 

nodes (dLNs) of WT mice on day 4 after immunization (Fig. 

S1 A). In contrast, both percentages (left) and cell numbers 

(right) of Tfr cells were strongly diminished in KO mice (Fig. 

S1 A). Moreover, the immuno�uorescence analysis of dLNs 

at day 9 after immunization revealed that, compared with 

WT mice, KO mice had barely detectable Foxp3+ cells in the 

PNA+ GC region (Fig. S1 B). Thus, deletion of Bcl6 in T reg 

cells reduced Tfr cells, and although CXCR5 and PD-1 were 

still found in some T reg cells in KO mice, T reg cell localiza-

tion in GC was impaired.

To assess whether Tfr cell de�ciency a�ects GC re-

actions, we analyzed Tfh and GC B cells in KO mice after 

immunization. The percentages of Tfh cells were modestly in-

creased in KO mice, but their cell numbers were not changed 

(Fig. S1 C). Although GC B cells were not changed (Fig. S1 

D), the light zone (LZ)/dark zone (DZ) ratio was signi�cantly 

increased (Fig. S1 E). Tfr de�ciency did not a�ect Th1, Th2, 

or Th17 cells in dLNs (unpublished data). KO mice produced 

signi�cantly higher levels of NP29-speci�c IgG2a, IgG2c, and 

IgA but lower levels of IgG1, with comparable levels of IgG2b, 

IgG3, and IgM, than WT mice (Fig. S1 F). However, antibody 

a�nity maturation, as measured by the ratio of NP4/NP29, 

had no obvious change (unpublished data).

We also immunized mice with NP-KLH in CFA 

and administered boosters of NP-KLH in IFA 30 d after 

primary immunization. Before and on day 3 after the sec-

ondary challenge, we observed a signi�cantly increased 

CD19+GL7−Fas−IgD−CD38+ memory B cell population 

(Wang et al., 2017; Fig. S1, H and I). Furthermore, KO mice 

showed signi�cant increases in NP4/NP29 ratios of IgG or 

IgG2a, indicating greater a�nity (Fig. S1 G).

Deletion of Bcl6 in Foxp3+ T reg cells results in Tfr cell 

defects, which consequentially augments GC B cell responses 

with greater LZ in the primary reaction, and the memory 

B cell di�erentiation and antibody a�nity maturation in 

the secondary response.

Tfr de�ciency enhances in�uenza virus protection
We further addressed the functional role of Tfr cells in in�uenza 

virus infection. After intranasal injection with in�uenza virus 

A/Puerto Rico/8 (PR8, H1N1), Tfr KO mice displayed no 

obvious weight reduction compared with WT mice from day 

3 to day 9 (Fig. 1 A). At day 9 after infection, the viral hemag-

glutinin (HA) mRNA expression from lungs of control mice 

was >14-fold higher than those in KO mice (Fig. 1 B). This 

di�erence was further con�rmed using littermate Bcl6�/wt 

Foxp3Cre/Cre mice as control (Fig. S1, J and K). Although 

the Tfr cell population after infection was small, the percent-

ages but not the numbers of Tfr cells were signi�cantly dimin-

ished in KO mice (Fig. 1 C). However, CXCR5+Bcl6+ Tfh 

cells and Fas+GL7+ GC B cells in lung dLNs (Fig. 1, D and E), 

or in lung and spleen (not depicted), had no obvious change 

in percentages or total cell numbers in KO mice. Although 

Tfr de�ciency did not a�ect Th1, Th2, or Th17 cells in lung 

dLNs (Fig. 1 F), IFN-γ expression in CD4+Foxp3−Bcl6+ Tfh 

cells was signi�cantly increased (Fig. 1G). IFN-γ was reported 

to induce class switching to complement-activating isotypes, 

such as IgG2 (Snapper and Paul, 1987). Interestingly, although 

total antiviral IgG was unchanged, IgG2c production was in-

creased in the KO mice (Fig. 1 H).

Defects in Tfr cells cause humoral autoimmunity
KO mice 6–8 wk old were healthy and fertile, with Tfh and 

GC B cell populations comparable to those of WT mice (Fig. 

S2, A–D). Only splenic CD4+ T cells producing IFN-γ and 

IL-4 were modestly increased (Fig. S2, E–G). At this age, anti–

double-stranded DNA (dsDNA) IgG was not increased in 

the sera of KO mice (Fig. S2 H). However, KO mice at 12 

wk showed increased numbers of Tfh cells (Fig. S2 J) and 

GC B cells (Fig. S2 K) in the spleen, peripheral lymph nodes 

(pLNs), and mesenteric lymph nodes (MLNs). Although sera 

anti-dsDNA (Fig. S2 L) did not change statistically, some KO 

mice began to increase production, with subtle IgG deposi-

tion (Fig. S2 M). KO mice at 30 wk showed signi�cant in-

�ammatory cell in�ltrations in some organs, including lung 

and pancreas, especially in the salivary gland (SG; Fig. 2 A), 

whereas kidney, intestine, liver, and heart were not a�ected 

(not depicted). This phenotype was further veri�ed using 

littermate Bcl6�/�Foxp3Cre/WT mice as controls (Fig. S2 

Q). Moreover, KO mice produced higher concentrations of 

anti-dsDNA, anti-ANA, anti-SG, and anti–nuclear ribonu-

cleoprotein (nRNP)/Sm antibodies in their sera (Fig.  2  C 

and Fig. S2, N–P). Also, analyses of SG and kidney revealed 

considerable IgG deposition in KO mice (Fig.  2 B). Inter-

estingly, the saliva �ow rate, re�ecting the function of SGs, 

was signi�cantly reduced in KO mice (Fig. 2 D). When we 

analyzed Tfr cells, we found they were increased in the spleen 

and pLNs but not MLNs in 30-wk-old mice compared with 

younger ones (Fig. 2 E). Moreover, the percentages and num-

bers of Tfr cells were signi�cantly diminished in the spleen 

and pLNs of KO mice (Fig.  2 E). However, only the per-

centages but not numbers were reduced in MLNs, possibly 

because of increased cell numbers in MLNs in KO mice 

(Fig. 2 E). Because excessive numbers of Tfh cells have re-

cently been associated with autoimmune diseases in both 

mice and humans (Gómez-Martín et al., 2011; Crotty, 2014), 

we assessed Tfh cells in aged Bcl6�/�Foxp3Cre/Cre mice. As 

expected, enhanced production of Tfh cells was observed in 

the spleen, pLN, and MLN of KO mice compared with WT 

mice (Fig. 2 F). Consistently, we observed spontaneous ac-

cumulation of GL7+Fas+ GC B cells in pLN and MLN of 

KO mice (Fig. 2 G). The results were con�rmed using the 

littermate Bcl6�/�Foxp3Cre/WT mice as controls (Fig. S2, R 

and S). However, IFN-γ, IL-4, and IL-17A production in the 

CD4+ T cells had no obvious change (Fig. 2, H–J), suggesting 

that defects in Tfr cells only selectively a�ected GC reactions. 

Tfr de�ciency thus causes spontaneous GC formation and 

humoral autoimmunity in mice, associated with uncontrolled 

Tfh and GC B cell di�erentiation.
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Figure 1. Loss of Bcl6 in T reg cells enhances 
protection to in�uenza virus infection. (A) 
Body weights of control and KO mice were mon-

itored daily after infection. n = 5 or 7 per group. 

(B) Mice were sacri�ced at day 9 after infection, 

and viral titers in the lungs were assessed by 

quantitative RT-PCR measurement of active HA 

gene expression. n = 4. (C) FACS staining (left), 

frequency quantitation (middle), and cell number 

(right) analysis of CXCR5+Bcl6+ Tfr cells in CD4+-

Foxp3+ cells in lung dLN from in�uenza-infected 

control and KO mice. n = 5–6 per group. (D and 
E) FACS staining (left), frequency quantitation 

(middle), and cell number (right) analysis of CX-

CR5+Bcl6+ Tfh cells in CD4+Foxp3− cells (D) and 

GL-7+Fas+ GC B cells in B220+ cells (E) in lung 

dLNs from infected control and KO mice. n = 5 

or 7 per group in D; 4 or 5 per group in E. (F 
and G) After restimulation with PMA and ion-

omycin for 5 h, IFN-γ, IL-4, and IL-17A expres-

sion in CD4+ T cells (F) and FACS staining (top 

row) and frequency quantitation (bottom row) of 

IFN-γ+ cells in CD4+Foxp3-Bcl6+ cells (G) in lung 

dLNs from the in�uenza-infected control and KO 

mice were measured by �ow cytometric analysis. 

n = 5 –7 per group. (H) At day 9 after infection, 

sera levels of Ig speci�c for virus were measured 

by ELI SA. n = 4–7 per group. Bcl6�/�Foxp3Cre/Cre 

mice were KO, and Bcl6�/�Foxp3WT/WT mice from 

the Bcl6�/�Foxp3Cre/WTxBcl6�/�Foxp3WT breeder 

were used as control. All data are representative 

of two independent experiments. Data shown are 

mean ± SEM; two-tailed t test; p-values in A and 

G were analyzed by two-way ANO VA. *, P < 0.05; 

**, P < 0.01; ***, P < 0.001; n.s., no signi�cance.
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Tfr de�ciency enhances ESS development
Because decreased salivary �ow rate, increased anti-ANA and 

anti-SG antibodies, and massive in�ammatory cell in�ltration 

and deposition of IgG in the SG are key diagnostic criteria 

for Sjögren’s syndrome (SS), we hypothesized that Tfr de-

�ciency promotes the development of SS. Thus, we set up 

the ESS model as reported (Lin et al., 2015), in which ex-

perimental mice exhibited reduced saliva secretion (Fig. S3 

A), elevated serum autoantibody production (Fig. S3 B), and 

tissue destruction associated with lymphocytic in�ltration in 

submandibular gland (Fig. S3 C). Further analysis revealed 

signi�cantly increased frequencies and numbers of Tfh cells 

(Fig. S3 D), Tfr cells (Fig. S3 E), and GC B cells (Fig. S3 F) 

in the cervical lymph nodes (CLNs) compared with control 

mice immunized with adjuvant.

Remarkably, immunized KO mice exhibited further re-

duced saliva �ow rates 6 wk after immunization (Fig. 3 A), as 

well as elevated SG-speci�c antibodies (Fig. 3 B). Moreover, 

tissue destruction (Fig. 3, C and D) and IgG deposition were 

enhanced in the SG of KO mice 15 wk after immunization 

(Fig. 3 E). We conducted pathological analysis on the SG 5 

wk after immunization and found that KO, but not WT, mice 

began to have in�ltrated lymphocytes in the SG (Fig. 3 F), 

which was con�rmed using littermate Bcl6�/�Foxp3Cre/WT 

mice as controls (Fig. S3 G). WT and KO mice thus had dif-

ferences in disease initiation 5 wk after induction. Flow cyto-

metric (left) and cell number (right) analysis revealed reduced 

Tfr cells in CLNs of KO mice, whereas WT mice showed 

obvious Tfr response upon ESS induction (Fig.  3 G). Fur-

thermore, although the Tfh population did not signi�cantly 

change (Fig. 3 H), GC B cell percentages but not numbers 

were increased in the CLN of KO mice (Fig. 3 I). However, 

Th1 and Th17 or serum IFN-γ and IL-17A levels were not 

greatly a�ected (Fig. 3, J–M). Tfr cells therefore play a critical 

protective role in ESS development by controlling the GC 

and antibody response.

Tfh cells play a critical role in the development of ESS
To further verify whether GC and Tfh response plays an im-

portant role in ESS development, we used Bcl6�/�Cd4Cre mice 

(Liu et al., 2016). When Bcl6�/�Cd4Cre mice were subjected 

to the ESS model, we found the saliva �ow to be partially 

but not signi�cantly recovered compared with the WT mice 

(Fig.  4 A). Moreover, SG-speci�c antibody production was 

signi�cantly diminished in KO mice (Fig. 4 B). Remarkably, 

Bcl6�/�Cd4Cre mice exhibited no histological change or IgG 

deposition in SG up to 15 wk after immunization (Fig.  4, 

C–E). As expected, �ow cytometric analysis showed very 

minimal Tfh and GC B cells in the CLN (Fig. 4, F and G). 

Further analysis of the Th cell subsets showed that Th1 cells 

were somewhat decreased but not signi�cantly (Fig.  4  H), 

whereas Th17 cells were down-regulated (Fig.  4  I), with 

serum IL-17A production (Fig. 4 K) also decreased. Tfh cells 

thus play a critical role in the development of ESS.

Interestingly, saliva �ow rates in the ESS model were 

not greatly a�ected in the absence of Tfh or Tfr cells; thus, the 

Tfh/Tfr axis might not contribute greatly to the saliva �ow 

rate change. There may be compensatory mechanisms driving 

saliva �ow rate reduction.

Previous studies, including in vivo adoptive transfer ex-

periments and in vitro suppression assays, have demonstrated 

the inhibitory function of Tfr cells in GC response (Chung 

et al., 2011; Sage et al., 2013, 2014a,b, 2015). In this study, 

we used a Bcl6�/�Foxp3Cre/Cre mouse to analyze the roles 

of Tfr cells under physiological and pathological conditions. 

Our data showed that unlike the general T reg cell–de�cient 

mice, Bcl6�/�Foxp3Cre/Cre mice were largely healthy at 

young ages and did not exhibit greatly altered primary im-

mune response to immunized antigen. However, defects in 

Tfr cells enhanced the secondary humoral response to im-

munized antigens and promoted immunity to in�uenza virus, 

suggesting that Tfr may function to limit immunity to per-

sistent antigens or infection.

Bcl6 was reported to inhibit the expression of T-bet and 

GATA3 as well as the function of RORγt (Nurieva et al., 

2009), and Bcl6−/− T reg cells showed increased Rorc but 

reduced Tbx21 expression (Chung et al., 2011). Therefore, 

we measured Th1, Th2, and Th17 cells in all experiments. Tfr 

de�ciency did not alter the numbers of Th1, Th2, or Th17 

cells in the dLN or immune organs at steady state. However, 

IFN-γ production by Tfh cells was signi�cantly increased in 

KO mice, which indicates that Tfr cells could selectively con-

trol the antigen-speci�c Tfh response.

Until now, whether Tfr cells regulate the pathogene-

sis of autoimmune diseases has been unknown. In our study, 

Bcl6�/�Foxp3Cre/Cre mice developed late-onset systemic 

Figure 2. Loss of Bcl6 in T reg cells leads to humoral autoimmunity. (A) Histopathology analysis of SG, lung, and pancreas from WT and KO mice at 30 

wk of age. Black arrows indicate the immune cell in�ltrates in KO mice. Bars, 100 µm. n = 6 per group. (B) Anti-IgG immuno�uorescent staining of SG and 

kidney. WT, n = 3; KO, n = 6 per group. Bars, 50 µm. (C) Anti-dsDNA autoantibodies in the sera of WT and KO mice were measured by ELI SA. n = 9 per group. 

(D) Saliva �ow rates were measured in WT and KO mice. n = 5–6 per group. (E) FACS staining (left), frequency quantitation (middle), and cell number (right) 

analysis of CXCR5+Bcl6+ Tfr cells in CD4+Foxp3+ cells in different organs from the old steady-state control and KO mice. n = 6 per group. (F) FACS staining 

(left), frequency quanti�cation (middle), and cell number (right) analysis of Bcl6+CXCR5+ Tfh cells in CD4+Foxp3− T cells from different organs of WT and KO 

mice. (G) FACS staining (left), frequency quanti�cation (middle), and cell number (right) analysis of GL7+Fas+ GC B cells in B220+ cells from different organs 

of WT and KO mice. (H–J) After restimulation with PMA and ionomycin for 5 h, IFN-γ (H), IL-4 (I), and IL-17A (J) expression in CD4+ T cells from different 

organs was measured by �ow cytometric analysis. All mice were 30-wk-old unmanipulated mice. n = 6 per group in F–J. SP, spleen. All experimental data 

were veri�ed in at least two independent experiments. Bcl6�/�Foxp3Cre/Cre mice were KO, and Bcl6�/�Foxp3WT/WT mice from the Bcl6�/�Foxp3Cre/WTxBcl6�/� 

Foxp3WT breeder were used as control. Data shown are mean ± SEM; two-tailed t test; *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., no signi�cance.
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autoimmune diseases, including SS. These results prompted 

us to test Tfr KO mice in an animal model for SS. Indeed, we 

found that Tfr de�ciency greatly enhanced ESS development. 

Interestingly, we found that Tfh and GC B cell responses, but 

not Th1 or Th17 responses, were selectively a�ected by Tfr 

de�ciency. We thus analyzed Bcl6�/�Cd4Cre mice and found 

them to be resistant to ESS induction. These data �rmly 

demonstrate the roles of Tfh/Tfr in ESS.

Recently, Botta et al. (2017) and Wing et al. (2017) 

reported that Tfr cells contain CD25- and CD25+ subpop-

ulations in in�uenza infection and immunization models. 

CD25- Tfr cells, mostly localized in the GCs and acting as 

the primary suppressive cells in established GCs, could be in-

hibited by high levels of IL-2 during the immune response. 

CD25+ Tfr cells, a precursor population mostly localized in 

the T cell zone, may be involved in regulation of the ear-

lier stages of B cell responses. RNA sequencing data showed 

that CD25− Tfr cells had higher expression of Tfh-related 

molecules, such as Bcl6, whereas CD25+ Tfr cells were sig-

ni�cantly enriched for general T reg genes. These results are 

consistent with our hypothesis of stepwise development of 

Tfh cells, in which Bcl6 is highly up-regulated in mature Tfh 

cells (Liu et al., 2012). In our immunization and in�uenza 

infection models, which resemble early immune responses, 

most Tfr cells might be CD25+. So the Tfr de�ciency mainly 

a�ected the cytokine production of Tfh cells, with minimal 

e�ect to the GC response. According to Botta et al. (2017), 

some T reg cells down-regulated CD25, up-regulated Bcl-6, 

and di�erentiated into Tfr cells once the immune response 

was resolved, then migrated into the B cell follicles to prevent 

the expansion of self-reactive B cell clones. Our immuno�u-

orescence results demonstrate signi�cant defects of Foxp3+ 

cells in the GC from mice with Bcl6 deletion in T reg cells, 

suggesting a stronger e�ect to the function of CD25− Tfr 

cells. Consistently, we detected higher autoantibody produc-

tion and GC response in the old Bcl6�/�Foxp3Cre/Cre mice 

and in the ESS model. We also found GC responses to be not 

always the same in di�erent organs at steady state, maybe be-

cause of di�erent proportions of CD25− Tfr cells in di�erent 

lymphoid organs. This variation may result from the availabil-

ity of STAT5 signaling, because a lower proportion of T reg 

cells are pSTAT5+ in the spleen than in the LNs (Liu et al., 

2015). Thus, because of di�erent levels and characteristics of 

Tfr cells in di�erent immune reactions and time points, and 

even in various immune organs, defects in Tfr cells lead to 

distinct outcomes in B cell response. But consistently in all 

experiments, Tfr cells appear to control antigen-speci�c anti-

body response, especially that against self-antigens.

Altogether, our current work demonstrates the physio-

logical and pathological roles of Tfr cells in several models and 

supports a critical role of Tfh/Tfr cells in antibody-mediated 

autoimmunity. Targeting this axis may serve as a novel strategy 

for autoimmune diseases such as SS.

MAT ERI ALS AND MET HODS
Mice
The Bcl6�/� mice were generated previously (Liu et al., 2016). 

Bcl6�/� mice (B6 × 129 N1 background) were crossed with 

Cd4Cre (C57BL/6 background) mice for one generation to 

generate Bcl6�/�Cd4Cre mice. Foxp3YFP-Cre mice were pro-

vided by A. Rudensky (Memorial Sloan Kettering Cancer 

Center, New York, NY). The Foxp3Cre mice (C57BL/6 

background) were crossed with Bcl6�/� mice to generate 

Bcl6�/�Foxp3Cre/Cre mice. Thus, the experimental mice 

were on the N2 background. Bcl6�/�Foxp3WT/WT mice 

from Bcl6�/�Foxp3Cre/WTxBcl6�/�Foxp3WT breeders were 

generally used as controls. The phenotypes in various exper-

iments have been con�rmed using littermate Bcl6�/wtFoxp-
3Cre/Cre or Bcl6�/�Foxp3Cre/WT mice as controls. All the 

mice used in this study were female. Experimental mice were 

age-matched and housed under speci�c pathogen–free con-

ditions in the animal facility of Tsinghua University. All ani-

mal protocols were approved by governmental and Tsinghua 

guidelines for animal welfare.

Immunization and �ow cytometry
6–8-wk-old mice were immunized with NP-KLH (1 mg/

ml) emulsi�ed in CFA (1 mg/ml) s.c. For secondary re-

Figure 3. Ablation of Bcl6 in T reg cells enhances ESS development. (A) ESS model was set up and analyzed after 15 wk. The kinetics of the saliva 

�ow rates were measured during the 15 wk after SG protein immunization (ESS) in both WT and KO mice and adjuvant immunization (control). n = 5–10 per 

group. *, statistics analysis between control and ESS-WT group; #, analysis between ESS-WT and ESS-KO group. (B) IgG autoantibodies against SG antigens 

were detected in the serum samples from ESS mice and controls 15 wk after �rst immunization by ELI SA. n = 4–5 per group. (C) Histological evaluation of 

glandular destruction in WT and KO mice after ESS induction was performed on tissue sections of submandibular glands with H&E staining. Bars, 100 µm. 

(D) In�ltrated lymphocytes in the SGs were assessed for histological scores. WT, n = 12; KO, n = 16. (E) Anti-IgG immuno�uorescent staining of SGs. WT, 

n = 4; KO, n = 6. Bars, 50 µm. (F) Histological evaluation of glandular destruction in WT and KO mice at 5 wk after ESS induction was performed on tissue 

sections of submandibular glands with H&E staining. Bars, 100 µm. n = 5 per group. (G–I) FACS staining (left), frequency quanti�cation (middle), and cell 

number (right) analysis of CXCR5+PD1+ Tfr cells in CD4+Foxp3+ cells (G), CXCR5+PD1+ Tfh cells in CD4+Foxp3− cells (H), and Fas+GL7+ GCB in B220+ cells (I) 

in CLNs of WT and KO mice at 15 wk after �rst immunization. n = 9 or 13. (J and K) After restimulation with PMA and ionomycin for 5 h, FACS staining 

(left), frequencies (middle), and cell number (right) analysis of IFN-γ and IL-17-producing Th1 (J) and Th17 cells (K) among CD4+ T cells in CLN of WT and 

KO mice was performed by �ow cytometry. n = 9 or 17 in J and K. (L and M) Serum IFN-γ (L) and IL-17 (M) levels were detected by ELI SA. WT, n = 3 or 4; 

KO, n = 9 or 11. Data in G–K were pooled from two independent experiments. All experimental data were veri�ed in at least two independent experiments. 

Bcl6�/�Foxp3Cre/Cre mice were KO, and Bcl6�/�Foxp3WT/WT mice from the Bcl6�/�Foxp3Cre/WTxBcl6�/�Foxp3WT breeder were used as control. Data shown 

are mean ± SEM; two-tailed t test; p-values in B were analyzed by two-way ANO VA; * or #, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., no signi�cance.
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Figure 4. GC response plays a critical role in the development of ESS. (A) Saliva �ow rates were measured 15 wk after SG protein-immunization (ESS) 

in both WT and KO mice and adjuvant immunization (control). n = 3 or 5. (B) Autoantibodies against SG antigens were detected in the serum samples from 

ESS WT and KO mice and controls 15 wk after �rst immunization by ELI SA. n = 3 or 5. (C) Histological evaluation of glandular destruction in WT and KO 

mice was performed on tissue sections of submandibular glands with H&E staining. Bars, 100 µm. (D) In�ltrated lymphocytes in the SGs were assessed for 

histological scores. n = 11. (E) Anti-IgG immuno�uorescent staining of SG. Bars, 50 µm. n = 3 or 4 per group. (F and G) FACS staining (left) and frequency 

quanti�cation (right) of the CXCR5+PD1+ Tfh cells among CD4+Foxp3− (F) and Fas+GL7+ GCB cells among B220+ cells (G) in CLN of WT and KO mice immu-

nized for ESS induction at 15 wk after �rst immunization. n = 7–9 per group. (H and I) After restimulation with PMA and ionomycin for 5 h, frequencies of 

IFN-γ- and IL-17–producing Th1 (H) and Th17 (I) cells among the CD4+ T cells in the CLN of WT and KO mice were examined by �ow cytometry analysis. n = 

10–16 per group. (J and K) The serum IFN-γ (J) and IL-17 (K) levels were detected by ELI SA. n = 5 or 7 per group. Data in D and F–I were pooled from two 

independent experiments. All experimental data were veri�ed in at least two independent experiments. Bcl6�/�Cd4Cre were KO, and Bcl6�/� littermates from 

the Bcl6�/�Cd4Cre were used as control. Data shown are mean ± SEM; two-tailed t test; p-values in B were analyzed by two-way ANO VA; *, P < 0.05; **, P < 

0.01; ***, P < 0.001; ****, P < 0.0001; n.s., no signi�cance.
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sponse, the mice were challenged using NP-KLH (1 mg/ml) 

emulsi�ed in IFA after 30 d. dLN cells were stained with 

�uorescence-labeled antibodies and analyzed with a Fortessa 

instrument and FlowJo software. Intracellular staining was 

performed with kits from eBioscience. Sera from immunized 

mice were collected, and antigen-speci�c antibodies were 

measured using ELI SA as described previously (Chung et al., 

2011). In brief, serum samples were added in a threefold serial 

dilution onto plates precoated with 10 µg/ml NP4-BSA (for 

high a�nity) or NP29-BSA (for global a�nity), followed by 

HRP-conjugated antibodies.

In�uenza virus infection
6-wk-old Bcl6�/�Foxp3Cre/Cre mice were anesthetized and 

infected intranasally with 0.1 LD50 of PR8 in�uenza virus. 

Mice were monitored daily, and weight loss was recorded. Tfh 

and GC B cells from lung mediastinal lymph nodes were an-

alyzed by �ow cytometry. Sera were collected from virus-in-

fected mice on day 9 after infection. Virus-speci�c antibodies 

were measured with ELI SA as previously described (Liu et 

al., 2014). Brie�y, serum samples were added in a threefold 

serial dilution onto plates precoated with heat-inactivated 

virus. Lung viral titers were monitored by examining in�u-

enza virus HA gene expression using real-time RT-PCR as 

previously described (Liu et al., 2014).

ESS model induction
The ESS mouse model was induced in 7–8-wk-old female 

mice by immunization with SG proteins as described before, 

with modi�cations (Lin et al., 2015). In brief, the bilateral 

SG from mice was collected for homogenization in PBS, and 

the supernatant was collected. The mice were immunized 

with SG proteins (5 mg/ml) emulsi�ed in CFA (5 mg/ml) 

s.c. (200 µl each mouse) on the neck on day 0. On day 14, 

the booster injection was performed with a dose of 1.25 mg/

ml SG proteins emulsi�ed in IFA (Sigma-Aldrich). After the 

animals were anesthetized, saliva �ow was collected for 10 

min. Serum was obtained for SG-speci�c antibody analysis.

Histological examination and 
immuno�uorescence microscopy
Tissues were excised from the mice, �xed in 4% paraformal-

dehyde, and prepared for sectioning with hematoxylin and 

eosin (H&E) staining. A widely used scoring system based 

on the size and degree of lymphoid organization of the in-

�ltrates was adopted to assess the severity of tissue damage 

(Scardina et al., 2007). Immunohistochemical analysis was 

performed as previously described (Nurieva et al., 2009). 

Tissue blocks were sliced to ∼12 µm, air dried, and �xed 

with cold acetone. Tissue slides were stained with primary 

antibodies against biotinylated PNA (Vector Laborato-

ries), and eFluor 450–conjugated rat anti-mouse/rat Foxp3 

(clone FJK16S; eBioscience), followed by Streptavidin-APC 

(BD PharMingen). For IgG deposit detection, frozen sec-

tions were stained with FITC goat anti–mouse IgG F(ab′)2 

(Thermo Fisher Scienti�c). Serum anti-dsDNA autoanti-

bodies were detected as described (Vaeth et al., 2016) by 

coating ELI SA plates (which were treated with poly-l-ly-

sine solution; Sigma-Aldrich) with 2.5 µg/ml calf-thymus 

dsDNA (Sigma-Aldrich). The anti-dsDNA IgG standard 

was from Alpha Diagnostic. Anti-ANA antibodies were 

detected using an ELI SA kit from Alpha Diagnostic. An-

ti-nRNP/Sm antibody analysis was done using a nRNP/

Sm-coated plate from Euroimmun and detected with 

HRP-labeled Abs (SouthernBiotech).

Statistical analyses
Data were compared using a two-tailed unpaired Student’s t 
test or two-way ANO VA (GraphPad software). Di�erences 

with p-values of <0.05 were considered signi�cant: *, P < 

0.05; **, P < 0,005; ***, P < 0.001; n.s, no signi�cance.

Online supplemental material
Fig. S1 shows �ow cytometry and immuno�uorescence 

analysis of Tfr cells after KLH immunization, the e�ect of 

Tfr de�ciency to Tfh, GC B, and memory B cells; LZ/DZ 

ratio by �ow cytometry; ELI SA data of the antigen-speci�c 

Abs production and a�nity; and phenotype validation in the 

in�uenza infection model using littermate controls. Fig. S2 

shows the e�ect of Tfr de�ciency in the unmanipulated mice 

at ages 6–8 and 12 wk, autoantibody production in 30-wk-

old mice, and H&E and FACS data of 30-wk-old mice using 

littermate controls. Fig. S3 shows the ESS model establish-

ment; Tfh, Tfr, and GC B cell expression in the ESS model; 

and H&E analysis of the mice 5 wk after ESS induction 

using littermate controls.
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