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Induction of Foxp3 and activation of Tregs by HSP
gp96 for treatment of autoimmune diseases

Yuxiu Xu,1,2 Erlong Liu,1 Xialin Xie,1,2 Jiuru Wang,1,2 Huaguo Zheng,1 Ying Ju,1 Lizhao Chen,1 Changfei Li,1

Xuyu Zhou,1,2 Zihai Li,3 Xin Li,1,* and Songdong Meng1,2,4,*

SUMMARY

Upregulation and stabilization of Foxp3 expression in Tregs are essential for
regulating Treg function and immune homeostasis. In this study, gp96 immuniza-
tion showed obvious therapeutic effects in a Lyn–/– mouse model of systemic
lupus erythematosus. Moreover, gp96 alleviated the initiation and progression
of MOG-induced experimental autoimmune encephalomyelitis. Immunization of
gp96 increased Treg frequency, expansion, and suppressive function. Gene
expression profiling identified the NF-kB family member p65 and c-Rel as the
key transcription factors for enhanced Foxp3 expression in Treg by gp96. Mutant
gp96 within its Toll-like receptor (TLR) binding domain, TLR2 knockout mice, and
mice with cell-specific deletion of MyD88, were used to demonstrate that gp96
activated Tregs and induced Foxp3 expression via a TLR2-MyD88-mediated
NF-kB signaling pathway. Taken together, these results show that gp96 immuni-
zation restricted antibody-induced and Th-induced autoimmune diseases by inte-
grating Treg expansion and activation, indicating its potential clinical usefulness
against autoimmune diseases.

INTRODUCTION

Regulatory T cells (Tregs) are critical for maintaining immune tolerance and deficiency or impaired suppres-

sive function causes severe autoimmune diseases and chronic inflammation. The emergence and charac-

terization of Tregs have provided novel strategies for developing immunotherapies for autoimmune

diseases and chronic inflammation (Sakaguchi et al., 2010, 2012). Based on their differentiation site and pre-

cursor cells, Tregs are generally classified into two cell subsets, natural Tregs (nTregs) and induced Tregs

(iTregs) (Josefowicz and Rudensky, 2009). iTregs may either be differentiated from conventional CD4+

T cells in the periphery (pTregs) or be generated from naı̈ve T cells in vitro by antigen stimulation in the

presence of transforming growth factor-b (TGF-b) and interleukin-2 (Josefowicz and Rudensky, 2009; Zhang

et al., 2020).

Many studies showed that soluble factors and/or cellular factors derived from innate immune responses

could induce expansion and proliferation of CD4+Foxp3+ Treg cells. Even though tumor necrosis factor

(TNF) is a major proinflammatory cytokine, interaction of TNF with TNF receptor type 2 promoted expan-

sion and function of mouse CD4+CD25+ T regulatory cell, indicating TNF played a vital role in modulating

autoimmunity (Chen et al., 2007). Especially, natural but not inducible regulatory T cells required TNF-a

signaling in mediating suppression of colitis in vivo (Housley et al., 2011). Low-dose IL-2 selectively modu-

lated CD4+ T cell subsets by expanding Treg cells in patients with chronic kidney diseases and systemic

lupus erythematosus (SLE) (He et al., 2016; Li et al., 2018). IL-33 also enhanced expansion of Treg cell pop-

ulation by activating type 2 innate lymphoid cells and mast cells, thereby contributing to sepsis-induced

long-term immunosuppression and limiting papain-induced allergic inflammation (Morita et al., 2015; Nas-

cimento et al., 2017). CD4+CD25+ Treg subset in TLR2�/� mice was significantly reduced in number

compared with WT littermate control mice, indicating a link between Tregs and TLR2. Treatment with

the TLR2 ligand Pam3Cys, but not LPS (the TLR4 ligand) or CpG (the TLR9 ligand), could promote Treg

cell proliferation in vitro (Netea et al., 2004; Sutmuller et al., 2006).

Forkhead box P3 (Foxp3) is regarded as a master transcription factor for the development, stability, and

especially, the suppressive function of Tregs. nTreg and pTreg cells are considered T cell lineages and
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are characterized by their ability to stably express Foxp3 and other Treg signature genes. In contrast, iTregs

exhibit relatively unstable phenotypes because they may lose Foxp3 expression in the absence of TGF-b

(Ohkura and Sakaguchi, 2020). In addition, under inflammatory and autoimmune conditions some Treg

sub-populations (e.g., CD25low or Foxp3low cell subtype) may undergo transdifferentiation into pathogenic

Th17 cells by losing Foxp3 expression (Komatsu et al., 2014; Zhang et al., 2020). Foxp3 expression during

nTreg cell development has been shown to be regulated by cytokines, metabolic mediators, and inflam-

matory factors. Relatively strong T cell receptor (TCR) stimulation and multiple co-stimulatory signals

and cytokines are required for the induction of Foxp3 expression (Ono, 2020). Recent studies have also

shown that Foxp3 transcription is regulated by three conserved non-coding enhancers known as conserved

noncoding sequence 1 (CNS1), CNS2, and CNS3, which each have a distinct role in the development, sta-

bility, and function of Tregs (Feng et al., 2014; Zheng et al., 2010).

Tregs maintain immunological self-tolerance and prevent a variety of autoimmune diseases, including SLE

and rheumatic diseases, which are characterized by chronic immune activation, elevated autoantibodies by

dysregulated B cell responses, and the development of pathogenic T cell populations infiltrating the target

organ (Dominguez-Villar and Hafler, 2018). Tregs prevent autoimmunity by inhibiting aberrant activation

and proliferation of immune effector cells, including CD8+ T cells, B cells, Th17 cells, and Th1 cells (Nadafi

et al., 2020; Zhan et al., 2020). In animal models, autoimmune responses can be controlled by reestablishing

T-cell balance to favor Tregs. Patients with rheumatic diseases such as SLE usually show abnormal Treg

numbers and function (Zhao et al., 2019). The use of in vitro expansion and in vivo induction of heteroge-

neous or antigen-specific Treg cells has been regarded as a potentially attractive therapeutic approach for

autoimmune diseases (Miyara et al., 2014; Zhao et al., 2019). Therefore, immunotherapies targeting Tregs

and their balance with T effector cells are an important strategy for the treatment of autoimmune diseases.

The generation of Tregs in the inflammatory, dysregulated immune system of patients with established

autoimmune diseases is a major concern for researchers. Various studies have shown that heat shock pro-

tein (HSP)-reactive T cells possess immunoregulatory capacity in models of experimental autoimmune dis-

eases. Particularly, mycobacterial HSP60 and HSP70 induce disease inhibitory IL-10-producing regulatory

T cells, which can suppress immune responses that occur in autoimmune diseases, such as rheumatoid

arthritis, type 1 diabetes, and possibly atherosclerosis and allergy. First clinical trials with HSPs in rheuma-

toid arthritis and type 1 diabetes also indicate their potential to restore tolerance in autoimmune diseases

(van Eden et al., 2005, 2017). Besides HSP60 and HSP70, heat shock protein gp96 also plays important roles

in modulating innate and adaptive immunity, and its use in several immunotherapy studies against cancers

has shown no severe adverse effects and moderate improvement in the clinical outcome (Randazzo et al.,

2012). We and others have demonstrated that immunization of mice with high-dose gp96 significantly in-

creases Treg frequency and suppressive function and largely abrogates Th1 antitumor immunity and T cell-

mediated hepatic injury via interaction with its receptors, Toll-like receptors (TLRs) such as TLR2/4 or CD91

on plasmacytoid dendritic cells (pDCs) (Kinner-Bibeau et al., 2017; Li et al., 2013; Liu et al., 2009; Wu et al.,

2012). Our goal in the current study was to rebalance the dysregulated immune system in the context of

autoimmunity. We have elucidated a gp96-mediated mechanism of controlling Treg activation in vivo

that has therapeutic effects in mice. These results could facilitate the development of Treg-targeting im-

munotherapies for treating autoimmune diseases.

RESULTS

High-dose gp96 immunization attenuates autoimmunity and lupus nephritis in Lyn–/– mice

We first assessed the effectiveness of gp96 immunization as a potential strategy for treating SLE. Lyn is a Src

family kinase that functions as a modulator in multiple aspects of immune signaling (Xu et al., 2005). In addi-

tion, recent research has also shown a genetic association between Lyn and SLE (Mohan and Putterman,

2015). The Lyn–/–mouse spontaneously develops a highly penetrant autoimmune and inflammatory disease

characterized by anti-double-stranded DNA (anti-dsDNA) IgG antibodies and glomerulonephritis that is

similar to human SLE patients (Brodie et al., 2018). Lyn–/– mice were immunized as described in Figure S1A.

Figure 1A shows that compared to control mice, anti-dsDNA antibody development was significantly

decreased in Lyn–/– mice immunized with gp96 at 16 weeks old (P = 0.002). Similar results were observed

in the MRL/lpr mouse model (Figure S1B). Each dose (200 mg/mouse) of recombinant gp96 for immuniza-

tion only contained around 1.6 EU of LPS, excluding the possibility that contaminated endotoxin may

disturb the results.
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Figure 1. Amelioration of systemic lupus erythematosus (SLE)-like symptoms in Lyn–/– mice by heat shock protein gp96 immunization

(A) Female Lyn–/– mice at 16 weeks old were immunized with 200 mg gp96 or saline as control (n = 5/group). Serum anti-dsDNA antibodies were determined

using ELISA in Lyn–/– mice 1 week after the last immunization.
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No significant change of conventional CD4+ T cells and only a slight decrease of CD8+ T cells were

observed in the spleen of Lyn–/– mice under gp96 treatment (Figure S1C). The percentage of Tregs

and follicular regulatory T cells (Tfr) in spleen was significantly increased by 22.4% and 33.8%, respec-

tively, following gp96 immunization (Figures 1B and 1C). Besides, a similar trend of increased Tfr by

gp96 immunization was observed in mesenteric lymph nodes (MLNs) and Peyer’s Patches (Figure S1D).

As Lyn–/– mice exhibit increased numbers of activated or effector memory CD4+ and CD8+ T cells as

autoimmune disease progresses (Hua et al., 2014), we investigated the effects of gp96 in the hyperreac-

tivity of T cells. The percentages of follicular helper T cells (Figure 1D), activated conventional CD4+

T cells (Figure 1E), germinal center B cells (GCB) (Figure 1F), plasma cells (Figure 1G) in the spleen,

and memory B cells (Figure 1H) in the bone marrow (BM) were significantly lower in gp96-immunized

mice than they were in control mice. No obvious effect on activation of CD8+ T cells was observed under

gp96 immunization (Figure S1E). Anti-dsDNA specific antibody-secreting cells (ASCs) in the BM were also

fewer in gp96-immunized mice than they were in the control mice, as determined using enzyme-linked

immune absorbent spot (ELISpot, Figure 1I). Meanwhile, according to previous studies on eTreg and

cTreg category (Sidwell et al., 2020; Toomer et al., 2016), we found that gp96 immunization could induce

conversion from cTreg to eTreg in vivo by analyzing Treg markers such as ICOS, CD69, KLRG1, CD62L,

CCR7, Ki-67 (Figure S1F).

Moreover, a significantly higher number of thrombocytes and hematocrit level were observed in gp96-

immunized mice than in the control mice (Figure S1G). The Lyn–/– mice developed diffuse mesangioproli-

ferative glomerulonephritis, which was characterized by partial enlargement of the epithelium of Bowman’s

capsule, and was suppressed in the kidney of gp96-immunized mice (Figure 1J). Furthermore, we adop-

tively transferred gp96-treated Tregs into Lyn–/– mice (Figure 1K), which showed higher inhibitory effects

with a longer duration on anti-dsDNA levels than the transfer of control Tregs did (Figure 1L). Moreover,

a significant decrease of plasma cells, GCB, and Tfh cells was observed after adoptive transfer of Tregs iso-

lated from gp96-immunized mice (Figure S1H).

High-dose gp96 immunization suppresses Th-induced inflammation in experimental

autoimmune encephalomyelitis (EAE) mouse model

Experimental autoimmune encephalomyelitis (EAE) is a mouse Th1/Th17 cell-mediated autoimmune

disease of the central nervous system (CNS) used as a model of human multiple sclerosis (MS). We inves-

tigated whether gp96-expanded Treg could inhibit Th-induced inflammation. The results illustrated in

Figure 2A show that EAE disease initiation and progression were more significantly inhibited in mice immu-

nized with gp96 than they were in the control mice (P = 0.002). Less body weight loss was also observed in

gp96-treated mice (Figure 2B). Compared to control mice, gp96-treated mice showed significantly

decreased immune cell infiltration to spinal cords (Figure 2C). The number of CD4+ T, Th1, and CD8+

T cells in the spinal cord were significantly decreased by 61.5%, 50%, and 55%, respectively, in gp96-immu-

ized mice relative to control mice. The number of Th17 was slightly lower in gp96-immunized mice than it

was in the untreated control mice. No significant changes of the number of CD4+ T cells, Th1, Th17, and

CD8+ T cells were observed in the spleen and LNs between the two groups of mice (Figures 2D–2G).

Gp96-immunized mice displayed a significantly higher Treg frequency in the spleen and lymph nodes

(LNs) than the control mice. However, lower Treg percentage in spinal cord-infiltrated cells was observed

in gp96-treated mice (Figure 2H). This may be because of pronouncedly decreased infiltration of CD4+

T cells, Th1, Th17, and CD8+ T cells in the spinal cord in homeostasis. Taken together, these results indicate

that gp96 immunization inhibited EAE initiation and progression via systemic expansion of Treg and sup-

pression of Th1, CD8+ T and Th17 cells infiltration in spinal cord.

Figure 1. Continued

(B–E) FACS analysis of Foxp3+CD4+ Treg cells (B), CXCR5+PD-1+Foxp3+ Tfr cells, (C), CXCR5+PD1+Foxp3– Tfh cells (D) and activated conventional CD4+

T cells (CD44hi CD62Llow) (E) in the spleen of mice immunized at 16 weeks of age.

(F–H) FACS analysis of germinal center B cells (F), plasma cells (G) from the spleen, and memory B cells (H) from bone marrow.

(I) Absolute numbers of anti-dsDNA-specific antibody-secreting cells (ASCs) were determined using ELISPOT.

(J) Hematoxylin and eosin (H&E) staining of kidney sections from 32-week-old Lyn–/– mice of indicated groups. Bar, 50 mm.

(K and L) Foxp3-GFP knock-in (KI) mice were immunized as in (K), and then Foxp3+ Treg cells were sorted and adoptively transferred into Lyn–/– mice. Serum

was collected at the indicated times. Serum anti-dsDNA antibodies were determined using ELISA (L). The data are representative of two independent

experiments with similar results. n = 5 mice/group. Mean G SD is shown. The Student’s t-test was used for statistical analysis. P < 0.05 was considered

statistically significant.
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Figure 2. Treatment of EAE with heat shock protein gp96

(A and B) Female C57BL/6 mice were immunized with 200 mg gp96 or saline (control) before induction of EAE. Disease score (A) and body weight changes (B)

were monitored daily after EAE induction. (C) Spinal cord collected at day 18 from indicated mice were stained with hematoxylin and eosin to assess

inflammation. Scale bars, 500 mm.
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Gp96 induces Foxp3 expression and increases CD4+Foxp3+ Treg population, stability, and

suppressive function

To elucidate the immunoregulatory mechanism of gp96, we first measured T cell subtype, B cell, natural

killer (NK) cell, CD11c+, and CD11b+ cell populations in the spleen of gp96-immunized mice using multi-

color flow cytometry. Figure S2A shows that only the percentages of the CD4+Foxp3+ and CD8+Foxp3+

populations were significantly increased following gp96 immunization. CD4+Foxp3+ Tregs are well recog-

nized to be involved in maintaining immunological tolerance; therefore, we studied the effect of gp96 on

Foxp3+ Tregs.

Indeed, the expansion of Tregs was observed in high-dose (200 or 400 mg) gp96 immunization (Figure 3A).

Gp96 immunization led to a pronounced increase of mRNA and protein expression levels of Foxp3 in Tregs

(Figures 3B and 3C). Other subsets of regulatory cells, such as the M2-macrophage, and regulatory B cell

populations were not significantly changed in gp96-immunized mice compared to the control mice,

whereas myeloid-derived supressor cells (MDSCs) were moderately reduced by gp96 immunization (Fig-

ures S2B–S2D). Moreover, no significant induction of effector CD8+ T and Th1 cells was observed in

gp96-immunized mice, whereas Th2 and Th17 cells were decreased upon gp96 immunization (Figures

S2E–S2G). A possible explanation for the increased Treg population by gp96 immunization could be

that they were either generated from peripheral expansion or the conversion of conventional T cells. To

test this hypothesis, we sorted the peripheral CD4+Foxp3+ Tregs and CD4+Foxp3– conventional T cells

(Tconv) cells from Foxp3-GFP knock-in (KI) mice using GFP expression as the criterion. Then, we adoptively

transferred each group of cells into Rag2�/� recipient mice. We found that the CD4+Foxp3+ T cells were

more stably maintained in the Rag2�/� mice immunized with gp96 than they were in the control mice,

whereas very slightly increased percentage of Foxp3+ Treg cells from conventional CD4+ T cells was

observed by gp96 treatment, which may be because of homeostasis (Figure 3D). In addition, excessive pro-

liferation was observed in CD4+Foxp3+ T cells treated with gp96 in vivo and in vitro (Figures 3E and S3A).

Meanwhile, gp96 treatment also alleviated apoptosis of Treg and promoted its survival (Figure S3B). No

obvious increase of Tregs from differentiation from naı̈ve T cells was observed following gp96 treatment

both in vitro and in vivo (Figures S3C and S3D). Compared to the control, Foxp3+ Tregs from gp96-immu-

nized mice or those treated with gp96 showed higher levels of H3K27 acetylation (H3K27ac) in the Foxp3

promoter region, higher recruitment of the histone acetyltransferase p300, and lower H3K4 methylation

levels of the CNS3 region (Figures 3F and S3E).

Sorted Tregs from Foxp3-GFP KI mice after incubation with gp96 showed higher expression of proliferation

and activation markers and stronger suppressive function (Figures S3F and S3G). Compared to the control,

Tregs from gp96-treated mice exhibited higher inhibitory effects on proliferation of T effector cells ex vivo

(Figure 4A). Finally, we investigated whether gp96-induced Tregs competently exerted a suppressive func-

tion in vivo. The same number of Tregs (CD45.1+CD45.2+) sorted from the spleen of gp96- or saline-immu-

nized mice was adoptively transferred into Rag2�/� mice that also received naı̈ve CD4+ T cells (CD45.2+,

Figure 4B). Mice administered naı̈ve CD4+ T cells developed substantial weight loss associated with colitis

(Figure 4C). The adoptive transfer of gp96-induced Treg cells protected mice from developing symptoms

associated with colitis more significantly than the transfer of control Tregs did (Figure 4D). Compared to the

control, mice that received gp96-induced Treg cells had a significantly lower percentage of

CD45.1–CD45.2+ T effector cells and higher percentage of CD45.1+CD45.2+ Tregs in the spleen and

MLN (Figure 4E). Taken together, these results led us to conclude that gp96 positively affected Treg

through the induction of Foxp3 expression, maintenance of Treg lineage stability in vivo, promotion of

Treg expansion and suppressive function. Furthermore, gp96 participated in Treg development by modu-

lating epigenetic modifications.

Activated NF-kB elements induce Foxp3 expression in gp96-stimulated Tregs

To explore the mechanism by which gp96 immunization acts on Foxp3 expression, we analyzed gene

expression profiles of Foxp3+ Tregs from Foxp3-GFP KI mice immunized with gp96. Compared to the

Figure 2. Continued

(D–G) Absolute numbers of CD8+ T cells (D), CD4+ T cells (E), IL-17A-producing CD4+ T cells (F) and IFN-g-producing CD4+ T cells (G) from indicated organs

of mice were evaluated by flow cytometry.

(H) Percentages of Foxp3+ Tregs in the indicated organs of mice. The data are representative of two independent experiments with similar results. n = 5

mice/group. Mean G SD is shown. The Student’s t-test or two-way ANOVA was used for statistical analysis. P < 0.05 was considered statistically significant.

ns = not significant.
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Figure 3. Heat shock protein gp96 induces Foxp3 expression and promotes Treg proliferation

(A) Frequency of CD4+Foxp3+ Treg in spleen of C57BL/6 mice immunized with the indicated dose of recombinant gp96.

(B and C) Foxp3 expression in Tregs frommice immunized with 200 mg gp96 or saline as control was measured using flow cytometry analysis (B) and real-time

PCR (C).

(D) FACS-sorted CD4+Foxp3-GFP+ Tregs and CD4+Foxp3-GFP– Tconv cells from Foxp3-GFP KI mice were transferred to Rag2�/� mice. Mice were then

immunized with gp96 or saline three times. Foxp3-GFP levels in CD4+ T cells from the spleen were analyzed 1 week after the last immunization.

(E) Proliferation of Tregs was measured using in vivo BrdU labeling in the indicated organs of gp96-immunized and saline-immunized C57BL/6 mice.

(F) Chromatin immunoprecipitation (ChIP) analysis of H3K27ac, p300 and H3K4 monomethylation (H3K4me1) at Foxp3 locus and control loci (Hsp90ab,

Hspa2, Rpl30, and Gm5069). The data are representative of two independent experiments with similar results. n = 5 mice/group. Mean G SD is shown. The

Student’s t-test was used for statistical analysis. P < 0.05 was considered statistically significant. ns = not significant.
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Figure 4. Gp96 enhances Treg suppressive function

(A) A total of 53104 cell trace violet-labeled CD4+CD25– T (Teff) cells were cultured with Tregs at a ratio of 2:1 for 3 days. Teff cell division cycle was measured

using FACS (left). Suppression rate of proliferation was calculated (right).
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control mice, Tregs in gp96-immunized mice showed an upregulation of 587 genes and downregulation of

1277 genes (log2[fold change] > 1, Figure 5A). In particular, the upregulated genes in Treg cells were signif-

icantly enriched in signaling by T cell receptor, JAK-STAT, TNF and NF-kB (Figure 5B). Then, we selected

T cell receptor, JAK-STAT, and NF-kB signaling pathways, which are of great importance to the Treg line-

age, for gene set enrichment analysis (GSEA, Figures 5C, 5D, S4A, and S4B). Because NF-kB signaling is the

major downstream effector pathway of activated CD91 or TLRs in response to gp96 (Li et al., 2013; Pawaria

and Binder, 2011), we investigated the effect of gp96-induced NF-kB signaling on Foxp3 expression. The

results showed that gp96 significantly promoted IkB-a and p65 phosphorylation in Tregs (Figures 5E

and 5F).

The NF-kB family member p65 and c-Rel have been suggested to bind to the promoter region of Foxp3 to

promote its transcription (Long et al., 2009). Activation of NF-kB signaling by gp96 was confirmed in

gp96-stimulated Treg cells with the nuclear translocation of c-Rel and p65 (Figure 5G). Furthermore, the

chromatin immunoprecipitation assay also indicated that binding of c-Rel and p65 to the Foxp3 promoter

region was significantly increased by gp96 (Figure 5H). Pre-treatment of Tregs with curcumenol (Cur), a spe-

cific inhibitor of p65 translocation (Lo et al., 2015), slightly inhibited gp96-induced Foxp3 expression.

Whereas ammonium pyrrolidine dithiocarbamate (PDTC), an inhibitor of IkB phosphorylation and nuclear

translocation of NF-kB (Qin et al., 2014), almost completely ablated the upregulation of Foxp3 by gp96

(Figure 5I). In addition, differentially expressed genes of gp96-treated Tregs were correlated to those of

the wild-type (WT) and Rela–/–Rel–/– (DKO) Tregs (Oh et al., 2017) (Figure S4C). These data indicate that

gp96 induced Foxp3 expression via p65 and c-Rel.

TLRs binding domain is essential for gp96-induced Treg activation

NF-kB is the hallmark downstream pathway for almost all TLRs that have been shown to interact with gp96

(Liu et al., 2016). Moreover, in addition to DCs, B and T cells, an abrupt increased binding of gp96 to Tregs

(�7-fold) was observed at a high dose but not the low dose used in gp96 immunization (Figure 6A). This

observation indicates that Tregs can capture gp96 when it is abundant.

Previous studies demonstrated that the YGWSGNMER motif (aa 652-660) within the client-binding domain

(CBD, aa 652–678) of gp96 is essential for its interaction with TLRs (Liu et al., 2016; Wu et al., 2012). We

therefore generated mutant gp96 by introducing alanine substitution mutations at all of the conserved res-

idues in the first half of the CBD as ‘‘YAASAAAAA’’ (aa 652-660), which has been shown to lose the ability to

bind to TLR2. Then, we examined the effect of immunization withWT ormutant gp96 within its TLRs binding

site on antibody production as a direct in vivo proof of the immunosuppression activity induced by gp96

(Figure S5A). Figure 6B shows that compared to WT gp96, mice co-immunized with mutant gp96 and 4-hy-

droxy-3-nitrophenylacetyl ovalbumin (NP-OVA) exhibited a dramatic �4-fold increased antibody produc-

tion. Significantly higher percentages of Treg and Tfr were observed in the spleens of WT gp96-immunized

but not mutant gp96-immunized mice or control mice (Figures 6C, 6D, and S5B).

As seen in Figures 6E, S5C, and S5D, Tregs in mice immunized with WT gp96 but not mutant gp96 main-

tained higher levels of ICOS, CD69, Helios, Foxp3, CD137, and PD-1 and lower levels of CD62L than those

of the control mice, indicating that mutant gp96 cannot promote Treg activation. However, expression of

GITR, CTLA4, and CD44 on Tregs showed no significant changes under gp96 immunization. We further

wondered if immunization with mutant gp96 could attenuate autoimmunity in Lyn–/– mice. Unlike WT

gp96, treatment with mutant gp96 failed to decrease serum anti-dsDNA levels (Figure 6F). No significant

difference of Treg, Tfr and plasma cells was observed between mutant gp96-treated and control mice

(Figure S5E).

Figure 4. Continued

(B–E) Rag2�/� recipient mice were intravenously administered 43105 naı̈ve CD4+ T cells (CD45.2+) with or without co-transfer of 43105 Treg cells

(CD45.1+CD45.2+) sorted from gp96-immunized or control CD45.1+CD45.2+ mice. Experimental scheme (B). Mouse weight changes were monitored for

6 weeks (C). Hematoxylin and eosin (H&E) staining of colon at end of the experiment. Dashed lines indicate lymphocytes infiltrating areas, scale bar, 2 mm

(D). Flow cytometric analysis and quantification of frequency of CD45.1 and CD45.2 cells from spleen and mesenteric lymph nodes (MLN) 6 weeks after

transfer (E). Dots represent data from individual mice. The data are representative of two independent experiments with similar results. n = 5 mice/group.

Mean G SD is shown. The Student’s t test or two-way ANOVA was used for statistical analysis. P < 0.05 was considered statistically significant.
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Figure 5. Gp96 induces Foxp3 expression via NF-lB pathway

(A) Volcano map depicting genes upregulated (red) or downregulated (blue) 2-fold or more in Treg cells.

(B) Gene Ontology (GO) terms of the differentially expressed genes in gp96-treated Tregs compared with control Tregs.
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TLR2 signaling is responsible for Treg activation in response to gp96

To determine the specific TLRs responsible for Treg activation in response to gp96 immunization, we first

examined the Treg TLR expression profiles. We found that TLR1 and TLR2 were more highly expressed on

Treg cells than the other subtypes were (Figures 6G, S6A, and S6B). As expected, exogenous gp96 was co-

precipitated with TLR1 and TLR2 on Tregs (Figure 6H) and 293T cells (Figure S6C). Co-transfection of TLR1

and TLR2 under gp96 treatment activated the Foxp3 promoter reporter (Figure 6I), indicating that the

TLR1/TLR2 heterodimer mediated Foxp3 transcription in response to gp96 stimuli. TLR1 or TLR6 signaling

have previously been shown to require heterodimerization with TLR2 (Schumann and Tapping, 2007). Treat-

ment of Treg cells with gp96 activated the TLR2 downstream pathway (Figure S6D), making TLR2 the focus

of this investigation.

Furthermore, the expansion of Treg by gp96 immunization was largely abolished in Tlr2�/�mice (Figure 6J).

In addition, Tregs in Tlr2�/� mice failed to show changes in activation markers in response to gp96 in

contrast to the changes shown by WT mice, as determined using flow cytometry (Figures 6K and S6E).

Next, we generated mixed BM chimeric mice by transferring equal numbers of BM cells from CD45.1+

WT and CD45.2+ Tlr2�/� mice. Mice were immunized with gp96 or saline and the result is shown in Fig-

ure 6L. Analyses of CD69, ICOS, KLRG1, Foxp3, Helios, and CD137 showed that in the spleen, WT

(CD45.1+) but not TLR2-deficient (CD45.2+) Tregs were significantly activated following gp96 immunization

(P < 0.05, Figures 6M and S6F). Together, the results demonstrated that Treg activation by gp96 occurred

via a TLR1/2-mediated signaling pathway.

To further verify the role of TLR1/2 signal in gp96-induced Treg proliferation and activation in vivo,

Myd88fl/fl mice were crossed with Foxp3-GFP-hCre to generate mice that were selectively deficient in

MyD88 expression in Foxp3+ Tregs (Foxp3CreMyd88fl/fl). Foxp3CreMyd88fl/fl and Foxp3CreMyd88+/+ (WT)

mice were used in a gp96-mediated immunosuppression assay. WT mice showed an abrupt decrease in

antibody production, whereas Foxp3CreMyd88fl/fl mice were unable to limit antibody production following

gp96 administration (Figure 7A). Immunization with gp96 increased Tfr cells and Tregs inWTmice, whereas

this phenomenon was almost completely abrogated by deletion of the MyD88 gene in Foxp3+ Tregs (Fig-

ures 7B and 7C). Tregs from Foxp3CreMyd88fl/fl mice failed to exhibit changes in activation markers in

response to gp96 immunization in contrast to WT mice that did (Figure 7D). To determine if the effects

of gp96 on Treg cell activation are cell-intrinsic or microenvironment-dependent, we generated

mixed BM chimeric mice by transferring equal numbers of BM cells from CD45.1+ WT and CD45.2+

Foxp3CreMyd88fl/fl mice. Analyses of CD69, ICOS, KLRG1, and CD137 expression showed that in the

spleen, WT (CD45.1+) but not MyD88-deficient (CD45.2+) Tregs were significantly activated following

gp96 immunization (P < 0.05, Figure 7E). In addition, unlike Myd88+/+ mice, EAE was not alleviated by im-

munization with gp96 in Foxp3CreMyd88fl/fl mice (Figure 7F).

Next, we performed RNA-sequencing (RNA-seq) in Foxp3CreMyd88fl/fl mice to gain detailed mechanistic

insight into MyD88-deficient Tregs following gp96 immunization. There was a sharp difference in gene pro-

file changes in response to gp96 between Foxp3CreMyd88fl/fl and WT mice. Compared with those in WT

mice, we identified 1035 upregulated genes and 1315 downregulated genes in gp96 treated-MyD88-defi-

cient Treg cells (Figure S7A). GSEA showed that none of the Treg-signature pathways were significant in

MyD88-deficient Tregs (Figures S7B and S7C). Genes correlated with Treg activation, including Cd69,

Klrg1, Icos, Ctla4, Ccr5, Ccr4, and Ikzf2, were transcriptionally increased in WT but not Foxp3CreMyd88fl/fl

mice following gp96 immunization (Figure S7D). Taken together, these data indicate that activation of Treg

by gp96 is dependent on TLR2-MyD88 signaling pathway in a cell-intrinsic manner.

Figure 5. Continued

(C) Gene set enrichment analysis (GSEA) of NF-lB signaling gene set in gp96-treated Tregs relative to expression in control Treg cells.

(D) Heatmap of NF-lB signaling pathways (Log2 fold change) that are differentially expressed.

(E) FACS analysis of IlB phosphorylation in Foxp3+ Tregs treated with 100 mg/mL of gp96 or saline as control in vitro for 0.5 h.

(F) Western blot analysis of IlB-a and p65 phosphorylation in sorted Tregs treated as in (E).

(G) p65 and c-Rel were detected using immunofluorescent staining. Scale bar, 25 mm.

(H) Chromatin immunoprecipitation (ChIP) analysis of p65 and c-Rel binding at Foxp3 promoter region. Chromatin obtained from spleen Tregs (13106) of

gp96-immunized or control mice were immunoprecipitated with anti-p65 and anti-c-Rel antibodies, followed by real-time PCR analysis.

(I) mRNA levels of Foxp3 in Tregs treated with 100 mg/mL gp96 in vitro and curcumenol or PDTC were analyzed using real-time PCR after 24 h. The data are

representative of two independent experiments with similar results. n = 5 mice/group. Mean G SD is shown. The Student’s t-test was used for statistical

analysis. P < 0.05 was considered statistically significant. ns = not significant.
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Figure 6. TLR binding domain is essential for gp96-induced Treg activation

(A) Low- (20 mg) or high- (200 mg) dose Cy5-labelled gp96 was subcutaneously injected into the backs of Foxp3-GFP KI mice. Flow cytometry analysis of Cy5-

positive Tregs (CD4+Foxp3-GFP+), DCs (CD11c+), B cells (CD3–CD19+), conventional CD4+ T cells (CD4+Foxp3-GFP–) and CD8+ T cells 6 h post treatment.
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DISCUSSION

Previous studies have shown that immunization with optimal doses of tumor-derived gp96 elicits tumor im-

munity, whereas immunization with a 5-10-fold higher dose actually downregulates antitumor immune re-

sponses (Chandawarkar et al., 1999; Liu et al., 2009). However, the exact underlying mechanisms remain

largely unknown. In this study, we found that immunization with high-dose gp96 was effective against anti-

body-mediated SLE and Th-induced EAE in mice. Both in vivo and in vitro studies showed that gp96 pro-

moted Treg expansion and activation but had no effect on Tconv cells. Our findings further revealed that

activation of NF-kB and TLRs by gp96 was responsible for the increased Treg proliferation. This observation

was confirmed by the finding that expansion of Treg by gp96 was largely abrogated by a mutation within its

TLR binding site and in mice with Treg-specific deletion of MyD88. Because of the high expression of TLR1/

2 in Tregs and involvement of the TLR2/MyD88 pathway in functional Treg proliferation (George et al., 2020)

and Treg-cell-specific deletion of MyD88 resulted in a deficiency of intestinal Tregs and increase of inflam-

matory Th17 cells in experimental colitis (Wang et al., 2015), we deduced that the TLR1/2-MyD88 pathway

may play a major role in gp96-mediated Treg proliferation.

Indeed, gp96-induced Treg activation was largely abolished in TLR2 KO mice (Figure 6K). Moreover, these

gp96-expanded Tregs highly expressed the tTreg marker Helios (Thornton et al., 2019), and exhibited

H3K27ac histone modification in the promoter region and H3K4me1 demethylation in the CNS3 enhancer

region as seen in tTreg cells (Kitagawa et al., 2017; Ohkura and Sakaguchi, 2020). Therefore, we consider

that activation of Treg cells by gp96 may be at least partly because of the expansion of nTregs that appear

to be highly stable in Foxp3 expression and maintenance of the suppressive function (Ohkura et al., 2012).

To date, the impact and exact role of TLR activation in enhancing or reversing Treg generation, activation,

and function are somewhat controversial (Cao et al., 2018; Nguyen et al., 2015; Nyirenda et al., 2015). This

may be because of different expression levels of TLRs in Tregs and their related downstream pathways, the

hetreogeneity of Treg subtypes, balance between Treg and Th17, modulation by macrophage and DCs,

and the different immune processes studied. TLR2 has also been shown to directly regulate Tregs. TLR2

agonist, together with TCR activation, was sufficient to induce proliferation of Treg cells in the absence

of antigen-presenting cells (Liu et al., 2006).Viral infection, such as dengue infection, induced the prolifer-

ation of functional Treg cells. Viral infection subverted CD8+ T-cell responses through Tregs expanded by

TLR2/MyD88 signal (George et al., 2020). DAMPs have also been implicated in initiating essential anti-in-

flammatory and reparative functions of Treg cells by promoting the expansion of IL-33 receptor-positive

Treg and inducing TCR-independent Treg secretion of IL-13 (Dwyer and Turnquist, 2021). In the present

study, we identified a gp96-TLR1/2-MyD88-NF-kB-Foxp3 pathway, which validated the notion that gp96

may directly control Treg proliferation and suppressive function by enhancing TLR1/2-mediated Foxp3

transcription. This was further supported by our observations that activated downstream NF-kB family

member p65 and c-Rel directly bound to the Foxp3 promoter and promoted its transcription, and mutant

gp96 within the TLR binding domain or MyD88 KO in mice failed to induce Foxp3 expression in Tregs.

Therefore, our results provide evidence of the mechanisms by which the induction of Foxp3 expression

by TLR signaling is vital in enhancing Treg proliferation and function by gp96. Our results therefore demon-

strate a previously unrecognized pathway by which the gp96-activated TLR network directly promotes Treg

proliferation and functional activation.

Figure 6. Continued

(B–D) Ovalbumin (OVA)-specific IgG in serum on day 10 and day 21 post OVA treatment was measured using ELISA (B). FACS analysis of Treg cells (C) and Tfr

cells (D) in spleen.

(E) Flow cytometry analysis of Foxp3, Helios, CD62L, CD69, ICOS, and CD137 expression on CD4+Foxp3+ Tregs in the spleen of saline, mutant or WT gp96-

immunized mice. n = 5 mice/group.

(F) Serum anti-dsDNA antibodies were determined by ELISA in Lyn–/– mice at the indicated weeks of age one week after mutant gp96 treatment.

(G) FACS analysis of surface TLR1/2 expression in CD4+Foxp3+ Tregs from C57BL/6 mice.

(H) Tregs were cultured with 100 mg/mL His-gp96 for 4 h before immunoprecipitation with anti-His antibody and western blotting.

(I) Luciferase assay using reporter plasmids containing the Foxp3 promoter in 293T cells. Expression plasmids of TLR1 and TLR2 were transfected as

indicated. Cells were either unstimulated or stimulated with 100 mg/mL gp96 for 12 h before analysis.

(J) Frequency of Tregs in the spleen from Tlr2�/� mice immunized with 200 mg gp96 or saline (control, n = 5/group).

(K) Mean Fluorescence intensity (MFI) of indicated markers in the spleen from Tlr2�/� mice immunized with 200 mg gp96 or saline (control) (n = 5/group).

(L and M) Chimeric mouse model was produced and immunized with gp96 (L). Flow cytometry analysis of ICOS, KLRG1, CD69, and CD137 expression on

CD4+Foxp3+ Tregs from CD45.1+ cells and CD45.2+ cells (M). Dots represent data from individual mice. The data are representative of two independent

experiments with similar results. n = 5 mice/group. Mean G SD is shown. The Student’s t test was used for statistical analysis. P < 0.05 was considered

statistically significant. ns = not significant.
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Figure 7. Gp96 activates CD4+Foxp3+ Tregs through MyD88 signal

(A–C) Foxp3CreMyd88fl/fl and Foxp3CreMyd88+/+ mice were treated as in Figure 6B. OVA-specific IgG levels were determined in serum on day 20 post OVA

challenge using ELISA (A). FACS analysis of CXCR5+PD-1+ cells (Tfr) (B) in spleen and CD4+Foxp3+ Tregs (C) in the indicated organs.
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Previous studies show that despite their ability to induce Treg proliferation, the regulatory function of Tregs

expanded by TLR2 agonist was impaired. The impaired regulatory function of Treg cells can be recovered after

TLR2 stimulation eradication (Chen et al., 2009; Liu et al., 2006; Sutmuller et al., 2006). In the current study, we

found that gp96 promoted Treg cell proliferation, increased levels of its activation markers (e.g. CD69, Helios,

ICOS, Foxp3, etc.), and enhanced Treg function in vitro. The different impact of gp96 and TLR2 agonist on

Treg functionmaybebecauseof theirdifferentbindingcapacity toTLR2heterodimers anddownstreampathway,

as well as interaction between Tregs and other immune cells. This needs further investigation.

Presently, we cannot totally exclude the possibility that gp96 indirectly controls Treg expansion and func-

tion by interaction with other immune cell types, such as pDCs (Kinner-Bibeau et al., 2017). It is possible that

NF-kB activation in Tregs by gp96 may upregulate Sema4a that facilitates its interaction with pDC (Zhang

et al., 2019). In addition, more studies are needed to elucidate the role of different TLRs in gp96-induced

Foxp3 expression, although our primary data showed that TLR2 may play an essential role in this process.

Various reagents have been reported to upregulate Foxp3 expression, expand nTregs, promote conver-

sion of naı̈ve T cells into Tregs, or activate Tregs, such as retinoic acid (Lee et al., 2018), vitamin D3 (Hayes

and Ntambi, 2020), rapamycin (Stallone et al., 2016). This observation suggests they may have potential

protective effects against autoimmune diseases. It has been suggested that treatment with low-dose re-

combinant human IL-2 reduces disease activity in patients with SLE by changing the proportions of Treg

and T effector cells in clinical practice (He et al., 2016). In this study, we demonstrated that immunization

with high-dose gp96 had a robust therapeutic effect on the spontaneous SLE mouse model by expanding

Tregs and suppressing Tfh and plasma cells. In addition, gp96 treatment led to increased Tfr cells that are

functional specialized T regulatory cells safeguarding against both self-reactive T and B cells, and Foxp3

induction by gp96 may stabilize Tfr to prevent their converting to pathogenic ‘‘ex-TFRs’’ (Wei et al.,

2021). This needs more evidence to support. Moreover, high-dose gp96 immunization was shown to sup-

press Th1 and Th17 responses and reduce EAE disease severity through Treg expansion. These results pro-

vide key information about the immune events controlled by gp96 in its regulation of Treg activation and

expansion, suggesting its potential effectiveness as a therapy for autoimmune diseases.

Limitations of the study

Our study examines the role and underlying mechanism of shock protein gp96 in utility of Treg cells for

treatment of autoimmune diseases. Our results show that gp96 immunization elicited a therapeutic effect

in Lyn–/– mice, used as a mouse model of SLE, and delayed the onset and progression of EAE. Mechanism

analyses suggest that gp96 activated Tregs by enhancing Foxp3 expression via TLR2-MyD88-mediated

NF-kB signaling. However, the exact mechanism of gp96-orchestrated activation of Treg subsets, and in-

duction of antigen-specific Tregs needs further comprehensive investigation. In addition, Treg-specific

TLR2 KO mice should be used instead of systematic knock out mice. Furthermore, the importance of

this mechanism in human T cells, especially lupus patients’ derived T cells needs further clarification.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD4-PerCP-Cy5.5 (RM4-5) eBioscience Cat#45-0042-82;RRID:AB_1107001

CD4-FITC (GK1.5) Biolegend Cat#100406; RRID:AB_312691

CD4-PE (GK1.5) Biolegend Cat#100408; RRID:AB_312693

CD45R/B220-APC (RA3-6B2) Biolegend Cat#103212; RRID:AB_312997

CD45R/B220-PE (RA3-6B2) eBioscience Cat#12-0452-82; RRID:AB_465671

CD44-APC (IM7) eBioscience Cat#17-0441-81; RRID:AB_469389

CD62L-PE (MEL-14) Biolegend Cat#104408; RRID:AB_313095

ICOS-APC (7E.17G9) eBioscience Cat#17-9942-82;RRID:AB_2716948

KLRG1-APC (2F1) eBioscience Cat#17-5893-81;RRID:AB_469468

CD69-APC (H1.2F3) Biolegend Cat#104513; RRID:AB_492844

Helios-PE/Cy7 (22F6) eBioscience Cat#25-9883-41;RRID:AB_2637135

CD137-PE/Cy7 (17B5) eBioscience Cat#25-1371-80;RRID:AB_2573397

TLR1-PE (eBioTR23(TR23)) eBioscience Cat#12-9011-80; RRID:AB_657857

TLR2-PE (6C2) eBioscience Cat#12-9021-82;RRID:AB_466230

TLR4-PE (UT41) eBioscience Cat#12-9041-80;RRID:AB_466236

TLR5-AF647 (ACT5) Biolegend Cat#148103; RRID:AB_2563694

TLR6-PE R&D Systems Cat#FAB1533P;RRID:AB_1964728

CD5-PE/Cy7 (53-7.3) Biolegend Cat# 100622;RRID:AB_2562773

CD1d-PE (1B1) eBioscience Cat#12-0011-82;RRID:AB_465483

CD19-FITC (6D5) Biolegend Cat#115506; RRID:AB_313641

Foxp3-APC (FJK-16 s) eBioscience Cat#17-5773-82; RRID:AB_469457

Foxp3-PE (FJK-16 s) eBioscience Cat#12-5773-82; RRID:AB_465936

Foxp3-eFluor 450 (FJK-16 s) eBioscience Cat#48-5773-80; RRID:AB_1518813

IFN-g-APC (XMG1.2) eBioscience Cat#17-7311-81; RRID:AB_469503

IL-17A-FITC (TC11-18H10.1) Biolegend Cat#506908; RRID:AB_536010

IL-4-PE (11B11) Biolegend Cat#504103; RRID:AB_315317

IL-10-APC (JES5-16E3) eBioscience Cat#17-7101-82; RRID:AB_469502

CD45.1-FITC (A20) Biolegend Cat#110705; RRID:AB_313494

CD45.2-PerCP/Cy5.5 (104) Biolegend Cat#109827; RRID:AB_893352

BrdU-FITC (3D4) Biolegend Cat#364103; RRID:AB_2564480

Phospho-IkB alpha (Ser32, Ser36) eBioscience Cat#50-9035-42; RRID:AB_2574311

PD-1-FITC (J43) eBioscience Cat#11-9985-81; RRID:AB_465471

CXCR5-PE (SPRCL5) eBioscience Cat#12-7185-80; RRID:AB_11218887

CD95-AF488 (APO-1/FAS) eBioscience Cat#53-0951-82; RRID:AB_10671269

GL7-APC (GL7) Biolegend Cat#144617; RRID:AB_2800674

CD138-PerCP/Cy5.5 (281-2) Biolegend Cat#142509; RRID:AB_2561600

CD80-APC (16-10A1) Biolegend Cat#104714; RRID:AB_313135

CD73-PE/Cy7 (eBioTY/11.8(TY/11.8)) eBioscience Cat#25-0731-80; RRID:AB_10870789

Chemicals, peptides, and recombinant proteins

Recombinant Human TGF-b1 PeproTech 100-21

Recombinant Murine IL-2 PeproTech 212-12

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact Songdong Meng, E-mail: mengsd@im.ac.cn.

Materials availability

This study did not generate new unique materials or reagents.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SYBR Green Takara RR420DS

Phorbol 12-myristate 13-acetate (PMA) Sigma P8139

Ionomycin Sigma I0634

Brefeldin A eBioscience 00-4506-51

Pertussis Toxin Merck Millipore 516562-50UG

NP-OVA (Ovalbumin) Santa Cruz Sc-396355

Ultra-LEAF-anti-mouse CD28 (37.51) Biolegend 102115

Ultra-LEAF anti-mouse CD3ε (145-2C11) Biolegend 100339

DynabeadsTM mouse T-activator CD3/CD28 Thermo 11452D

Critical commercial assays

Naı̈ve CD4+ T Cell Isolation Kit Miltenyi Biotec 130-104-453

CD4+CD25+ Regulatory T Cell Isolation Kit Miltenyi Biotec 130-091-041

Foxp3 Staining Buffer Set eBioscience 00-5523-00

FITC BrdU Flow Kit BD Pharmingen 559619

Cell Trace Violet Cell Proliferation Kit Invitrogen C34571

Deposited data

RNA-seq data This study GSE154174

Experimental models: Organisms/strains

Mouse: Foxp3-GFP-hCre Zhou et al., 2009 N/A

Mouse: Foxp3-GFP KI Zhou et al., 2009 N/A

Mouse: Lyntm1Sor/J (C57BL/6J) Jackson Laboratory 003515

Mouse: Tlr2–/– (C57BL/6) Shanghai Model Organisms NM-KO-18026

Mouse: Myd88fl/fl Jackson Laboratory 00-8888

Mouse: CD45.1 (C57BL/6) Shanghai Model Organisms NM-KI-210226

Mouse: Rag2–/– (C57BL/6) Shanghai Model Organisms NM-KO-190429

Mouse: MRL/lpr Shanghai Laboratory Animal Center (SLAC)

Co., Ltd.

N/A

Oligonucleotides

MOG35-55 (MEVGWYRSPFSRVVHLYRNGK) GenScript N/A

All primers used in this study were listed in

Table S1.

This study N/A

Recombinant DNA

Plasmid: pCMV-FLAG-TLR1 GeneCopoeia N/A

Plasmid: pCMV-HA-TLR2 GeneCopoeia N/A

Software and algorithms

Prism GraphPad https://www.graphpad.com/

scientificsoftware/prism/

FlowJo BD https://www.flowjo.com/solutions/flowjo
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Data and code availability

The raw RNA-seq data reported in this paper were submitted to the Gene Expression Omnibus database

available at https://www.ncbi.nlm.nih.gov/geo/ under the accession code GSE154174.

THIS PAPER DOES NOT REPORT ORIGINAL CODE.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Foxp3-GFP-hCre, and Foxp3-GFP KI mice have been described previously (Lin et al., 2007; Zhang et al.,

2015; Zhou et al., 2009). Lyntm1Sor/J and Myd88fl/fl transgenic mice were purchased from the Jackson Lab-

oratory. WT CD45.1, Tlr2–/– and Rag2–/– mice were purchased from the Shanghai Model Organisms. 12-

week-old female MRL/lpr mice were purchased from Shanghai Laboratory Animal Center (SLAC) Co.,

Ltd. Female mice were used in this study. The age of Lyn–/– mice has been indicated in Figure Legends.

Other mice used were 6 to 8 weeks old. The experiments in mice were conducted in strict accordance

with the regulation of the Institute of Microbiology, Chinese Academy of Sciences of Research Ethics Com-

mittee. The protocol was approved by the Research Ethics Committee (permit number PZIMCAS2011001).

METHOD DETAILS

Construction and purification of recombinant gp96 and gp96 mutant protein

Constructs of recombinant human heat shock protein gp96 and TLR2 binding site mutant gp96 were subcl-

oned into the pFastBac1 vector. The Bac-to-Bac Baculovirus expression system used to express the recom-

binant gp96 proteins was used as described previously (Liu et al., 2014). Cell culture and protein purification

were carried out under a GMP environment (SINOVAC, China). Soluble recombinant gp96 and mutant

gp96 proteins were isolated as follows. After filtration and concentration, the supernatant was collected

and loaded onto a HiTrap Q column (GE Healthcare, USA). The eluent was changed into PB buffer by ul-

trafiltration and subsequently purified using a ceramic hydroxyapatite column (GE Healthcare, USA). The

purified proteins were desalted and concentrated using an Amicon Ultra [15ml 50KD] (Millipore, USA)

and stored at -80�C. The purity of WT and mutant gp96 protein is more than 95% as determined by

SDS-PAGE. The lipopolysaccharide (LPS) content is 8.237G1.162 EU/mg protein determined by kinetic

turbidimetric limulus amebocyte lysate (LAL) assay (Zhanjiang A&C Biological LTD., China). The immuniza-

tion dose of recombinant gp96 was 200 mg/mouse, and each dose contain around 1.6 EU of LPS.

Serum Ig and autoantibody measurement

Levels of serum anti-dsDNA IgG were measured using ELISA-based quantification kits (Alpha Diagnostic)

according to the manufacturer’s instructions. Diluted serum samples were added to the plates and incu-

bated for 2 h at room temperature. After washing with PBS containing 0.05% Tween 20, auto-antibodies

were detected using horseradish peroxidase (HRP)-conjugated anti-mouse total IgG (Fcg fragment spe-

cific, Bethyl Laboratories). The assays were developed by adding HRP substrate 3,30,5,50-tetramethylben-

zidine (TMB) to initiate the reaction and stopped by adding 2 M sulfuric acid. The absorbance at 450 nm

was measured using a microplate reader (Biotek).

ELISPOT assay

ELISpot analysis to determine the absolute numbers of anti-dsDNA-specific antibody-secreting cells

(ASCs) was performed according to a standard procedure. Briefly, ELISPOT plates were pre-coated with

methyl-bovine serum albumin (BSA, 10 mg/ml,) for 2 h at 37�C and subsequently coated with calf thymus

DNA (10 mg/ml) overnight. BM single-cell suspensions were filtered twice through a Falcon cell strainer

(70 mm), washed, and then resuspended in RPMI 1640 medium supplemented with 10% fetal calf serum.

After blocking the plates, 13106 cells were pipetted onto the plates and incubated for 5 h at 37�C with

5% CO2. The plates were washed and incubated with biotin-labeled goat anti-mouse immunoglobulin G

(IgG) for 2 h, followed by alkaline phosphatase for 1 h. The spots were developed using AEC (Merck Milli-

pore) and analyzed using an automated ELISpot reader.
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Histology analysis

For histological analysis, tissues were fixed in 10% formalin, embedded in paraffin and stained with

hematoxylin and eosin (H&E). Glomerulonephritis and interstitial nephritis were scored using a 0–3 scale

(0 = absent, 1 = mild, 2 = moderate, 3 = severe), which for the glomeruli was based on glomerular size

and hypercellularity and the presence of glomerular sclerosis, whereas for intestinal disease it was based

on the degree of inflammatory infiltrate and alteration in tissue architecture.

T cell transfer colitis model

Naı̈ve CD4+ T cells were isolated using a Naı̈ve CD4+ T cell isolation kit. A total of 43105 naı̈ve Tregs were

then adoptively transferred intravenously into Rag2–/–mice. For cotransfer experiments, 43105 naı̈ve Tregs

were co-injected with 43105 sorted CD4+CD25+ Treg cells into Rag2–/– mice. Recipient mice were subse-

quently weighed every 7 days to evaluate inflammatory bowel disease (IBD) development. Mice were

euthanized 8-10 weeks after transfer when substantial weight loss occurred in the control groups. Colonic

specimens from the distal colon were analyzed by histopathology. Lymphocytes were isolated from the

spleen MLN and analyzed using flow cytometry.

In vitro induction of Treg differentiation

Naı̈ve CD4+ T cells were prepared from the spleen and LNs of mice using the Naı̈ve CD4+ T cell isolation kit.

Naı̈ve CD4+ T cells (13105 cells) were cultured in a 96-well plate pre-coated with anti-CD3 (2 mg/ml) and

anti-CD28 (2 mg/ml) in T cell medium (RPMI, 10% fetal bovine serum, 25 mM glutamine, 55 mM 2-mercap-

toethanol, 100 U/ml penicillin, 100 mg/ml streptomycin). For Treg culture, T cells were cultured with the

addition of 100 U/ml of IL-2 (PeproTech) and various concentrations of TGF-b (PeproTech) with or without

gp96 (100 mg/ml).

In vivo differentiation of naı̈ve CD4+ T cells

Naı̈ve CD4+ T cells (CD4+CD25–CD62LhiCD44lo) were intravenously injected into 8-week-old Rag2–/– mice

treated with PBS or gp96 (100 mg/ml). On day 21 after adoptive transfer of naı̈ve CD4+ T cells, spleens and

LNs were removed and lymphocytes were prepared for determination of CD4+Foxp3+ Tregs using FACS

analysis.

In vitro suppression assay

A total of 53104 naive Teff (CD4+CD25–) were labeled with cell trace violet (Life Technology) and stimulated

with 2 mg/ml soluble anti-CD3ε antibody in the presence of 53104 irradiated Rag2–/– splenocytes. Tregs

from PBS- or gp96-treated mice were isolated using Treg isolation kit and added to the culture to achieve

Treg/Teff cell ratios of 1:2. Teff cells only, without Tregs, were used as a positive control for T cell prolifer-

ation. Cells were cultured in a 96-well u-bottom plate at 37�C, 5% CO2 for 3 days. Violet dilutions of T cells

were analyzed and quantified using flow cytometry.

In vivo Treg stability assay

CD4+Foxp3-GFP+ and CD4+Foxp3-GFP– T cells were sorted from splenocytes of Foxp3-GFP KI mice using

FACS Aria III. A total of 23105 cells were then adoptively transferred intravenously into Rag2–/– mice and

4 weeks later, Tregs in the recipient mice were analyzed using flow cytometry based on the Foxp3-GFP in-

tensity or IC staining of Foxp3.

In vitro Treg cell culture

Sorted Treg cells were labeled with cell trace violet (Life Technology). Tregs were activated with

DynabeadsTM mouse T-activator CD3/CD28 for T cell expansion (Life Technologies) using a beads-to-

cell ratio of 2:1 in the presence of 2000 U/mL rhIL-2. 4 days later, violet dilutions of Treg cells were analyzed

and quantified using flow cytometry.

BrdU incorporation assay

BrdU incorporation assay was conducted using a BrdU flow kit according to the manufacture’s instruction.

Briefly, 2 mg BrdU was injected into mice intraperitoneally and 4 h later, lymphocytes from various organs

were prepared and surface stained with the indicated markers on ice for 30 minutes. After permeabilization
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and treatment with DNase I, the cells were stained with FITC-conjugated anti-BrdU antibody and analyzed

using flow cytometry.

Reporter assay

The Foxp3 reporter constructs were subcloned into a PGL4 basic reporter construct. Cells were transfected

in 12-well plates with 0.75 mg pGL4 reporter and 0.25 mg pRL-TK as the control. The transfected cells were

cultured for 24 h and then stimulated with gp96 (100 mg/ml) for 0.5 h before analysis. Firefly luciferase and

Renilla luciferase activities were measured consecutively using the dual luciferase reporter system (Prom-

ega), and the firefly luciferase activity was normalized to that of Renilla luciferase.

RNA-seq and analysis

CD4+Foxp3-GFP+ Tregs were sorted to a typical purity of >95%. RNA-seq and bioinformatics analysis were

conducted by Shanghai Biotechnology Corporation. The P-values were adjusted using the Benjamini-

Hochberg method. Corrected q value=0.05 and log2 (fold change) =1 were set as the threshold for a signif-

icantly differential expression.

Real-time PCR

Total RNA was extracted with Trizol reagent and quantified using real-time PCR using the SYBR Green Pre-

mix reagent (Takara Bio Inc., Shiga, Japan). The mRNA levels of Foxp3 were analyzed and normalized to

Actb.

Flow cytometry

The spleen and LNs were collected and single-cell suspensions of lymphocytes were prepared by mechan-

ical disruption in 1640 medium supplemented with 2% (v/v) FBS. For intracellular cytokine staining, cells

were stimulated with phorbol 12-myristate 13-acetate (PMA, 10 ng/mL), ionomycin (0.5 mM), and Brefeldin

A (10 mg/mL) for 4 h at 37�C and 5% CO2 condition. Then, they were first stained for surface markers and

then permeabilized and stained with interferon (IFN)-g, IL-17A, and IL-4 antibodies. For the expression

of Foxp3, cells were treated with the Foxp3 Staining Buffer Set (eBioscience) and stained with anti-

Foxp3 (identified below). Data were acquired using a FACS Calibur or FACS Aria III system (BD Biosciences)

and analyzed using FlowJo software.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) assays were performed according to a standard protocol. In brief,

cells were fixed for 10 min with 1% formaldehyde, followed by the addition of 0.125 M glycine to quench the

formaldehyde. Cells were lysed and the chromatin was collected and fragmented by sonication at a con-

centration of 106 cells per ChIP sample. Chromatin was immunoprecipitated with 2 mg of ChIP or IgG con-

trol antibodies at 4�C overnight and incubated with protein G magnetic beads (Cell Signaling Technology)

at 4�C for 2 h, washed and eluted in 150 ml elution buffer. Eluate DNA and input DNA were incubated at

65�C to reverse the crosslinking. After digestion with proteinase K, the DNA was purified and the relative

abundance of precipitated DNA fragments was analyzed using qPCR.

Generation of BM chimeras

To generate mixed BM chimeras, BM cells were isolated from the femurs and tibias of CD45.1+ WT, Tlr2–/–

or Foxp3CreMyd88fl/fl mice. WT recipient mice (CD45.1+CD45.2+) were sub-lethally irradiated (7 Gy) and

intravenously transplanted with a mixture (1:1) of WT (CD45.1) and KO (TLR2 KO or MyD88 KO) BM cells

(53106 BM cells total). Tregs were analyzed 11 weeks after reconstitution.

EAE disease model

On day 0, 8-week-old female mice were immunized subcutaneously with 50 mg MOG35-55 peptide emulsi-

fied in complete Freund’s adjuvant containing 2 mg/ml Mycobacterium tuberculosis. On days 0 and 2,

200 ng per mouse pertussis toxin (Merck Millipore) was administered by intraperitoneal injection. The

mice were assigned scores daily on a scale of 0–6 with the following criteria: 0, no disease; 1, tail paralysis;

2, wobbly gait; 3, hind limb paralysis; 4, forelimb paralysis; 5, moribund; 6, dead. Gradations of 0.5 were

assigned to mice exhibiting signs that fell between two of the scores listed above.
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QUANTIFICATION AND STATISTICAL ANALYSIS

FACS data were collected and processed using FACS software (FlowJo). GraphPad Prism 6 software was

used to analyze data using a two-tailed paired Student’s t-test or two-way ANOVA. Data are represented

as mean G SD. P < 0.05 were considered significant.

ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum and is not part of a clinical trial.
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