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Graphical abstract

Highlights

• Deficiency of Cav-1 exacerbates ESS development and

enhanced Tfh cell response

• Cav-1 restrains ICOS-mediated Tfh cell motility toward B cell

follicles

• Cav-1/PPARα axis represses Icos transcription in Tfh cells

• Pharmacological activation of PPARα ameliorates ESS mice

with chronic inflammation

Authors

Sulan Yu, Meiling Wu, Weizhen Zeng, ...,

Yun Feng, Jiangang Shen, Xiang Lin

Correspondence

fengyun@bjmu.edu.cn (Y.F.),

shenjg@hku.hk (J.S.),

linxiang@hku.hk (X.L.)

In brief

Yu et al. show that the caveolin-1/PPARα
axis represses Icos transcription in

mouse and human pathogenic T follicular

helper (Tfh) cells. Targeting this pathway

with clinically available PPARα agonists

such as fenofibrate has the potential to
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SUMMARY

T follicular helper (Tfh) cells play a central role in humoral autoimmunity, including primary Sjögren disease

(SjD). However, targeting Tfh cells in clinical management is challenging. Previous studies suggest that

inducible T cell co-stimulator (ICOS) directs Tfh cell motility in engaging bystander B cells and promoting

plasma cell differentiation. Herein, we took advantage of the mouse model of experimental Sjögren syndrome

(ESS) and identified an unappreciated role of caveolin-1 (Cav-1) in suppressing ICOS expression in Tfh cells

and SjD pathogenesis. Peroxisome proliferator-activated receptor alpha (PPARα), a transcription factor

downstream of Cav-1, rapidly repressed Icos transcription upon Tfh polarization, independent of lipid meta-

bolism. Both Cav-1 and PPARα were decreased in CD4+ T cells from patients with SjD and ESS mice. Notably,

the pharmaceutical agonist of PPARα suppressed human and murine Tfh cell responses both in vitro and

in vivo and effectively ameliorated the disease pathology of ESS mice with chronic inflammation.

INTRODUCTION

Primary Sjögren disease (SjD), or Sjögren syndrome, is a com-

mon autoimmune disease characterized by exocrinopathy

involving the lacrimal and salivary glands (SGs), which leads to

severe dry eye and dry mouth symptoms.1 A highly activated

CD4+ T cell signature, including Th17 and T follicular helper

(Tfh) cells, has been reported in inflamed SGs and the peripheral

blood of patients with SjD.2 We previously established a mouse

model of experimental Sjögren syndrome (ESS), recapitulating

the key features of human SjD.3 Tfh cells were found to play a

critical role in SjD development, as revealed by Tfh cell–

deficient mice exhibiting markedly attenuated autoantibody pro-

duction and disease pathology upon ESS induction.4 Tfh cells

are a subset of CD4+ T cells that help B cells during germinal cen-

ter (GC) reactions and promote plasma cell differentiation in

adaptive immune responses.5,6 Tfh cells are characterized

phenotypically by the expression of the transcription factor B

cell lymphoma 6 (Bcl-6) and the surface markers programmed

cell death protein 1 (PD-1), inducible T cell co-stimulator

(ICOS), and CXCR5, which mostly drive and stabilize Tfh cell

positioning in B cell follicles.7 Through the production of CD40

and cytokines (i.e., interleukin-21),8 Tfh cells facilitate high-affin-

ity B cell selection and antibody production. Thus, stringent Tfh

cell control is critical for maintaining immune tolerance and

optimal humoral responses.6 Although the impaired regulatory

function of certain immune cell subsets may contribute to hyper-

active Tfh cell responses,9 the checkpoints that maintain Tfh cell

tolerance are not fully understood.

Caveolin-1 (Cav-1), a scaffold protein involved in the assembly

of caveolae components and lipid domains, is structurally

conserved in mammalian cells.10 Early studies have shown that

Cav-1-deficient mice remain viable but are resistant to diet-

induced obesity,11 indicating the close involvement of Cav-1 in

the development of metabolic disorders. However, the role of

Cav-1 in the pathogenesis of autoimmune disease remains

largely unclear. Our recent studies showed that Cav-1− /− mice

were resistant to experimental autoimmune encephalomyelitis

(EAE), a mouse model of human multiple sclerosis.12 Although

the roles of Cav-1 in immune response are less understood,

emerging studies have reported its involvement in fine-tuning T

and B cell receptor signaling. Cav-1− /− B cells exhibit a reduced

T cell–independent humoral immune response but a normal

response to T cell–dependent antigens.13,14 This pattern coin-

cides with findings that Cav-1 deficiency does not affect CD4+

T cell expansion following viral infection.15 Nonetheless, it re-

mains unknown whether and how Cav-1 regulates effector

CD4+ T cell subsets in SjD pathogenesis.
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Figure 1. Hematopoietic deficiency of Cav-1 exacerbated ESS development in mice

(A) Salivary flow rates of WT and Cav-1− /− ESS mice were determined over time.

(B) Serum levels of autoantibodies against the SSA and M3R epitopes in WT and Cav-1− /− ESS mice 3 weeks post-immunization; dashed line indicates the levels

of naive controls.

(C) Immunofluorescence staining for IgG (red) deposition on the acini (AQP-5, green) in the salivary gland of WT and Cav-1− /− ESS mice at 3 weeks post-

immunization (n = 80). Scale bar, 20 μm.

(legend continued on next page)
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Here, we reported that Cav-1 deficiency does not attenuate,

but rather exacerbates, ESS pathology and Tfh cell response

in mice. Cav-1− /− CD4+ T cells were found to express high

levels of ICOS and thus exhibited increased motility toward B

cell follicles. Mechanistic studies have revealed that peroxi-

some proliferator-activated receptor alpha (PPARα) serves as

a potent transcriptional repressor of ICOS during Tfh polariza-

tion, whereas PPARα expression was found to be markedly

decreased in the absence of Cav-1. Cav-1 ablation or PPARα
antagonism enhanced human Tfh cell differentiation. In patients

with SjD, Cav-1 levels were positively correlated with PPARα but

negatively correlated with ICOS expression in circulating CD4+

T cells. Fenofibrate, a US Food and Drug Administration–

approved PPARα agonist, effectively suppressed both murine

and human Tfh cells, which significantly ameliorated disease

pathology in the established ESS mice with acute and chronic

inflammation. Overall, our findings reveal an unrecognized role

of the Cav-1/PPARα axis in Tfh cell dysregulation and SjD path-

ogenesis and that targeting PPARα may serve as a promising

approach for treating Tfh cell dysregulation in patients with

autoimmune diseases.

RESULTS

Cav-1 deficiency exacerbates ESS pathology

Although previous studies have reported ameliorated EAE pa-

thology in Cav-1− /− mice,12 unexpectedly, Cav-1 deficiency

considerably exacerbated ESS development in mice upon dis-

ease induction, as revealed by accelerated salivary hypofunction

and higher autoantibody titers than those in wild-type (WT) ESS

mice (Figures 1A and 1B). This result was consistent with the

enhanced deposition of IgG, a functional marker associated

with dry mouth symptoms, observed on the salivary epithelium

(Figure 1C).16 Upon long-term observation, more severe tissue

damage was observed in the Cav-1− /− ESS mice, along with

massive lymphocytic foci and increased apoptotic epithelial

cell counts, whereas age-matched WT mice exhibited only

mild lymphocytic infiltration as ESS progressed (Figure 1D).

Enhanced lymphocytic infiltration was also observed in the

lacrimal glands (Figure S1A). Histological assessment showed

that Cav-1− /− ESS mice exhibited accelerated tissue

destruction and larger infiltrating areas than the WT mice during

disease progression (Figures 1E and 1F). Confocal imaging ana-

lyses indicated the presence of ectopic lymphoid structures in

the inflamed SG tissues of Cav-1− /− ESS mice (Figure 1G);

Bcl6+CD4+ T cells were observed in the B cell aggregates and

T-B cell zone borders (Figures S1B and S1C). Thus, Cav-1 defi-

ciency could promote ESS development in mice.

Given the varied abundance of Cav-1 in lymphoid and non-

lymphoid organs,17 we generated chimera mice with hematopoi-

etic deficiency of Cav-1 for ESS induction (Figure 1H). WT recip-

ients reconstructed with Cav-1− /− bone marrow consistently

showed higher autoantibody levels (Figure 1I) and more pro-

nounced histopathological changes (Figures 1J and 1K) than

WT mice. These results suggest the importance of Cav-1 in regu-

lating immune response during ESS development.

Cav-1 constrains the expression of ICOS and follicular

migration of Tfh cells

Previous studies, including our studies, have identified a central

role of Th17 cells in both EAE and ESS pathogenesis.3,12,18

However, phenotypic analyses have revealed that Cav-1 defi-

ciency did not affect Th17 cell frequencies during ESS develop-

ment (Figure S1D), which was consistent with previous findings

in Cav-1− /− EAE mice.12,19 In contrast, we detected signifi-

cantly increased CD4+FoxP3-Bcl-6+CXCR5+ICOS+ Tfh cells

in the draining cervical lymph nodes of Cav-1− /− ESS mice,

whereas Treg cell counts were not affected (Figures 2A and

S1E); this was associated with their follicular localization in the

GCs, which may explain the expanded GC areas and increased

GC B cells (Figures S1F and S1G). Thus, we sought to determine

the Cav-1 levels in CD4+ T cells during ESS development. A

transient increase in Cav-1 expression in CD4+ T cells was

observed upon ESS onset, followed by persistent downregula-

tion during disease progression (Figure 2B). Because Cav-1− /−

B cells can properly respond to T cell–dependent antigens,13

we next investigated whether Cav-1 deficiency in CD4+ T cells

was sufficient to cause humoral dysregulation. We first demon-

strated that Cav-1 deficiency does not alter the T cell develop-

ment in the thymus, in which the CD4 single-positive (SP),

CD8 SP, and double-positive thymocytes were comparable

between WT and Cav-1− /− mice (Figure S2A). In particular,

CD24 and Qa-1,20–22 two checkpoints in the central tolerance,

were similarly expressed by the CD4 SP subpopulation

(Figures S2B and S2C). These findings coincide with the periph-

eral tolerance at steady states in both strains (Figure S2D).

WT or Cav-1− /− CD4+ T cells were co-transferred with WT B

cells into SG antigen–immunized immunodeficient NOD-scid-

IL2Rgnull (NSG) mice. Notably, Cav-1− /− CD4+ T cells mark-

edly promoted autoreactive B cell responses (Figures 2C and

S2E), resulting in elevated IgG deposition on the salivary epithe-

lium (Figure S2F). These data suggest that Cav-1 deficiency in

CD4+ T cells promotes Tfh cell responses. To confirm the domi-

nant role of Cav-1 in regulating CD4+ T cell effector response in

ESS development, we further validated this finding in mice defi-

cient for Cav-1 in CD4+ T cells. Consistently, Cav-1fl/flCD4Cre

(D) Tissue damages were detected by apoptotic cells (TUNEL, cyan, bottom panel) and massive lymphocytic infiltrations (CD45, yellow) in the salivary glands

(AQP-5, purple) of WT and Cav-1− /− ESS mice 20 weeks post-immunization. Scale bar, 500 μm.

(E, F) Quantification of histological score over time, while the infiltrating area and TUNEL+ cell counts were compared at 20 weeks post-immunization (each dot

represented one mouse).

(G) Immunofluorescence staining of B220, CD3, and CD21 in representative focus of WT and Cav-1− /− ESS mice. Scale bar, 50 μm.

(H) Diagram of chimeric mouse model by bone marrow transfer; the genotype of the lymph nodes of recipient mice were validated upon sacrifice.

(I) Autoantibodies against the SSA epitope in the sera of chimeric ESS mice 3 weeks post-immunization; the dashed line indicates the levels of naive controls.

(J, K) Histopathological changes (J) of salivary gland of chimeric ESS mice were assessed 20 weeks post-immunization, which were scored and summarized (K);

data were derived from at least three independent experiments. Data are presented as the mean ± SD; ns, not significant; **p < 0.01; ****p < 0.0001. Scale bar,

50 μm.
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Figure 2. Cav-1 deficiency promoted Tfh cell motility

(A) Representative flow cytometric analysis of CD4+FoxP3-ICOS+CXCR5+PD-1+ Tfh cells in the draining cervical lymph nodes (CLN) of naive control, WT, and

Cav-1− /− ESS mice, while the cell counts of Th1, Th17, Tfh, and Treg cells were summarized.

(B) Cav-1 protein levels in CD4+ T cells from ESS mice were analyzed by western blot during disease progression.

(C) Immunized NSG mice were co-transferred with WT CD19+ B cells and CD4+ T cells from WT or Cav-1− /− mice, while enzyme-linked immunospot (ELISpot)

assay was performed to determine SSA-reactive B cells in the spleen of recipient mice (n = 5; mean ± SD); **p < 0.01.

(D) Cav-1fl/fl and Cav-1fl/fl CD4Cre mice were immunized for ESS induction, while the serum levels of anti-SSA IgG and phenotypic analysis of splenic plasma cells

were analyzed (n = 4).

(E) Flow cytometric profiles of WT or Cav-1− /− CD4+ T cells under Tfh polarization for 3 days, in the absence or presence of cavtratin (Cavt, n = 4).

(legend continued on next page)
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mice also exhibited higher Tfh cell frequencies in the lymphoid

organs, thus displaying enhanced plasma cell differentiation

and anti-Sjögren’s syndrome A (SSA) IgG levels, when

compared with Cav-1fl/fl littermates (Figures 2D, S2G). We

then extended this finding in EAE, a mouse model of human mul-

tiple sclerosis.23 Upon immunization with myelin oligodendro-

cyte glycoprotein (MOG), autoreactive CD4+ T cells can be de-

tected by MHC II tetramer antibodies. Although Cav-1

deficiency did not affect the MOG-reactive CD4+ T cell popula-

tion, consistently, MOG+CD4+T cells preferentially differenti-

ated into Tfh cell phenotype, resulting in higher titers of anti-

MOG IgG in Cav-1− /− EAE mice (Figure S2H). In cultures,

Cav-1− /− CD4+ T cells exhibited a higher capacity toward

ICOS+CXCR5+PD-1+Tfh cell differentiation (Figures 2E and

S2I). Structural biology study identified the scaffolding domain

(CSD) of Cav-1 as a central docking site in signal transduction.24

Cavtratin, a cell-permeable CSD peptide, binds caveolin-bind-

ing motifs.25 Thus, cavtratin was found to restrain Tfh polariza-

tion from Cav-1− /− CD4+ T cells, indicating the role of endoge-

nous Cav-1 in Tfh cell differentiation. Next, we determined the

featured molecules of Tfh cells, where the expression of PD-1

and ICOS, but not CXCR5, was markedly increased

(Figure S2J). In addition, Cav-1− /− CD4+ T cells exhibited com-

parable Tfh signature proteins with WT counterpart, such as

CD40 ligand, Bcl-6, and representative cytokines (Figure S2K).

The ICOS-ICOS ligand (ICOSL) axis plays an indispensable

role in Tfh cell motility.26 Since WT and Cav-1− /− B cells from

ESS mice exhibited similar ICOSL levels (Figure S3A), we hypoth-

esized that increased ICOS expression in Cav-1− /− CD4+ T cells

might strengthen their follicular migration. We first adopted an

ICOS-mediated migration assay26 and detected pseudopod pro-

trusion and persistent movement upon anti-ICOS-activating anti-

body stimulation (Figure 2F). Quantitatively, Cav-1− /− Tfh cells

showed augmented pseudopod extension, which was associ-

ated with the upregulation of cytoskeleton genes related to

migration (Figure S3B). Two-photon intravital imaging showed

distinguishable CD4+ T cell zone in the spleen post–adoptive

transfer (Figure 2G). Consistently, Cav-1− /− CD4+ T cells ex-

hibited a more polarized status as reflected by lower sphericity

(Figure 2H), and markedly increased motility in situ, as reflected

by enhanced mean square displacement (Figure S3C) and veloc-

ity (Figure 2G) from cell track analysis, particularly at the T-B cell

zone borders (Videos S1 and S2). This was validated by in vitro

assays.26 Upon ICOS ligation, Cav-1− /− Tfh cells consistently

exhibited higher centroid speeds and motility (Figure S3D), thus

showing enhanced migratory capacity toward CXCL13 in a

transwell assay (Figure S3E). Together, these data demonstrate

that Cav-1 deficiency enhances Tfh cell motility. We next deter-

mined whether Cav-1 affects follicular homing capacity of

T cells under disease conditions. WT and Cav-1− /− Tfh cells

from ESS mice were purified and co-transferred into WT ESS

mice with active disease. As expected, Cav-1− /− Tfh cells

exhibited overt follicular localization compared with their WT

counterparts (Figure 2I). These data may also explain the higher

ICOS+CD4+ T cell frequencies in the glandular foci from Cav-

1− /− ESS mice (Figure S3F).

Taken together, these results demonstrate that Cav-1 criti-

cally suppressed Tfh cell migratory capacity toward B cell folli-

cles. Thus, we excluded this spatial factor by using co-cultures

to assess the beneficial functions of B cells beyond T cell

motility. Interestingly, Cav-1 deficiency did not markedly affect

cognate B cell response from ESS mice, as revealed by the com-

parable plasmacytic differentiation and autoantibody produc-

tion (Figure S4A). This result is consistent with the findings

related to CD40 ligands and cytokines mentioned earlier. Thus,

our data suggest that increased ICOS expression in Cav-1− /−

CD4+ T cells is responsible for enhanced humoral autoimmunity

and ESS pathology. To validate this notion, we administered

anti-ICOS-blocking antibodies to Cav-1− /− mice following

ESS induction. The efficacy of the treatment was confirmed by

the reduced intrafollicular ICOS+CD4+ T cell counts, decreased

ICOS+CXCR5+PD-1+ Tfh cell counts, and follicular homing co-

efficients similar to those in WT ESS mice (Figures S4B–S4D).

Consequently, the reduced Tfh cell response following ICOS

blockade led to decreased plasma cell counts and anti-SSA

IgG levels in Cav-1− /− ESS mice (Figures 2J and S4E). These

data demonstrate that Cav-1 deficiency did not affect the self-

reactivity of CD4+ T cells, but proportionally enhanced their

pathogenicity in an ICOS-dependent manner.

Impaired PPARα expression in CD4+ T cells contributes

to Cav-1-mediated Tfh cell response

Cav-1 is mainly distributed in the plasma membranes and cyto-

plasm, but not in the nuclei, of endothelial cells and B cells.14,24

A similar distribution was observed in CD4+ T cells (Figures S5A

and S5B). Thus, we reasoned that enhanced Icos transcription

in CD4+ T cells could be indirectly regulated by Cav-1. RNA

sequencing (RNA-seq) analysis suggested that PPAR signaling

pathway was significantly affected by the absence of Cav-1

(Figure 3A). PPARs are a family of transcription factors, including

PPARα, PPARβ/δ, and PPARγ.27 Real-time PCR revealed that

Cav-1 deficiency mainly affected the transcription of Pparα,

(F) Polarized states of Tfh cells purified from WT or Cav-1− /− mice, treated with isotype IgG control or anti-ICOS-activating (a) antibody (n = 121–163). Scale bar,

5 μm.

(G) WT or Cav-1− /− CD4+ T cells were cultured toward Tfh polarization for 3 days, followed by co-transfer with WT CD19+ B cells into SG-antigen immunized NSG

mice for 4 days. Two-photon intravital imaging of splenic CD4+ T cells (green) and CD19+ B cells (red) in the spleen of NSG mice (upper panel, Videos S1, and S2).

x-y-z displacement (μm) plots of individual WT (yellow) or Cav-1− /− (magenta) CD4+ T cell traces were recorded for 30 min (bottom panel). Scale bar, 50 μm.

(H) Quantitative analysis of cell tracks from (G); the starting positions overlayed and realigned at the same origin, the velocity of WT or Cav-1− /− CD4+ T cells were

determined, while the sphericity of each cell was summarized based on the morphology (n = 152–184, only those cells that lasted at least 24 min were included;

mean ± SD).

(I) CD4+ T cells from WT or Cav-1− /− mice were labeled with CFSE (green) or SNARF-1 (red) respectively and co-transferred into in ESS mice with active disease

for 4 days, while their distributions in the draining CLN were shown. Scale bar, 100 μm.

(J) Plasma cells in WT or Cav-1− /− ESS mice treated with vehicle or anti-ICOS blocking (b) antibodies were analyzed by flow cytometry and quantified (n = 4;

mean ± SD). Data are presented as the mean ± SD; ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 3. Impaired PPARα expression in CD4+ T cells contributes to Cav-1-mediated Tfh cell response

(A) KEGG pathway enrichment of RNA-seq analysis between WT and Cav-1− /− Tfh cells.

(B) mRNA expression of PPARα, PPARγ, and PPARδ in WT and Cav-1− /− Tfh cells.

(C) PPARα expression levels in WT and Cav-1− /− Tfh cells from ESS mice were analyzed by flow cytometry; dashed line indicates the mean fluorescence in-

tensity (MFI) of isotype control.

(legend continued on next page)
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whereas the expression levels of PPARγ and PPARδ were com-

parable to those in the WT Tfh cells (Figure 3B). Significantly

reduced PPARα protein levels were also detected in the Cav-

1− /− CD4+ T cells (Figure 3C). Both Cav-1 and PPARα were

well known to drive fatty acid metabolism.11,28 To understand

the linkage between Cav-1 deficiency and PPAR expression,

we first determined the cellular fatty acids in WT and Cav-1− /−

Tfh cells. Interestingly, we detected accumulated docosahexae-

noic acid (DHA, C22:6(n-3)) but lower levels of linoleic acid (C18:2

(n-6)) in the absence of Cav-1 (Figure 3D). Previous studies

suggested that fatty acids may modulate PPAR transcription.29

Consistent with the outcomes reported in hepatocytes,30 stimu-

lation with DHA inhibited, whereas linoleic acid enhanced the

expression of Pparα, suggesting an indirect impact upon Cav-1

deficiency in CD4+ T cells (Figure 3E). To investigate whether

impaired PPARα expression contributes to Tfh responses, we

performed genetic ablation of PPARα in CD4+ T cells using

CRISPR-Cas9. Interestingly, PPARα− /− CD4+ T cells also

showed augmented ICOS+CXCR5+PD-1+Tfh cell differentia-

tion, regardless of cavtratin treatment (Figure 3F), suggesting

that PPARα serves as a downstream target of Cav-1 in CD4+

T cells. Different from Cav-1 deficiency, PD-1 expression was

comparable between WT and PPARα− /− Tfh cells (Figure S5C),

indicating that PD-1 may be affected by Cav-1 in a

PPARα-independent manner. This effect could be achieved

by treatment with GW6471, a selective PPARα antagonist

toward Tfh differentiation (Figure 3G), and in the ICOS-mediated

transwell assay (Figure 3H). Previous studies discovered

8-hydroxyeicosapentaenoic acid (8-HEPE), 15-deoxy-D12,14-

prostaglandin J2 (15-Deoxy), and GW0742,31 as the selective

agonist against PPARα, PPARβ/δ, and PPARγ, respectively. In

contrast, only PPARα agonist treatment effectively suppressed

Tfh cell differentiation (Figure 3I). To avoid potential off-target

effects, we used fenofibrate, a pharmaceutical agonist of both

human and murine PPARα for validation,28 which dose-depen-

dently suppressed both WT and Cav-1− /− Tfh differentiation

in culture (Figure 3J). These data suggest that PPARα is respon-

sible for Cav-1 signaling and serves as a negative regulator of Tfh

cell differentiation. During ESS development, similar to Cav-1

expression in CD4+ T cells, we also observed a transient increase

of PPARα, but progressively decreased during disease progres-

sion, which was not seen in PPARγ (Figures 3K–3M, S5D, S5, and

S5E). As expected, treatment with two selective PPARα antago-

nists, GW6471 and NXT629, enhanced Tfh cell responses and

thus resulted in higher plasma cell count serum titers of anti-

SSA IgG in ESS mice (Figures 3N–3P). Together, these results

demonstrate the functional importance of the Cav-1/PPARα
axis in restraining Tfh cells.

PPARα represses Icos transcription in Tfh cells

Previous studies suggest the downregulation of lipid metabolic

processes as a major consequence of Cav-1 deficiency, with

PPARα being responsible.32 Indeed, less lipid droplets were

observed in Cav-1-deficient CD4+ T cells (Figure 4A), particularly

in the effector population (Figure S6A). Thus, we investigated

whether lipid metabolism is involved in Cav-1/PPARα axis-medi-

ated ICOS expression in Tfh cells. We first monitored the tran-

scriptional regulation of Icos during Tfh polarization, which was

significantly increased as early as 16 h in Cav-1− /− CD4+

T cells, followed by elevated proteins upon Tfh differentiation

(Figure 4B). Because lipid metabolism–mediated energy gener-

ation consists of several rate-limiting steps,33 in which fatty acid

β-oxidation (FAO) produces acetyl coenzyme A (CoA) that enters

the mitochondrial tricarboxylic acid cycle, we next determined

whether Icos transcription was altered during this process. We

measured mitochondrial respiration in fatty acids using palmitic

acid (16:0) as the sole extracellular substrate.34 Cav-1 deficiency

markedly decreased the basal and maximal respiratory capacity

48 h post-Tfh polarization (Figures 4C and S6B). Accordingly,

the protein levels of acyl-CoA dehydrogenase medium chain,

the representative enzyme of FAO initiation, were decreased

in the absence of Cav-1. Likewise, succinyl-CoA synthetase

and aconitase, key regulatory enzymes in the tricarboxylic acid

cycle, were also reduced in Cav-1− /− CD4+ T cells 48 h post-

stimulation (Figure 4D). This was associated with a decreased

cellular fatty acid content (Figure 4E). However, these effects

were not observed at the early stages of Tfh polarization. FAO

and the cellular fatty acid levels were minimal or undetectable

(D) CD4+ T cells from WT and Cav-1− /− ESS mice were cultured toward Tfh polarization for 3 days. The ratio of different fatty acids was determined by gas

chromatography-mass spectrometry.

(E) WT or Cav-1− /− CD4+T cells were cultured toward Tfh differentiation, while WT Tfh cells were treated with C18:2, C20:4, or C22:6 fatty acids or vehicle. mRNA

expression of PPARα was analyzed after 3 days (n = 4).

(F) Purified CD4+ T cells from WT mice were transduced with GFP-incorporated plasmids for PPARα deletion, followed by Tfh polarization for 3 days, while

GFP+PD-1+ICOS+CXCR5+ Tfh cell differentiation was analyzed by flow cytometry.

(G) CD4+ T cells were purified and polarized into Tfh cells in the absence or presence of GW6471 for 3 days while the phenotypic analysis was performed.

(H) CD4+ T cells from (E) were pre-treated with anti-ICOS-activating antibody and subjected to transwell assay toward recombinant CXCL13 in the bottom

chamber.

(I) Flow cytometric profiles of Tfh cells in the absence or presence of 8-Hepe, 15-Deoxy, or GW0742.

(J) WT or Cav-1− /− CD4+T cells were cultured toward Tfh differentiation in the presence of fenofibrate (Feno) at various concentrations, while Tfh cell counts were

analyzed by flow cytometry.

(K) mRNA expression of PPARα and PPARγ in CD4+ T was analyzed at different time points during ESS development.

(L) Cav-1 and PPARα protein levels in the CD4+ T cells were analyzed by western blot at different time points during ESS development.

(M) PPARα expression levels in CD4+ T cells from naive and ESS mice were analyzed by flow cytometry.

(N) Mice were immunized for ESS induction and treated with vehicle, GW6471, or NXT629, while the serum levels of autoantibodies against the SSA epitopes were

analyzed (n = 5).

(O) Mice were immunized for ESS induction and treated with vehicle, GW6471, or NXT629, while the Tfh cells were analyzed by flow cytometry.

(P) ESS mice were treated with vehicle, GW6471, or NXT629 for 3 weeks, while the cell counts of Tfh cells (left) and plasma cells (right) were analyzed by flow

cytometry. Data are presented as the mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001.
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in both WT and Cav-1− /− CD4+ T cells 16 h post-stimulation,

whereas there was no significant difference in the enzyme

expression levels. Taken together, these results confirm that

Cav-1 deficiency impairs FAO. However, the rapid increase in

Icos transcription in Cav-1− /− CD4+ T cells before the energy

status transition suggests that transcriptional regulation

occurred in a relatively direct manner.

To validate this notion, we next investigated the target gene of

PPARα in CD4+ T cells. Cpt1a is a highly conserved PPARα-tar-

geted gene and metabolic regulator in FAO process through the

carnitine palmitoyltransferase (CPT) system.35 Consistently,

Cpt1a expression was lower in the Cav-1− /− T cells 48 h

post-Tfh differentiation compared with WT controls, but not in

the early phase of Tfh polarization (Figure 4F). Next, we overex-

pressed Cpt1a in CD4+ T cells to restore, at least partially,

PPARα deficiency-mediated lipid metabolism. Surprisingly,

Cpt1a overexpression did not suppress but rather promoted

ICOS expression in PPARα− /− Tfh cells (Figure 4G), whereas irre-

versible CPT1A antagonism by etomoxir limited ICOS expres-

sion (Figure 4H). This can be attributed to the globally intervened

energy generation and requirements. This notion was further

supported by establishing fatty acid–free culture conditions, in

which Cav-1− /− CD4+ T cells retained a higher capacity for

ICOS expression (Figures 4I and S6C). In this context, the addi-

tion of nutrients through bovine serum albumin further enhanced

Tfh cell differentiation in both WT and Cav-1− /− CD4+ T cells.

These results demonstrate that impaired lipid metabolism in

Cav-1− /− CD4+ T cells does not attribute to the increased

Icos transcription.

PPARα also limits inflammatory responses through transcrip-

tional repression,27 via a conserved mechanism in forming het-

erodimers with 9-cis-retinoic acid receptor (RXR), and then

binds the peroxisome proliferator response element at the pro-

moter region of the target genes.36 Transcriptomic screening re-

vealed the lower binding activity of PPARα in Cav-1− /− CD4+

T cells (Figure 4J). Consequently, chromatin immunoprecipita-

tion (ChIP)-PCR analysis indicated that PPARα rapidly bound

to the Icos promoter region 16h post-Tfh polarization, but largely

abrogated by PPARα antagonism (Figure 4K). This finding was

further supported by interfering with intranuclear translocation.

Time-series imaging showed that the intranuclear translocation

of PPARα began at 30 min and persisted for hours (Figure 4L).

Early studies have suggested a role for COX-1 inhibitor in the

nuclear translocation of PPARs.37,38 We validated this finding

in CD4+ T cells by using SC-560, a selective COX-1 inhibitor

(Figure 4M), which abolished PPARα agonist-mediated Icos

transrepression (Figure 4N). Similarly, the capacity of RXR bind-

ing to the Icos promoter could be enhanced by a PPARα agonist

but inhibited by an antagonist (Figure S6D). Thus, the selective

RXR antagonist HX531 and the RXR agonist LG100754,39

respectively, enhanced and inhibited ICOS expression in vitro

(Figures 4O and S6E). Collectively, these data demonstrate

that PPARα acts as a repressor of Icos transcription.

The Cav-1/PPARα axis critically regulates human Tfh

cells

We next investigated whether the Cav-1/PPARα axis also

operates in human T cells. Purified CD4+ T cells from healthy do-

nors were transduced with GFP-incorporated plasmids for

Cav-1 deletion. Similar to the murine system, Cav-1− /− hCD4+

T cells exhibited a strong capacity for ICOS+CXCR5+PD-1+

Tfh differentiation with increased ICOS and PD-1 expression

(Figures 5A, 5B, and S7A), whereas their PPARα expression

was significantly decreased (Figure 5C). We then determined

the suppressive effects of fenofibrate on Tfh cell differentiation,

which yielded a half-maximal inhibitory concentration (IC50)

Figure 4. PPARα represses ICOS transcription in Tfh cells

(A) Lipid droplet staining by BODIPY in CD4+ T cells from WT or Cav-1− /− ESS mice.

(B) mRNA (left panel) and protein (right panel) levels of ICOS from Tfh cells at different time points.

(C) CD4+ T cells from WT or Cav-1− /− mice were cultured under Tfh polarization conditions, while mitochondrial oxygen consumption rate (OCR) levels at 16 and

48 h were determined with palmitic acid as the sole substrate.

(D) Protein expressions of ACADM, SDH, ACO2, and β-actin in WT and Cav-1− /− CD4+ T cells 48 h post-Tfh polarization were analyzed by western blot.

(E, F) Free fatty acid content and mRNA expression of Cpt1a in the WT or Cav-1− /− CD4+ T cells at 16 and 48 h post-Tfh polarization were analyzed by ELISA (n =

8) and qPCR (n = 6), respectively.

(G) WT and PPARα− /− CD4+ T cells with or without Cpt1a gene overexpression (Tg) were cultured under Tfh polarization for 3 days, while PD1+ ICOS+ phenotype

was analyzed by flow cytometry.

(H) CD4+ T cells from WT mice were cultured under Tfh polarization conditions, in the absence or presence of GW7647, pioglitazone (PIO), or etomoxir (Eto) for

3 days, while Tfh cells were analyzed by flow cytometry and enumerated.

(I) CD4+ T cells from WT or Cav-1− /− mice were cultured with fatty acid free medium X-VIVO toward Tfh differentiation, in the absence or presence of bovine

serum albumin (BSA) for 3 days, while ICOS expression was analyzed by flow cytometry.

(J) CD4+ T cells from WT mice were cultured under Tfh polarization conditions for 16 h, while the binding activities of various transcription factors were assessed.

The 14 mostly differentially active transcription factors were listed in the heatmap.

(K) CD4+ T cells from WT mice were cultured under Tfh polarization conditions for 16 h, while anti-PPARα ChIP-PCR assay was performed to reveal the binding

sites in the Icos promoter.

(L) CD4+ T cells (red) from WT mice were cultured under Tfh polarization conditions, while nuclear expression of PPARα (green) was determined by confocal

microscopy at different time points (n = 368–443). Scale bar, 5 μm.

(M) CD4+ T cells from WT mice were cultured under Tfh polarization conditions for 5 h, in the absence or presence of SC560, while nuclear translocation of PPARα
was quantified by confocal microscopy (n = 30).

(N) CD4+ T cells from WT or Cav-1− /− mice were cultured under Tfh polarization conditions for 16 h, in the absence or presence of GW7647 and SC560, while Icos

expression levels were determined by qPCR.

(O) CD4+ T cells from WT mice were cultured under Tfh polarization conditions for 3 days, in the absence or presence of HX531 or LG100574, while ICOS

expression was determined by flow cytometry; data were derived from at least three independent experiments. Data are presented as the mean ± SD; *p < 0.05;

**p < 0.01; ***p < 0.001.
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Figure 5. Cav-1/PPARα axis critically regulates human Tfh cells

(A) Purified CD4+ T cells from healthy donors were transduced with GFP-incorporated plasmids for Cav-1 deletion, followed by Tfh polarization for 3 days, while

Tfh cell differentiation was analyzed by flow cytometry.

(B, C) Upon Tfh polarization for 3 days, protein levels of ICOS (n = 15) and PPARα (n = 8) in CD4+ T cells were determined by flow cytometry.

(D) Purified CD4+T cells from healthy donors were cultured toward Tfh differentiation for 3 days in the presence of Feno at various concentrations, while Tfh cell

counts were analyzed by flow cytometry.

(E) Purified CD4+T cells from healthy donors were cultured toward Tfh differentiation for 16 h and paired-end RNA-seq analyzed was performed. The transcription

reads, revealed by FPKM of Icos gene, were shown.

(F) Under culture condition described in (E), anti-PPARα ChIP-PCR assay was performed to reveal the binding sites in the Icos promoter.

(legend continued on next page)
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of 7.024 μM (Figures 5D and S7B). RNA-seq analysis showed

that fenofibrate significantly suppressed the Icos transcript

copies 16 h post-Tfh polarization (Figure 5E), strongly supporting

our findings in mice. Consistently, human PPARα also rapidly

bound to the Icos promoter region during Tfh polarization, as re-

vealed by ChIP-PCR analysis, which can be abolished by PPARα
antagonism and blockage of intranuclear entry (Figures 5F

and 5G). Functional assay further verified that ICOS-mediated

migration is inhibited by fenofibrate (Figure 5H). To validate this

phenotype under disease conditions, we analyzed circulating

CD4+ T cells in patients with SjD, showing a strong positive

correlation between PPARα and Cav-1 (Figure 5I). Interestingly,

patients with higher frequencies of ICOS+CXCR5+PD-1+ Tfh

(cTfh) cells exhibited relatively lower levels of Cav-1 and PPARα
in CD4+ T cells, resulting in a negative correlation between

Cav-1 and ICOS expression (Figures 5J and 5K). Similar to the

findings in ESS mice, Cav-1 levels in CD4+ T cells were nega-

tively correlated with disease activity in patients with SjD

(Figure 5L). These results demonstrate that the Cav-1/PPARα
axis acts as a negative regulator in human Tfh cells, whereas tar-

geting PPARα may represent a promising approach for treating

Tfh cell dysregulation.

Pharmaceutical activation of PPARα ameliorates ESS

development

Fenofibrate has a similar affinity and high efficacy for both mu-

rine and human PPARα28 and thus yielded an IC50 of 8.39 μM

against murine Tfh cells (Figure S8A). This prompted us to

explore the therapeutic potential of pharmaceutical PPARα ago-

nism in ESS. Thus, ESS mice with acute inflammation meeting

the SjD diagnostic criteria (i.e., reduced saliva secretion and

elevated autoantibody levels) were treated with either fenofi-

brate or vehicle (Figure 6A). The dosage was translated from

the human doses used in clinical trials40,41 such as primary biliary

cirrhosis, a chronic autoimmune disease commonly associated

with SS.42 Methotrexate (MTX), one of the first-line medications,

served as control treatment.43 Both fenofibrate and MTX effec-

tively ameliorated salivary hypofunction and decreased the

serum anti-SSA IgG levels (Figures 6B and 6C). Phenotypic an-

alyses further showed that fenofibrate treatment significantly

suppressed Tfh cell responses, particularly the GC Tfh cell

counts (Figures 6D and S8B). This was also associated with re-

ductions in the GC area, GC B cell, and plasma cell counts

(Figures 6D and S8C). Although MTX treatment restrained B

cell response, it did not affect Tfh cell counts in ESS mice. This

was consistent with the recent clinical findings that MTX mainly

targeted B cell compartment but did not restrain, rather

increased, circulating Tfh cells in patients.44 We next assessed

the therapeutic potential of fenofibrate against chronic inflam-

mation. ESS mice immunized for 20 weeks at acute-chronic

disease stages, as indicated by moderate lymphocytic infiltra-

tion in the SG (Figure S8D), were treated with fenofibrate for

10 weeks (Figure 6A). Histopathological findings showed signif-

icantly reduced tissue damage and inflammation in the SG of

fenofibrate-treated ESS mice, as evidenced by diminished

lymphocytic infiltration and fewer apoptotic epithelial cells

(Figures 6E–6G). Consequently, no obvious ectopic lymphoid

structures were detected in the SG of fenofibrate-treated ESS

mice (Figure S8E). However, the disease outcome in ESS mice

with MTX treatment was not improved at chronic stages. Consis-

tently, fenofibrate, but not MTX, markedly decreased FoxP3-

Bcl-6+ICOS+CXCR5+PD-1+ Tfh cells, GC B cells, and plasma

cells in ESS mice with chronic inflammation (Figures 6H–6J,

S8F, and S8G). A recent study reported a humanized mouse

model in which NSG mice were transplanted with peripheral

blood mononuclear cells (PBMCs).45 Thus, we adopted this

method by dividing PBMCs from each patient with SjD into

two groups for paired analysis, followed by PBS or fenofibrate

treatment. Importantly, Tfh cells derived from patients were

effectively suppressed by fenofibrate (Figure 6K). Consistent

with the findings from cell culture, fenofibrate did not affect

PD-1 expression in CD4+ T cells in recipient mice (Figure S8H).

Collectively, these results provide strong evidence that targeting

PPARα could be a promising therapeutic approach for SjD and

autoimmune disorders associated with dysregulated Tfh cell

responses.

DISCUSSION

Tfh cells play a central role in the pathogenesis of humoral auto-

immune diseases. However, the mechanism underlying Tfh cell-

intrinsic tolerance is not fully understood. In this study, to the

best of our knowledge, we demonstrated that the Cav-1/

PPARα axis negatively regulates the Tfh cell migration capacity,

with PPARα rapidly binding to the promoter region of Icos upon

Tfh polarization. This finding was further supported by observa-

tions in Cav-1-deleted and PPARα-activated human CD4+

T cells. In the context of autoimmunity, a negative correlation

between Cav-1 and ICOS in CD4+ T cells was observed in pa-

tients with SjD, whereas pharmaceutical activation of PPARα
effectively ameliorated the pathology of ESS in both acute and

chronic stages.

(G) Purified CD4+T cells from healthy donors were cultured toward Tfh differentiation for 16 h, in the absence or presence of GW7647 and SC560, while Icos

expression levels were determined by qPCR.

(H) Purified CD4+T cells from healthy donors were cultured toward Tfh differentiation for 3 days, in the absence or presence of Feno treatment, while T cells were

subjected to transwell assay toward recombinant CXCL13 in the bottom chamber.

(I) Correlation between Cav-1 and PPARα expression levels in the CD4+ T cells in the peripheral blood of SjD patients was analyzed by Pearson’s correlation

coefficient (n = 24).

(J) Representative flow cytometric analysis of circulating Tfh cells from SjD patients, while the expression levels of Cav-1 and ICOS were determined.

(K) Correlation between Cav-1 and PPARα expression levels in the CD4+ T cells in the peripheral blood of SjD patients was analyzed by Pearson’s correlation

coefficient.

(L) Correlation between Cav-1 expression levels in the circulating CD4+ T cells and disease activities (ESSDAI) of SjD patients was analyzed by Pearson’s

correlation coefficient (n = 24). Data were derived from at least three independent experiments. Data are presented as the mean ± SD; *p < 0.05; **p < 0.01;

***p < 0.001.
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Figure 6. Pharmaceutical activation of PPARα ameliorated ESS development

(A) Diagram of Feno intervention strategies on ESS mice at acute or chronic stages.

(B, C) At acute stages, ESS mice were treated with PBS vehicles, Feno (40 mg/kg), or methotrexate (MTX, 1 mg/kg), while salivary function and serum levels of

anti-SSA IgG antibodies were assessed.

(legend continued on next page)
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Currently, there are limited investigations into how Cav-1 mod-

ulates Th cell responses. Recent studies, including our own,

have reported comparable Th1 and Th17 cell counts between

WT and Cav-1− /− mice with active EAE.12,19 The pathological

remission of EAE was mainly attributed to altered tight junction

remodeling in the blood-brain barrier, leading to decreased infil-

trations in the spinal cord. Notably, early studies have demon-

strated that the transfer of myelin-specific Tfh cells did not

induce EAE development,46 which may explain the differential

outcomes between EAE and ESS mice with Cav-1 deficiency.

Several studies have highlighted alterations in PPAR and FAO

pathways from Gene Ontology in immune cells (e.g., macro-

phages47) and tissue cells (e.g., hepatocytes32). Fatty acid has

been recently reported to be involved in immune homeostasis,

in which proper lipid metabolism, e.g., peroxidation by gluta-

thione peroxidase 4 (Gpx4), modulates Tfh cell maintenance.48

In the absence of Cav-1, we detected impaired FAO cascade ac-

tivity, including Gpx4, and reduced PPARα in CD4+ T cells. How-

ever, lipid metabolism is a rate-limiting process during long-term

T cell differentiation and does not account for the rapid Icos tran-

scription observed in Cav-1− /− CD4+ T cells at the Tfh initiation

stage. Another pivotal function of PPARs is the inhibition of in-

flammatory gene expression, in which PPARγ has been exten-

sively studied.49 In this study, we demonstrated that PPARα
binds to and represses the Icos promoter. Taken together, our

results suggest that the Cav-1/PPARα axis acts as a checkpoint

in Tfh cell tolerance, rather than merely serving as a metabolic

regulator.

Although altered Cav-1 expression levels have been reported

in various diseases, investigations into the role of Cav-1 in

autoimmune pathogenesis are few. Reduced Cav-1 expression

has been observed in the skin tissue of patients with systemic

sclerosis.50 Recent findings suggest that lower bile acid levels

in Cav-1− /− mice may account for the insufficient activation

of FXRα, a critical regulator of PPARα in hepatocytes.32 This

finding coincides with the comorbidity of liver involvement in

SjD, as biliary cirrhosis is commonly observed in patients with

SjD, along with reduced bile acid levels.51 In contrast to

Cav-1, emerging evidence highlights the role of PPARs in auto-

immune disorders. PPARα agonists have been reported to

interfere with proinflammatory cytokines produced by various

cell types, demonstrating beneficial effects in mouse models

of autoimmune thyroid diseases, multiple sclerosis, and sys-

temic lupus erythematosus.52 PPARα is well conserved be-

tween humans and mice, and pharmaceutical agonists can

selectively activate both human and murine PPARα,28 potenti-

ating the clinical application of drug screening in mouse

models.52 Fenofibrate has been clinically prescribed for de-

cades, showing good tolerance and safety for long-term human

use.53 Given that fenofibrate is already used in patients with

biliary cirrhosis, our findings may support its use in patients

with SjD. Herein, we demonstrated that fenofibrate effectively

ameliorated ESS in mice, particularly under chronic inflamma-

tory conditions. Overall, our results suggest that targeting

Cav-1 or PPARα could be a promising strategy for treating

autoimmune disorders accompanied by Tfh cell dysregulation,

and the expression levels of Cav-1 or PPARα may be consid-

ered factors for patient stratification and cohort selection.

Limitations of the study

Although our present study has proposed a future approach of

targeting PPARα in SjD, first-line medications are still essential

for patients diagnosed with SjD. However, there is a lack of evi-

dence-based studies using combined therapy of fenofibrate and

disease-modifying antirheumatic drugs in patients with rheu-

matic diseases. Thus, safety and efficacy are both required to

be tested, e.g., in humanized mouse model,54 and further verified

in the clinical trial of fenofibrate treatment in SjD. Furthermore, it

is not clear whether patient cohorts with normal PPARα expres-

sion levels would have different response to fenofibrate, high-

lighting the need for biomarker-driven patient stratification.55

Additionally, the broader immunomodulatory effects of PPARα
activation on non-Tfh immune cell populations (e.g., B cells,

macrophages) warrant further investigation to fully understand

its clinical applicability.
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(D) At acute stages, GCs in the draining lymph nodes from ESS mice were marked by GL-7 (yellow), while the GC area and GC-Tfh cell counts per follicle were

determined (n = 20). Scale bar, 200 μm.

(E–G) At chronic stages, ESS mice (20 weeks post-immunization) were treated with PBS vehicles, Feno, or MTX for 10 weeks as illustrated in (A), and the his-

topathological changes in SG were shown by H&E staining (E); scale bar, 500 μm. The infiltrating area and histological score were further quantified (F), while the

glandular damages, as characterized by lymphocytic infiltration (magenta) and TUNEL (green) staining, were assessed by confocal microscopy (G); scale bar,

50 μm.

(H–J) At chronic stages, phenotypic analysis of Tfh cells in the draining lymph nodes (H) and splenic plasma cells (I) of ESS mice with interventions were performed

by flow cytometry, while the cell counts were summarized (J).

(K) PBMCs of healthy donor (HD) or SjD patients were adoptively transferred into NSG mice, among which equal amount of PBMCs from each SjD patient was

transferred into paired NSG mice, followed by PBS or Feno treatment for 1 week. Tfh cells in the spleen were analyzed by flow cytometry and enumerated; data

were derived from at least three independent experiments. Data are presented as the mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001.
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PE/Cyanine7 anti-mouse IL-17A (clone TC11-18H10.1) BioLegend Cat#506922; RRID: AB_2125010

PE anti-mouse IL-17A (clone TC11-18H10.1) BioLegend Cat#506904; RRID: AB_315464

FITC anti-mouse IFN-γ (clone XMG1.2) BioLegend Cat#505806; RRID: AB_315400

Alexa Fluor® 647 anti-mouse FOXP3 (clone MF-14) BioLegend Cat#126408; RRID: AB_1089115

Brilliant Violet 421TM anti-mouse CD279 (PD-1)

Antibody (clone 29F.1A12)

BioLegend Cat#135218; RRID: AB_2561447

Brilliant Violet 605TM anti-human/mouse/rat

CD278 (ICOS) (clone C398.4A)

BioLegend Cat#313538; RRID: AB_2687079

PE anti-human/mouse/rat CD278 (ICOS)

(clone C398.4A)

BioLegend Cat#313508; RRID: AB_416332

PE anti-mouse CD185 (CXCR5) (clone L138D7) BioLegend Cat#145504; RRID: AB_2561968

Biotin anti-mouse CD185 (CXCR5) (clone L138D7) BioLegend Cat#145510; RRID: AB_2562126

APC anti-mouse CD138 (Syndecan-1)

Antibody (clone 281-2)

BioLegend Cat#142506; RRID: AB_10962911

Anti-Mouse IgG (whole molecule) − Alkaline

Phosphatase antibody produced in goat

Sigma-Aldrich Cat#A3562; RRID: AB_258091

PPAR alpha Monoclonal Antibody (3B6/PPAR) Thermo Fisher Scientific Cat#MA1-822; RRID: AB_2165745

PPARα Rabbit pAb ABclonal Cat#A6697; RRID: AB_2767281

PPARγ Rabbit pAb ABclonal Cat# A0270; RRID: AB_2757083

Caveolin-1 (D46G3) XP® Rabbit mAb Cell Signaling Technology Cat#3267; RRID: AB_2275453

β-Actin (8H10D10) Mouse Cell Signaling Technology Cat#3700; RRID: AB_2242334

PFKFB3 (D7H4Q) Rabbit mAb Cell Signaling Technology Cat#13123; RRID: AB_2617178

Phospho-PFK-2 (Ser466) Antibody Cell Signaling Technology Cat#4081

SDHA (D6J9M) XP® Rabbit mAb Cell Signaling Technology Cat#11998; RRID: AB_2750900

ACO2 (D6D9) XP® Rabbit mAb Cell Signaling Technology Cat#6571; RRID: AB_2797630

ACADM Rabbit pAb ABclonal Cat#A1873; RRID: AB_2763906

Anti-F-actin antibody [NH3] Abcam Cat#ab205; RRID: AB_302794

APC anti-mouse/human CD45R/B220

Antibody (clone RA3-6B2)

BioLegend Cat#103212; RRID: AB_312997

FITC anti-mouse/human GL7 (clone GL7) BioLegend Cat#144603; RRID: AB_2561696

PE anti-mouse CD95 (Fas) (clone SA367H8) BioLegend Cat#152608; RRID: AB_2632902

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PE anti-mouse CD154 Antibody (clone MR1) BioLegend Cat#106506; RRID: AB_313271

Ultra-LEAFTM Purified anti-human/mouse/rat

CD278 (ICOS) Antibody (clone C398.4A)

BioLegend Cat#313540; RRID: AB_2687114

Anti-ATPB antibody [3D5] - Mitochondrial Marker Abcam Cat#ab14730; RRID: AB_301438

APC anti-mouse CD36 Antibody (clone HM36) BioLegend Cat#102612; RRID: AB_2072639

PerCP/Cyanine5.5 anti-human CD4 (clone OKT4) BioLegend Cat#317428; RRID: AB_1186122

Biotin anti-human CD185 (CXCR5) (clone J252D4) BioLegend Cat#356932; RRID: AB_2566499

PE/Cyanine7 anti-human CD279 (PD-1)

(clone A17188B)

BioLegend Cat#621616; RRID: AB_2832836

PE Streptavidin BioLegend Cat#405203

PE/Cyanine7 Streptavidin BioLegend Cat#405206

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 488

Thermo Fisher Scientific Cat#A-11008; RRID: AB_143165

Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 488

Thermo Fisher Scientific Cat#A-11001; RRID: AB_2534069

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 568

Thermo Fisher Scientific Cat#A-11011; RRID: AB_143157

Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 568

Thermo Fisher Scientific Cat#A-11004; RRID: AB_2534072

Ultra-LEAFTM Purified anti-mouse

CD28 Antibody (clone 37.51)

BioLegend Cat#102116; RRID: AB_11147170

Ultra-LEAFTM Purified anti-mouse

CD3 Antibody (clone 17A2)

BioLegend Cat#100238; RRID: AB_2561487

Ultra-LEAFTM Purified anti-human

CD28 Antibody (clone CD28.2)

BioLegend Cat#302934; RRID: AB_11148949

Ultra-LEAFTM Purified anti-human

CD3 Antibody (clone UCHT1)

BioLegend Cat#300438; RRID: AB_11146991

Ultra-LEAFTM Purified anti-mouse

IFN-γ Antibody (clone R4-6A2)

BioLegend Cat#505709; RRID: AB_2832805

Ultra-LEAFTM Purified anti-mouse

IL-4 Antibody (clone 11B11)

BioLegend Cat#504122; RRID: AB_11150601

Ultra-LEAFTM Purified anti-human/mouse

TGF-β1 Recombinant Antibody (clone QA18A10)

BioLegend Cat#947304; RRID: AB_2910510

Ultra-LEAFTM Purified anti-human IFN-γ
Antibody (clone B27)

BioLegend Cat#506532; RRID: AB_2801092

Ultra-LEAFTM Purified anti-human IL-4

Recombinant Antibody (clone QA20A30)

BioLegend Cat#945304; RRID: AB_2892511

Anti-BrdU antibody [BU1/75 (ICR1)] -

Proliferation Marker

Abcam Cat#ab6326; RRID: AB_305426

Recombinant Mouse CXCL13 (carrier-free) BioLegend Cat#583908

Recombinant Human CXCL13 (carrier-free) BioLegend Cat#574706

Biological samples

Plasma samples from healthy donors Hong Kong Red Cross N/A

Plasma samples from SjD patients Queen Mary Hospital and

Peking University Third Hospital

N/A

Chemicals, peptides, and recombinant proteins

DAPI Molecular Probes Cat#D1306

M3R2ND SBS Genetech Sequence: QYFVGKRTVPPGECFIQFLSEP

SSA/Ro60274− 290 SBS Genetech Sequence: QEMPLTALLRNLGKMT

Pilocarpine Hydrochloride Sigma-Aldrich Cat#PHR1493; CAS: 54-71-7

Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat#P8139; CAS: 16561-29-8

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ionomycin from Streptomyces conglobatus Sigma-Aldrich Cat#I9657; CAS: 56092-81-0

Monensin Solution (1,000X) BioLegend Cat#420701

SIGMAFASTTM BCIP®/NBT Sigma-Aldrich Cat#B5655

Cavtratin Enzo Life Sciences Cat#ALX-153-064-M005; Sequence:

RQIKIWFQNRRMKWKKDGIW

KASFTTFTVTKYWFYR

Recombinant Mouse B7-H2 (ICOSL)-Fc

Chimera (carrier-free)

BioLegend Cat#792706

Recombinant Mouse IL-21 (carrier-free) BioLegend Cat#574508

Recombinant Mouse IL-6 (carrier-free) BioLegend Cat#575708

RPMI 1640 Medium Gibco Cat#11875093

X-VIVOTM 20 Serum-free Hematopoietic

Cell Medium

Lonza Cat#BE04-448Q

Bovine Serum Albumin Sigma-Aldrich Cat#A8806

PBS (10X), pH 7.4 Gibco Cat#70011044

Fetal Bovine Serum (FBS) Gibco Cat#10270106

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat#15140122

ACK Lysing Buffer Gibco Cat#A1049201

RNAiso Plus (Total RNA extraction reagent) TaKaRa Cat#9109; CAS: 9048-46-8

Iso-Propyl Alcohol Duksan reagents Cat#3375; CAS: 67-63-0

Ethanol absolute VWR Chemicals Cat#20821.330; CAS: 64-17-5

DEPC-Treated Water Thermo Fisher Scientific Cat#AM9922

Chloroform Duksan reagents Cat#6938; CAS: 67-66-3

GW6471 TargetMol Cat#T8486; CAS: 880635-03-0

15-deoxy-Δ12,14-Prostaglandin J2 Cayman Chemical Cat#18570; CAS: 87893-55-8

(±)8-HEPE Cayman Chemical Cat#32340; CAS: 99217-77-3

GSK3787 TargetMol Cat#T1941; CAS: 188591-46-0

Dimethyl sulfoxide Sigma-Aldrich Cat#D8418; CAS: 67-68-5

Fenofibrate MedChemExpress Cat#HY-17356; CAS: 49562-28-9

2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)

Amino)-2-Deoxyglucose)

Thermo Fisher Scientific Cat#N13195

BODIPYTM FL C16 (4,4-Difluoro-5,7-Dimethyl-4-

Bora-3a,4a-Diaza-s-Indacene-3-Hexadecanoic Acid)

Thermo Fisher Scientific Cat#D3821

Glucose Solution Gibco Cat#A2494001

Oligomycin, ATP synthase inhibitor Abcam Cat#ab141904; CAS: 1397-94-0

FCCP, mitochondrial oxidative

phosphorylation uncoupler

Abcam Cat#ab120081; CAS: 370-86-5

Rotenone, mitochondrial electron

transport chain inhibitor

Abcam Cat#ab143145; CAS: 83-79-4

Antimycin A, Antibiotic Abcam Cat#ab141829; CAS: 1404-19-9

Palmitic acid TargetMol Cat#T2908; CAS: 57-10-3

Etomoxir sodium salt TargetMol Cat#T4535; CAS: 828934-41-4

Seahorse XFp Media & Calibrant Agilent Cat#100840-000

Seahorse XF DMEM Medium Agilent Cat#103575-503

GW7647 TargetMol Cat#T15453; CAS: 265129-71-3

Pioglitazone hydrochloride TargetMol Cat#T0214L; CAS: 112529-15-4

SC-560 TargetMol Cat#T4101; CAS: 188817-13-2

LymphoprepTM STEMCELL Technologies Cat#07801

Tissue Freezing Medium Leica Biosystems Cat#14020108926

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Freund′s Adjuvant, Incomplete Sigma-Aldrich Cat#F5506

Freund′s Adjuvant, Complete Sigma-Aldrich Cat#F5881

Fluorescence Mounting Medium Dako Omnis Cat#S3023

UltraPureTM Low Melting Point Agarose Thermo Fisher Scientific Cat#16520-050

Critical commercial assays

In Situ Cell Death Detection Kit Roche Cat#11684795910

Zombie AquaTM Fixable Viability Kit BioLegend Cat#423102

Foxp3 transcription factor staining buffer set eBioscience Cat#00-5521-00

Fixation/Permeabilization Kit BD Biosciences Cat#554714

CellTrackerTM Orange CMTMR Dye Thermo Fisher Scientific Cat#C2927

CFSE Cell Division Tracker Kit BioLegend Cat#423801

LEGEND MAXTM Mouse IFN-γ ELISA Kit BioLegend Cat#430807

LEGEND MAXTM Mouse TNF-α ELISA Kit BioLegend Cat#430907

LEGEND MAXTM Mouse IL-17A ELISA Kit BioLegend Cat#432507

Mouse IL-21 DuoSet ELISA R&D Systems Cat#DY594

ChIP Assay Kit Beyotime Cat#P2078

PrimeScriptTM RT Reagent Kit with

gDNA Eraser (Perfect Real Time)

TaKaRa Cat#RR047A

TB Green® Premix Ex TaqTM II (Tli RNase H Plus) TaKaRa Cat#RR820A

Free Fatty Acid Fluorometric Assay Kit Cayman Chemical Cat#700310

P3 Primary Cell 4D-Nucleofector® X Kit L Lonza Cat#V4XP-3024

CD4 (L3T4) MicroBeads, mouse Miltenyi Biotec Cat#130-117-043

CD4 MicroBeads, human Miltenyi Biotec Cat#130-045-101

H&E Staining Kit Abcam Cat#ab245880

PierceTM ECL Western Blotting Substrate Thermo Fisher Scientific Cat#32109

Promoter-Binding TF Profiling Plate Array II Signosis Cat#FA-2002

Nuclear Extraction Kit Signosis Cat#SK-0001

Deposited data

RNA-Seq This Paper Database: HRA005595

Experimental models: Organisms/strains

Cav1− /− mice (STOCK Cav1tm1Mls/J) The Jackson Laboratory JAX:004585

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice CCMR, HKU N/A

C57BL/6N CCMR, HKU N/A

Oligonucleotides

Primers see Table S1 Integrated DNA Technologies N/A

Recombinant DNA

Plasmid: GFP-homo-caveolin 1 Guangzhou IGE Biotechnology NCBI Reference Sequence: NM_001172895.1

Plasmid: GFP-mus musculus-PPARα Guangzhou IGE Biotechnology NCBI Reference Sequence: NM_011144.6

Plasmid: mcherry- mus musculus-CPT1a Guangzhou IGE Biotechnology NCBI Reference Sequence: NM_013495.2

Software and algorithms

FlowJo (v10.2) BD Biosciences https://www.flowjo.com

Prism (v8.4.0) GraphPad Software Inc https://www.graphpad.com/

Fiji-ImageJ Schneider et al.56 https://imagej.nih.gov/ij/

QuPath (v0.3.2) Bankhead et al.57 https://qupath.github.io

ZEN Microscopy Software Zeiss version 2.3 https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html

STAR (v2.6.1) Dobin et al.58 http://code.google.com/p/rna-star/

R (v3.6.1) The R Foundation https://www.r-project.org

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples and ethics

A total of 24 SjD patients (all females) were recruited from Queen Mary Hospital, Hong Kong and Peking University Third Hospital,

Peking, China. SjD diagnosis was based on the 2002 American-European Consensus Group classification criteria. Subjects over-

lapping with any other autoimmune diseases or not fulfilling the diagnostic criteria were excluded. Informed consent was obtained

from all patients. Ethics approval was obtained from the Institutional Review Board of Queen Mary Hospital, the University of Hong

Kong (IRB UW 20–579; IRB UW 21–167), and the Medical Ethical Committee of Peking University Third Hospital, Peking, China

(IRB00006761-M2020456).

Mice and ethics

Female mice of C57BL/6N background (6-8-week old) and female NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice (4-6-week old)

were obtained from the Center for Comparative Medicine Research (CCMR), the University of Hong Kong. Caveolin-1 knock-out

(Cav1− /− ) mice were purchased from The Jackson Laboratory. All mouse strains were maintained under an AAALAC International

accredited program at the Center for Comparative Medicine Research, HKU under Specific Pathogen Free (SPF) conditions and per-

formed following the approved national and institutional regulations and guidelines (Ref. No. 5448-20; 5069-19; 5607-21; 5622-21).

ESS induction in mice

Female C57BL/6N mice in 6-week-old were immunized to induce the experimental SS (ESS) model as we previously described.3 In

brief, proteins extracted from the bilateral salivary glands (SG) of normal mice were emulsified in an equal volume of Freund’s com-

plete adjuvant at a final concentration of 2 mg/mL. For ESS induction, on day 0, each mouse received subcutaneous injections on the

back with 0.2 mL of the emulsion. On day 14, a booster injection was conducted with a final concentration of 1 mg/mL SG proteins

emulsified in an equal volume of Freund’s incomplete adjuvant. Female NSG mice were immunized in the identical manner. The ESS

mice were compared between wild type (WT) and Cav1− /− mice. Each group included 6–8 female mice.

Primary murine naive CD4+ T cell culture

Murine naive CD4+ T cells were purified by mouse CD4 MicroBeads from total lymphocytes and splenocytes obtained from female

C57BL/6 mice via magnetic activated cell sorting (MACS), following the manufacturer instructions. Then enriched cells were washed

with PBS buffer and resuspended in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), and 1% penicillin-strep-

tomycin. CD4+ T cells were cultured at 1×106 per mL in a 24-well cell culture plate precoated with anti-CD3 and anti-CD28 antibodies

(1 μg/mL). For Tfh differentiation, recombinant murine IL-6 (25 ng/mL) and IL-21 (10 ng/mL) and 5 μg/mL of anti-IFN-γ, anti-IL-4 and

anti-TGF-β neutralizing antibodies were added. After 3 days of incubation at 37◦C and 5% CO2, the cells were washed and pelleted

for further use or analysis.

Primary human naive CD4+ T cell culture

Peripheral blood mononuclear cells (PBMCs) were isolated by Lymphoprep density gradient medium, following the manufacturer in-

structions. Then human naive CD4+ T cells were purified by human CD4 MicroBeads from PBMCs, and recombinant human IL-6

(25 ng/mL) and IL-21 (10 ng/mL) and 5 μg/mL of anti-IFN-γ, anti-IL-4 and anti-TGF-β neutralizing antibodies were added for Tfh

differentiation.

METHOD DETAILS

Construction of bone marrow chimaeras

Both donor and recipient mice were female in all experiments. The recipient mice will receive sub-lethal irradiation (680 cGy) to re-

move hematopoietic cells. Bone marrow cells will be prepared from donor mice and suspended in PBS to obtain a final concentration

of 1x107 cells/300 μL. Each recipient mice will receive intravenous injection of bone marrow cells from wild type (WT) or Cav1− /−

mice via tail vein at 8 h after irradiation. The mice will be provided with enrofloxacin (5mg/kg) for 2 weeks. The experiment was per-

formed with chimaeras 10 weeks after the initial reconstitution.

Continued
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MetaMorph (7.8.0.0) Molecular Devices http://www.moleculardevices.com/products/

software/meta-imaging-series/metamorph.html

IMARIS (v10.0.0) Oxford Instruments https://imaris.oxinst.com/
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Human cell collection

PBMCs from SjD patients or healthy donors were isolated by Lymphoprep density gradient medium, following the manufacturer in-

structions. The correlation exists between Cav-1 and PPARα or ICOS was calculated by Pearson’s correlation coefficient.

Saliva and blood collection

To induce saliva secretion, mice were anesthetised, followed by intraperitoneal injection of pilocarpine (5 mg/kg body weight, Sigma-

Aldrich).59 Stimulated saliva was gravimetrically collected using a 20 μL sized pipet tip from the oral cavity for 15 min.

Blood samples were collected and incubated at room temperature (RT) for 30 min. Samples were centrifuged at 1,500×g for 10 min

for serum separation.

Histological assessment

Murine organs, i.e., salivary glands, were frozen in optimal cutting temperature compound (OCT) for sectioning (10 μm), then fixed

and followed by haematoxylin and eosin (H&E) staining. The sections were imaged under NanoZoomer at 10× magnification. The

injured areas were analyzed using Fiji and ZEN Microscopy Software. In brief, negative infiltration refers to score 0, positive infiltration

but less than 50 lymphocytes per 4mm2 refers to score 1, positive infiltration with more than 50 lymphocytes per 4mm2 refers to score

2, while ectopic lymphoid structure detection refers to score 3, assessed by positive staining of CD3, B220 and CD21, in accordance

with EULAR consensus guidelines.60

Immunofluorescence microscopy

Mouse spleen and lymph node tissues were frozen in OCT for sectioning (10 μm), and fixed in 4% paraformaldehyde (PFA) solution.

Then the sections were washed with PBS and blocked in protein blocking agent (PBA) buffer at RT for 1 h. After that, the sections

were incubated with fluorochrome-labeled anti-mouse antibodies overnight at 4◦C or incubated with primary anti-mouse antibodies

overnight at 4◦C followed by incubating with a fluorochrome-labeled secondary antibody at RT for 1 h. Then washed the slices with

PBS and nuclei were counterstained with DAPI at RT for 5 min. The slices were mounted with fluorescence mounting medium and

scanned with a Zeiss LSM 880 using ×20 air or ×40 oil immersion lens.

To examine the autoantibodies deposition on the salivary epithelium, the tissue sections were stained with AQP-5 and monoclonal

antibodies against mouse IgG. A rat IgG antibody was used for control staining. The tissue sections were also incubated with a rabbit

anti-mouse AQP-5 antibody followed by a goat anti-rabbit IgG-FITC antibody. The MFI of salivary-deposited IgG per acinus was

quantified by Fiji and normalized to the MFI of isotype IgG staining.

To determine the CD4+ T cell homing to B cell follicles, non-consecutive sections were used to avoid the same follicle and its asso-

ciated T-B border being repeatedly counted. Staining reagents included FITC anti-CD4, PE anti-ICOS, APC anti-B220. The homing

coefficient was calculated as previously described.26 In brief, T cells were quantified in the B cell zone (follicles) and T-B borders,

and the homing coefficient equals the ratio of the T cell densities of these two regions, as Homing coefficient = T cell density in

the follicles/T cell density in the T-B borders.

Two-photon live imaging of T/B cells motility in vivo

To visualize WT or Cav1− /− T cells and B cells motility in vivo, CD4+ T cells from WT or Cav1− /− ESS mice were purified and labeled

with CFSE Cell Division Tracker Kit (CFSE) and WT B cells were purified and labeled with CellTracker Orange CMTMR Dye (CMTMR)

following the manufacturer instructions before being adoptively transferred into NSG mice. After 3 days, the spleen from NSG mice

was carefully imaged by motorized Olympus FVMPE-RS Hybrid Multiphoton System, which was composed of a Coherent Chame-

leon Vision II laser and an Olympus FVMPE-RS motorized upright microscope equipped with a water immersion lens (×25, NA 1.05,

Olympus). The motorized stage on which live mice were imaged was enclosed in a customized heating pad maintained at 37◦C. To

capture T cell migration at T-B borders and follicles in three dimensions, z stack imaging (30 μm depth with 1 μm per step) was con-

ducted at a time resolution of 20s per frame. Each imaging sequence was 30 min in duration. After acquisition, four-dimensional data-

sets were analyzed using Imaris software (Bitplane, version 10.0) with Surface and cell-tracking modules. Cell tracks that lasted for

less than 2 min were excluded from the analysis.

Transwell migration assay

T cells were cultured 3 days for Tfh differentiation before being loaded as a 500 μL suspension of 106 cells into the upper transwell in a

24-well-plate format (5 μm pore, Corning). The cell suspension was supplemented with the anti-ICOS or isotype-matched control

antibody at a final concentration of 10 μg/mL. Recombinant CXCL13 of 1 μg/mL concentrations was added to the bottom wells before

the cells were allowed to trans-migrate for 6 h at 37◦C in an incubator. Cells that on the upper wells and have migrated to the bottom

wells were analyzed by flow cytometry.

Imaging of T cell actin cytoskeleton in vitro

T cells were cultured 3 days for Tfh differentiation before being incubated with 5 μg/mL isotype control or anti-ICOS antibody at 37◦C

for 1 h. Then dropped onto poly-L-lysine- coated glass (Electron Microscopy Science) for incubation at 37◦C for 30 min. Fixed with
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4% paraformaldehyde and stained for F-actin with Alexa Fluor 488 Conjugate, APC anti-CD4 and DAPI. The slices were mounted

with fluorescence mounting medium and scanned with a Zeiss LSM 880 using ×63 oil immersion lens.

Imaging of T cell motility in vitro

T cells extracted from WT or Cav1− /− mice were cultured 3 days for Tfh differentiation. Then stained the cells with Zombie Aqua

Fixable Viability Kit to separate live and died cells following stained by BV421 anti-PD1 and APC anti-CD4 for 30 min at 4◦C in cell

culture medium. Tfh cells (PD1+CD4+) were sorted by the BD FACSAriaTM Fusion Cell Sorter. 20,000 Tfh cells were seeded into

48-well plate incubated with 5 μg/mL isotype control or anti-ICOS antibody at 37◦C for 30 min. The cell trajectory was monitored

by Nikon Ti2-E for 10 min. Images were acquired at one frame per five seconds. Data was acquired by Metamorph software, and

processed by ImageJ and Imaris.

Flow cytometry

Single cell suspensions were extracted from mouse spleen and lymph nodes. Zombie Aqua Fixable Viability Kit was firstly stained to

separate the live and died cells. Then incubated with Fc-blocking (CD16/32) antibody for 10 min at 4◦C prior to staining with fluoro-

chrome-conjugated antibodies overnight at 4◦C. Single cell suspensions were cultured in RPMI 1640 medium containing 10% FBS

with PMA (50 ng/mL), ionomycin (500 ng/mL) and monensin for 4 h before performing intracellular staining for cytokines as IL-10, IFNγ
and IL-17 by the BD Fixation/Permeabilization Solution Kit. Intranuclear staining was performed with anti-FoxP3 and anti-Blimp-1

antibodies using a FoxP3-staining buffer following the protocols of the manufacturer. Stained cells were analyzed with a FACS For-

tessa flow cytometer (BD Biosciences), and acquired data were analyzed with FlowJo software.

Western blot analysis

CD4+ T cells were purified from total lymphocytes and splenocytes isolated from different stages of ESS C57BL/6 mice. Then Cell

pellets were lysed with RIPA buffer supplemented with proteinase inhibitors and phosphatase inhibitors. Protein samples were

loaded on 12% SDS-PAGE and transferred onto the PVDF membrane. The membrane was blocked with 5% BSA in TBST and

then incubated with anti-Caveolin 1, PPARα or metabolism related primary antibodies at 4◦C overnight and incubated with secondary

antibody at RT for 2 h. The immunoreactivities were detected by ECL Western Blotting Substrate and captured by a chemilumines-

cence imaging system (Bio-Rad).

ELISA

For autoantibody detection, peptides with sequences of the second extracellular loop of the murine M3 muscarinic receptor (M3R2nd,

QYFVGKRTVPPGECFIQFLSEP) and SSA/Ro60274− 290 (QEMPLTALLRNLGKMT) were synthesized. Antibodies and cytokines in

serum and cellular supernatant were determined by ELISA kits as previously described3 following the manufacturer instructions.

ELISpot assay

Live cells were seeded in the MultiScreen HTS plates (Millipore) which were pre-coated with SSA/Ro60274− 290 peptides overnight.

Sorting-purified B cells were stimulated with LPS (2 μg/mL) for 48 h followed by addition of alkaline phosphatase-conjugated anti-

mouse IgG antibodies. Spots were developed by using BCIP/NBT Chromogenic Kit and visualized by ImmunoSpot Analyzer (Cellular

Technology Limited).

RT-qPCR and RNA-seq analysis

Total RNA was extracted from cells by RNAiso Plus. cDNA was reverse transcripted by PrimeScriptTM RT reagent Kit. RT-qPCR was

performed using SYBR Green Mix with LC480 (Roche). All the procedures were performed following the manufacturer’s instructions.

The relative mRNA levels, normalized to the expression of 18s, were calculated by the ΔΔCt method. RNA preparation, library con-

struction and sequencing on BGISEQ-500 were performed at the Beijing Genomics Institute (BGI). Gene expression levels were

quantified by the software package RSEM. DESeq2 and Poisson distribution method were used to screen differentially expressed

genes. Heatmaps were generated using Microsoft Excel. GO and KEGG database were used to extrapolate differentially expressed

pathways. The RNA-seq data in this study were available upon request.

Chromatin immunoprecipitation (ChIP)-qPCR

ChIP was performed by the following protocol of the ChIP Assay Kit. In brief, each one 10 cm-dish of T cells (1×107) was treated with

GW6471 or vehicle respectively for 30 min, and induced the cells into Tfh differentiation for 12 h. Then cross-linked the cells with 1%

formaldehyde and proceeded to washing steps with cold PBS. Harvested the cells and subjected to cellular and nuclear lysis. The

whole nuclear lysate was sheared by a sonicator with optimal condition (10s pulse on, 20 s pulse off, 20 cycles, 40% amplitude) to

yield 200–800bp DNA. 20 μL of sheared lysate was aliquoted as Input. The left 2 mL of the sheared lysate was subjected to immu-

noprecipitation by overnight incubation of either anti-PPARα antibody or IgG control. The immunoprecipitated DNA and input DNA

were purified and amplified by quantitative RT-PCR.
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Seahorse assay

For oxygen consumption rate (OCR) analysis, 106 cells per well were seeded in the appropriate cell culture growth medium in 24-well

plates designed for the Seahorse XFe24 Analyzer (Agilent). For glucose assay, the Seahorse XF DMEM was composed with 1 mM

pyruvate and 10 mM glucose, and for fatty acid assay, the Seahorse XF DMEM should be composed with 200 μM palmitic acid as the

sole substrate. A program with a typical 8-min cycle of mix (3 min), dwell (2 min), and measurement (3 min) was used using an XF24

Extracellular Flux Analyzer (Seahorse Bioscience). During measurement, oligomycin, FCCP and Rotenone+antimycin A were added

to a final concentration of 10 μM, 20 μM and 10μM + 1 μM, respectively.

Transcription factor (TF) binding profiling

The active TFs were evaluated by the Promoter Binding TF Profiling Plate Array II Kit following manufacturer instructions. Briefly,

CD4+ T cells were isolated from naive WT or Cav1− /− mice and cultured under Tfh polarization conditions. After 16h, the nuclear ex-

tracts were prepared by Nuclear Extraction Kit following manufacturer instructions, while 10 μg nuclear extracts were incubated with

TF binding oligo probe mix. Then probed TF DNA complex was eluted and hybridized in the plate before measurement in the lumin-

ometer plate reader. Wilms tumor suppressor protein 1 (WT1) was used as the blank control to normalize the readings.

QUANTIFICATION AND STATISTICAL ANALYSIS

Polarized states of Tfh cells

For quantitative analysis of polarized states of Tfh cells according to the F-actin staining. The shape index (SI) was calculated as

following: SI = cell length divided by its width at the middle along the length. If SI is no less than 2 or the cell display at least one pseu-

dopod protrusion when SI is less than 2, the cell is considered polarized.

Quantification of cell migration

Cell migration imaged by Nikon Ti2-E was analyzed by Metamorph software with manual supervision and verification. Cell tracks that

lasted for less than 2 min were excluded from analysis. Analysis of mean squared displacements included data for 10 min. The

centroid velocity and directional persistence were measured as displacement -normalized path length.

Statistical analysis

Statistical analysis was performed by using the GraphPad Prism. The data were assessed with unpaired Mann Whitney test to

compare two groups, one-way ANOVA Kruskal-Wallis with Dunn’s multiple comparisons test or two-way ANOVA to compare mul-

tiple groups and Pearson’s correlation coefficient to analyze the correlation between two parameters as stated in the figure legends.

p < 0.05 was considered statistically significant.
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