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Abstract

Objective—To assess the role of STAT4 activation in driving pathogenic follicular helper T (Tfh) 

cell secretion of the cytokines IL-21 and IFN-γ during murine and human lupus.

Methods—We temporally assessed STAT4-dependent Tfh cell signaling with cytokine 

production and autoreactive B cell maturation during the course of murine lupus, with further 

assessment of Tfh cell gene transcription using RNA-seq. STAT4-dependent signaling and 

cytokine production were also determined in circulating Tfh-like cells in patients with SLE, 

compared to cells from controls, with correlation to disease activity in the former.

Results—IL-21 and IFN-γ co-producing Tfh cells expanded prior to the detection of potentially 

pathogenic IgG2c autoantibodies in lupus-prone mice. Tfh cells transcriptionally evolved during 

the course of disease with acquisition of a STAT4-dependent gene signature. Maintenance of Tfh 

cell cytokine synthesis was dependent upon STAT4 signaling, driven by type I interferons. 

Circulating Tfh-like (cTfh) cells from patients with SLE also secreted IL-21 and IFN-γ, with 

STAT4 phosphorylation enhanced by IFN-β, in association with clinical disease activity.

Conclusion—We identified a role for IFN-I signaling in driving STAT4 activation and 

production of IL-21 and IFN-γ by Tfh cells in murine and human lupus. Enhanced STAT4 

activation in Tfh cells may underlie pathogenic B cell responses in both murine and human lupus. 
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These data indicate that STAT4 guides pathogenic cytokine and immunoglobulin production in 

SLE, providing a potential therapeutic target to modulate autoimmunity.

Introduction

Systemic autoimmune diseases such as rheumatoid arthritis and systemic lupus 

erythematosus (SLE, lupus) are characterized by T cell activation driving the production of 

pathogenic class-switched autoantibodies (1). Activated CD4 T cells in SLE are correlated 

with autoantibody production and disease activity, suggesting their role in promoting disease 

(1, 2). An understanding of pathways driving heightened T cell activation in SLE are 

necessary to identify and define therapeutic targets.

Follicular helper T (Tfh) cells are a subset of CD4 T cells that promote B cell maturation in 

conventional and systemic autoimmune responses, and autoantibody production in SLE. Tfh 

cells deliver soluble signals, including IL-21 and IFN-γ, which promote B cell maturation 

with plasma cell formation and autoantibody production (3–6). Autoantibody production and 

disease activity in murine lupus are diminished in the absence of IL-21 or IFN-γ (7–9), but 

the specific effects of these cytokines in disease remain unknown. Conversely, the frequency 

of Tfh-like cells and amount of IL-21 in circulation are associated with autoantibody 

production and disease activity in SLE (1, 10). While IL-21 and IFN-γ are pathogenic in 

lupus, the regulation of these T-dependent cytokines in disease remains unclear.

Signal transducer and activator of transcription 4 (STAT4) and Tbx21 (encoding T-bet) can 

regulate cytokine production in Tfh cells (11). Tfh cells produce IFN-γ and IL-21 upon type 

1 immune challenge, with Bcl6 promoting lineage differentiation and STAT4 and T-bet 

driving the IFN-γ and STAT4 required for IL-21 production(11). Expression of both these 

transcription factors declines as the GC response continues, although cytokine production 

continues with their gene loci remaining accessible (11, 12). STAT4 activation and signaling 

is driven by type 1 inflammatory cytokines IL-12 and IFN-I (13) in both Th1 and Tfh cells 

upon viral infection. Aberrant production of IL-12 and IFN-I is a hallmark of lupus, with 

these cytokines promoting GC persistence and production of pathogenic, inflammatory IgG 

autoantibodies (14–18). Thus, in chronic autoimmune settings, type 1 inflammatory 

cytokines may drive STAT4 and T-bet-mediated transcription of IL-21 or IFN-γ in Tfh cells.

STAT4 is strongly associated with disease susceptibility in SLE. The single nucleotide 

polymorphism (SNP) rs7574865 located within intron 3 in the STAT4 locus has been shown 

in genome-wide association studies (GWAS) to be a risk allele for SLE (19–21). A separate 

SNP, rs7574885T, enhances the risk for lupus susceptibility by increasing Stat4 transcription 

and augmenting responses to IL-12 and IFN-I signaling (21, 22). In MRLlpr/lpr lupus-prone 

mice, Stat4-specific antisense oligonucleotide therapy decreases the severity of lupus 

nephritis (23). Yet, the distinct contribution of STAT4 to lupus susceptibility remains 

unclear.

We hypothesized that STAT4 signaling, in response to ongoing cytokine stimuli in lupus, 

promotes dysregulated cytokine production by Tfh cells and aberrant B cell maturation. To 

address this hypothesis, we dissected the phenotype and function of Tfh cells in murine 
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lupus by assessing their transcriptional landscape at differing stages of disease and 

determined their inflammatory cytokine response and that of human circulating Tfh-like 

cells in SLE. We found that Tfh cells are chronically expanded in murine lupus with co-

production of IL-21 and IFN-γ driving pathogenic IgG2c autoantibody production. 

Maintenance of Tfh-cell cytokine synthesis was STAT4-dependent, and heightened by IFN-

I, with a similar phenotype and cytokine response observed in circulating Tfh-like cells from 

patients with SLE. Thus, the STAT4 pathway is critical for the maintenance of pathogenic 

Tfh cell function in both murine and human lupus.

PATIENTS AND METHODS

Human PBMC Isolation and Analysis

Twenty-five SLE patients from ages 18 to 75 years and 19 age-matched healthy controls 

were enrolled. Disease activity was assessed with the SLE Disease Activity Index 2000 

(SLEDAI2K). PBMCs were isolated using Ficoll-Paque density gradient media and rested in 

DMEM medium with 10% serum overnight. Phosphorylated STAT4 in cTfh cells and CD4+ 

T memory cells were analyzed as previously described (11). Isolated PBMCs were rested 

and then stimulated by IFN-β (1000 U/ml) or IL-12 (10 ng/ml) for 20 minutes in DMEM 

with 1% serum. Stimulated cells were immediately fixed with 4% paraformaldehyde for 15 

min, then cold methanol was used to permeabilize the cells for staining by flow cytometry. 

Antibodies used for flow cytometry are listed (Supplemental Table 1). Informed consent was 

obtained from human subjects.

Mice

Mice were housed in pathogen-free conditions at the Yale School of Medicine or Rutgers 

New Jersey Medical School. C57BL/6J (B6), B6.Sle1.Yaa and MRLlpr/lprJ animals were 

purchased from Jackson Laboratory. All animals were used at 8–28 weeks of age, with 

approval for procedures given by The Institutional Animal Care and Use Committee of Yale 

University and Rutgers New Jersey Medical School.

ELISA for Autoantibodies and IFN-β

Anti-chromatin and anti-dsDNA were measured by ELISA using sonicated chicken 

chromatin and calf thymus dsDNA, respectively. Serum samples were tested at a 1:250 

dilution followed by incubation with alkaline phosphatase-labeled goat anti-mouse IgG 

(1:1000 dilution) (Southern Biotechnology), and development with p-nitrophenylphosphate 

substrate (Sigma-Aldrich). Optical density at 405 nm was read using a VERSAmax 

microplate reader (Softmax Pro 3.1 software; Molecular Devices). Sera IFN-β 
concentrations were measured using the VeriKine-HS Mouse IFN Beta ELISA kit from PBL 

assay science following manufacture’s protocol.

In Vivo IFNAR-1 Blockade

4-month-old lupus-prone mice were injected twice a week i.p. with either 375 μg of anti-

IFNAR1 (24) (MAR1–5A3 mAB, bioXCell) or 1 mg of anti-rat IgG isotype control (Sigma-

Aldrich) for 4 weeks.
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Flow Cytometry and Cell Sorting

Tissues were homogenized as previously described (11). Antibodies used for flow cytometry 

staining are listed (Supplemental Table 1). Intracellular staining for cytokines was performed 

using Cytofix/Cytoperm™ kits (BD Biosciences) following the manufacturer’s protocol. 

Stained and rinsed cells were analyzed using an LSRII Cytometer (BD Biosciences). For 

sorting, CD4+ T cells were enriched using a magnetic separation kit (EasySep™, StemCell 

Technologies) prior to cell surface staining, with specific populations sorted using a 

FACSAria™ (BD Biosciences).

Microscopy

Spleens were snap frozen in OCT tissue-freezing solution and stored at −80°C. Tissues were 

cut into 8μm sections and processed as described (25). Reagents used to stain sections are 

listed (Supplemental Table 2). Images were obtained from a laser-scanning confocal 

microscope (Model 510 META; Carl Zeiss) at 25x magnification. ImageJ software was used 

for the measurement of GC and B cell follicle size, distance measurements, and for T cell 

counting. The latter analyses were performed in a blinded manner.

RNA-Seq and Analysis

Tfh populations were sorted by flow cytometry, with two separate sorts performed on 

different days, pooling spleens of 3 mice each day. Quality verification, library preparation, 

and sequencing were performed at the Yale Center for Genome Analysis. Samples were 

sequenced on an Illumina HiSeq 2500 using 75-bp paired end reads. RNA-seq analysis was 

performed as described (11). in accordance with the NF-Core RNA-seq guidelines (version 

1.4.2). Pathway enrichment analysis was performed using MetaCoretm, version 6.31 build. 

Enrichment analysis was performed using GSEA software v3.0 (Broad Institute). 

GSE156578

ATAC-seq

ATAC was performed as described (11). Sorted cells were lysed in buffer (10 mM Tris-HCl, 

10 mM NaCl, 3 mM MgCl2, and 0.1% octylphenoxypolyethoxyethanol for 15 min at 4°C 

and then centrifuged and resuspended with transposase reaction mix (2× tagmented DNA 

buffer, transposase [Ilumina Nextera], and nuclease-free water) and incubated for 30 min at 

37°C. Cells were then PCR amplified in KAPA HiFi 2× mix (Kapa Biosystems) with 

barcoding primers. Quantitative PCR library amplification test and PCR library 

amplification were performed as previously described (11). DNA processing and high-

throughput sequencing were performed as described in the previous section. Sequenced 

reads were mapped to the mouse genome (mm10 NCBI Build 38) using the Burrows-

Wheeler Aligner version 0.7.9a. Statistically significant differentially accessible regions 

were then identified (11).

Deposition of data

RNA sequencing and ATAC-seq data have been deposited into the GEO database (accession 

no GSE156578 and GSE156575)
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Statistics

Data were analyzed using the Student’s t-test, unpaired t-test (Mann-Whitney), and Pearson 

correlation with Prism 8 (GraphPad Software). The number of asterisks represents the 

degree of significance with respect to p value, with the exact value presented within each 

figure legend. Pearson correlation coefficient is presented within the graph on each figure.

Results

Tfh cells develop prior to autoantibodies in murine lupus

Tfh cells are associated with disease severity in both human and murine lupus (2). While Tfh 

cells promote autoantibody production in lupus-prone mice (25, 26), the kinetics of their 

development and expansion during disease progression are unknown. We accordingly 

analyzed splenic Tfh and Th1 cells over time in two murine lupus models, B6.Sle1.Yaa 
(aged 2, 4 and 7 months) and MRLlpr/lpr mice (aged 2 and 6 months), asking if they evolve 

phenotypically and genetically as lupus develops and persists. The numbers and percentages 

of CD4+CD44hiLy6chiPSGL-1hi Th1 cells of B6.Sle1.Yaa mice were reduced by age 4 

months to 2 month-old and B6 control mice (Figure 1A) (11, 27). Conversely, the numbers 

and percentages of CD4+CD44hiLy6cloPSGL-1loCXCR5hiPD-1hi Tfh cells of B6.Sle1.Yaa 
mice were similarly increased among all 3 ages compared to control mice (Figure 1B). 

There were no significant differences in percentages and numbers of splenic 

CD4+CD44hiLy6cloPSGL-1lo Tfh cells in differently aged MRL lupus-prone mice 

(Supplemental Figure 1A) (25, 28).

To determine if Tfh or Th1 cells were linked with the onset of autoantibody production, we 

examined anti-chromatin and anti-dsDNA production in B6.Sle1.Yaa mice at ages 2, 4 and 7 

months. Although Tfh and Th1 cells were present and expanded in 2-month-old compared to 

B6 mice, we found no differences in anti-chromatin or anti-dsDNA autoantibodies (Figure 

1C). Hence, we will refer to the 2-month time point as the pre-disease stage. While Tfh cells 

persisted and Th1 cells declined by age 4 months, referred to here as the onset of disease 

since their autoantibodies were significantly increased compared to those in pre-disease 

mice; yet were less than those in 6-month-old mice, with the latter referred to as diseased. 

Together, these data showed that Tfh, and not Th1, cell expansion precedes autoantibody 

production.

IL-21 and IFN-γ production is maintained as disease progresses

Tfh and Th1 cells co-produce IL-21 and IFN-γ upon acute viral infection of non-

autoimmune mice (11). We thus asked whether the temporal onset of autoantibodies was due 

to varied production of Tfh cell-specific IL-21 and IFN-γ over the course of disease, 

examining Tfh and Th1 cytokines from B6.Sle1.Yaa mice at 2, 4 and 7 months of age. There 

were comparable percentages of IL-21+IFN-γ+ and IL-21+IFN-γ-−secreting Tfh and Th1 

cells at the three timepoints, as autoantibodies expanded (Figure 1D). Likewise, Tfh cells 

from 2- and 6-month-old MRL mice maintained cytokine production as disease progressed 

(Supplemental Figure 1B). These data suggested that IL-21 and IFN-γ-producing Tfh and 

Th1 cells develop prior to the onset of autoantibodies, yet Tfh, but not Th1, cells are 

maintained chronologically.
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Bcl6 and T-bet expression is temporally decreased in Tfh cells

Given the co-production of Tfh cell cytokines in B6.Sle1.Yaa mice over time (Figure 1D), 

we examined their transcription factors Bcl6 and T-bet. Tfh cells from 4- and 7-month-old 

lupus mice had significant decrease in Bcl6 and T-bet expression compared to cells from 2-

month-old lupus mice (Figure 2A). Bcl6 and T-bet expression continued to decrease in Tfh 

cells from 7-month-old compared to cells from 4-month-old lupus mice (Figure 2A). We 

observed similar decreased expression of Bcl6 and T-bet in Tfh cells from MRL mice, as 

well as Th1 cells in B6.Sle1.Yaa mice at 6-months compared to 2-months of age 

(Supplemental Figure 1C and D). Thus, Tfh cells in lupus continually produced pathogenic 

IL-21 and IFN-γ, despite losing expression of T-bet and Bcl6.

Germinal centers develop prior to the onset of disease

Autoreactive B cells in lupus undergo antigen selection within the germinal center (GC) 

(29). Since Tfh cells are generated at the pre-disease stage prior to the onset of 

autoantibodies (Figure 1B and 1C), we assessed temporal generation of GC B cells in 2, 4 

and 7 month-old B6.Sle1.Yaa mice. The percentages of splenic B220+IgDloCD95hiGL-7hi 

GC B cells were similarly increased among all 3 ages compared to cells from non-

autoimmune control mice at all three timepoints (Figure 3A). Moreover, the number and size 

of GCs did not differ over time (Figure 3B) with similar numbers of Tfh cells located within 

the GCs (Figure 3B). Tfh cell signaling to GC B cells is necessary for dark zone to light 

zone transition (30). While the total number of GC B cells did not change over time, the 

percentage of B220+IgDloCD95hiGL-7hiCXCR4hiCD86lo dark zone GC B cells at ages 4 

and 7 months significantly decreased compared to that of mice at 2 months of age (Figure 

3C). However, the percentage of B220+IgDloCD95hiGL-7hiCXCR4loCD86hi light zone GC 

B cells remained unchanged throughout (Figure 3C). Thus, Tfh cells persist within the GC, 

but dysregulation of GC B cell subsets only occurred later during disease.

Temporal transcriptomic analysis of Tfh cells in lupus

During disease progression, Tfh cells maintained production of IL-21 and IFN-γ despite 

diminished transcription factor expression. We next assessed the temporal transcriptional 

profiles of sorted Tfh cells (CD4+CD44+GITR-PSGL-1loCXCR5hiPD-1hi) from 2, 4- and 7-

month-old mice compared to naive CD4 T cells from B6.Sle1.Yaa mice. 732 genes were 

found to be differentially expressed in Tfh cells from 4-month compared to 2-month-old 

mice, with 1021 genes differentially expressed in cells from 7- compared to 2-month-old 

animals (Figure 4A and 4B). Next, we compared the differently expressed genes between the 

three disease stages in lupus and found that of the 1021 differentially expressed genes in Tfh 

cells from mice aged 2 and 7 months, 474 overlapped with genes that were already 

differentially expressed by 4 months of age (Figure 4B). To further analyze the 

transcriptional differences among the Tfh populations, we examined a curated set of genes 

previously described to be up- or down-regulated in Tfh cells compared to other CD4+ Th 

subsets (31). Despite the temporal increase in differentially expressed genes in Tfh cells, the 

three Tfh populations shared expression of Tfh-cell defining genes including Bcl6, Icos, and 

Pdcd1 (Figure 4C). Although we observed temporal decline of Bcl6, Tfh-cell defining gene 

expression was consistent with maintenance of CXCR5 and PD-1 expression (Supplemental 
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Figure 2B). By comparison to Tfh cells from mice with acute LCMV infection, those from 

pre-diseased 2-month-old lupus-prone mice had the fewest differentially expressed genes 

compared to those from older lupus-prone mice (Figure 4D), indicating greater divergence in 

older lupus-prone mice from the physiological response to acute infection. Enrichment 

analysis of upregulated genes revealed increased expression of genes involved in pathways 

of type I interferon (IFN-I) signaling (Figure 4E). IFN-I promotes phosphorylation of 

STAT4, the gene of which is associated with lupus susceptibility and regulates IL-21 and 

IFN-γ production in acute viral infection of mice (11). Gene set enrichment analysis 

(GSEA) using a published STAT4 ChIP-seq data set (32) identified enrichment of STAT4-

bound genes in Tfh cells from 2-month to 7-month-old lupus mice (Figure 4F). Hence, as 

disease progressed, Tfh cells developed an enhanced Stat4 gene signature.

STAT4 phosphorylation in murine lupus is promoted by IFN-I

Inflammatory cytokines abundant in lupus, including IL-12 and IFN-I, drive STAT4 

activation (14–16). While we found no difference in the temporal expression of Stat4 in Tfh 

cells from lupus-prone mice (Figure 4C), the expression of IL-12 and IFN-β in B6.Sle1.Yaa 
mice (33) compared to controls may promote phosphorylation of STAT4 (pSTAT4) in Tfh 

cells (11). We accordingly measured pSTAT4 in splenic Tfh cells at early and late stages of 

disease, upon stimulation with IL-12 or IFN-β. In response to IL-12 stimulation, Tfh cells 

from diseased 7-month-old lupus mice had modestly increased phosphorylated STAT4 

compared to Tfh cells from 2-month-old mice (Figure 5A). In response to IFN-β 
stimulation, pSTAT4 was significantly increased in Tfh cells from 7-month-old compared to 

2-month-old lupus mice. We next examined IL-12- or IFN-β-induced STAT4 activation in 

Th1 cells, finding significantly enhanced pSTAT4 in cells from 7-month-old compared to 2-

month-old lupus mice (Supplemental Figure 3A). Thus, IL-12 and IFN-β more readily 

activated STAT4 in splenic Tfh and Th1 cells from the later disease stage compared to the 

pre-disease stage, which is consistent with the Tfh cell enhanced Stat4 gene signature 

(Figure 4F).

Since IFN-I promoted increased activation of STAT4 in Tfh cells from lupus-prone mice, we 

next asked if the amount of IFN-I increased with disease progression, finding no difference 

in the concentration of circulating IFN-β between 2- and 7-month-old lupus mice 

(Supplemental Figure 3B). The temporal increase in pSTAT4 was also not due to a 

difference in the expression of the IFN-I receptor (IFNAR1) on Tfh cells, as its expression 

on cells from older mice was similar compared to that of 2 and 4 month-old mice (Figure 

5B), suggesting that Tfh cells from older mice were more responsive to IFN-I.

To determine if IFN-I signaling was regulating IL-21 and IFN-γ production, we treated 4-

month-old B6.Sle1.Yaa mice at the onset of disease for 4 weeks with either anti-IFNAR-1 or 

control rat IgG antibody. Treatment with anti-IFNAR1 resulted in a decrease in the 

percentage and numbers of Tfh cells compared to the control group (Figure 5C). Tfh cells 

from mice treated with anti-IFNAR1 had reduced IFN-γ or IL-21 secretion compared to the 

controls (Supplemental Figure 3C). Moreover, anti-IFNAR1 treated mice had significantly 

reduced percentages of IL-21+IFN-γ + and IL-21+IFN-γ- −secreting Tfh cells compared to 

the control group (Figure 5D).
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To determine if the effect of IFNAR1 blockade on Tfh-cell production of IL-21 and IFN-γ 
was a consequence of altered chromatin accessibility, we used ATAC-seq to characterize 

their gene loci. Comparison of differentially called peaks in three replicates of Tfh cells 

from the two revealed no significant differences in chromatin accessibility at the Il21 and 

Ifng loci (Figure 5E). These findings suggested that in Tfh cells, Il21 and Ifng remain 

accessible in the absence of IFN-I signaling, yet cytokine production is not maintained.

In concert with the decreased Tfh-cell cytokine production in anti-IFNAR1 treated mice, we 

also observed enhanced IgG1 switching in autoantibodies and total immunoglobulins, 

compared to that in control animals (Figure 5F and 5G), albeit without an effect on GC B 

cell formation (Supplemental Figures 3D and E) or IgG2c antibodies and autoantibodies 

(Figure 5F). Overall, IFN-I signaling via STAT4 promoted IL-21 and IFN-γ production at 

onset of disease in lupus prone mice, with this effect enhanced as mice age.

Activation of STAT4 in Tfh-like cells from SLE patients correlates with disease activity

The presence of autoantibodies in human lupus patients precedes clinical disease (34). cTfh 

(Tfh-like) cells from SLE patients correlate with disease severity and are phenotypically 

similar to tonsillar Tfh cells, but have reduced Bcl6 and T-bet expression, similar to Tfh cells 

in lupus-prone mice (2, 35–37). To extend our murine studies to SLE patients, we examined 

cytokine production in their cTfh-like cells. PBMCs were collected from 25 lupus patients 

and 19 age- and gender-matched healthy individuals (Supplemental Table 2). IFN-γ and 

IL-21 production was assessed in CD4+CD45RA-CCR7-PD-1hiCXCR5hi Tfh-like cells and 

CD4+CD45RA-CCR7+PD-lloCXCR5hi memory T cells (Figure 6A) (36). A substantial 

portion of both populations co-secreted IL-21 and IFN-γ, mirroring our data from lupus-

prone B6.Sle1.Yaa and MRLlpr/lpr mice (Figures 6B, 1D and Supplemental Figure 1C). We 

next compared pSTAT4 expression in the two T cell populations following IFN-β or IL-12 

cytokine stimulation, analogous to our experiments using murine Tfh cells (Figure 5A). We 

found no difference in pSTAT4 expression in lupus memory T cells compared to healthy 

controls after stimulation with IFN-β or IL-12 (Figure 6C); however, pSTAT4 expression in 

lupus cTfh-like cells was significantly increased compared to controls (Figure 6C). We also 

examined pSTAT4 following IFN-β or IL-12 stimulation of activated CD45RA-CXCR5- 

cells, finding no differences in pSTAT4 expression in cells from patients compared to 

healthy controls. However, pSTAT4 expression in lupus cTfh-like cells was increased 

compared to CD45RA-CXCR5- cells (Figure 6C).

We did not observe a correlation between the percentage of Tfh-like cells and their 

expression of pSTAT4 in Tfh-like cells from lupus patients (Supplemental Fig 4A). While 

there was no association of pSTAT4 with complement markers or autoantibodies 

(Supplemental Figure 4B), increased pSTAT4 expression in Tfh-like cells from lupus 

patients correlated with increased SLEDAI 2K (Figure 6D). Increased pSTAT4 and co-

production of IL-21 and IFN-γ suggested that Tfh-like cells from lupus patients are 

comparable to those from diseased lupus-prone mice.
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Discussion

We define a previously unappreciated role for IFN-I signaling in driving STAT4 activation 

and production of IL-21 and IFN-γ by Tfh cells in murine and human lupus. We show that 

in lupus mice, Tfh cells transcriptionally evolve during the course of disease losing their 

Bcl6 expression. Tfh cells target genes were still expressed, suggesting Bcl6 transcripts 

remain regulated even as protein expression declines, analogous to what goes on with T-

bet(12). As disease progress, Tfh cells acquire an enhanced STAT4 gene signature, 

consistent with our finding that IFN-I augments STAT4 phosphorylation in Tfh cells at later 

time points. Blockade of IFNAR1 after the onset of autoantibodies reduced IL-21 and IFN-γ 
secretion by Tfh cells, indicating that IFN-I signaling maintains the production of these 

cytokines throughout disease. Similar to our findings in mice, we find that Tfh-like and 

memory T cells from SLE patients secreted IL-21 and IFN-γ and had increased pSTAT4 

correlating with higher disease activity. Collectively, our data suggest that IFN-I enhance 

STAT4 activation in Tfh cells, driving their aberrant production of IL-21 and IFN-γ, which 

may underlie pathogenic GC responses in both murine and human lupus.

Our data show that cytokine-secreting-Tfh cells and GCs are generated prior to the onset of 

autoantibodies in murine lupus. As the development of autoantibodies progressed, we found 

that Tfh cells continued to produce cytokines and remained within germinal centers but 

transcriptionally evolved. The pattern of transcription factor expression and cytokine 

production by Tfh cells from older B6.Sle1.Yaa mice emulated that of Tfh-like cells from 

SLE patients (37). IFNAR blockade reduced the co-production of these cytokines in Tfh 

cells but not their development or function as the demonstrated by the increase in IgG1 

autoantibodies in the presence of ongoing GCs. While IgG2c autoantibodies were detected, 

these may be generated by existing plasma cells or those driven to maturation by the fraction 

of Tfh cells that continued to produce only IFN-γ after treatment. The continued Tfh cell-

IFN-γ production may be due to the increased circulating IL-12 as disease progresses in 

these mice (33). In aggregate, our data suggest that the development of Tfh cells and GCs 

precedes the onset of autoantibodies and tissue destruction in lupus and that activation of 

STAT4 by IFN-I sustains aberrant cytokine production.

Previous in vitro studies established that activated STAT4 binds and epigenetically regulates 

the expression of Il21 and Ifng in Th cells (38–40). We find that both IL-12 and IFN-I are 

able to activate STAT4, suggesting a role for each in promoting IL-21 and IFN-γ secretion 

by Tfh cells via STAT4 in lupus. In lupus, we find that although co-production of IL-21 and 

IFN-γ is maintained in Tfh cells despite progressive loss of T-bet expression, pSTAT4 

continues to increase. These findings suggest that cytokine production is driven by IFN-I 

activation of STAT4 in Tfh cells as diseased progressed. Thus, IFN-I continue to activate 

STAT4 in Tfh cells maintaining IL-21 and IFN-γ production throughout disease.

Our findings have implications for clinical treatment of SLE. IFN-I-induced genes are 

expressed in ~ 70% of patients (41). Blocking IFN-I has emerged as a potential treatment for 

SLE. This idea is supported by the recent TULIP II phase III clinical trial of anifrolumab, a 

monoclonal anti-IFN-I receptor antibody (42), although the TULIP I trial failed to achieve 

efficacy in reducing disease activity (43). Nonetheless, JAK-STAT signaling plays an 
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important downstream role from IFN-I in regulating IL-21 and IFN-γ production and their 

associated biological effects (44). The IFN-I signaling complex can activate STAT4 through 

Janus kinase 1 (Jak1) and Tyk2 in T cells in humans and in murine models of disease (22, 

45). Tofacitinib, an inhibitor of JAK1 and JAK3, is FDA approved for treatment of 

rheumatoid arthritis. The critical role of JAK1 and JAK3 signaling in host defenses underlie 

the toxicities associated with its use, which includes infections, cytopenia and alterations to 

lipid metabolism (46, 47). Modulation of the IL-12/IFN-I -STAT4 signaling pathway may be 

a preferable way to restrict a set of cytokines and their associated pathologic responses in 

lupus. In particular, IL-12 and IFN-I pathway inhibitor Tyk2 was developed and employed in 

preclinical models of SLE. Tyk2 inhibition demonstrated amelioration of disease pathology 

in (NZB x NZW)F1 lupus-prone mice, highlighting the role of Tyk2-STAT4 signaling in 

lupus development. Our data support these clinical findings showing that in both murine and 

human lupus, IL-21 and IFN-γ production by Th cells is downstream of aberrant IL-12/IFN-

I-STAT4 signaling. Furthermore, we demonstrated that IL-12 and IFN-I signaling promote 

increased pSTAT4 in Tfh cells from both murine and human lupus with active disease.

IL-21 and IFN-γ have been identified as compelling therapeutic targets in the treatment of 

SLE (48, 49). To our knowledge, we show for the first time that the transcriptional 

regulation of these cytokines in Tfh cells changes over the course of disease. STAT4 is 

strongly associated with disease susceptibility in SLE, yet the distinct contribution of STAT4 

to pathogenesis remained ambiguous (19–21). Here, we identify a potential pathogenic role 

for STAT4 following activation through IFN-I and IL-12 signaling in Tfh cells, thereby 

maintaining their IL-21 and IFN-γ production in lupus. Collectively, our findings solidify 

the STAT4 pathway as a target for the development of a successful therapeutic strategy in 

SLE.
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Figure 1. 
Temporal formation of Tfh and Th1 cells during different stages of disease. Spleens were 

harvested from either B6.Sle1.Yaa at 2, 4, and 7 months of age or control 2 months of age 

wild type B6 mice. (A) Representative flow cytometry plots of Ly6chiPSGL-1hi Th1 cells 

from B6.Sle1.Yaa mice with percentages and numbers of cells (bottom left and right, 

respectively) (B) Representative flow cytometry plots of CXCR5hiPD-1hi Tfh cells from 

B6.Sle1.Yaa mice with percentages and numbers cells (bottom left and right, respectively). 

(C) Anti-Chromatin IgG (left), and Anti-IgG antibodies (right) in sera of mice B6.Sle1.Yaa 
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at 2, 4, and 7 months of age, with a dashed line representing the average O.D. from 6-month-

old wild type B6 mice. (D) Intracellular IL-21 and IFN-γ staining in Tfh cells (top) and Th1 

cells (bottom) with percentages (right) of cytokine-positive cells. Cytokine positive cells 

gates were based on unstimulated Tfh cells (top right). Data are representative of 3 

experiments with 3–5 mice per group. ***p < 0.001; **p < 0.01; *p < 0.05 by Student’s t-
test. Error bars represent SEM.
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Figure 2. 
Temporal expression of T-bet and Bcl6 in Tfh cells in lupus-prone mice. Spleens were 

harvested from either B6.Sle1.Yaa at 2, 4, and 7 months of age. (A) Representative flow 

cytometry plots of intracellular Bcl6 and T-bet in splenic Ly6cloPSGL-1loCXCR5hiPD-1hi 

Tfh cells, with bar graphs that summarize the quantified geometric mean fluorescence 

intensity of staining (MFI) of Bcl6 (left) or T-bet (right). Data are representative of 3 

experiments with 3–5 mice per group. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05 

by Student’s t-test. Error bars represent SEM.
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Figure 3. 
Characterization of GC B cells during the progression of disease. Spleens were harvested 

from B6.Sle1.Yaa at 2, 4, and 7 months of age or control 2 months of age wild type B6 mice. 

(A) Representative flow cytometry plots of CD4-B220+IgDloCD95hiGL-7hi GC B cells at 

each time point with cell percentages (right). (B) Splenic B cell follicles of B6.Sle1.Yaa 
mice stained with anti-IgD (green), anti-CD4 (blue) and PNA (magenta), with GC sizes 

quantified (top right) and the numbers of T cells per GC size (bottom right). (C) 

Representative flow cytometry plots of dark zone (CD86-CXCR4+) and light zone 
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(CD86+CXCR4-) GC B cells gated on CD4-B220+IgDloCD95hiGL-7hi GC B cells, with cell 

percentages and numbers (right). Data are representative of 3 experiments with 3–5 mice per 

group. ***p < 0.001; *p < 0.05 by Student’s t-test. Error bars represent SEM.
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Figure 4. 
Evolving transcriptional profile of Tfh cells during the progression of disease. Spleens were 

harvested from B6.Sle1.Yaa at 2, 4, and 7 months of age or from LCMV infected mice 8 

days post infection. (A) Heat map of normalized hit counts for differentially expressed genes 

at 7 or 2 months (rows) in Tfh cells (columns). (B) Venn diagram of differentially expressed 

genes comparing Tfh cells from 2, 4, and 7 months of age mice to 2-month naïve control. 

(C) Heatmap of selected T cell-related genes. * FDR-adjusted q < 0.05 comparing Tfh cells 

at 7 months or 2 months. (D) Venn diagram comparing differentially expressed genes of Tfh 
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cells from 2, 4, and 7 months of age mice to Tfh cells from Day 8 LCMV. (E) Enrichment 

pathways analysis of the upregulated genes in Tfh cells at 7 months to 2 months, with the 

top four pathways listed, including the enrichment p value. (F) GSEA revealed a significant 

enrichment in Stat4-dependent genes at 7-Mo vs. 2-Mo in Tfh cells. Number in top-right 

corner is the enrichment score. Data are representative of 2 replicates with 3 mice per group.
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Figure 5. 
IFN-I regulates Tfh cell-IL-21 and IFN-γ production in lupus. Spleens were harvested from 

B6.Sle1.Yaa mice at 2 and 7 months of age. (A) Splenocytes were stimulated with IL-12 or 

IFN-I. Representative flow histogram of pSTAT4 in Tfh cells was determined by 

intracellular staining (dashed line represents unstimulated control). (B) Representative flow 

cytometry plots of IFNAR1 on Tfh cells from B6.Sle1.Yaa mice with the MFI of IFNAR1 

(right). (C) Splenocytes from 5-month B6.Sle1.Yaa mice treated twice a week for 4 weeks 

with either anti-IFNAR1 (375ug) or anti-rat IgG (1mg/mL). Representative flow cytometry 
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plots of CXCR5hiPD-1hi Tfh cells from treated B6.Sle1.Yaa mice with percentages and 

numbers cells (bottom left and right, respectively). (D) Representative flow cytometry plots 

of intracellular IL-21 and IFN-γ staining in Tfh cells (top) with percentages of (bottom) of 

cytokine positive cells. Gates were based on unstimulated Tfh cells (top right). (E) Assay for 

transposase-accessible chromatin using sequencing (ATAC-seq) for Il21 and Ifng loci. (F) 

Anti-chromatin (left), anti-dsDNA antibodies (right), and (G) total Ig from sera of pre and 

post-treated mice. Data are representative of 2 experiments with 3–5 mice per group. **p < 

0.01; *p < 0.05 by Student’s t-test. Error bars represent SEM.
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Figure 6. 
Activation of STAT4 is correlated with increased disease activity. Isolated mononuclear cells 

from the peripheral blood from SLE patients or healthy controls were rested in 10% 

complete DMEM solution overnight, then stimulated by IL-12 of IFN-β. (A) Representative 

gating strategy to identify memory T cells or Tfh-like cells. (B) Intracellular IL-21 and IFN-

γ staining in Tfh-like cells from an SLE patient. (C) Representative flow histogram of 

pSTAT4 from cells stimulated with either IFN-β (top) or IL-12 (bottom), graphs 

summarizing the ratio of MFI of stimulated pSTAT4 in Tfh-like (left), memory T (middle) or 

activated CXCR5- cells (right) to their unstimulated pSTAT4 MFI for each individual 

sample. (D) Linear regression analysis of the pSTAT4/unstimulated ratio in SLE patients 

compared to their disease activity measured by SLEDAI. Data are representative of 27 SLE 

and 19 HC, *p < 0.05 by Mann-Whitney. Error bars represent SEM. Pearson R =0.182, 

P=0.033
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