
Intrinsic STAT4 expression controls effector CD4 T cell migration 
and Th17 pathogenicity

Ashlyn A. Buzzelli*, Ian L. McWilliams*, Boyoung Shin*, Morgan T. Bryars*, Laurie E. 
Harrington*

* Departments of Cell, Developmental, and Integrative Biology, University of Alabama at 
Birmingham. Birmingham, AL 35294

Abstract

Effector CD4 T cells are central to the development of autoimmune chronic inflammatory 

diseases, yet factors that mediate pathogenicity remain ill-defined. Single nucleotide 

polymorphisms in the human STAT4 locus are associated with susceptibility to multiple 

autoimmune disorders and Stat4 is linked to the pathogenic Th17 gene signature, however Th17 

cells differentiate independently of STAT4. Hence, the interplay between STAT4 and CD4 T cell 

function, especially Th17 cells, during autoimmune disease is unclear. Herein, we demonstrate 

that CD4 T cell intrinsic STAT4 expression is essential for the induction of autoimmune CNS 

inflammation in mice, in part by regulating the migration of CD4 T cells to the inflamed 

CNS. Moreover, unbiased transcriptional profiling revealed that STAT4 controls the expression 

of >200 genes in Th17 cells and is important for the upregulation of genes associated with 

IL-23 stimulated, pathogenic Th17 cells. Importantly, we show that Th17 cells specifically require 

STAT4 to evoke autoimmune inflammation highlighting a novel function for STAT4 in Th17 

pathogenicity.
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Introduction

CD4 T cells are implicated in the etiology of a number of autoimmune diseases, 

including Multiple Sclerosis (MS), Rheumatoid Arthritis, and Inflammatory Bowel Disease, 

yet the underlying mechanisms that potentiate T cell-mediated chronic inflammatory 

diseases remain ill-defined (1–7). Single nucleotide polymorphisms in the human STAT4 
locus are associated with susceptibility to multiple autoimmune disorders, including 

Multiple Sclerosis (MS) (8), and STAT4 is required for the induction of T cell mediated 

autoimmunity in animal models, including the mouse model of MS, experimental 
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autoimmune encephalomyelitis (EAE) (9–11). IL-12 signaling in CD4 T cells via STAT4 

promotes IFNγ production and Th1 differentiation (12–14), however for the induction 

of EAE neither IL-12 nor IFNγ are obligatory (15–19), indicating that STAT4 functions 

outside the Th1 lineage to elicit autoimmune inflammation. Therefore, understanding what 

cell types utilize STAT4 to mediate autoimmunity and how STAT4 directs pathogenicity in 

these cells is vital for devising new therapeutic interventions for MS and other autoimmune 

disorders.

Th17 effector CD4 T cells differentiate in response to TGFβ1 and IL-6 signaling, are 

dependent on the transcription factors RORγt and STAT3, and produce IL-17A, IL-17F, 

as well as other inflammatory cytokines (20–27). Studies using the EAE model have 

established that Th17 cells are critical for the induction of CNS inflammatory disease. 

Importantly, in the absence of IL-23 signaling, Th17 cells are deemed non-pathogenic 

and do not induce autoimmune inflammation, whereas exposure of Th17 cells to IL-23 

promotes the acquisition of a pathogenic phenotype as exhibited by the ability to induce 

EAE in mice (28–32). The gain of pathogenic properties is associated with a unique 

transcriptional signature, however the exact mechanisms by which Th17 cells function 

to elicit autoimmune chronic inflammation are not fully resolved. Elucidating additional 

mechanisms that distinguish between pathogenic and non-pathogenic Th17 cells is vital to 

create therapeutic options for patients with autoimmune diseases.

Recent studies assessing pathogenic Th17 CD4 T cells during MS/EAE highlight an 

unexpected association with the transcription factor STAT4, which is a prototypic Th1 

transcription factor (12, 13, 30, 33, 34). Notably, while IL-17A producing Th17 CD4 T cells 

develop independently of STAT4, the contribution of STAT4 to Th17 pathogenicity has not 

been established (21, 26). Therefore, we interrogated the importance of STAT4 to CD4 T 

cell mediated encephalogenicity, with a focus on the Th17 lineage. We find that STAT4 

regulates multiple aspects of the CD4 T cell response during autoimmune inflammation, 

including the striking observation that STAT4 controls the migration of effector CD4 T 

cells to the inflamed CNS. Importantly, we show that IL-23-mediated CNS inflammation 

is dependent of CD4 T cell expression of STAT4 and that Th17 cells require STAT4 

to induce EAE. Transcriptional profiling experiments revealed that STAT4 regulates the 

expression of numerous genes in Th17 cells that are associated with pathogenicity, however 

we find that Il17a mRNA and IL-17A protein are not controlled by STAT4, highlighting 

the function of STAT4 in Th17 cells is independent of IL-17A. These data highlight 

previously unrecognized, novel functions for STAT4 in mediating CD4 T cell autoimmune 

inflammation.

Materials and Methods

Mice.

The following mice were purchased from Jackson Laboratory: C57BL/6J, B6.SJL-

Ptprca Pep3b/BoyJ (WT CD45.1), C57BL/6-Il17aTm1Bcgen/J (WT IL17A-IRES-GFP-KI), 

Il17atm1.1(icre)Stck/J (Il17acre), B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J (ROSA26-YFPfl/fl), 

and B6.Cg-Tg(Lck-icre)3779Nik/J (dLCK). B6.STAT4fl/fl mice were made by the Heflin 

Center for Genomic Sciences at The University of Alabama at Birmingham (see below). 
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B6.STAT4−/− (STAT4−/−) mice were generously provided by Dr. Mark Kaplan (13). 

B6.IFNγ−/− mice were generously provided by Dr. Frances Lund at The University 

of Alabama at Birmingham. Mice were maintained and procedures approved by the 

Institutional Animal Care and Use Committee at the University of Alabama at Birmingham.

Generation of mice with Stat4 flox allele.

STAT4 Flox CRISPR/sgRNA design and synthesis: CRISPR guides were designed 

using CRISPOR (crispor.tefor.org) to intron 5 and 6 of the Stat4 locus: 5’ G1: 5’-

CTAATCACAACTCCACTTAC-3’; 3’ G1 5’-TAGGGGTGCACATGTTGCAG-3’. Modified 

synthetic sgRNAs (Synthego, Inc.) were allowed to complex with Alt-R® S.p. Cas9 

Nuclease V3 (IDT, Inc.) at room temperature for 15 minutes before addition of the repair 

template (IDT, Inc.) and dilution with microinjection buffer to a final concentration of 50 

ng/ul each of guide 1, guide 2, Cas9, and repair template, respectively. Gonadotropins: 

Female C57B6J embryo donors from 3–4 weeks of age were administered 5 IU of PMSG 

(Sigma, St. Louis, MO, USA) on day −3 followed by 5 IU of HCG (Sigma, St. Louis, 

MO, USA) on day −1 to induce superovulation. Donor and recipient females were mated 

to stud and vasectomized males, respectively, on day −1. Collection of embryos: At day 

0.5 post-conception, superovulated donor females with copulatory plugs were humanely 

sacrificed using CO2 followed by cervical dislocation. Oviducts were dissected into with 

sterile medium and nicked to expose the cumulus masses containing fertilized embryos. 

Embryos were cultured in KSOM (Millipore, Darmstadt, Germany) under 5% blood-gas 

prior to electroporation. Identification of founders: Founder animals were identified by PCR 

using primers flanking the target loci that amplified an 851 bp fragment in wild type animals 

(F1: 5’-ACTAGTACAGAGGGCAGCAGA-3’; R1: 5’-GCAATTACATGCACGTGCCA-3’). 

PCR samples were run on 6% polyacrylamide/TBE gels at 100 V for 45 minutes before 

staining with ethidium bromide. Positive samples were confirmed by modified Sanger 

sequencing.

EAE induction and clinical scoring.

EAE was induced and scored as previously described: classical EAE disease was scored as 

published (10), and atypical EAE disease was scored as published (35). Mice that reached a 

score of 4 were humanely euthanized. Scores were discontinued in the graph.

Littermate WT controls for Figure 1 were either STAT4WT/Flox mice or mice negative for the 

dLCKcre transgene. Similarly, WT littermate controls for Figure 4 were either STAT4WT/

Flox or mice negative for the Il17a-cre transgene.

Th17 passive transfer EAE.

Ten days post EAE induction, spleen cells were cultured for 3 days under Th17 polarizing 

conditions as previously described (36). Following culture, live CD4 T cells were isolated 

by centrifugation over Histopaque 1083 (Sigma) followed by Dynabeads FlowComp Mouse 

CD4 kit (Invitrogen). For bulk CD4 transfer, 2×106 cells were injected intraperitoneally into 

B6 (C57Bl/6 or B6.SJL-Ptprca Pep3b/BoyJ) mice. For IL-17aGFP+ cell transfer, following 

CD4 purification, GFP+ CD4 T cells were sorted using Aria II and 5×105 cells were injected 

intraperitoneally into B6 (C57Bl/6 or B6.SJL-Ptprca Pep3b/BoyJ) recipient mice.
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Mixed bone marrow chimeric mice generation.

Mixed bone marrow chimeric mice were generated as previously described (10, 18). 

B6.Rag1−/− mice were lethally irradiated and reconstituted with a 1:1 ratio of CD45.1 WT 

and CD45.2 WT or STAT4−/− bone marrow (WT:WT and WT:STAT4−/− respectively). Ten 

weeks following reconstitution, mice were immunized for EAE.

Surface and intracellular staining.

Cell surface and intracellular staining was performed as described previously (10, 

18). A viability dye (Life Technologies, Aqua) was applied to exclude dead cells. 

Intracellular staining was performed following restimulation with 50ng/ml PMA (Sigma) 

and 750ng/ml ionomycin (Calbiochem) and BFA for 4 hours using either the eBioscience 

Fixation/Permeabilization Diluent (eBioscience) or the Cytofix/Cytoperm plus Fixation/

Permeablization kit (BD Biosciences) according to the manufacturer’s instructions.

Ex vivo stimulation and phosflow staining.

Single cell suspensions of pooled brain and spinal cord lymphocytes were incubated for 

30 minutes in the presence of media only or 10ng/ml rmIL-23. Phosflow staining was 

performed using anti-pSTAT3 (Cell Signaling) and the BD Phosflow kit (BD Biosciences), 

according to the manufacturer’s instructions.

cDNA synthesis and real-time PCR.

cDNA synthesis and real-time PCR was described previously (37). Relative gene 

expression was calculated according to the ΔΔ threshold cycle (Ct) method by utilizing 

β2-microglobulin as a housekeeping gene.

RNA purification, RNA sequencing, and analysis for RNA sequencing.

Ten days post EAE induction, splenocytes were cultured for 3 days under Th17 polarizing 

conditions as previously described (10, 38). Following culture, live cells were isolated 

by centrifugation over Histopaque 1083 (Sigma), and CD4 T cells were isolated using 

Dynabeads FlowComp Mouse CD4 kit (Invitrogen).

RNA isolation, sequencing, and alignment was completed as described previously (37). 

RNA was isolated from WT and STAT4−/− CD4 cells using the RNeasy Plus Mini 

Kit (Qiagen) according to the manufacturer’s protocols and submitted to GENEWIZ for 

sequencing. Total RNA was sequenced on illumine HiSeq 2500 (2 × 100 base pair, single-

end reads) and aligned using mouse mm10 reference genome. The GI tools software along 

with DESeq2 software was used for differential expression analysis. RNA sequencing 

data have been deposited in the Gene Expression Omnibus (GEO) Repository (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE227049).

For gene set enrichment analysis (GSEA), RNA sequencing data was pre-ranked according 

to an adjusted p value and the sign of differential expression. The normalized enrichment 

score (NES), nominal p value, and false detection rate (FDR) q-value were assessed 

using GSEA software from Broad Institute by running in pre-ranked list mode with 

1,000 permutations. To perform GSEA with pathogenic Th17 cell gene signature (TGF 
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β+IL-6±IL-23), the microarray data (GSE43955) was used. GraphPad prism 9 was used to 

generate volcano plot.

In vitro Th1/Th17 differentiation.

In vitro Th1 and Th17 differentiation was completed as described previously (39). Naïve 

CD4 T cells were isolated from spleen and lymph nodes with the EasySep Mouse Naïve 

CD4+ T Cell Isolation Kit (StemCell Technologies) according to the manufacturer’s 

instructions. For Th1 conditions, cultures were supplemented with IL-12 (10ng/mL; 

Peprotech) and αIL-4 (10 mg/ml; Bio X Cell). For Th17 conditions, cultures were 

supplemented with rmIL-6 (20 ng/ml; Biolegend), rhTGFb1 (2.5 ng/ml; Peprotech), anti-

IL-4 (10 mg/ml; BioXCell, 11B11), and anti-IFNγ (10 mg/ml; BioXCell, XMG1.2).

ELISA.

Supernatants were removed from undisturbed Th1 cell cultures on day 3. IFNγ ELISA 

(eBioscience) was completed according to the manufacturers protocol.

Results

Generation of T cell specific STAT4 deficient mice

STAT4 regulates effector CD4 T cell differentiation and function and is required for the 

induction of CNS demyelination in mice (9–11), nevertheless the role T cell intrinsic STAT4 

in the disease pathogenesis remains elusive. To determine if T cell intrinsic STAT4 is 

necessary for EAE, we established T cell specific STAT4 deficient mice by breeding newly 

generated mice that harbor a floxed Stat4 allele with mice carrying the distal Lck (dLck) 

cre recombinase transgene (STAT4ΔdLck), which is known to delete in mature T cells (40). 

We verified the phenotype of newly developed STAT4ΔdLck mice in vitro by comparing the 

expression and function of CD4 T cells derived from these mice with wild-type (WT) and 

global STAT4 deficient (STAT4−/−) mice. First, naïve CD4 T cells from the different strains 

of mice were analyzed directly ex vivo for Stat4 mRNA levels by real-time PCR, and we 

did not detect a significant difference in the Stat4 mRNA levels between the STAT4−/− 

and STAT4ΔdLck CD4 T cells (Fig. 1A). Because STAT4 is activated and necessary during 

Th1 differentiation (12–14), we stimulated naïve CD4 T cells from the WT, STAT4−/−, 

and STAT4ΔdLck mice under Th1 conditions for three days. As expected, the WT Th1 

CD4 T cells exhibited robust pSTAT4 staining whereas the STAT4−/− and STAT4ΔdLck 

CD4 T cells displayed negligible pSTAT4 staining (Fig. 1B–C). In addition, the production 

of the STAT4-dependent cytokine IFNγ by CD4 T cells was markedly reduced in the 

STAT4ΔdLck CD4 T cells compared to the WT cells (Fig. 1D–G). It is worth noting that the 

STAT4ΔdLck CD4 T cells did harbor a low level of pSTAT4 and IFNγ production after Th1 

differentiation, likely due to incomplete cre deletion by the dLck transgene.

The development of EAE is associated with Th17 cells, and previous studies have shown 

that STAT4 is dispensable for the development of Th17 cells (10, 21, 26). Therefore, it was 

necessary to test the ability of STAT4ΔdLck CD4 T cells to differentiate into Th17 cells. We 

isolated naïve WT, STAT4−/−, and STAT4ΔdLck CD4 T cells and cultured these cells for 

three days under Th17 conditions. Consistent with published reports (10, 21, 26), there was 
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no difference in the production of IL-17A between WT and STAT4−/− CD4 T cells after 

Th17 differentiation, and the levels of IL-17A production by the STAT4ΔdLck CD4 T cells 

were comparable (Fig. 1H–I). Together, these experiments demonstrate that the CD4 T cells 

in the STAT4ΔdLck mice lack functional STAT4.

T cell intrinsic STAT4 is required for EAE

Confident that the STAT4ΔdLck mice lack functional STAT4 in mature CD4 T cells, we set 

out to test the requirement of T cell intrinsic STAT4 for the induction of EAE. To do this, we 

immunized WT and STAT4ΔdLck mice with MOG35–55 peptide to induce EAE. As expected, 

the WT mice exhibited EAE symptoms, however the STAT4ΔdLck mice did not show signs 

of disease (Fig. 2A). While these data do not rule out a role for STAT4 in non-T cells 

during EAE, it demonstrates T cell expression of STAT4 is indispensable to mediate CNS 

demyelination.

To assess the impact of intrinsic STAT4 deficiency on effector CD4 T cells during EAE, 

we analyzed the functional capacity of the brain and spinal cord infiltrating cells. Strikingly, 

in the absence of STAT4, the frequency and number of CD4 T cells in the spinal cord 

were significantly decreased (Fig. 2B–C). Functional cytokine analysis showed that the 

percentage of CD4 T cells in the brain and spinal cord producing IFNγ only or both IFNγ 
and IL-17A was reliant on STAT4, whereas the requirement for IL-17A production was less 

stringent (Fig. 2D–G), and this is consistent with previous reports utilizing global STAT4 

deficient mice (9, 10). These data, combined with the diminished CD4 T cell recovery from 

the CNS, translated into significant reductions the absolute numbers of IFNγ+, IL-17A+ and 

IFNγ+IL-17A+ CD4 T cells in the spinal cords of the STAT4ΔdLck mice, and similar trends 

were also observed in the cells recovered from the brains (Fig. 2D–G). Taken together, these 

experiments reveal that STAT4 not only instructs the functional properties of CD4 T cells 

but potentially impacts the ability of these cells to migrate to the CNS.

STAT4 functions to control effector CD4 T cell migration to the inflamed CNS.

Since differences in the inflammatory environment can influence the access of CD4 T 

cells to the CNS during EAE, we utilized mixed (50:50) bone marrow chimeric mice 

to alternatively test the T cell intrinsic role of STAT4 in T cell trafficking to the brain 

and spinal cord in the context of disease. Of note, we have previously published that 

WT:STAT4−/− mixed bone marrow chimeric mice develop EAE to the same extent as 

WT:WT chimeric mice (10), providing a system to study the role of CD4 T cell intrinsic 

STAT4 expression during active CNS inflammation. In the control WT:WT group, at the 

peak of EAE disease severity (day 17), the frequency of CD45.2+ CD4 T cells recovered 

from the brain and spinal cord was similar to the frequency detected in the spleen (Fig. 3A–

B). However, in the experimental cohort, there was a significant reduction in the frequency 

of CD45.2+ STAT4−/− CD4 T cells in both the brain and spinal cord compared to the spleen 

at this timepoint. To test if the reduced accumulation of CD4 T cells in the CNS was due to a 

defect in cellular migration, we analyzed CD4 T cells in the brain and spinal cord at disease 

onset (day 11), a timepoint reflective of early T cell recruitment. There was a significant 

reduction in the migration efficiency of STAT4−/− CD4 T cells in the brain and spinal cord 

compared to WT CD4 T cells when normalized to the spleen at the initiation of disease (Fig. 
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3B), which is consistent with a role for STAT4 in entry of CD4 T cells into the inflamed 

CNS. Together, these findings highlight a previously unrecognized function of STAT4 in 

directing the migration of effector CD4 T cells to the sites of inflammation during EAE.

Interestingly, CD4 T cells which lack the ability to signal via the IL-23 receptor complex 

(IL-23R−/− or IL-12Rβ1−/− CD4 T cells) also exhibit a defect in CNS accumulation (28, 

41, 42). However, IL-23 is published to support CD4 T cell proliferation in the CNS, not 

migration to the site; the defect in CNS accumulation of IL-23R−/− CD4 T cells was not 

present at the onset of disease but at the peak (42), which is distinct from the phenotype 

observed with STAT4−/− CD4 T cells. Nevertheless, we further probed the potential link 

between the IL-23 pathway and STAT4 in CD4 T cells during EAE using mixed bone 

marrow chimeric mice. Unlike IL-23R−/− CD4 T cells, CD4 T cells devoid of STAT4 

expression did not exhibit reduced proliferation at the peak of disease as evidenced by Ki-67 

staining (Fig. 3C–D). Moreover, IL-23 induction of STAT3 phosphorylation was unaffected 

by the lack of STAT4 in CD4 T cells (Fig. 3E–F). Together, these data indicate that notable 

downstream actions of IL-23 signaling are intact in the absence of STAT4 and that STAT4 

modulates the accumulation of CD4 T cells in the inflamed CNS via a mechanism distinct 

from proliferation, potentially by promoting cell migration.

STAT4 is required for IL-23-mediated EAE by Th17 cells

IL-23 is a key pathogenic cytokine during EAE and is critical for the induction of 

pathogenic Th17 cells (28, 30, 33, 42). Upon IL-23 signaling, activated STAT3 dimerizes 

and translocates to the nucleus where it initiates transcription, and we demonstrate above 

that this signaling conduit is intact in the absence of STAT4. However it has been illustrated 

that IL-23 can also induce the phosphorylation of STAT4 (34, 43), potentially linking 

the IL-23 and STAT4 pathways. Hence, we hypothesized that STAT4 is critical for IL-23 

mediated autoimmunity. Using a passive transfer model of EAE to test this, we find that 

transfer of IL-23-stimulated WT CD4 T cells elicited EAE whereas STAT4−/− CD4 T cells 

cultured in the presence of IL-23 did not induce disease (Fig. 4A). This is associated with a 

significant decrease in the number of donor STAT4−/− cells recovered from both the brain 

and spinal cord of recipient mice (Fig. 4B–D). Importantly, the donor WT and STAT4−/− 

CD4 T cells did not differ in proliferation during the in vitro culture (Fig. S1A), and there 

were equivalent numbers of both donor WT and STAT4−/− cells recovered in the spleen 

(Fig. 4C–D), indicating the migratory phenotype observed in the CNS is irrespective of cell 

proliferation and survival. Prior to transfer, the production of IL-17A or IFNγ was similar 

between the two genotypes (Fig. S1B–C), however after transfer, significant differences in 

the number of recovered donor WT and STAT4−/− cells producing the pro-inflammatory 

cytokines IL-17A and IFNγ were detected (Fig. 4E–H). In the recipient mice, the WT CD4 

T cells predominantly produced IFNγ and minimal IL-17A, whereas STAT4−/− CD4 T cells 

produced high amounts of IL-17A and less IFNγ. Since production of IFNγ was one of the 

key differences in the donor cells, we performed the same experiment with IL-23-stimulated 

IFNγ−/− CD4 T cells. These cells did mediate EAE, indicating that IFNγ is dispensable for 

disease (Fig. S1D–F) and revealing that STAT4 functions independently of IFNγ to promote 

neuroinflammation.
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STAT4 influences Th17 pathogenic genes and is required for IL-17A+ CD4 T cells to drive 
neuroinflammation.

To decipher the mechanistic role of STAT4 on Th17 cell pathogenicity, we performed 

RNA sequencing on CD4 T cells extracted from EAE immunized WT and STAT4−/− 

mice that were subsequently cultured under Th17 conditions. We found that STAT4 

significantly influenced the expression of >200 genes, and importantly, expression of the 

Th17 lineage genes Rorc, Stat3, Il22 and Il17a were not negatively impacted by STAT4 

deficiency (Fig. 5A). We scrutinized this RNA sequencing data set for the expression of 

genes previously published to be associated with pathogenic and non-pathogenic Th17 

cells by gene set enrichment analysis (GSEA). As expected, we show that WT EAE-Th17 

cells were positively associated with genes upregulated in pathogenic, IL-23 stimulated 

Th17 cells (Fig. 5B) (32). In striking contrast, we find that the STAT4−/− EAE-Th17 

cells were enriched for genes downregulated under these conditions (Fig. 5B). These data, 

together with the in vivo EAE experiments, indicate that STAT4 controls IL-23 mediated 

inflammation in part by regulating the balance between pathogenic and non-pathogenic 

Th17 cells.

IL-23 imprints pathogenic properties to Th17 cells, yet the above adoptive transfer 

experiments involved a heterogeneous population of IL-17A+ and IL-17A- CD4 T cells. 

To test if STAT4 is requisite in IL-17A+ CD4 T cells to elicit neuroinflammation, we 

utilized WT and STAT4−/− IL-17A-GFP knock-in reporter mice in conjunction with the 

IL-23-mediated passive transfer model of EAE. We performed the same IL-23-mediated 

passive transfer EAE model as above, but instead utilized FACS sorted GFP+ (IL-17A+) 

CD4 T cells as the donor population. After transfer, the WT GFP+ (IL-17A+) CD4 T cells 

rapidly induced EAE symptoms in all mice (100%; 11 out of 11), promoting classical EAE 

with ascending paralysis in the majority of the recipient mice (82%; 9 out of 11), while 

evoking ataxia or atypical EAE in almost half of the mice (45%; 5 out of 11) (Fig. 5C). 

In contrast, transfer of an equivalent number of STAT4−/− GFP+ (IL-17A+) CD4 T cells 

did not result in either classical or atypical EAE in the recipient mice (0 out of 10 mice) 

(Fig. 5C). The disparities in disease severity correlate with differences in the donor CD4 

T cell populations after transfer. Consistent with our earlier data, lower numbers of donor 

STAT4−/− CD4 T cells were recovered from the CNS sites compared to the WT donor cells 

(Fig. 5D), again reaffirming a role for STAT4 in Th17 migration. Even though all donor 

cells were IL-17A+ pre-transfer, at the peak of disease the WT CD4 T cells had largely 

extinguished IL-17A production and exhibited robust manufacture of IFNγ (Fig. 5E–H). 

This functional profile was not observed in the donor STAT4−/− cells after transfer, which 

did downregulate IL-17A expression but did not increase IFNγ production to the extent the 

WT CD4 T cells did (Fig. 5E–H). These data further support the observation that STAT4 

influences Th17 and CD4 T cell migration as well as the pro-inflammatory activities and 

demonstrate that STAT4 is essential for IL-23-mediated Th17 disease.

Th17 intrinsic STAT4 expression is critical for CNS demyelinating disease

In the above experiments, STAT4 is deleted in the CD4 T cell prior to T cell receptor 

stimulation, Th17 differentiation, and the initiation of EAE disease. Therefore, we sought 

to determine if STAT4 functions early in CD4 T cells to direct pathogenic potential or 
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after commitment to the Th17 lineage. To test this, we created Th17 specific STAT4 

deficient mice by crossing the STAT4fl/fl mice and the IL-17A-Cre x ROSA26-YFPfl/fl 

fate-mapping mice (STAT4ΔIL17A), and we immunized control and STAT4ΔIL17A mice to 

induce EAE. As expected, the control group of animals developed EAE symptoms, however 

the STAT4ΔIL17A mice displayed significantly lower disease scores (Fig. 6A). This was 

associated with dramatically decreased numbers of CD4 T cells in the brain and spinal cord 

of the STAT4ΔIL17A mice compared to the control mice (Fig. 6B) at the peak of disease. 

While these data do not rule out a role for STAT4 early in the programming of pathogenic 

CD4 T cells, it does show that STAT4 does function after the commitment to the Th17 

lineage to promote disease.

Our earlier data shows that STAT4 is critical for Th1 differentiation and IFNγ production 

by CD4 T cells but does not impact IL-17A production by Th17 cells, hence it was 

necessary to assess how STAT4 deletion in Th17 cells specifically influences functionality. 

The availability of the ROSA26-YFP fate-mapping allele provided us with the opportunity 

to track IL-17A+ CD4 T cells during disease; in both the brains and spinal cords of 

STAT4ΔIL17A mice the frequency and number of YFP+ cells was significantly decreased 

(Fig. 6C–E and Fig. S2A–C). Furthermore, intracellular staining for IFNγ and IL-17A in the 

CNS infiltrating CD4 T cells showed marked reductions in the numbers of IFNγ+, IL-17A+ 

and IFNγ+IL-17A+ CD4 T cells in the STAT4ΔIL17A mice (Fig. 6F–I). Taken together, these 

experiments complement the results obtained with the global and T cell-specific STAT4 

deficient mice and further corroborate a definitive role for STAT4 in Th17 pathogenesis.

Discussion

Herein, we demonstrate that STAT4 functions in IL-23 mediated autoimmunity by 

influencing migration and the pathogenic potential of Th17 cells. Using a novel strain of 

T cell-specific STAT4 deficient mice, we show that T cell intrinsic expression of STAT4 

is required to elicit autoimmune CNS inflammation, and this is in part by regulating the 

migration of CD4 T cells to the CNS. In addition, we employed multiple animal models, 

including STAT4 deficient IL-17A reporter mice and Th17-specific STAT4 deficient mice, 

to illustrate an indispensable role for STAT4 in Th17 mediated disease. Importantly, STAT4 

does not control the differentiation of Th17 cells or the production of IL-17A, but instead 

governs the expression of genes associated with pathogenicity.

One of the major findings from this study is that STAT4 impacts the migration of effector 

CD4 T cells, including Th17 cells, to the inflamed CNS during EAE. The importance 

of T cell trafficking during MS and EAE is exemplified by the successful clinical use 

of Natalizumab, a monoclonal antibody specific for the integrin α4, and Fingolimod, a 

sphingosine 1-phosphate receptor agonist, to treat MS patients (44–47). Interestingly, using 

Th1 versus Th17 mediated adoptive transfer EAE models, Rothhammer et al. demonstrated 

that integrin α4 is necessary for Th1 cells to infiltrate the CNS and mediate disease, but 

that Th17 cells utilize CD11a (Itgal), not integrin α4, to induce EAE (48). We previously 

published that LFA-1 expression by CD4 T cells is not regulated by STAT4 following 

acute viral infection (49), suggesting that STAT4 controls T cell migration via an alternative 

mechanism. Chemokine:chemokine receptor interactions are also known to be important 
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for the recruitment of T cells to inflammatory sites. The chemokine receptor CXCR3 is 

preferentially expressed by Th1 cells, and notably, Ghoreschi et al. published that Cxcr3 
mRNA levels are elevated in IL-23 stimulated, pathogenic Th17 cells that induce EAE (33). 

Nevertheless, the CXCR3 deficient mice do not phenocopy the STAT4−/− mice in regards 

to the EAE disease course (50, 51), thus indicating that this is not the likely pathway by 

which STAT4 regulates CD4 T cell dependent CNS demyelination. Overall, we find that 

STAT4 influences the expression of numerous molecules in Th17 cells, hence we favor 

the hypothesis that STAT4 controls CD4 T cell encephalitogenicity in part by regulating 

a constellation of molecules that function cooperatively to facilitate entrance to the CNS 

during inflammation and demyelinating disease.

STAT4 is an integral component of the Th1 differentiation pathway; IL-12 induced STAT4 

phosphorylation functions to promote the epigenetic remodeling of Th1-associated genes 

and acts to directly activate Ifng gene transcription (13, 52). In the EAE model of CNS 

inflammation, STAT4 is required for disease induction whereas both IL-12 and IFNγ 
signaling are dispensable (9, 15, 28) (53), highlighting a role for STAT4 independent of 

the classic Th1 lineage. While the role of Tbet, the Th1 master transcription factor, in the 

development of EAE is debatable, our laboratory does not find an essential role for Tbet in 

EAE (38, 54–56). Additionally, we published that Tbet is not important for the migration of 

CD4 T cells to the inflamed CNS during EAE, using the same mixed bone marrow chimera 

approach employed in this study (38). Together, these findings describe a novel function for 

STAT4 in promoting effector CD4 T cell encephalitogenicity, unique to its function in Th1 

differentiation and IFNγ production.

Published studies have documented an essential role for the cytokine GM-CSF in the 

development of EAE (57–59). Both Th1 and Th17 effector CD4 T cell lineages produce 

GM-CSF and the encephalitogenicity of both cell types is dependent on GM-CSF. El-Behi et 

al, showed that adoptive transfer of Csf2−/− Th1 cells or Th17 cells was not able to induce 

EAE in recipient mice, even though production of the lineage signature cytokines IFNγ 
and IL-17A, respectively, was not corrupted (58). Moreover, Codarri et al, published that 

adoptive transfer of lymphocytes from Ifng−/−Il17a−/− mice induced EAE in WT recipient 

mice, and this correlated with GM-CSF production by CD4 T cells (57). Interestingly, IL-23 

stimulation was important for the upregulation of GM-CSF in CD4 T cells (57, 58), and 

in this study we show that STAT4 is required for IL-23 mediated EAE. Importantly, we 

previously reported that GM-CSF production by effector CD4 T cells during EAE, including 

Th17 cells, is dependent on STAT4; STAT4-deficient CD4 T cells secreted lower levels of 

GM-CSF and STAT4 directly bound to the Csf2 promoter (10). Taken together, these data 

are consistent with the data presented herein that STAT4-deficient Th17 cells are able to 

produce ample amounts of IL-17A yet not cause demyelination in IL-23 mediated CNS 

inflammation.

Consistent with a Th1-independent function for STAT4, we demonstrate in this study a vital 

role for STAT4 in IL-23 dependent, Th17-mediated EAE. IL-23 signaling is essential for the 

development of EAE in mice and members of the IL-23 pathway are associated with MS 

susceptibility (28, 29, 42). Early findings documenting the discovery of IL-23 indicated that 

this cytokine not only induced by the phosphorylation of STAT3, but that it also activated 
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STAT4 (60). Moreover, a recent study by Lee et al, detailed the induction of STAT3/STAT4 

heterodimers by IL-23 in CD4 T cells if the cells were previously primed in the presence 

of certain inflammatory cytokines or antigen presenting cell populations (34). This link 

between IL-23 and STAT4 is further supported by the data in this study as well as others, 

which show that IL-23R deficient and STAT4 deficient CD4 T cells both exhibit a defect 

in accumulation in the inflamed CNS (42). However, we observed that STAT4 was essential 

for the early recruitment of CD4 T cells to the CNS and it did not impact proliferation 

or survival, whereas the impaired accumulation of IL-23R deficient CD4 T cells in the 

inflamed CNS is the result of reduced cellular proliferation. These data beg to question 

if there are differences in IL-23 signals dependent on STAT3:STAT3 homodimers versus 

STAT3:STAT4 heterodimers. To this end, Poholek et al, published that deletion of STAT3 

in Th17 cells abrogated EAE disease, and many of the IL-23 dependent cell cycle genes 

in CD4 T cells were similarly affected (61). Strikingly though, certain genes previously 

identified to be regulated by IL-23 were not affected by STAT3 deficiency, highlighting 

the possibility that distinct IL-23 functions are mediated by distinct signaling modalities, 

potentially involving STAT4.

In conclusion, in this study we document novel functions for STAT4 in IL-23 mediated 

autoimmune disease. We demonstrate that STAT4 directs the migration of effector CD4 T 

cells into the inflamed CNS during EAE. We also show that Th17 intrinsic expression of 

STAT4 is required for the encephalitogenic capacity of the cells during CNS demyelination, 

in part by controlling the expression of the Th17 pathogenic gene signature. These data, 

together with previous work from others as well as our group, highlight that STAT4 

operates at multiple levels in effector CD4 T cells to regulate autoimmune disease (10–12, 

30, 34, 43, 62). Further understanding of the mechanisms by which STAT4 coordinates 

pathogenic gene expression in Th17 cells and other effector CD4 T cell populations will 

yield therapeutic options for individuals with chronic inflammation and autoimmunity, 

including MS, Rheumatoid Arthritis, and Inflammatory Bowel Disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We wish to thank the other members of the Harrington and Zajac laboratories for the thoughtful critiques and 
helpful input in the preparation of this manuscript. We also wish to thank Dr. Mark Kaplan for providing the 
B6.STAT4−/− mice and the UAB Heflin Genomics Core Facility for the generation of mice with a floxed Stat4 
allele.

Funding

This study was supported by funding from the National Institutes of Health R01 DK084082 and R01 AI113007 
(L.E.H.), T32 AI07051 (I.L.M.), T32 AR069516 and The Tanner Foundation (A.A.B.), American Heart Association 
grant 16PRE29650004 (B.S.), and funding from the National Multiple Sclerosis Society RG-5116-A-3 (L.E.H.).

Buzzelli et al. Page 11

J Immunol. Author manuscript; available in PMC 2024 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner HL, Kuchroo VK. 2006. 
Reciprocal developmental pathways for the generation of pathogenic effector TH17 and regulatory 
T cells. Nature 441: 235–8

2. Galvez J 2014. Role of Th17 Cells in the Pathogenesis of Human IBD. ISRN Inflamm 2014: 928461

3. Kaskow BJ, Baecher-Allan C. 2018. Effector T Cells in Multiple Sclerosis. Cold Spring Harb 
Perspect Med 8

4. Moser T, Akgun K, Proschmann U, Sellner J, Ziemssen T. 2020. The role of TH17 cells in multiple 
sclerosis: Therapeutic implications. Autoimmun Rev 19: 102647

5. Pierson E, Simmons SB, Castelli L, Goverman JM. 2012. Mechanisms regulating regional 
localization of inflammation during CNS autoimmunity. Immunol Rev 248: 205–15

6. Yan JB, Luo MM, Chen ZY, He BH. 2020. The Function and Role of the Th17/Treg Cell Balance in 
Inflammatory Bowel Disease. J Immunol Res 2020: 8813558

7. Yang P, Qian FY, Zhang MF, Xu AL, Wang X, Jiang BP, Zhou LL. 2019. Th17 cell pathogenicity 
and plasticity in rheumatoid arthritis. J Leukoc Biol 106: 1233–40

8. International Multiple Sclerosis Genetics C, Beecham AH, Patsopoulos NA, Xifara DK, Davis MF, 
et al. 2013. Analysis of immune-related loci identifies 48 new susceptibility variants for multiple 
sclerosis. Nat Genet 45: 1353–60

9. Chitnis T, Najafian N, Benou C, Salama AD, Grusby MJ, Sayegh MH, Khoury SJ. 2001. 
Effect of targeted disruption of STAT4 and STAT6 on the induction of experimental autoimmune 
encephalomyelitis. J Clin Invest 108: 739–47

10. McWilliams IL, Rajbhandari R, Nozell S, Benveniste E, Harrington LE. 2015. STAT4 controls 
GM-CSF production by both Th1 and Th17 cells during EAE. J Neuroinflammation 12: 128

11. Mo C, Chearwae W, O’Malley JT, Adams SM, Kanakasabai S, Walline CC, Stritesky GL, Good 
SR, Perumal NB, Kaplan MH, Bright JJ. 2008. Stat4 isoforms differentially regulate inflammation 
and demyelination in experimental allergic encephalomyelitis. J Immunol 181: 5681–90

12. Good SR, Thieu VT, Mathur AN, Yu Q, Stritesky GL, Yeh N, O’Malley JT, Perumal NB, 
Kaplan MH. 2009. Temporal induction pattern of STAT4 target genes defines potential for Th1 
lineage-specific programming. J Immunol 183: 3839–47

13. Kaplan MH, Sun YL, Hoey T, Grusby MJ. 1996. Impaired IL-12 responses and enhanced 
development of Th2 cells in Stat4-deficient mice. Nature 382: 174–7

14. Trinchieri G 2003. Interleukin-12 and the regulation of innate resistance and adaptive immunity. 
Nat Rev Immunol 3: 133–46

15. Ferber IA, Brocke S, Taylor-Edwards C, Ridgway W, Dinisco C, Steinman L, Dalton D, Fathman 
CG. 1996. Mice with a disrupted IFN-gamma gene are susceptible to the induction of experimental 
autoimmune encephalomyelitis (EAE). J Immunol 156: 5–7

16. Gran B, Zhang GX, Yu S, Li J, Chen XH, Ventura ES, Kamoun M, Rostami A. 2002. 
IL-12p35-deficient mice are susceptible to experimental autoimmune encephalomyelitis: evidence 
for redundancy in the IL-12 system in the induction of central nervous system autoimmune 
demyelination. J Immunol 169: 7104–10

17. Willenborg DO, Fordham SA, Staykova MA, Ramshaw IA, Cowden WB. 1999. IFN-gamma is 
critical to the control of murine autoimmune encephalomyelitis and regulates both in the periphery 
and in the target tissue: a possible role for nitric oxide. J Immunol 163: 5278–86

18. Yeh WI, McWilliams IL, Harrington LE. 2011. Autoreactive Tbet-positive CD4 T cells 
develop independent of classic Th1 cytokine signaling during experimental autoimmune 
encephalomyelitis. J Immunol 187: 4998–5006

19. Zhang GX, Gran B, Yu S, Li J, Siglienti I, Chen X, Kamoun M, Rostami A. 2003. Induction 
of experimental autoimmune encephalomyelitis in IL-12 receptor-beta 2-deficient mice: IL-12 
responsiveness is not required in the pathogenesis of inflammatory demyelination in the central 
nervous system. J Immunol 170: 2153–60

20. Cho ML, Kang JW, Moon YM, Nam HJ, Jhun JY, Heo SB, Jin HT, Min SY, Ju JH, Park KS, 
Cho YG, Yoon CH, Park SH, Sung YC, Kim HY. 2006. STAT3 and NF-kappaB signal pathway is 

Buzzelli et al. Page 12

J Immunol. Author manuscript; available in PMC 2024 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



required for IL-23-mediated IL-17 production in spontaneous arthritis animal model IL-1 receptor 
antagonist-deficient mice. J Immunol 176: 5652–61

21. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, Weaver CT. 2005. 
Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from the T helper 
type 1 and 2 lineages. Nat Immunol 6: 1123–32

22. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, Cua DJ, Littman 
DR. 2006. The orphan nuclear receptor RORgammat directs the differentiation program of 
proinflammatory IL-17+ T helper cells. Cell 126: 1121–33

23. Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, Elson CO, Hatton RD, Wahl 
SM, Schoeb TR, Weaver CT. 2006. Transforming growth factor-beta induces development of the 
T(H)17 lineage. Nature 441: 231–4

24. McGeachy MJ, Bak-Jensen KS, Chen Y, Tato CM, Blumenschein W, McClanahan T, Cua DJ. 
2007. TGF-beta and IL-6 drive the production of IL-17 and IL-10 by T cells and restrain T(H)-17 
cell-mediated pathology. Nat Immunol 8: 1390–7

25. O’Shea JJ, Paul WE. 2010. Mechanisms underlying lineage commitment and plasticity of helper 
CD4+ T cells. Science 327: 1098–102

26. Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, Wang Y, Hood L, Zhu Z, Tian Q, Dong 
C. 2005. A distinct lineage of CD4 T cells regulates tissue inflammation by producing interleukin 
17. Nat Immunol 6: 1133–41

27. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B. 2006. TGFbeta in the context 
of an inflammatory cytokine milieu supports de novo differentiation of IL-17-producing T cells. 
Immunity 24: 179–89

28. Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, Lucian L, To W, Kwan S, 
Churakova T, Zurawski S, Wiekowski M, Lira SA, Gorman D, Kastelein RA, Sedgwick JD. 2003. 
Interleukin-23 rather than interleukin-12 is the critical cytokine for autoimmune inflammation of 
the brain. Nature 421: 744–8

29. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, McClanahan T, 
Kastelein RA, Cua DJ. 2005. IL-23 drives a pathogenic T cell population that induces autoimmune 
inflammation. J Exp Med 201: 233–40

30. Lee Y, Awasthi A, Yosef N, Quintana FJ, Xiao S, Peters A, Wu C, Kleinewietfeld M, Kunder 
S, Hafler DA, Sobel RA, Regev A, Kuchroo VK. 2012. Induction and molecular signature of 
pathogenic TH17 cells. Nat Immunol 13: 991–9

31. Sutton CE, Lalor SJ, Sweeney CM, Brereton CF, Lavelle EC, Mills KH. 2009. Interleukin-1 and 
IL-23 induce innate IL-17 production from gammadelta T cells, amplifying Th17 responses and 
autoimmunity. Immunity 31: 331–41

32. Yosef N, Shalek AK, Gaublomme JT, Jin H, Lee Y, Awasthi A, Wu C, Karwacz K, Xiao S, Jorgolli 
M, Gennert D, Satija R, Shakya A, Lu DY, Trombetta JJ, Pillai MR, Ratcliffe PJ, Coleman ML, 
Bix M, Tantin D, Park H, Kuchroo VK, Regev A. 2013. Dynamic regulatory network controlling 
TH17 cell differentiation. Nature 496: 461–8

33. Ghoreschi K, Laurence A, Yang XP, Tato CM, McGeachy MJ, Konkel JE, Ramos HL, Wei L, 
Davidson TS, Bouladoux N, Grainger JR, Chen Q, Kanno Y, Watford WT, Sun HW, Eberl G, 
Shevach EM, Belkaid Y, Cua DJ, Chen W, O’Shea JJ. 2010. Generation of pathogenic T(H)17 
cells in the absence of TGF-beta signalling. Nature 467: 967–71

34. Lee PW, Smith AJ, Yang Y, Selhorst AJ, Liu Y, Racke MK, Lovett-Racke AE. 2017. IL-23R-
activated STAT3/STAT4 is essential for Th1/Th17-mediated CNS autoimmunity. JCI Insight 2

35. Qin H, Yeh WI, De Sarno P, Holdbrooks AT, Liu Y, Muldowney MT, Reynolds SL, Yanagisawa 
LL, Fox TH 3rd, Park K, Harrington LE, Raman C, Benveniste EN. 2012. Signal transducer and 
activator of transcription-3/suppressor of cytokine signaling-3 (STAT3/SOCS3) axis in myeloid 
cells regulates neuroinflammation. Proc Natl Acad Sci U S A 109: 5004–9

36. Maria Z, Turner E, Agasing A, Kumar G, Axtell RC. 2021. Pertussis Toxin Inhibits 
Encephalitogenic T-Cell Infiltration and Promotes a B-Cell-Driven Disease during Th17-EAE. 
Int J Mol Sci 22

Buzzelli et al. Page 13

J Immunol. Author manuscript; available in PMC 2024 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Shin B, Kress RL, Kramer PA, Darley-Usmar VM, Bellis SL, Harrington LE. 2018. Effector 
CD4 T cells with progenitor potential mediate chronic intestinal inflammation. J Exp Med 215: 
1803–12

38. Yeh WI, McWilliams IL, Harrington LE. 2014. IFNgamma inhibits Th17 differentiation and 
function via Tbet-dependent and Tbet-independent mechanisms. J Neuroimmunol 267: 20–7

39. Shin B, Benavides GA, Geng J, Koralov SB, Hu H, Darley-Usmar VM, Harrington LE. 2020. 
Mitochondrial Oxidative Phosphorylation Regulates the Fate Decision between Pathogenic Th17 
and Regulatory T Cells. Cell Rep 30: 1898–909 e4

40. Wang Q, Strong J, Killeen N. 2001. Homeostatic competition among T cells revealed by 
conditional inactivation of the mouse Cd4 gene. J Exp Med 194: 1721–30

41. Gyulveszi G, Haak S, Becher B. 2009. IL-23-driven encephalo-tropism and Th17 polarization 
during CNS-inflammation in vivo. Eur J Immunol 39: 1864–9

42. McGeachy MJ, Chen Y, Tato CM, Laurence A, Joyce-Shaikh B, Blumenschein WM, McClanahan 
TK, O’Shea JJ, Cua DJ. 2009. The interleukin 23 receptor is essential for the terminal 
differentiation of interleukin 17-producing effector T helper cells in vivo. Nat Immunol 10: 314–
24

43. Glosson-Byers NL, Sehra S, Kaplan MH. 2014. STAT4 is required for IL-23 responsiveness in 
Th17 memory cells and NKT cells. JAKSTAT 3: e955393

44. Brandstadter R, Katz Sand I. 2017. The use of natalizumab for multiple sclerosis. Neuropsychiatr 
Dis Treat 13: 1691–702

45. Brinkmann V, Billich A, Baumruker T, Heining P, Schmouder R, Francis G, Aradhye S, Burtin 
P. 2010. Fingolimod (FTY720): discovery and development of an oral drug to treat multiple 
sclerosis. Nat Rev Drug Discov 9: 883–97

46. Rice GP, Hartung HP, Calabresi PA. 2005. Anti-alpha4 integrin therapy for multiple sclerosis: 
mechanisms and rationale. Neurology 64: 1336–42

47. Steinman L 2012. The discovery of natalizumab, a potent therapeutic for multiple sclerosis. J Cell 
Biol 199: 413–6

48. Rothhammer V, Heink S, Petermann F, Srivastava R, Claussen MC, Hemmer B, Korn T. 
2011. Th17 lymphocytes traffic to the central nervous system independently of alpha4 integrin 
expression during EAE. J Exp Med 208: 2465–76

49. Mollo SB, Ingram JT, Kress RL, Zajac AJ, Harrington LE. 2014. Virus-specific CD4 and CD8 T 
cell responses in the absence of Th1-associated transcription factors. J Leukoc Biol 95: 705–13

50. Liu L, Huang D, Matsui M, He TT, Hu T, Demartino J, Lu B, Gerard C, Ransohoff RM. 2006. 
Severe disease, unaltered leukocyte migration, and reduced IFN-gamma production in CXCR3−/− 
mice with experimental autoimmune encephalomyelitis. J Immunol 176: 4399–409

51. Muller M, Carter SL, Hofer MJ, Manders P, Getts DR, Getts MT, Dreykluft A, Lu B, Gerard C, 
King NJ, Campbell IL. 2007. CXCR3 signaling reduces the severity of experimental autoimmune 
encephalomyelitis by controlling the parenchymal distribution of effector and regulatory T cells in 
the central nervous system. J Immunol 179: 2774–86

52. Morinobu A, Gadina M, Strober W, Visconti R, Fornace A, Montagna C, Feldman GM, 
Nishikomori R, O’Shea JJ. 2002. STAT4 serine phosphorylation is critical for IL-12-induced 
IFN-gamma production but not for cell proliferation. Proc Natl Acad Sci U S A 99: 12281–6

53. Chu CQ, Wittmer S, Dalton DK. 2000. Failure to suppress the expansion of the activated CD4 
T cell population in interferon gamma-deficient mice leads to exacerbation of experimental 
autoimmune encephalomyelitis. J Exp Med 192: 123–8

54. Bettelli E, Sullivan B, Szabo SJ, Sobel RA, Glimcher LH, Kuchroo VK. 2004. Loss of T-bet, but 
not STAT1, prevents the development of experimental autoimmune encephalomyelitis. J Exp Med 
200: 79–87

55. Duhen R, Glatigny S, Arbelaez CA, Blair TC, Oukka M, Bettelli E. 2013. Cutting edge: the 
pathogenicity of IFN-gamma-producing Th17 cells is independent of T-bet. J Immunol 190: 4478–
82

56. O’Connor RA, Cambrook H, Huettner K, Anderton SM. 2013. T-bet is essential for Th1-mediated, 
but not Th17-mediated, CNS autoimmune disease. Eur J Immunol 43: 2818–23

Buzzelli et al. Page 14

J Immunol. Author manuscript; available in PMC 2024 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



57. Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, Magnenat L, Suter T, Becher B. 2011. 
RORgammat drives production of the cytokine GM-CSF in helper T cells, which is essential for 
the effector phase of autoimmune neuroinflammation. Nat Immunol 12: 560–7

58. El-Behi M, Ciric B, Dai H, Yan Y, Cullimore M, Safavi F, Zhang GX, Dittel BN, Rostami A. 2011. 
The encephalitogenicity of T(H)17 cells is dependent on IL-1- and IL-23-induced production of 
the cytokine GM-CSF. Nat Immunol 12: 568–75

59. Grifka-Walk HM, Giles DA, Segal BM. 2015. IL-12-polarized Th1 cells produce GM-CSF and 
induce EAE independent of IL-23. Eur J Immunol 45: 2780–6

60. Parham C, Chirica M, Timans J, Vaisberg E, Travis M, Cheung J, Pflanz S, Zhang R, Singh 
KP, Vega F, To W, Wagner J, O’Farrell AM, McClanahan T, Zurawski S, Hannum C, Gorman 
D, Rennick DM, Kastelein RA, de Waal Malefyt R, Moore KW. 2002. A receptor for the 
heterodimeric cytokine IL-23 is composed of IL-12Rbeta1 and a novel cytokine receptor subunit, 
IL-23R. J Immunol 168: 5699–708

61. Poholek CH, Raphael I, Wu D, Revu S, Rittenhouse N, Uche UU, Majumder S, Kane LP, Poholek 
AC, McGeachy MJ. 2020. Noncanonical STAT3 activity sustains pathogenic Th17 proliferation 
and cytokine response to antigen. J Exp Med 217

62. Mathur AN, Chang HC, Zisoulis DG, Stritesky GL, Yu Q, O’Malley JT, Kapur R, Levy DE, 
Kansas GS, Kaplan MH. 2007. Stat3 and Stat4 direct development of IL-17-secreting Th cells. J 
Immunol 178: 4901–7

Buzzelli et al. Page 15

J Immunol. Author manuscript; available in PMC 2024 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key Points

CD4 T cell intrinsic STAT4 expression controls migration to the CNS during EAE.

STAT4 is required for Th17 pathogenicity independent of IL-17A production.
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Figure 1. Establishment of T cell specific STAT4−/− mice.
(A) Stat4 mRNA expression from isolated WT, STAT4−/−, or STAT4ΔdLck CD4 T 

cells. (B-G) Naïve CD4 T cells were isolated from the spleens of WT, STAT4−/−, or 

STAT4ΔdLck mice and polarized under Th1 cell conditions. Cells were analyzed on day 3 

of differentiation. (B) Representative plots of pSTAT4 staining. (C) Frequency of pSTAT4+ 

cells. (D) Relative expression of Ifng mRNA. (E) Representative plots of IFNγ staining. 

(F) Frequency of IFNγ+ cells. (G) ELISA of IFNγ production. (H-I) Naïve CD4 T cells 

were isolated from the spleens of WT, STAT4−/−, or STAT4ΔdLck mice and polarized under 

Th17 cell conditions. Cells were analyzed on day 3 of differentiation. (H) Representative 

plots of IL-17A staining. (I) Frequency of IL-17+ cells. All representative plots are gated 

on live CD4+ cells. Data represent 3–5 independent experiments. Unpaired T test; ns = not 

significant, *=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001.
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Figure 2. T cell intrinsic STAT4 is required for EAE.
(A) STAT4ΔdLCK and littermate WT controls were immunized for EAE. Disease symptoms 

were monitored daily (n=9–14, 5 independent experiments). (B) Frequency and (C) number 

of CD4 T cells infiltrating to the CNS at the peak of disease (n=7–11, 3 independent 

experiments). (D) Representative flow plot of the expression of IL-17A+ and IFN γ+ cells 

(gated on CD4+ T cells). (E-G) Frequency (top) and number (bottom) of CD4+ T cells in 

the CNS producing (E) IFNγ (F) IL-17A and (G) IFNγ and IL17A. (n=7–11, 3 independent 

experiments). (A) Two- way ANOVA and (E, F, G) unpaired T test; ns = not significant, 

*=p<0.05. **=p<0.01; ***=p<0.001; ****=p<0.0001.

Buzzelli et al. Page 18

J Immunol. Author manuscript; available in PMC 2024 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: CD4 T cells require intrinsic STAT4 expression for accumulation in the CNS during 
EAE.
(A, B) WT:WT and WT:STAT4−/− mixed bone marrow chimeric mice were immunized 

for EAE. (A) Representative plots show CD45.1 and CD45.2 staining gated on CD4 T 

cells from the spleen, brain, and spinal cord on day 17 post immunization. (B) Normalized 

accumulation frequencies of CD45.2+ WT and STAT4−/− CD4 T cells in the brain and 

spinal cord were determined on day 11 and day 17 of disease. Normalization frequency 

= (%CD45.2+CD4+ brain or spinal cord ÷ %CD45.2+CD4+ spleen) x 100. (C-D) Ki67 

staining in CNS infiltrating CD45.2+ WT or STAT4−/− CD4 T cells from mixed bone 

marrow chimeric mice on day 17 post immunization. (C) Representative plots are gated 
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on CD45.2+ CD4 T cells. (D) Cumulative frequencies of Ki67+ CD45.2+ WT or STAT4−/

− CD4 T cells in the CNS. (E-F) Phosphorylated STAT3 (pSTAT3) staining in CD45.2+ 

WT or STAT4−/− CD4 T cells following media or IL-23 stimulation of pooled CNS cells. 

(E) Representative plots gated on CD45.2+ CD4 T cells illustrate media (grey filled) and 

IL-23 (black line) induced pSTAT3. (F) Cumulative frequencies of IL-23 induced pSTAT3+ 

CD45.2+ WT or STAT4−/− CD4 T cells from pooled CNS tissue. Data represent 2–6 

independent experiments with (A-B) 2–5, (C-D) 3–4, or (E-F) 2–5 mice in each group (mean 

± SD). ns=not significant; ***=p<0.001; ****=p<0.0001.
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Figure 4: STAT4 is required for IL-23 mediated EAE.
(A) Splenocytes were isolated from previously immunized mice and cultured under 

Th17 conditions for three days. CD4 T cells were isolated and transferred into CD45.1 

WT recipient mice. Disease symptoms were monitored daily (n=30–36, 10 independent 

experiments). (B) Representative flow diagram of CD45.2 donor cells in the brain and 

spinal cord (gated on CD4+ T cells). (C) Frequency and (D) number of CD45.2 donor cells 

in the spleen, brain, and spinal cord (gated on CD4+ T cells) (n=18–20, 3 independent 

experiments). (E) Representative flow diagram of donor cell cytokine profile. (F-H) 

Frequency (top) and number (bottom) of (F) IL-17A+, (G) IFNγ+ (H) IL-17A+IFNγ+ 

T cells Gated on (B-D) CD4+ and (E-H) CD4+CD45.2+ cells (n=18–20, 3 independent 

experiments). (A) Two- way ANOVA and (C, D, F-H). Unpaired T test; ns = not significant, 

*=p<0.05. **=p<0.01; ***=p<0.001; ****=p<0.0001.
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Figure 5. STAT4 influences Th17 pathogenic genes and is required for IL-17A+ to drive 
neuroinflammation.
(A-B) Splenocytes from previously immunized mice were cultured under Th17 conditions. 

CD4 T cells from these cultures were isolated and RNA sequencing was performed. (A) 

Volcano plot of differentially expressed genes between WT and STAT4−/− Th17 cells (red) 

genes significantly elevated in STAT4−/− Th17 cells and (blue) genes significantly elevated 

in the WT Th17 cells. (B) GSEA plots show enrichment of genes elevated in WT Th17 cells 

→ elevated in STAT4−/− Th17 cells (left → right) when compared with pathogenic and 

non-pathogenic Th17 cells (GSE43955), (C-H) Splenocytes were isolated from previously 

immunized WT IL17AGFP+ or STAT4−/− IL17AGFP+ mice and cultured under Th17 
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conditions for three days. GFP+CD4+ T cells were isolated and transferred into CD45.1 

WT recipient mice. Disease symptoms were monitored daily (n=10–11, 3 independent). 

(D) Number of recovered donor cells in the CNS (n=4–8, 3 independent experiments). (E) 

Representative flow diagram of IFNγ and IL-17A expression (gated on CD4+CD45.2+). (F-

H) Frequency (top) and number (bottom) of (F) IL-17A+ (G) IFNγ and (H) IL-17A+IFNγ+ 

producing cells (gated on CD4+CD45.2+) (n-4–8, 3 independent experiments). (C) Two- 

way ANOVA and (D,F-H). Unpaired T test; ns = not significant, *=p<0.05. **=p<0.01; 

***=p<0.001; ****=p<0.0001.
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Figure 6. Th17 intrinsic STAT4 expression is critical for CNS demyelinating disease.
(A) STAT4ΔIL17A and littermate WT controls were immunized for EAE, and disease was 

scored daily (n=14–20, 6 independent experiments). (B) Number of CD4 T cells infiltrating 

to the CNS at the peak of disease. (C) Representative flow diagram YFP+ cells (gated 

on CD4+). (D) Frequency and (E) number of YFP+ cells (gated on CD4+) (n=7–9, 6 

independent experiments). (F) Representative flow diagram of IL17A+ and IFNγ+ cells 

(gated on CD4+). (G-I) Frequency (top) and number (bottom) of (G) IL-17A+ (H) IFNγ+ 

and (I) IFNγ+IL17A+ cells (gated on CD4+) (n=10, 5 independent experiments). (A) Two- 

way ANOVA and (B, D, E, G-I) unpaired T test; ns = not significant, *=p<0.05. **=p<0.01; 

***=p<0.001; ****=p<0.0001.
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