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Introduction
Human immune surveillance requires distinct T cell specialization 
programs for efficient clearance of diverse pathogens. This is real-
ized by distinct migration patterns as well as cytokine profiles that 
tailor the responses of T cells to their respective target antigens 
(1). The proinflammatory nature of Th17 cells has been strongly 
associated with the containment of Candida albicans infections as 
well as with the pathogenesis of autoimmune diseases (2). Conse-
quently, numerous therapies have emerged that target this T cell 
subset and its effector functions with striking efficacy (3).

Recently, heterogeneity was revealed within the Th17 cell sub-
set, which also included an antiinflammatory Th17 cell fate (2, 4, 5). 

A post-activation program characterized by IL-10 expression con-
fers immunosuppressive properties to Th17 cells, which limits the 
proliferation of bystander T cells as well as inflammatory functions 
of innate immune cells (6, 7). In addition, ROR-γt– and FoxP3- 
coexpressing T cells that share both Th17 cell and immunoregula-
tory Treg identities have been identified as functionally contribut-
ing to the containment of inflammation at mucosal surfaces (8–10).

Although this functional dichotomy of pro- and antiinflamma-
tory effects has been well established, the extracellular signals and 
intracellular mechanisms that instruct this dichotomy of pro- and 
antiinflammatory Th17 cell fates remain poorly defined and almost 
exclusively restricted to cytokine effects. For example, IL-1β has 
been identified as a critical switch factor that determines human 
Th17 cell pathogenicity by inducing the expression of proinflamma-
tory molecules and suppressing the expression of antiinflammatory 
molecules (2). In mice, IL-23 licenses Th17 cells for pathogenicity, 
whereas TGF-β drives antiinflammatory Th17 cell responses (11–14).

Sodium chloride (NaCl) represents a critical, yet still largely 
overlooked, determinant of the human tissue microenvironment 
with major implications for organ-specific immune regulation, 

Th cells integrate signals from their microenvironment to acquire distinct specialization programs for efficient clearance 
of diverse pathogens or for immunotolerance. Ionic signals have recently been demonstrated to affect T cell polarization 
and function. Sodium chloride (NaCl) was proposed to accumulate in peripheral tissues upon dietary intake and to promote 
autoimmunity via the Th17 cell axis. Here, we demonstrate that high-NaCl conditions induced a stable, pathogen-specific, 
antiinflammatory Th17 cell fate in human T cells in vitro. The p38/MAPK pathway, involving NFAT5 and SGK1, regulated 
FoxP3 and IL-17A expression in high-NaCl conditions. The NaCl-induced acquisition of an antiinflammatory Th17 cell 
fate was confirmed in vivo in an experimental autoimmune encephalomyelitis (EAE) mouse model, which demonstrated 
strongly reduced disease symptoms upon transfer of T cells polarized in high-NaCl conditions. However, NaCl was coopted 
to promote murine and human Th17 cell pathogenicity, if T cell stimulation occurred in a proinflammatory and TGF-β–low 
cytokine microenvironment. Taken together, our findings reveal a context-dependent, dichotomous role for NaCl in shaping 
Th17 cell pathogenicity. NaCl might therefore prove beneficial for the treatment of chronic inflammatory diseases in 
combination with cytokine-blocking drugs.
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molecules. Surprisingly, FoxP3 expression was strongly upregu-
lated in high-NaCl compared with low-NaCl conditions, giving 
rise to IL-17A and FoxP3 double-positive T cells (Figure 2A). This 
finding was supported by analysis of T cell clones, which showed 
further upregulation of both FoxP3 and IL-17A expression in 
high-NaCl conditions despite chronic T cell receptor activation 
(Supplemental Figure 1, A and B; supplemental material available 
online with this article; https://doi.org/10.1172/JCI137786DS1). 
The putatively antiinflammatory Th17 cell phenotype was further 
corroborated by strong upregulation of the immunosuppressive 
cytokine TGF-β in response to high-NaCl concentrations (Figure 
2A). ROR-γt+ Th17 cells also acquired de novo FoxP3 coexpres-
sion upon restimulation in high-NaCl conditions (Figure 2B), 
thus displaying a pattern of transcription factors that was previ-
ously shown to translate into antiinflammatory functions (8, 10). 
The FoxP3 upregulation induced by NaCl even exceeded that of 
ROR-γt upregulation in ex vivo–isolated memory Th cells (Figure 
2B). NaCl exerted its antiinflammatory effects on Th17 cells in a 
dose-dependent manner over a wide range of NaCl concentra-
tions, whereas IL-17A upregulation plateaued by only small incre-
mental increases in extracellular NaCl (Supplemental Figure 2, 
A–D). To corroborate the antiinflammatory Th17 cell phenotype 
that was induced by NaCl, we also assessed the expression of oth-
er molecules that are associated with immunosuppressive T cell 
functions. High-NaCl conditions increased the expression of oth-
er regulatory signature molecules such as IL10, LAG3, ICOS, and 
CTLA4 in Th17 cells (Figure 2C). We performed next-generation 
RNA-Seq of Th17 cells stimulated in low- or high-NaCl conditions 
to interrogate these cells transcriptome-wide for a Treg signature. 
Gene set enrichment analysis (GSEA) showed a clear enrichment 
of the Treg signature in Th17 cells stimulated in high- compared 
with low-NaCl conditions (Figure 2D). The induction of an anti-
inflammatory T cell fate by NaCl was not restricted to Th17 cells, 
as it also occurred in Th1 and Th2 cells (Supplemental Figure 3). 
Tregs, which were isolated ex vivo as CD25hiCD127lo cells, also 
further increased FoxP3 and TGF-β expression upon restimula-
tion in high-NaCl conditions. This increase was accompanied by 
ROR-γt and IL-17A upregulation (Supplemental Figure 4), which, 
according to previous reports, might abrogate the overall antiin-
flammatory function of Tregs (28–30). This is in contrast to the 
impact of NaCl on other Th cell subsets, which acquired an anti-
inflammatory profile instead (Supplemental Figure 4).

Consistent with our finding that NaCl was sufficient to pro-
mote the antiinflammatory Th17 cell fate upon restimulation of 
memory T cells, we also observed a reduction in proinflammatory 
IFN-γ coexpression in IL-17A–producing T cell clones (Figure 2E). 
Together, these data indicate by multiple phenotypic and tran-
scriptional readouts that NaCl might promote an antiinflammato-
ry phenotype of human Th17 cells.

NaCl-induced FoxP3 upregulation, but not IL-17A upregulation, 
can be stably maintained in the absence of high NaCl concentrations. 
Immune surveillance by effector T cells is realized by their contin-
uous recirculation through the blood, peripheral tissues, and sec-
ondary lymphoid organs. Considering the compartmentalization 
of NaCl concentrations in peripheral tissues (17), circulating effec-
tor T cells are exposed to repeated fluctuations of NaCl levels in 
their microenvironment. We therefore asked whether the changes 

allergy, and autoimmunity (15–18). Peripheral tissues, such as 
the skin, are thought to accumulate NaCl at high concentrations 
independently of systemic renal osmolyte regulation. This occurs 
not only in response to dietary intake but also in diet-independent 
settings such as in atopic dermatitis or infections (19–21). Naive T 
cells, which surveil secondary lymphoid organs, have previously 
been shown to dramatically upregulate IL-17A upon NaCl expo-
sure in polarizing cytokine conditions (22, 23). However, naive 
T cells do not patrol peripheral tissues, unlike effector or tissue- 
resident memory T cells (24–26). Therefore, the direct effect of 
NaCl as a determinant of the tissue microenvironment remains to 
be explored for tissue-homing effector T cell subsets. In particular, 
the role of NaCl in the dichotomous nature of the inflammatory 
state of Th17 cells remains to be elucidated.

Our data demonstrate that NaCl shifts Th17 cells toward an anti-
inflammatory fate. A proinflammatory cytokine microenvironment 
can, however, divert its antiinflammatory function and instead coopt 
NaCl for amplifying Th17 cell pathogenicity. NaCl therefore exerts 
divergent effects on Th17 cells depending on the cytokine context.

Results
NaCl amplifies Th17 cell effector functions in memory T cells. We pre-
viously demonstrated that NaCl exerts effects not only on naive Th 
cells, as postulated before (22, 23), but also on CD45RA– memo-
ry T cells, in which NaCl enhanced both IL-17A and IL-4 produc-
tion, even in the absence of polarizing cytokines (16). We decid-
ed to investigate the impact of NaCl on effector memory T cells 
(Tem), which, in contrast to naive and central memory T cells 
(Tcm), readily enter peripheral tissues, and thus a NaCl-enriched 
microenvironment, during their recirculation route or for further 
differentiation into resident memory T cells (Trm) (24, 25, 27). 
We therefore isolated human CD4+CD45RA–CCR7– Tem cells 
ex vivo and restimulated them at a low NaCl (140 mM) or high 
NaCl (185 mM) concentration, reflecting a physiological blood 
or tissue microenvironment, respectively (16, 17). We found that 
IL-17A production and other Th17 cell signature properties, such as 
ROR-γt, IL-22, and CCR6 expression, strongly increased in high- 
NaCl conditions (Figure 1, A and B). This enhanced Th17 signature 
was further supported by a transcriptome-wide analysis, which 
revealed the enrichment for Th17 cell–associated gene signatures 
upon restimulation of Th17 cells in the high-NaCl condition (Fig-
ure 1C). Skin Trm cells, which were identified by CD69 and CD103 
coexpression, also upregulated IL-17A expression upon in vitro 
restimulation in the high-NaCl condition (Figure 1D). Polarizing 
cytokines, which have previously been shown to induce Th17 cell 
differentiation and expansion, masked the direct Th17-promoting 
effects of NaCl at the effector T cell level, as we observed no further 
synergistic effects (Figure 1E). Our data therefore demonstrate that 
NaCl directly affects fully differentiated effector T cells, which 
readily respond to NaCl by amplification of Th17 cell–associated 
effector functions independently of exogenous cytokines.

NaCl induces antiinflammatory Th17 cell responses. Recent-
ly, divergent post-activation fates have been delineated within 
the Th17 cell lineage, showing a dichotomy of pro- versus anti-
inflammatory functions (2, 6, 7). We therefore stimulated ex 
vivo–isolated human Th17 cells in the presence of low and high 
NaCl concentrations to test for coexpression of antiinflammatory 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9
https://www.jci.org/articles/view/137786#sd
https://doi.org/10.1172/JCI137786DS1
https://www.jci.org/articles/view/137786#sd
https://www.jci.org/articles/view/137786#sd
https://www.jci.org/articles/view/137786#sd
https://www.jci.org/articles/view/137786#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 5 8 9jci.org   Volume 130   Number 9   September 2020

even after withdrawal of NaCl (Figure 3, A and B). However, this 
increased expression was not maintained for TGF-β (Figure 3C).

Collectively, these data indicate that the increase in Th17 cell 
effector functions, such as IL-17A production, is contingent on the 
acute presence of NaCl in the extracellular microenvironment, 
whereas the antiinflammatory effect of NaCl on the Th17 cell 
phenotype persists over the long term, even upon reentry into a 
low-NaCl microenvironment such as the blood.

NFAT5 and SGK1 regulate FoxP3 and IL-17A expression in mem-
ory T cells in high-NaCl conditions. We next addressed the molecu-
lar mechanism by which NaCl affects human effector Th17 cells. 
Hyperosmotic stress can be sensed by mammalian cells through 
the p38/MAPK pathway and its downstream targets NFAT5 and 
SGK1 (33, 34). This pathway has recently been shown to confer 

in Th17 cell functions observed above were contingent on the acute 
presence of NaCl, or whether they could be stably maintained after 
the cells enter low-NaCl microenvironments.

Furthermore, the stable maintenance of increased human 
FoxP3 expression in T cells over time and in changing microenvi-
ronments would stress the antiinflammatory human T cell func-
tionality, whereas transient FoxP3 upregulation instead correlates 
with human T cell activation according to previous reports (31, 32).

To this end, we subjected Th17 cells that were restimulated 
in high-NaCl conditions to repeated restimulations in low-NaCl 
conditions. Whereas NaCl-mediated IL-17A upregulation was not 
maintained upon repeated polyclonal TCR restimulation in the 
absence of high NaCl levels, increased FoxP3 expression was sta-
bly maintained during 2 consecutive rounds of TCR restimulation, 

Figure 1. NaCl promotes the Th17 cell program in human effector memory Th cells independently of polarizing cytokines. (A–C) Human effector memory 
Th cells were FACS sorted from fresh human PBMCs as CD4+CD14–CD45RA–CCR7– T cells and stimulated for a total culture period of 5 days in low- or 
high-NaCl conditions with CD3 and CD28 mAbs (48 hours plate-bound). (A) Intracellular staining and FACS on day 5 after PMA and ionomycin restimula-
tion for 5 hours. FACS staining of an individual experiment (left) and cumulative data are shown. Each circle indicates an individual donor. gMFI, geometric 
MFI; max, maximum. (B) ELISA analysis of cell culture supernatants analyzed on day 5 after stimulation with PdBU and CD3 mAb for 8 hours (n = 3). (C) 
Transcriptome analysis and GSEA (GSE52260) of genes related to the Th17 signature in Th17 cells stimulated as in A (67). (D) Skin CD3+ T cells were isolated 
from human abdominal skin by overnight collagenase digestion followed by FACS sorting. The cells were stimulated for 48 hours with CD3 and CD28 mAbs 
in low- or high-NaCl conditions followed by intracellular cytokine staining after PMA and ionomycin restimulation. A representative experiment (left) and 
cumulative data are shown (middle). ELISA analysis (right) of cell culture supernatants from skin CD3+ T cells restimulated with PdBU and CD3 mAbs for 8 
hours after 48 hours of CD3 and CD28 mAb stimulation in low- and high-NaCl conditions. Data were normalized to 20,000 T cells. Each circle indicates an 
individual donor. (E) FACS analysis performed as in A in the absence or presence of Th17-polarizing cytokines. The data are representative of 3 donors.  
(A, B, and D) A 2-tailed, paired Student’s t test was performed for comparisons between 2 groups.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 5 9 0 jci.org   Volume 130   Number 9   September 2020

supported by the reduced expression of TGF-β and ROR-γt fol-
lowing blockade with SGK1 (Supplemental Figure 5). Consistent 
with this antiinflammatory Treg-like Th17 cell commitment, we 
identified binding sites for NFAT5 in the TGFΒ1, STAT5, and 
FOXP3 promoter regions using a previously published ChIP-
Seq data set (Supplemental Figure 6 and ref. 35). Overall, these 
results demonstrate a role for the p38/MAPK/NFAT5/SGK1 axis 
not only for the regulation of IL-17A but also for FoxP3 expres-
sion in effector Th17 cells in high- but not low-NaCl conditions. 
Importantly, this reveals a distinct modulation of transcriptional 
programs depending on extracellular NaCl concentrations.

A proinflammatory cytokine microenvironment abrogates the 
induction of an antiinflammatory Th17 cell phenotype by NaCl. The 
NaCl-induced antiinflammatory effects on human Th17 cells were 
unexpected, considering that NaCl has been previously reported 

pathogenicity to developing Th17 cells (22, 23). We therefore 
interrogated the same pathway for its impact on NaCl-mediated 
regulation of the antiinflammatory human Th17 cell phenotype, 
which we have unraveled above. Pharmacological blockade of 
p38 signaling abrogated NaCl-induced IL-17A and FoxP3 upreg-
ulation in effector Th17 cells (Figure 4A). Similar to previous 
reports that tested the effect of NaCl on naive T cells in Th17- 
polarizing cytokine conditions (22), this study found that effec-
tor Th17 cells also upregulated the expression of both NFAT5 and 
its downstream target SGK1 upon restimulation in high-NaCl 
conditions, as shown by quantitative real-time PCR (qRT-PCR) 
analysis (Figure 4B). shRNA-mediated silencing of both genes 
abrogated their NaCl-induced upregulation, demonstrating that 
NFAT5 and SGK1 regulated IL-17A as well as FoxP3 expression 
in hypersaline conditions (Figure 4C). These findings were also 

Figure 2. Human Th17 cells acquire antiinflammatory functions upon restimulation in high-NaCl conditions. (A) CD4+CD14–CD45RA–CCR6+CCR4+CXCR3– Th17 
cells were sorted by flow cytometry from fresh human PBMCs as T cells and stimulated for a total culture period of 5 days in high- or low-NaCl conditions with 
CD3 and CD28 mAbs (48 hours plate-bound). Results for intracellular staining and FACS analysis on day 5 following PMA and ionomycin restimulation are 
shown. A representative FACS plot and cumulative data with each circle representing an individual donor are shown. (B) Intracellular staining for transcription 
factors followed by FACS analysis of T cells isolated and stimulated for 5 days with CD3 and CD28 mAbs (48 hours plate-bound). Top panel: Circles indicate 
individual blood donors. Bottom panel: Change in transcription factor expression in T cells stimulated in high- versus low-NaCl conditions (n = 3–4). (C) qRT-PCR 
analysis of Th17 cells stimulated as in A (n = 3–6). A 2-tailed Student’s t test was performed for comparisons of high- versus low-NaCl conditions; P < 0.05 for 
each of the transcripts shown. (D) GSEA for Treg-associated genes (GEO GSE18893) in Th17 cells cultured in low- or high-NaCl conditions for 5 days (48 hours 
CD3/CD28 mAbs). (E) T cell clones were generated from CD4+CD14–CD45RA–CCR6+CCR4+CXCR3– T cells, which were enriched for Th17 cells, and then restimulated 
in low or high NaCl concentrations, as in A. Intracellular staining and FACS analysis are shown. A representative FACS plot and cumulative data are shown. Each 
circle represents a separate T cell clone. A 2-tailed Student’s t test was used for comparisons between 2 groups (A–C, and E).
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cells from the blood according to the differential expression of sur-
face markers ex vivo and restimulated them with C. albicans– or S. 
aureus–pulsed monocytes (2, 41). The C. albicans– and S. aureus– 
specific Th17 cells that were isolated, as confirmed by CFSE dilu-
tion, were then cloned and assessed for antiinflammatory factors. 
We observed a strong upregulation of FoxP3 expression in the S. 
aureus–specific Th17 cell clones in response to high-NaCl restimula-
tion. In contrast, the C. albicans–specific Th17 cell clones were resis-
tant to the effects of high NaCl concentration on FoxP3 expression. 
We applied the same approach to study TGF-β expression and found 
that it was also upregulated in S. aureus– but not C. albicans–specific 
Th17 cell clones upon restimulation in high-NaCl conditions (Figure 
6A). These findings demonstrate that NaCl exerts divergent effects 
on the functional responses in effector T cells depending on the 
microbial antigen specificities of the effector T cells.

We then addressed the underlying mechanism. We hypothe-
sized that the priming requirement of naive T cells for proinflam-
matory IL-1β, which we discovered previously (2), renders the 
emerging C. albicans–specific Th17 cells resistant to the antiin-
flammatory effects of NaCl. We therefore reconstructed C. albi-
cans–specific T cell priming in vitro by coculturing naive CFSE- 
labeled T cells and autologous monocytes pulsed with C. albicans 
in the presence or absence of IL-1β–blocking Abs as described  
previously (2, 42). Likewise, S. aureus–specific T cell differentiation 
was performed in the presence or absence of recombinant IL-1β to 
assess whether supplementation with exogenous IL-1β renders S. 
aureus–specific naive T cells resistant to FoxP3 upregulation during 
their priming phase. Proliferating CFSElo T cells were cloned and 
then restimulated in low- or high-NaCl conditions. Interestingly, 
the in vitro–polarized C. albicans–specific T cell clones that had 
been generated in the presence of IL-1β–blocking Abs upregulated 
FoxP3 to a much greater degree in response to NaCl than did T cell 
clones polarized by C. albicans in non-neutralizing conditions (Fig-
ure 6B). This demonstrates that the C. albicans–specific Th17 cells 
were instructed by IL-1β during their differentiation process to resist 
the antiinflammatory effects of NaCl. The in vitro–polarized S. 
aureus–specific Th17 cells resisted FoxP3 upregulation in high- NaCl 
conditions only if priming occurred in the presence of exogenous 
IL-1β. Taken together, these results demonstrate that the dichoto-
mous microbe-specific responses of Th17 cells toward NaCl depend 
on the differential priming requirements of these cells for IL-1β.

to induce pathogenic Th17 cell differentiation from naive T cell 
precursors (22, 23). Since human Th17 cell differentiation requires 
the presence of several polarizing cytokines, including IL-6 and 
IL-1β, which have previously been shown to instruct T cell patho-
genicity (2, 36), we tested the effect of high NaCl concentrations 
on effector Th17 cells in the presence of individual proinflamma-
tory cytokines as well as their combinations (5). IL-6 and IL-1β sup-
pressed FoxP3 expression, which is in line with previous reports 
(refs. 37–40 and Figure 5, A and B). We found that the presence 
of these Th17-polarizing cytokines also abrogated NaCl-induced 
FoxP3 upregulation, giving rise to a proinflammatory Th17 cell 
phenotype (Figure 5, A and B). Autocrine TGF-β secretion was 
also suppressed by these proinflammatory cytokines in high-NaCl 
conditions (Figure 5, A and C). Both antiinflammatory molecules 
were likewise inhibited in high-NaCl conditions if IL-23 and IL-21 
joined the Th17-polarizing cytokines (Figure 5, A and B). TGF-β 
was relevant for concomitant FoxP3 upregulation in high-NaCl 
conditions, as shown by reduced FoxP3 expression levels upon 
TGF-β depletion with neutralizing Abs (Figure 5C). This also 
stressed that secreted TGF-β was bioactive, enabling its activity in 
an autocrine manner. NaCl-induced IL-17A upregulation was not 
further enhanced in effector Th17 cells in the presence of these 
proinflammatory cytokines (Figure 5A and Figure 1E).

Together, these data indicate a dominant role for proinflam-
matory cytokines over the antiinflammatory effects that NaCl 
directly exerts on effector T cells. NaCl has, therefore, a con-
text-dependent function in the complex immune microenviron-
ment that can translate into divergent Th17 cell fates.

The antigen specificity of Th17 cells determines whether pro- or 
antiinflammatory effects are induced by NaCl. We previously demon-
strated that distinct cytokine priming conditions are required for 
the generation of human Th17 cells, which differ in their pathogen 
specificities (2). In particular, IL-1β is required for C. albicans–spe-
cific Th17 cell polarization but is dispensable for Staphylococcus 
aureus–specific Th17 cell polarization (2, 4). This translates into 
pro- versus antiinflammatory Th17 cell functions, respectively (6). 
Given that IL-1β was able to abrogate the antiinflammatory effect 
of NaCl on effector Th17 cells, we tested whether the requirement 
for IL-1β in generating C. albicans–specific Th17 cells would render 
these cells more resistant to the antiinflammatory effects of NaCl 
than S. aureus–specific Th17 cells. We isolated human effector Th17 

Figure 3. NaCl-induced FoxP3 upregulation in Th17 
cells is stably maintained after entering low-NaCl 
conditions, whereas IL-17A upregulation is tran-
sient. (A–C) Human Th17 cells (CCR6+CCR4+CXCR3–) 
were restimulated with CD3 and CD28 mAbs (48 
hours plate-bound) in low or high NaCl concentra-
tions for a total culture period of 5 days. Intracel-
lular staining and FACS analysis after PMA and 
ionomycin restimulation are shown. The Th17 cells 
were restimulated again with CD3 and CD28 mAbs 
up to 3 times for 5 days, with 2 additional resting 
days between the restimulations (n = 3). The 
change of the geometric mean of FoxP3 expression 
(B) compared with control Th17 cells that were 
restimulated once in low-NaCl conditions (C) are 
shown. One-way ANOVA was used for comparisons 
among multiple groups.
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High-NaCl conditions reduce the pathogenicity of murine Th17 cells 
in an experimental autoimmune encephalomyelitis mouse model but 
promote pathogenicity in the absence of TGF-β. It has previously been 
shown that a high-NaCl diet can translate into autoimmune inflam-
mation via the Th17 cell axis (43). In particular, changes in the gut 
microbiome in response to dietary NaCl have been shown to affect 
Th17 cell polarization (43). However, whether NaCl directly regulates 
Th17 cell pathogenicity in vivo remains unknown. Considering the 
antiinflammatory Th17 cell phenotype observed in high-NaCl con-
ditions in vitro, we decided to investigate its overall impact on auto-
immune pathogenesis in vivo in an adoptive T cell transfer mouse 
model of experimental autoimmune encephalomyelitis (EAE).

Several distinct cytokine conditions have been identified pre-
viously for efficient murine Th17 cell priming (44). In accordance 
with previous reports (38, 40, 45, 46), the combination of TGF-β 
with various proinflammatory cytokines, such as IL-6, IL-23, and 
IL-1β, as well as their combinations, efficiently induced IL-17A 
compared with control conditions in the absence of polarizing 
cytokines (Th0) (Figure 7, A and B). Interestingly, high-NaCl 

conditions increased FoxP3 expression, giving rise to IL-17A/
FoxP3-coexpressing murine CD4+ T cells. This was accompanied 
by IL-17A downregulation (Figure 7, A and B). To test whether 
high-NaCl conditions reduced the pathogenicity of these Th17 
cells in vivo, we adoptively transferred myelin oligodendrocyte 
glycoprotein–reactive (MOG35–55-reactive) T cells into RAG-knock-
out mice to establish the adoptive transfer EAE mouse model. 
Naive T cells (CD4+CD44loFoxp3.gfp–) were sorted using FACS 
from 2D2 transgenic Foxp3.gfp reporter mice and stimulated 
for 3.5 days with anti-CD3 and anti-CD28 Abs and TGF-β (2 ng/
mL) plus IL-6 (25ng/mL), with or without supplementation of 
40 mM NaCl. These in vitro–differentiated Th17 cells were thor-
oughly washed before adoptive transfer in equal numbers (2 × 
106 viable cells per recipient) into immunodeficient Rag1–/– mice 
that received 200 ng pertussis toxin (PTx) i.v. on the day of and 
2 days after transfer. The T cells polarized with TGF-β plus IL-6 
in high-NaCl conditions did not induce EAE, in contrast to their 
TGF-β–plus–IL-6–polarized counterparts, which were stimulated 
in low-NaCl conditions (Figure 7C). The lack of EAE induction in 

Figure 4. NFAT5 and SGK1 are engaged in the regulation of FoxP3 and IL-17A expression in high- but not low-NaCl conditions. (A) Human Th17 cells 
(CCR6+CCR4+CXCR3–) were restimulated in high or low NaCl concentrations in the presence or absence of a pharmacological inhibitor of p38 (p38i, 
SB202190) for a total culture period of 5 days with CD3 and CD28 mAbs (48 hours plate-bound). Results for intracellular staining and FACS analysis on day 
5 after PMA and ionomycin restimulation are shown. Representative FACS data (left) and cumulative data (right) are shown. Gates were set according to 
the unstained controls. A 2-tailed Student’s t test was used for comparisons between 2 groups. (B) qRT-PCR analysis of Th17 cells on day 5 isolated and 
stimulated as in A. (C) Intracellular staining and FACS analysis after restimulation in low- or high-NaCl conditions for 5 days in the presence or absence 
(scrambled shRNA) of shRNA-mediated silencing of NFAT5 and SGK1. Each circle represents an individual blood donor. One-way ANOVA was used for 
comparisons between multiple groups (FoxP3, P < 0.0004; IL-17A, P < 0.001).
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high-NaCl conditions was accompanied by a reduced accumula-
tion of IL-17A+ T cells in the CNS compared with the spleen upon 
ex vivo T cell analysis (Supplemental Figure 7, A and B). Collec-
tively, these data provide evidence that NaCl can lead to reduced 
autoimmune disease by directly effecting Th17 cell polarization.

Efficient murine Th17 cell priming has also been previously 
reported in the absence of exogenous TGF-β (47). In the pres-
ence of cytokine combinations containing IL-1β, IL-23, or IL-6, 
high-NaCl conditions did not allow for FoxP3 upregulation but 
strongly induced IL-17A production, thus promoting the patho-
genic murine Th17 cell phenotype, an finding in line with previous 
reports (Figure 7, D and E, and refs. 22, 23). Autocrine TGF-β pro-
duction was below the detection level (data not shown). Adoptive 
transfer of murine T cells polarized in these cytokine conditions 

resulted in relatively early and increased disease symptoms if T 
cell priming occurred in high- rather than low-NaCl conditions 
(Figure 7F). This is consistent with previous reports suggesting a 
pathogenic effect of NaCl on autoimmunity. Cumulatively, these 
data reveal that NaCl can exert divergent effects on autoimmune 
disease in the EAE mouse model by differential regulation of Th17 
cell pathogenicity via the TGF-β switch. This cytokine-mediated 
switch in the ability of NaCl to induce disease in the EAE model 
was mirrored by reciprocal accumulation of FoxP3+ or IL-17A+ T 
cells in the CNS upon adoptive transfer of NaCl-treated T cells that 
were cultured in high-NaCl conditions that differed in the pres-
ence of TGF-β (Supplemental Figure 7, C and D).

Discussion
The ionic composition of the tissue microenvironment represents 
a critical, but so far largely overlooked, determinant of physiolog-
ical and pathological tissue-specific T cell effector responses (16, 
48, 49). Although dietary NaCl intake might influence local tissue 
concentrations, its body-wide differential distribution in homeo-
static conditions exposes the circulating and resident immune 
cells to distinct NaCl microenvironments. NaCl has previously 
been highlighted as a novel and highly potent driver of Th17 cell 
differentiation and thus autoimmunity (22, 23). Our data sup-
port these findings but provide another layer of complexity that 
leads to divergent conclusions. We have revealed a dual context- 
dependent function of NaCl with respect to T cell fates, which trans-
lates into pro- and antiinflammatory Th17 cell effector functions. 
This finding has implications for the pathogenesis and treatment of 
chronic inflammatory diseases and for protective immunity.

We demonstrated that NaCl promoted Th17 cell functions 
at the effector T cell level independently of exogenous polariz-
ing cytokines. Surprisingly, the effect on effector Th17 cells was 
accompanied by a strong and stable induction of FoxP3 expression 
upon direct restimulation with NaCl. Expression of antiinflamma-
tory effector molecules such as TGF-β was also strongly induced 
by NaCl, supporting an overall switch toward an antiinflammatory 
T cell fate with concomitant maintenance of the Th17 cell identity. 
The antiinflammatory Th17 cell functionality adapted in a dose- 
dependent manner to its NaCl microenvironment, whereas IL-17A 
production reached a plateau with only small incremental increases 
in extracellular NaCl concentrations. In contrast, proinflammatory 
IFN-γ coproduction was downregulated, which was consistent with 
the previously reported shift from Th1 to Th2 responses in high-salt  
conditions (16, 49). This suggests that high NaCl concentrations, 
which are encountered in peripheral tissues (17), primarily regulate 
and further modulate the antiinflammatory functional repertoire 
of Th17 cells, whereas IL-17A expression levels can become saturat-
ed even before entering tissue microenvironments. Cumulatively, 
these findings support the view that antiinflammatory Th17 cell 
features prevail in NaCl-enriched tissue microenvironments.

Our findings revealed that transcriptional networks instruct-
ing specific T cell identities differ depending on the NaCl concen-
tration in the microenvironment. Mechanistically, we demonstrat-
ed that NFAT5 and its downstream kinase SGK1 are critical for 
the antiinflammatory switch in Th17 cells induced by high-NaCl 
conditions. Interestingly, expression of FoxP3 and IL-17A was not 
regulated by NFAT5 or SGK1 in low-NaCl conditions but rather 

Figure 5. Proinflammatory cytokines abrogate the antiinflammatory 
switch in the Th17 cell phenotype that is induced in high-NaCl condi-
tions. (A) FACS analysis (FoxP3, IL-17A) and ELISA (TGF-β) of human 
Th17 cells stimulated with CD3 and CD28 mAbs for 48 hours in high- or 
low-NaCl conditions for a total culture period of 5 days. P < 0.0001, by 
1-way ANOVA (FoxP3 and TGF-β); P = 0.03, by 1-way ANOVA (IL-17A). (B) 
qRT-PCR analysis of human Th17 cells on day 5 after stimulation with 
CD3 and CD28 mAbs for 48 hours in high- or low-NaCl conditions and the 
presence or absence of Th17-polarizing cytokines. P = 0.01 and P = 0.02, 
by 1-way ANOVA. (C) FACS analysis performed with cells treated as in B. 
P = 0.0004 and P = 0.05, by 1-way ANOVA. ±, in the presence or absence 
of; ± NaCl, in high- or low-NaCl conditions.
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FoxP3 with effector cytokines. Although this change in phenotype 
translated into acquisition of an antiinflammatory Th17 cell fate 
according to our findings, it might instead result in loss of suppres-
sive functions selectively in Tregs, and in particular in the pTreg 
subset, which would be in line with previous reports (28–30).

The upregulation of antiinflammatory TGF-β expression in 
human Th17 cells observed in this study is consistent with the 
previously reported regulation of TGF-β production by NaCl- 
inducible NFAT5 and the induction of TGF-β expression upon 
hypertonic stress in other cell types (52–54). TGF-β has also been 
identified as an inducer of SGK1 (23). This finding indicates the 
existence of an autocrine feedback loop that might reinforce the 
antiinflammatory T cell fate in hypersaline tissue microenviron-
ments (50). The reduced FoxP3 expression that we observed upon 
restimulation of Th17 cells in the presence of TGF-β–neutralizing 
Abs further suggested a supporting role of NaCl-induced TGF-β 
for the antiinflammatory fate of human Th17 cells. Additionally, 
SGK1 promotes TGF-β signaling through degradation of NEDD-
4L, a molecule that has been reported to limit SMAD2/SMAD3 
signaling (55). This suggests that NaCl not only increases the pro-
duction of TGF-β but also its downstream signaling in target cells, 
thus mediating an overall immunosuppressive cellular crosstalk.

An intriguing finding of our study was that proinflammatory 
cytokines such as IL-1β can license NaCl for T cell pathogenicity and 
thus serve as switch factors for the divergent functional effects of 
NaCl on human Th17 cells. NaCl either amplified antiinflammatory 
human Th17 cell properties or maintained proinflammatory prop-
erties, depending on this cytokine switch. Our observation might 

upon restimulation in high-NaCl conditions. Transcriptional reg-
ulation should therefore be revisited within the context of tissue 
NaCl concentrations, which are not currently reflected by NaCl 
concentrations in standard cell culture media. We anticipate that 
this adaptation to physiological ionic contexts will unravel many 
more transcriptional pathways that have been overlooked thus 
far in standard cell culture media conditions. A human salt atlas 
depicting the body-wide differential distribution of NaCl concen-
trations will be important to establish, in order to map the tissue 
distribution of this important immunomodulator in health and 
disease as well as in dietary contexts.

Previous studies support our observation that SGK1 expres-
sion is associated with an antiinflammatory T cell identity. SGK1 
has previously been shown to be more strongly expressed in 
peripherally induced Tregs (pTregs) than in Th17 or naive T cells 
in mice and is known to be induced by TGF-β (50). Furthermore, 
we and others have demonstrated that SGK1 promotes Th2 cell 
development over Th1 cell development in mice and humans and 
thus promotes allergic pathogenesis over autoimmune pathogen-
esis (16, 51). However, in Tregs, SGK1 was previously shown to 
disarm the immunosuppressive functionality and to even suppress 
the induction of FoxP3 expression (23, 50). These effects might 
particularly apply to thymus-derived natural Tregs, since induced 
Tregs remain suppressive in high-NaCl conditions (28, 29). Our 
own study does not preclude the possibility that the loss of immu-
nosuppressive functions might be induced by NaCl in ex vivo– 
isolated Tregs. We observed that NaCl acted consistently across 
all investigated T cell subsets by increasing the coexpression of 

Figure 6. The microbial antigen specificity of human 
Th17 cells determines whether pro- or antiinflammatory 
effects are promoted by NaCl. (A) Human Th17 cells were 
sorted by flow cytometry, labeled with CFSE, and restimu-
lated with autologous monocytes (2:1 ratio) that had been 
pulsed for 3 hours with S. aureus (DSM799) or C. albicans 
(SC5314) lysates before glutardehyde fixation as described 
previously (2). CFSElo Th17 cells were FACS sorted on day 
4 and then cloned. The T cell clones were restimulated 
on days 12 to 14 with CD3 and CD28 for 48 hours and ana-
lyzed after a 5-day culture period in low- or high-NaCl con-
ditions before intracellular staining and FACS analysis or 
ELISA of the culture supernatants. (B) Naive T cells were 
sorted as CD4+CD45RA+ T cells and stimulated with autol-
ogous monocytes that were pulsed with microbial lysates 
in the presence or absence of endogenously produced or 
recombinant IL-1β. CFSElo T cells were FACS sorted and 
cloned on day 9. The T cell clones were restimulated in 
low- or high-NaCl conditions as in A. The fold change of 
FoxP3 expression in high- versus low-NaCl conditions 
is shown. ctrl., control. An unpaired 2-tailed Student’s t 
test was used for comparisons between 2 groups. Circles 
indicate individual T cell clones.
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autocrine TGF-β production, thus abrogating the positive autocrine 
feedback for FoxP3 upregulation in human Th17 cells that was pro-
moted by high-NaCl conditions (see model in Supplemental Figure 
8). Cumulatively, these findings highlight how changing 1 factor of 
the microenvironment can shift the overall immune response in the 
opposite direction. Cytokine-blocking therapies might therefore 
amplify the antiinflammatory effects of NaCl in the inflamed tissue.

explain why the direct antiinflammatory property of NaCl has pre-
viously been masked and therefore overlooked in priming exper-
iments involving polarizing cytokines, which dominantly inhibit 
FoxP3 expression (22). We showed that these cytokines were also 
sufficient to obscure the direct effect of NaCl on IL-17A upregulation 
in effector Th17 cells, as no synergistic effects were observed (22). 
Proinflammatory Th17-polarizing cytokines also downregulated 

Figure 7. TGF-β governs the reciprocal enhancement of pro- versus antiinflammatory Th17 cell functions by NaCl in vitro and in vivo in an EAE mouse 
model. (A) Naive murine CD4+ T cells from 2D2 mice were cultured in vitro in neutral (Th0) or various Th17-polarizing conditions (Th17), including TGF-β in 
low- or high-NaCl conditions, and analyzed by FACS on day 3.5 for IL-17A and FoxP3 expression. Representative dot plots show intracellular IL-17A and FoxP3 
expression after restimulation of the cells with PMA and ionomycin. (B) Intracellular IL-17A and FoxP3 expression was quantified as in A. (C) Clinical EAE 
scores (0–5) were determined after adoptive transfer of T cells (1.5 × 106) that were polarized in vitro for 3.5 days with TGF-β and IL-6 (both 25 ng/mL) in high- 
or low-NaCl conditions. (D and E) Naive murine CD4+ T cells were cultured as in A in the absence of exogenous TGF-β. Representative dot plots and summary 
plots are shown. (F) Clinical EAE scores after adoptive transfer of T cells (2 × 106) that were polarized in vitro for 3.5 days with IL-1β, IL-6, and IL-23 in high- 
versus low-NaCl conditions. *P < 0.05, A 2-tailed, paired Student’s t test was performed for pairwise comparisons of low- and high-NaCl conditions (n = 3–4 
mice; data are representative of at least 3 independent experiments) (B and E) and 2-way ANOVA with Bonferroni’s multiple comparisons test (C and F).
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maintenance of the antiinflammatory FoxP3hiIL-17Alo phenotype 
of CNS-infiltrating T cells in the EAE mouse model, which corre-
sponded to their in vitro–generated phenotype and correlated with 
reduced disease scores. These findings were also in line with the 
maintenance of NaCl-induced FoxP3 upregulation in human Th17 
cells upon repeated restimulations in changing microenvironments. 
Cumulatively, this in vivo stability of in vitro–induced T cell effects 
has implications for NaCl in adoptive T cell therapies in settings of 
autoimmunity, cancer, and infections.

NaCl has previously been reported to accumulate in bacteri-
al skin infections and to play antimicrobial roles via macrophages 
(60). Our data demonstrate that NaCl exerts differential effects on 
human Th17 cells depending on their microbial antigen specificities. 
NaCl induced strong FoxP3 upregulation in S. aureus–specific Th17 
cells but not C. albicans–specific Th17 cells. This intriguing patho-
gen-specific effect of NaCl is consistent with the differential Th17 
priming requirements for IL-1β for C. albicans– versus S. aureus– 
specific T cells that we have previously reported (2). Accordingly, 
C. albicans–specific T cell priming in the presence of IL-1β–blocking 
Abs enhanced the ability of NaCl to upregulate FoxP3 expression 
compared with culture conditions in the absence of NaCl. Together, 
the data suggest differential effects of NaCl on Th17 cells depend-
ing on the type of infection. Moreover, they demonstrate that the 
dichotomous effects of NaCl are not dependent on the simulta-
neous presence of the IL-1β switch, but rather are associated with 
prior IL-1β signaling experience during the initial pathogen-specific 
Th17 cell–priming phase. Whether this durable T cell experience is 
imprinted epigenetically remains to be investigated. These findings 
highlight that NaCl fine-tunes antimicrobial immune responses as 
a rheostat depending on cytokine experience and the type of patho-
gen. It remains to be determined in the context of specific tissues 
and infections whether NaCl is beneficial for microbial clearance by 
the adaptive T cell immune system.

Our findings suggest that the enrichment of NaCl in peripher-
al tissues could stabilize immunotolerance in steady-state condi-
tions or, alternatively, promote inflammation in settings of infec-
tions or autoimmunity. These insights could translate into new 
therapeutic strategies, since currently available drugs that block 
IL-1β, IL-6, or IL-23 in chronic inflammatory diseases might shift 
the balance toward beneficial clinical outcomes upon NaCl accu-
mulation in peripheral tissues.

Methods
Cell purification and sorting. Fresh peripheral blood was obtained from 
healthy donors. PBMCs were isolated by density gradient centrifuga-
tion using Ficoll-Paque Plus (GE Healthcare). Th cells and monocytes 
were isolated from the PBMCs by positive selection with CD4- or 
CD14-specific microbeads (Miltenyi Biotec), respectively, using an 
autoMACS Pro Separator. Th cell subsets were sorted to at least 98% 
purity using the following markers: Th1 subset, CXCR3+CCR4–CCR6–

CD45RA–; Th2 subset, CXCR3–CCR4+CCR6–CD45RA–; and Th17 sub-
set, CXCR3–CCR4+CCR6+CD45RA–. Memory Th cells were isolated 
as CD45RA– lymphocytes, and naive T cells were isolated as CD45RA+ 

CD45RO– CCR7+ lymphocytes at a purity of over 98%. The Abs used 
for sorting by flow cytometry were identical to those we have described 
previously (2, 6). The cells were sorted with a BD FACSAria III (BD Bio-
sciences). Skin T cells were isolated from fresh human abdominal skin 

Our findings with murine T cells also challenge the current 
concept that NaCl promotes Th17 cell pathogenicity and thus 
autoimmunity. Previous studies in mice have indicated that NaCl 
has a pathogenic impact on murine Th17 cell differentiation, but 
they did not address FoxP3 coexpression by these cells, which is 
well known to alter the functionality of differentiating Th17 cells 
(8, 45). In addition, naive T cell polarization requires cytokine sig-
naling, thus obscuring direct NaCl effects. Here, we found that 
TGF-β acted as a critical molecular switch factor that amplified 
the antiinflammatory effects of NaCl, i.e., FoxP3 upregulation 
and IL-17A downregulation, whereas its absence allowed for 
amplification of the proinflammatory murine Th17 cell pheno-
type by NaCl. Consistent with our findings, results from other 
studies have shown that NaCl has little effect on murine IL-17A 
production in TGF-β–plus–IL-6–polarizing conditions and that 
there is no role for SGK1 expression in this process (23). Instead, 
an important role for SGK1-dependent murine IL-17A upregula-
tion was previously observed in IL-23–containing priming condi-
tions (23), highlighting the pathogenic role of NaCl in the context 
of proinflammatory cytokines. Exogenous TGF-β was critical for 
allowing NaCl to enhance the antiinflammatory murine Th17 cell 
fate, possibly due to insufficient autocrine TGF-β production in 
the presence of polarizing proinflammatory cytokines. This was 
comparable to our human T cell cultures, in which differential 
levels of autocrine TGF-β that were secondarily modulated by 
polarizing cytokines likewise translated into divergent Th17 cell 
effector functions in high-NaCl conditions (see model in Supple-
mental Figure 8). This observation is reminiscent of the recipro-
cal regulation by the IL-6 switch factor that has previously been 
reported for murine Tregs and Th17 cells in TGF-β conditions 
(40, 46). The detailed molecular mechanism by which these 
divergent Th17 cell fates are regulated in the context of ionic sig-
naling remains to be dissected.

To demonstrate that these NaCl-induced T cell cytokine expres-
sion profiles translate into either pro- or antiinflammatory T cell 
effector functions, we validated them in vivo. Previously, a patho-
genic effect of NaCl has been emphasized for autoimmune diseases 
in mouse models, which had been based on disease aggravation fol-
lowing a high-NaCl diet (18, 22, 23, 56–58). Indirect effects, such as 
modification of the gut microbiota or increased blood-brain barrier 
permeability, most likely account for this overall dietary effect (15, 
43, 59). Using the adoptive transfer mouse model of EAE, we were 
able to circumvent the widespread effects of diet on the immune 
system and beyond. This model revealed that NaCl exerted direct as 
opposed to indirect antiinflammatory T cell functions in vivo, which 
were accompanied by lower disease activity. Our findings were con-
sistent with a NaCl-induced enrichment of FoxP3+ versus IL-17A+  
T cells in the CNS. The opposite disease outcome was amplified by 
NaCl, however, when murine Th17 cells were primed in the absence 
of exogenous TGF-β, consistent with our in vitro Th17 cell pheno-
typing data. Cumulatively, our findings challenge the current con-
cept that NaCl promotes autoimmune disease pathogenicity per se. 
Instead, they propose a dual context-dependent function of NaCl 
with reciprocal regulation of autoimmunity.

Strikingly, our adoptive T cell transfer strategy also sug-
gested in vivo stability of the protective Th17 cell fate that was 
induced in high-NaCl conditions in vitro. This is illustrated by the  

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9
https://www.jci.org/articles/view/137786#sd
https://www.jci.org/articles/view/137786#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 5 9 7jci.org   Volume 130   Number 9   September 2020

1× nonessential amino acids [MEM NEAA], 50 μM β-mercaptoetha-
nol, and 100 U penicillin-streptomycin; Life Technologies, Thermo 
Fisher Scientific). Neutralizing Abs and cytokines were used at the fol-
lowing concentrations: anti–IL-4 (clone 11B11, 10 μg/mL), anti–IFN-γ 
(clone XMG1.2, 10 μg/mL) from BioLegend, and anti–TGF-β (clone 
1D11.16.8, 20 μg/mL) from Bio X Cell; and IL-6 (25 ng/mL), IL-1β 
(20 ng/mL), IL-23 (20 ng/mL), and TGF-β (2 ng/mL) from Pepro-
Tech or R&D Systems. After 2.5 days in culture, cells were split into 2 
new 96-well plates with a freshly prepared cytokine mixture. After 3.5 
days in culture, cells were stimulated with 10 nM PMA and 1 μM ion-
omycin for 2 hours, followed by the addition of 5 μg/mL brefeldin A 
for another 2 hours. Dead cells were excluded with Fixable Viability 
Dye eFluor 780 (eBioscience) or LIVE/DEAD Fixable NiR Dead Cell 
Stain (Invitrogen, Thermo Fisher Scientific). Nonspecific binding was 
blocked with anti-CD16/anti-CD32 (clone 93, BioLegend) plus 2% nor-
mal mouse serum and 2% normal rat serum. Detection of intracellular 
FoxP3 (FJK-16s) and IL-17A (TC11-18H10.1) was performed using the 
FoxP3/Transcription Factor Staining Buffer Set (eBioscience) accord-
ing to the manufacturer’s instructions. Data were acquired on an BD 
LSRFortessa (BD Biosciences), a BD FACSCanto II (BD Biosciences), 
or a Cytoflex (Beckman Coulter) and analyzed with FlowJo software 
(Tree Star). Mice were housed in specific pathogen–free conditions. All 
data for C57BL/6 mice were reproduced with 2D2 [C57BL/6-Tg (Tcra-
2D2,Tcrb2D2)1Kuch/J] transgenic mice (The Jackson Laboratory).

Adoptive transfer EAE mouse model. Single-cell suspensions 
were generated from spleen, inguinal, axial, brachial, and man-
dibular lymph nodes of 2D2_Foxp3.gfp donor mice [Tg(Tcra2D2, 
Tcrb2D2)1Kuch crossed with Treg reporter strain Foxp3tm1Kuch on a 
C57BL/6 background] by passing the tissue through a 70-μm cell 
strainer. Naive CD4+ T cells were obtained by pre-enrichment using 
an “untouched” CD4+ T Cell Isolation Kit (Miltenyi Biotec) with sub-
sequent flow cytometric analysis (CD4+ [clone RM4-5], CD44lo [clone 
IM7], Foxp3.gfp–). Cells were seeded at a density of 200,000 cells/
well in a flat-bottom 96-well plate and stimulated with plate-bound 
anti-CD3 (clone 145-2C11, 4 μg/mL, Bio X Cell) and soluble anti-
CD28 (clone PV-1, 2 μg/mL, Bio X Cell). Recombinant cytokines (all 
from R&D Systems) and mAbs (anti–IFN-γ and anti–IL-4 [both 10 μg/
mL], from Bio X Cell plus 25 ng/mL IL-6 and 2 ng/mL TGF-β1 or IL-1β, 
IL-6, IL-23 [all 25 ng/mL], respectively) were added to DMEM (sup-
plemented with 10% FCS, 50 μM β-mercaptoethanol, MEM-NEAA, 
MEM vitamins, folic acid, 50 U/mL penicillin, 50 μg/mL streptomy-
cin, and 0.1 mg/mL gentamicin) with or without addition of 40 mM 
NaCl. Cells were cultured for 3.5 days before adoptive transfer. Dif-
ferentiated T cells were injected i.v. into Rag1-deficient recipient mice 
(Rag1tm1Mom) that received 200 ng PTx (MilliporeSigma) i.v. on the day 
of and 2 days after transfer. Clinical signs of EAE were assessed daily 
with the following scoring system: 0, no signs of disease; 1, loss of tone 
in the tail; 2, hind limb paresis; 3, hind limb paralysis; 4, tetraplegia; 
and 5, moribund. At the peak of disease (29 days), CNS-infiltrating 
cells were isolated after perfusion through the left cardiac ventricle 
with PBS. Brain and spinal cord were dissected and digested with col-
lagenase D (2.5 mg/mL) and DNase I (1 mg/mL) at 37°C for 45 min-
utes. After passing the tissue through a 70-μm cell strainer, cells were 
separated by discontinuous Percoll gradient (70%/37%) centrifuga-
tion. Mononuclear cells were isolated from the interphase.

Gene expression analysis. Total RNA was extracted using TRIzol 
Reagent (Invitrogen, Thermo Fisher Scientific) according to the  

samples obtained after plastic surgery by overnight collagenase diges-
tion (Collagenase Type IV, Thermo Fisher Scientific) and cell sorting.

Cell culture. Human T cells were cultured in RPMI 1640 medi-
um supplemented with 2 mM glutamine, 1% (vol/vol) nonessential 
amino acids, 1% (vol/vol) sodium pyruvate, penicillin (50 U/mL), 
streptomycin (50 μg/mL; all from Invitrogen, Thermo Fisher Scien-
tific), and 10% (vol/vol) FCS (Biochrom). Hypersalinity (high NaCl 
levels) was induced by increasing the NaCl concentration to 185 mM, 
whereas the baseline concentrations of NaCl in cell culture medium 
including supplements were 140 mM (NaCl, MilliporeSigma). Final 
sodium concentrations were confirmed in the cell culture media by 
potentiometry with a Cobas 8000 Analyzer (Roche). In the indicat-
ed experiments, T cell cultures were performed in the presence of 
recombinant cytokines (IL-6, 50 ng/mL; TGF-β, 5 ng/mL; IL-1β, 10 
ng/mL; IL-23, 50 ng/mL; IL-21, 50 ng/mL; all from R&D Systems) 
or neutralizing Abs (anti–IL-1β, BD Biosciences; anti–TGF-β, R&D 
Systems; both 10 μg/mL). T cells were stimulated with plate-bound 
anti-CD3 (2 μg/mL, clone TR66) and anti-CD28 (2 μg/mL CD28.2; 
both from BD Biosciences) Abs. T cell clones were generated in non-
polarizing conditions, as described previously, following single-cell 
deposition via flow cytometry–assisted cell sorting or by limiting 
dilution plating (61). Pathogen-specific T cell clones were generated 
as described previously (2, 42).

Cytokine and transcription factor analyses. For intracellular cyto-
kine staining, human cells were restimulated for 5 hours with PMA 
and ionomycin, with brefeldin A added for the final 2.5 hours of cul-
ture (all from MilliporeSigma). The cells were fixed and permeabilized 
with Cytofix/Cytoperm (BD Biosciences) according to the manufac-
turer’s instructions. For transcription factor analysis, cells were fixed 
and permeabilized with Cytofix/Cytoperm (eBioscience). The cells 
were stained with anti-cytokine Abs (Abs specific for IL-17A [clone 
BL168], IFN-γ [4S.B3], IL-22 [clone 2G12A41], and TGF-β [TW4-
2F8]; all from BioLegend) and with Abs against transcription factors 
(ROR-γt [clone AFKJS-9]), FoxP3 [clone PCH101], both eBioscience) 
and were analyzed with a BD LSRFortessa (BD Biosciences), a Cyto-
FLEX (Beckman Coulter), or a MACSQuant Analyzer (Miltenyi Bio-
tec). Flow cytometric data were analyzed with FlowJo (Tree Star) or 
Cytobank (Cytobank Inc.) software. Cytokines in culture supernatants 
were quantified by ELISA (R&D Systems) or by Luminex (Thermo 
Fisher Scientific), according to standard protocols, after restimulation 
of cultured T cells with phorbol 12-13-dibutyrate (50 nM, MilliporeSig-
ma) and plate-bound anti-CD3 (1 μg/mL, TR66) for 8 hours or as indi-
cated in the respective figure legends.

For experiments with murine T cells, single-cell suspensions 
were generated from the spleen and inguinal, axial, and brachial 
lymph nodes of C57BL/6 mice (Janvier Labs). Naive CD4+ T cells 
were obtained by negative selection using a mouse naive CD4+  
T Cell Isolation Kit (StemCell Technologies or Miltenyi Biotec). The 
cells were seeded at a density of 200,000 cells/well in a 96-well 
flat-bottomed plate and stimulated with plate-bound anti-CD3 and 
anti-CD28 Abs (2 μg/mL anti-CD3 [clone 145-2C11] and 2 μg/mL 
anti-CD28 [clone 37.51] for in vitro experiments; 4 μg/mL anti-CD3 
and soluble anti-CD28 for in vivo experiments; Bio X Cell) and differ-
ent mixtures of cytokines and mAbs (Th0 conditions: anti–IL-4, anti-
IFN-γ; Th17 conditions: anti–IL-4, anti-IFN-γ, and cytokine mixtures 
as indicated) with or without the addition of 40 mM NaCl in DMEM 
(supplemented with 10% FCS, 10 mM HEPES, 1 mM sodium pyruvate, 
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After 48 hours, the cells were washed and selected with puromycin (Mil-
liporeSigma). Silenced gene expression was verified by qRT-PCR 4 days 
after transduction.

Statistics. The statistical tests are indicated in the respective 
figure legends. Error bars indicate the SEM. P values of 0.05 or less 
were considered significant. Analyses were performed using Graph-
Pad Prism 7–8 (GraphPad Software).

Study approval. Ethics approval was obtained from the IRB of the 
Technical University of Munich (195/15s, 146/17s, 491/16s) and the 
Charité – Universitätsmedizin Berlin (EA1/221/11). Participants of this 
study provided written informed consent. All work involving humans 
was carried out in accordance with Declaration of Helsinki principles 
for experiments involving humans. All experiments were performed 
in accordance with the regulations of the Regierung von Oberbayern 
and the Regierungspräsidium Giessen.
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manufacturer’s instructions. A high-capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) was used for cDNA synthesis 
according to the manufacturer’s protocol. Transcripts were quantified 
by real-time PCR with predesigned TaqMan Gene Expression Assays 
(SGK1, Hs00985033; NFAT5, Hs00232437; RORC2, Hs01076112; 
FOXP3, Hs01085834; IL10, Hs00961622; CTLA4, Hs00175480_m1; 
18S, Hs03928985; LAG3, Hs00958444_g1; and ICOS, Hs00359999_
m1) and reagents (Applied Biosystems). mRNA abundance was nor-
malized to the amount of 18S rRNA and is expressed in AU.

For RNA-Seq analyses, Th17 cells were isolated ex vivo as 
described above and stimulated for 48 hours with CD3 and CD28 
mAbs for a total culture duration of 5 days in the presence of low 
and high NaCl concentrations. Total RNA was extracted from cells 
lysed in TRI Reagent (MilliporeSigma) according to the manufactur-
er’s protocol. RNA was quantified using a NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific), and its quality was verified 
with an Agilent 2100 Bioanalyzer (Agilent Technologies) according 
to the manufacturer’s guidelines.

Library preparation for RNA-Seq was performed using the 
TruSeq Stranded Total RNA Sample Preparation Guide (Illumina) 
starting with 450 ng RNA as the input for each sample. Only 11 
cycles were used for PCR amplification to minimize PCR bias. The 
barcoded libraries were sequenced on a HiSeq 2500 (Illumina) with 
paired-end, 100-bp reads. Approximately 6 Gb of sequencing reads 
were produced on average per sample. The reads were mapped 
to the reference transcriptome built from the human genome 
assembly hg38 (GRCh38) using STAR, version 2.6.1a (62). Tran-
scripts were quantified with Salmon, version 0.11.3, in the align-
ment-based mode (63). Downstream analyses were performed with 
the statistical framework R (ISBN 3-900051-07-0). Differentially 
expressed genes were identified using the R package DESeq2 (64), 
taking into consideration the effect of samples. No fold-change 
cutoff was set for determining differentially expressed genes, thus, 
all genes with a FDR of less than 0.05 by the Wald test were con-
sidered significantly dysregulated. Plots were produced with the R 
package ggplot2 (65). The clusterProfiler R package (66) was used 
for GSEA, and genes were ranked according to the shrunken fold-
change values calculated by DESeq2, as previously suggested (64). 
Our raw data are publicly available in the NCBI’s Gene Expression 
Omnibus database (GEO GSE148669).

Lentivirus-mediated gene silencing. Bacterial stocks containing len-
tiviral vectors with shRNAs targeting SGK1 and NFAT5 were purchased 
from MilliporeSigma (SGK1: TRCN0000196562, TRCN0000194957, 
TRCN0000040175, TRCN0000040177, TRCN0000010432; NFAT5: 
TRCN0000437810, TRCN0000020021, TRCN00000 20022, TRCN-
0000020023, and TRCN0000020019). All vectors were amplified 
and purified using a MaxiPrep or MidiPrep Kit (QIAGEN) according 
to the manufacturer’s instructions. Lentiviral particles were generat-
ed in HEK293 cells. Presorted human memory T cells (5 × 104) were 
activated on anti-CD3/anti-CD28 Ab–coated plates for 12 hours before 
transduction with the supernatants from cultures with pooled lentivi-
ral particles against SGK1 or NFAT5 or those without shRNA insertion.  
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