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FOXP3+ Tregs are central for the maintenance of self-tolerance and can be defective in autoimmunity. In multiple
sclerosis and type-1 diabetes, dysfunctional self-tolerance is partially mediated by a population of IFNγ-secreting Tregs. It
was previously reported that increased NaCl concentrations promote the induction of proinflammatory Th17 cells and that
high-salt diets exacerbate experimental models of autoimmunity. Here, we have shown that increasing NaCl, either in
vitro or in murine models via diet, markedly impairs Treg function. NaCl increased IFNγ secretion in Tregs, and reducing
IFNγ — either by neutralization with anti-IFNγ antibodies or shRNA-mediated knockdown — restored suppressive activity
in Tregs. The heightened IFNγ secretion and loss of Treg function were mediated by the serum/glucocorticoid-regulated
kinase (SGK1). A high-salt diet also impaired human Treg function and was associated with the induction of IFNγ-
secreting Tregs in a xenogeneic graft-versus-host disease model and in adoptive transfer models of experimental colitis.
Our results demonstrate a putative role for an environmental factor that promotes autoimmunity by inducing
proinflammatory responses in CD4 effector cells and Treg pathways.

Research Article Autoimmunity Immunology Inflammation

Find the latest version:

https://jci.me/81151/pdf

http://www.jci.org
http://www.jci.org/125/11?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI81151
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/13?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/25?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/27?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/81151/pdf
https://jci.me/81151/pdf?utm_content=qrcode


The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

4 2 1 2 jci.org   Volume 125   Number 11   November 2015

Introduction
Tregs are central in mediating peripheral tolerance and are involved 
in the maintenance of tolerance to self-antigens (1, 2). Tregs 
employ Foxp3 as a key transcription factor and are characterized 
by a Treg-specific demethylated region (TSDR) (3). Tregs depend 
on IL-2 for survival and suppress ongoing immune responses 
through direct and indirect mechanisms involving secretion of 
the cytokines TGF-β and IL-10, in addition to cell-to-cell contact–
dependent mechanisms (4, 5). Despite normal frequency of Tregs 
in patients with autoimmune diseases such as multiple sclerosis 
(MS), their suppressive function is substantially decreased in com-
parison to healthy individuals (6, 7). Similar to CD4 effector T cells, 
Tregs possess functional plasticity and are capable of secreting the 
proinflammatory cytokines IFNγ and IL-17, among others (1, 8–14). 
Secretion of IFNγ by Foxp3+ Tregs has been observed in patients 
with relapsing-remitting MS and type 1 diabetes (T1D) (13, 14). The 
mechanisms that trigger Treg plasticity and dysfunction in autoim-
mune diseases are not well understood.

Autoimmune diseases are mediated by genetic variants low-
ering immune cell activation thresholds, resulting in heightened 
inflammatory responses (15–17). Understanding the unfavorable 

interactions between genes and environment are critical in under-
standing the pathophysiology of autoimmune diseases (18, 19). 
Insufficient vitamin D intake, increased body mass index, and 
smoking are environmental risk factors for a number of autoim-
mune diseases. In this regard, diet is emerging as a potential envi-
ronmental trigger (20–23). We have previously observed that higher 
physiologic salt concentrations, similar to concentrations that could 
be detected in the interstitium after sodium-rich diets in vivo, 
have direct effects on the induction of Th17 cells with initiation of 
a proinflammatory signature in vitro, suggesting a role for salt in 
adaptive immune function (24–27). Increases in dietary salt intake 
worsen animal models of MS (experimental autoimmune encepha-
lomyelitis [EAE]), and is associated with increased in vivo induction 
of proinflammatory Th17 cells (24, 25). Of note, recent studies in 
patients with autoimmune diseases indicated that higher salt intake 
is associated with increased clinical and radiological disease activ-
ity in MS patients and with increased risk of developing rheuma-
toid arthritis (28, 29). Moreover, a recent longitudinal study under 
highly controlled conditions in humans indicated that changes in 
dietary salt levels could significantly impact cellularity of cells of the 
innate immune system and secreted levels of pro- and antiinflam-
matory cytokines such as IL-6, IL-23, and IL-10 in vivo (30). Besides 
raising interstitial sodium content, high-salt diets potentially exert 
direct effects on lymphocytes in gut-associated tissues and within 
the intestine (25). Finally, recent data have demonstrated that the 
gut microbiota may have a profound impact on Th17 cells and Tregs 
(31). As such, it is likely that high-salt diets also alter the gut microbi-
ota, thereby having an indirect impact on CD4 T cells, further link-
ing dietary salt intake to development of autoimmune disease (11).

Serum/glucocorticoid-regulated kinase 1 (SGK1) plays a key 
role in cellular stress response and downstream activation of 
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Here, we report that physiologically elevated levels of sodium 
chloride block the suppressive capacity of human and murine Foxp3+ 
Tregs in vitro and in vivo. Under high-salt in vitro conditions, IFNγ 
blockade by either monoclonal antibodies or shRNA-mediated 
knockdown of IFNG restores Treg function. Additionally, shRNA- 
mediated knockdown or chemical inhibition of SGK1 in human 
Tregs inhibits IFNγ secretion while similarly restoring suppressive 
function. Thus, high-salt induces a proinflammatory Treg pheno-
type associated with an SGK1-dependent increase in IFNγ secretion. 
Finally, high-salt diets blocked Treg function in a murine model of col-
itis and in a humanized xenogeneic graft-versus-host disease model  
(x-GvHD model), and they were associated with increased Treg IFNγ 
secretion in vivo. These data provide evidence that, in addition to the 
increased induction of proinflammatory Th17 cells, excess dietary 
sodium intake can impact autoimmunity by inhibiting the function 
of Tregs. Thus, our data provide a mechanistic link between an envi-
ronmental factor and immune dysregulation in autoimmune disease.

potassium, sodium, and chloride channels (32, 33). While levels 
of SGK1 expression contribute to hypertension and renal disease, 
transcriptional network analysis identified Sgk1 as a key node for 
the induction of Th17 cells (25, 34). Moreover, recently SGK1 was 
shown to have an effect on other Th cellular subsets (35). SGK1-
mediated induction of proinflammatory Th17 cells occurs in tan-
dem with activation of p38/MAPK and NFAT5 pathways, leading 
to a FOXO1-dependent increase in expression of the IL-23 recep-
tor and heightened signaling for the IL-17 inflammatory cascade 
(24, 25). Blocking the renin-angiotensin system also modulates 
immune responses and induction of EAE, associated with sup-
pression of autoreactive Th17 cells and enhanced Treg responses 
(36, 37). Furthermore, excess NaCl affects the innate immune 
system via skin-residing macrophages, providing important impli-
cations for blood pressure regulation (26, 27), and it has been 
recently demonstrated that high-salt diets could boost the func-
tion of proinflammatory macrophages (38, 39).

Figure 1. High-salt conditions block suppressive function in vitro. (A) CD4+ naive effector T cells (CD4 effector) were labeled with CFSE, stimulated with 
αCD2/αCD3/αCD28-coated beads (at 2 beads/cell) and cultured alone or cocultured with CD4+CD25hiCD127lo Tregs at ratios as indicated. Cells were cultured 
either in media (white) or with an additional 40 mM NaCl (gray) added. CFSE dilution was measured by flow cytometry after 5 days. Histograms depict 
cellular proliferation and are gated on viable cells. (B) The line graph depicts a summary of experiments at Treg/CD4 effector cell ratios as indicated (n = 10). 
(C) Tregs were stained with Celltrace Violet and CD4 effector cells with CFSE to track proliferation within the coculture system either in normal media or in 
media enriched with 40 mM NaC. Cultures were stimulated with αCD2/αCD3/αCD28-coated beads (at 2 beads/cell). (D) Summary of findings (n = 5). Statisti-
cal analyses were performed using paired Student’s t test.
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cells, no change was observed between standard media and mann-
itol conditions, indicating that the effect was not simply dependent 
on hypertonicity (24, 25).

To confirm the direct influence of the high-salt condition on 
human Tregs and to exclude that the loss of suppression is perhaps 
mediated indirectly by heightened effector T cell responses, Tregs 
were activated either in standard media or in high-salt media for 
72 hours, as previously reported (40). After the incubation period, 
Tregs were plated in a suppression assay with the standard NaCl 
concentration. As activated Tregs are more suppressive than ex 
vivo isolated Tregs, we used a lower Treg/CD4 effector cell ratio 
of 1:3 (40). Tregs preincubated in high-salt conditions similarly 
lost in vitro suppressor function, demonstrating that a direct effect 
of high-salt on Tregs is the main contributor to the observed effect 
(Figure 2, A and B). We next examined whether the high-salt condi-
tions decreased either Foxp3 expression or changes in methylation 
status of the TSDR (3). There was no significant change in either 
Foxp3 expression or in the demethylation status of the TSDR region 
after 72 hours of activation, indicating that neither loss of FOXP3 
expression nor loss of TSDR demethylation are accounting for the 
observed loss of suppression (Figure 2, C and D). There was also no 
observed change in cell viability (Supplemental Figure 6, A and B).

High-salt promotes a Th1-type effector phenotype in Tregs. To 
examine the mechanism for the loss of Treg function and increased 
proliferation, we performed a microarray analysis of Tregs under 
standard and high-salt conditions. Purified Tregs were activated 
with anti-CD3/CD28 in the presence of IL-2 for 72 hours, and 
mRNA expression was determined using Affymetrix gene chip anal-
ysis (Figure 3A). The expression analysis indicated a shift toward 
a Th1-type proinflammatory Treg phenotype with a dominant 
increase in IFNG, TBX21, and CXCR3 expression. We also detected 

Results
High salt blocks suppressive function of Tregs in vitro. We used an in 
vitro coculture suppression assay system to study CD4+CD25hi 

CD127loFoxp3+ Treg functionality in the presence of high-salt con-
ditions (13). While entry into cell cycle by CD4+CD25–CD45RA+ 

CD45RO– naive T effector cells (CD4 effector cells) was inhibited 
by Tregs in standard media, the addition of physiologically relevant 
40 mM NaCl (high salt) prevented efficient in vitro suppressor func-
tion of human Tregs, indicating that either the effector cells escaped 
suppression or that Tregs are acquiring a nonsuppressive phenotype 
(Figure 1, A and B, and refs. 24–27). In order to determine whether 
the loss of Treg function was related to cell death, we examined via-
bility and Annexin V reactivity. There was no significant increase 
in the number of dead cells or evidence of increased apoptosis via 
Annexin V under high-salt conditions (Supplemental Figure 1, A 
and B; supplemental material available online with this article; 
doi:10.1172/JCI81151DS1). It was of interest to determine whether 
high-salt conditions induced increased Treg entry into cell cycle as 
measured by cell trace dye. Increases in both Treg and CD4 effec-
tor cell proliferation were observed in the high-salt condition (Fig-
ure 1, C and D). This was accompanied by stable Foxp3 expression 
(Supplemental Figure 2) in addition to an increase in CD25 expres-
sion on and IL-2 secretion by Tregs in the coculture system (Sup-
plemental Figure 3, A and B). Using a transwell plate, diminished 
suppressor function in high-salt in vitro conditions was not altered 
by lack of cell contact (data not shown). Treg suppressor function 
was also dependent on NaCl concentration between 10–40 mM 
(Supplemental Figure 4). To explore if these findings were the result 
of hypertonic shifts in the culture medium, a suppression assay was 
performed in media enriched with 80 mM mannitol (Supplemental 
Figure 5, A and B). In line with our previous observations on Th17 

Figure 2. High-salt conditions directly influence Treg 
function. (A) Tregs were activated with plate-bound 
αCD3 and soluble αCD28 at 1 μg/ml either in normal 
media (media, white) or media enriched with 40 mM 
NaCl (gray) for 72 hours with IL-2 (25 U/ml). Following 
incubation, Tregs were washed, counted, and plated 
in a suppression assay in normal media with freshly 
sorted allogeneic CD4 effector cells stained with CFSE. 
CFSE dilution was measured via flow cytometry after 5 
days. (B) Line graph depicts a summary of experiments 
(n = 5). At onset of preactivation and following 72-hour 
preactivation, an aliquot of Tregs was analyzed. (C 
and D) We confirmed that Foxp3 expression (C) (n = 5) 
and percent demethylation of the TSDR (D) (n = 3) did 
not change with activation and that these are human 
Tregs. Statistical analyses were performed using paired 
Student’s t test.
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depleted PBMCs (Supplemental Figure 7A) had delayed onset of 
disease and were symptom free following a 40-day time course, 
whereas their high-salt diet counterparts developed significant 
disease (Figure 4A). Mice on a high-salt diet receiving only human 
PBMCs developed a more severe x-GvHD with earlier onset in 
comparison to those animals on normal diet (Figure 4A). ANOVA 
analysis between the NSD and high-salt diet groups receiving either 
Tregs and PBMCs, or PBMCs alone, revealed significance across 
subsets. The high-salt diet did not induce weight changes in animals 
that received no human cells compared with animals on an NSD 
(Supplemental Figure 7B). Analysis of total splenocytes revealed an 
increase in proinflammatory cytokines in the CD3+CD8– subset, and 
animals transferred only with CD25-depleted PBMC showed no 
significant induction of FOXP3-expressing cells (data not shown). 
Notably, engrafted human Tregs (CD3+CD8–Foxp3bright) isolated 
from spleens of animals receiving high-salt diets produced signifi-
cantly higher levels of IFNγ in comparison to Tregs from NSD ani-
mals (Figure 4, B and C).

In order to evaluate the function of murine Tregs under high-
salt conditions, an in vitro suppression assay was used; GFP+ nat-
ural Tregs were isolated from Foxp3-GFP reporter mice and cul-
tured with or without 40 mM NaCl in the presence of anti-CD3 
and anti-CD28 for 3 days, and then cultured in suppression assays 
for 5 days. In line with the human data, murine Tregs activated in 
high-salt conditions exhibited lower suppressive capacity and were 
less efficient in inhibiting the proliferation of WT naive T effector 
cells (Supplemental Figure 8A). Given these findings, we placed 
Foxp3-GFP reporter mice on a high-salt diet for 3 weeks prior to har-
vesting Tregs from the lamina propria and mesenteric lymph nodes 
and analyzed those Tregs for gene expression. In both regions, we 
observed an increase in Sgk1 and Ifng, whereas Tbx21 expression 
was only significantly upregulated in Tregs isolated from the lam-
ina propria in animals on a high-salt diet (Supplemental Figure 9). 
This data is in line with our previous findings on high-salt–induc-
ing Th17 cells (25) and suggests that the primary site of action for 

increases in Th17-related mRNA expression — including RORC, 
CCR6, IL17A, and IL17F — in line with what we previously observed 
in naive CD4 cells cultured under Th17 conditions in the presence 
of high salt (24, 25), although to much lower levels compared with 
IFNG. As SGK1 is a central node associated with induction of the 
Th17 CD4 program by high salt, it was of interest that this kinase 
was also induced in Tregs under similar conditions (Figure 3A).

To analyze protein expression of cytokines, we performed 
a Luminex assay on Treg culture supernatants induced under 
standard and high-salt conditions. Six-fold increases in secreted 
IFNγ were detected, thereby confirming the observed dominant 
changes of IFNG on mRNA levels (Figure 3B). Of note, in line with 
the expression data, the increase in IFNγ production was more 
pronounced than that of IL-17. Analysis of surface markers asso-
ciated with suppression — such as CTLA4, GITR, PD-1, and LAP- 
TGFβ — did not reveal any significant high-salt–mediated changes 
in the Treg population (data not shown). Together, these data 
suggest that Tregs exposed to high-salt conditions are predomi-
nantly adopting a Th1-type effector phenotype, as evidenced by 
increased IFNγ, TBX21, and CXCR3 expression.

High-salt diet impairs the suppressive function of Tregs in vivo. The 
significant in vitro effects of high-salt conditions on Treg function 
and IFNγ production prompted us to study the effects of increased 
dietary salt in vivo. We first used a model of acute x-GvHD  
to directly study human Treg functionality in an in vivo setting (41). 
Immune-deficient NOD-scid IL2Rgnull (NSG) mice were fed either 
a normal salt diet (NSD), containing 0.4% of NaCl or a high-salt 
diet, containing 8% NaCl and 1% of NaCl in the drinking water for 
2 weeks prior to x-GvHD being induced through adoptive trans-
fer of CD25-depleted human peripheral blood mononuclear cells 
(PBMCs). In this model, development of acute x-GvHD could be 
followed by weight loss and measurements of the general appear-
ance in animals. Disease severity could be significantly delayed 
or prevented by the cotransfer of syngeneic human Tregs (41, 42). 
Animals on an NSD cotransferred with enriched Tregs and CD25- 

Figure 3. High-salt conditions induce a Th1-
type phenotype. (A) Tregs were stimulated for 
72 hours with plate-bound αCD3 and soluble 
αCD28 at 1 μg/ml with IL-2 (25 U/ml) either in 
the presence (+NaCl) or absence (media) of an 
additional 40 mM NaCl prior to being analyzed 
via Affymetrix array (U133 Plus 2.0) (n = 2). (B) 
Supernatants from activated Tregs either in 
normal media (media) or in media enriched with 
40 mM NaCl were harvested and assayed via 
Luminex. Fold change was calculated based on 
+NaCl condition (n = 4).
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is mediated by IFNγ and could be restored by neutralizing IFNγ 
(13). In order to examine whether increased IFNγ levels similarly 
contribute to high-salt–mediated functional loss of suppression, we 
neutralized IFNγ within the coculture system. Notably, a human 
IFNγ neutralizing antibody added at the start of the coculture assay 
resulted in significant recovery of suppression under high-salt 
conditions (Figure 5, B and C). To confirm our findings, we added 
recombinant IFNγ to the start of the culture and observed that it 
resulted in a deficit in suppressive function similar to that observed 
secondary to high salt (data not shown). Given these observations, 
we utilized IFNG-specific shRNA (shIFNG) to directly target IFNG 
expression in Tregs. Lentiviral particles containing constructs of 
GFP-shRNA specific for IFNG were added to activated Tregs that 
were then sorted based on viability and GFP expression prior to 
being plated in a suppression assay with high-salt media. Transduc-
tion efficiency was controlled by GFP expression (data not shown), 
and IFNG knockdown was confirmed via quantitative PCR (qPCR) 
(Figure 5D). Silencing of IFNG in Tregs resulted in recovery of func-
tional suppression in the setting of high-salt (Figure 5, E and F).

High-salt–induced Treg dysfunction is dependent on SGK1. Because 
SGK1 is a central node in high-salt–mediated Th17 induction, it was 
of interest to study whether it is responsible for high-salt–mediated 
loss of suppression in Tregs (25, 33, 34). In line with published data, 
changes in SGK1 expression as an immediate early response gene 
followed a similar kinetic profile compared with TBX21 expression, 
and we observed a more prominent increase in SGK1 at 24 hours over 
a 72-hour kinetic profile (Figure 6A) (25). Pharmacologic blockade of 
SGK1 resulted in recovery of suppressive function in Tregs exposed 
to high-salt conditions (Supplemental Figure 10, A and B). Further-
more, we then utilized SGK1-specific shRNA to directly silence 
SGK1 expression in Tregs. Silencing of SGK1 recovered Treg sup-
pression in the high-salt condition (Figure 6, B–D). Of note, shRNA- 
SGK1–transduced Tregs expressed less IFNG and TBX21 than those 
transduced with the control vector, suggesting that induction of a 
Th1–type program and suppressive activity under high-salt condi-
tions depends on SGK1 (Figure 6E). Luminex analysis of superna-
tants of the coculture confirmed that the knockdown of SGK1 in 
Tregs efficiently restored suppression and blocked cytokine secre-
tion (Figure 6F). Thus, SGK1 silencing both recovered Treg suppres-
sive capacity in high-salt conditions and decreased IFNγ secretion.

Downstream targets of SGK1 include FOXO1, which — in 
conjunction with FOXO3 — stabilizes the Foxp3 locus (25, 33, 43). 

inducing this phenotype in vivo is the small intestine. Since murine 
Tregs seemed to act similarly to human Tregs, this enabled us to 
directly test the impact of high-salt conditions on murine Tregs in 
an experimental animal model in vivo. The compromised suppres-
sive function of murine Tregs exposed to high-salt was confirmed in 
a T cell cotransfer colitis model. Either natural (Foxp3+/GFP+) Tregs 
preactivated in high-salt conditions or preactivated under stan-
dard media conditions were transferred together with WT CD4+ 

CD62L+CD44– naive T cells (as in Supplemental Figure 8A) at a 
ratio of 1:5 into Rag2–/– mice. Natural Tregs activated under standard 
conditions efficiently suppressed the development of colitis as mea-
sured by weight changes, while natural Tregs exposed to high-salt 
conditions showed reduced protection (Supplemental Figure 8B). 
Together, these data suggest that high-salt conditions decreased 
Treg suppressive function both in vitro and in vivo. Consistent with 
our in vitro data, the combined observations indicate that exposure 
to high-salt conditions causes functional loss in the Treg population 
and results in initiation of a Th1-type effector-like signature.

Neutralizing IFNγ recovers suppressive function under high-salt 
conditions. Given our findings in vitro and in vivo, it was of interest 
to determine the mechanism by which the high-salt conditions led 
to increases in IFNγ with loss of suppressor function. To elucidate 
transcriptional changes across time, we performed a kinetic analysis 
and observed that most prominent increases in TBX21 at 24 hours 
precede a rise in IFNG expression at 72 hours (Figure 5A). It was 
demonstrated before that loss of in vitro function of Th1-type Tregs 

Figure 4. High-salt intake inhibits Treg function in vivo. Six- to 10-week-
old NSG mice received normal chow and tap water ad libitum (NSD) or 
sodium-rich chow containing 8% NaCl and tap water containing 1% NaCl 
ad libitum (high-salt diet, HSD). Animals were put on HSD 2 weeks prior to 
engraftment of either CD25– human PBMCs alone or Tregs and PBMCs. (A) 
Length of time to development of GvHD was observed in animals as proxy 
for Treg function and annotated by percent weight across donor-matched 
HSD and NSD animals (n = 8 per diet and condition). (B) At time of 
development of GvHD symptoms, NSD mice and HSD mice were sacrificed 
in diet-matched and donor-matched pairings. Splenocytes were isolated 
prior to being analyzed by FACS. Cells were stained for viability, CD3, CD8, 
Foxp3, and IFNγ. Tregs were gated as CD3+CD8–Foxp3bright. (C) Intracellular 
protein levels of IFNγ were calculated and depicted across donor-matched 
animals (n = 5 per diet and condition). Statistical analyses were performed 
using one-way ANOVA between respective dietary and adoptive transfer 
groups. A paired Student’s t test was used for FACS analyses.
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Given this observation, we examined whether increases in phos-
phorylation of FOXO1/FOXO3 occurred following exposure to 
high-salt conditions in vitro. We observed an increase in phospho-
rylation of FOXO1/FOXO3 with high-salt conditions, implicating 
SGK1 engagement and suggesting that changes in Foxp3 stability 
may be an underlying mechanism for loss in Treg function (Figure 
6, G and H). Overall, these findings identify parallel mechanisms 
between salt-mediated changes in Treg functional regulation and 
proinflammatory induction of CD4+ lymphocytes, though further 

experiments are necessary to directly implicate a role for FOXO1/
FOXO3 phosphorylation in salt-mediated loss of Treg suppression.

Discussion
SGK1 is a key nodal point in a number of immunologically rele-
vant systems pertaining to proinflammatory cascades and regula-
tory mechanisms. Here, we demonstrate that engagement of the 
SGK1 axis by elevated NaCl in CD4+CD25hiCD127loFoxp3+ Tregs 
results in functional loss of suppression. Exposing Tregs to stan-

Figure 5. Neutralizing IFNγ restores Treg suppression in high-salt conditions. (A) Tregs were stimulated for 24 hours, 48 hours, and 72 hours with plate-
bound αCD3 and soluble αCD28 at 1 μg/ml respectively with IL-2 (25 U/ml) either in the presence (+NaCl) or absence (media) of an additional 40 mM NaCl 
prior to being analyzed via qPCR for changes in TBet (TBX21) and IFNG (n = 5). (B) CD4 effector cells were labeled with CFSE, stimulated with αCD2/αCD3/
αCD28-coated beads, and cultured alone or cocultured with Tregs. A neutralizing monoclonal antibody for IFNγ was added to the start of the culture at 
onset at 10 μg/ml (αIFNγ Ab, gray). A normal goat IgG Control was added to the start of culture to account for any nonspecific changes. CFSE dilution was 
measured by flow cytometry after 5 days in both cell populations. (C) The bar graph depicts a summary of independent experiments (n = 5). Statistical 
analyses were performed using paired Student’s t test. (D–F) Tregs were stimulated overnight with plate-bound αCD3 (1 μg/ml) and soluble αCD28  
(1 μg/ml). The following day, a GFP-tagged viral construct containing shRNA specific for IFNG (shIFNG, gray) and a nontarget viral (control, white) construct 
were added to the culture at MOI = 5 with IL-2 (25 U/ml). The culture was left for 5 days, and transduced live cells were sorted by GFP+ and propidium 
iodide. IFNG knockdown was confirmed via qPCR (D). Transduced GFP+ Tregs were cultured in a CFSE suppression assay at a Treg/CD4 effector cell ratio of 
1:3. CFSE dilution was measured by flow cytometry after 5 days (E). The bar graphs depict a summary of experiments demonstrating recovery of suppres-
sion in shIFNG in relation to control Tregs (n = 4) (F).
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Figure 6. High-salt–induced Treg dysfunction is dependent on SGK1. (A) Tregs were stimulated for 24 hours, 48 hours, and 72 hours with plate-bound 
αCD3 and soluble αCD28 at 1 μg/ml with IL-2 (25 U/ml) either in the presence (+NaCl) or absence (media) of an additional 40 mM NaCl prior to being 
analyzed via qPCR for changes in SGK1 (n = 5). (B–F) Tregs were stimulated overnight with plate-bound αCD3 (1 μg/ml) and soluble αCD28 (1 μg/ml). The 
following day, a GFP-tagged viral construct containing shRNA specific for SGK1 (shSGK, gray) and a nontarget viral (control, white) construct were added 
to the culture at MOI = 5 with IL-2 (25 U/ml). The culture was left for 5 days, and transduced live cells were sorted by GFP+ and propidium iodide. (B) SGK1 
knockdown was confirmed via qPCR. (C) Transduced GFP+ Tregs were cultured in a CFSE suppression assay at a Treg/CD4 effector cell ratio of 1:3. CFSE 
dilution was measured by flow cytometry after 5 days. (D) The bar graphs depict a summary of experiments demonstrating recovery of suppression in 
shSGK in relation to control Tregs (n = 3). (E) Transduced Tregs were stimulated for 4 hours with PMA and Ionomycin prior to analyzing changes in SGK1, 
IFNG, and TBX21 expression via qPCR (n = 3). (F) Luminex analysis of coculture supernatants. Bar graph depicts fold change in cytokine production (n = 4). 
(G) Tregs were activated with αCD2/αCD3/αCD28-coated beads (at 2 beads/cell) for 4 hours either in the presence (+NaCl) or absence (media) of an addi-
tional 40 mM NaCl prior to being harvested, fixed, and made permeable. Phosphorylation analysis was conducted by staining for phospho-FOXO1/FOXO3 
and ascertaining changes via flow cytometry. (H) Graph depicts a summary of changes in phosphorylation (n = 4). Statistical analyses were performed 
using paired Student’s t test.
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fer of human CD25– PBMCs and an adoptive transfer colitis model 
induced by the transfer of murine WT T cells in immune-deficient 
mice (41, 42, 49). Under normal dietary conditions, the addition 
of human CD25– PBMCs alone results in x-GvHD, and coadmin-
istration of autologous human Tregs (CD25+ PBMCs) markedly 
decreases disease onset (41, 50). However, in those animals exposed 
to a high-salt diet, the human Tregs were not able to halt onset of 
GvHD. Similar to what we observed under high-salt conditions in 
vitro, Foxp3bright Tregs in the humanized x-GvHD model exposed to 
a high-salt diet in vivo secreted higher amounts of IFNγ in compar-
ison to those fed an NSD. In experimental colitis, Tregs exposed in 
vitro to high-salt conditions were unable to suppress development of 
transfer-colitis, compared with Tregs not exposed to high-salt con-
ditions. Moreover, when Tregs are isolated ex vivo from the lamina 
propria of mice fed a high-salt diet for 3 weeks, they exhibit higher 
levels of Sgk1, Ifng, and Tbx21 than those animals on an NSD. Thus, 
we observed that a high-salt diet worsened the severity and onset of 
disease in the humanized x-GvHD model and in the murine adoptive 
transfer colitis models, with the site of action likely being the small 
intestine. These data provide evidence that our in vitro experiments 
model the in vivo administration of a high-salt diet.

We examined the mechanism by which high-salt conditions 
mediate loss of Treg function. SGK1 activation leads to downstream 
phosphorylation of FOXO1, which alongside FOXO3 are known 
placeholders of the Foxp3 locus (43). Thus, NaCl-induced activation 
and phosphorylation of FOXO1/FOXO3 by SGK1 could lead to their 
degradation and may affect Foxp3 stability (25). Overall, our data 
raise the question as to whether the IFNγ+ Treg signature observed in 
autoimmune disease may be mediated environmentally in a genet-
ically susceptible host via exposure to high dietary salt conditions.

Large parts of the industrialized world currently consume a diet 
rich in processed foods that contains high amounts of salt, sugar, 
fat, and cholesterol (31, 51). This Western diet has widespread impli-
cations in renal, cardiovascular, and endocrine homeostasis. SGK1 
has been established as a key response element in these systems. 
Changes in SGK1 function mediate adverse physiologic events 
through monitoring sodium transport, salt maintenance, and 
osmotic responses (52, 53). Although, SGK1 has not been directly 
studied in human autoimmune disease, investigations in the EAE 
model demonstrated that SGK1–/– mice have a diminished inflam-
matory response and attenuated induction of the disease (25). Our 
findings support that this may be due to heightened Treg suppres-
sive function in the setting of decreased Th17 cell induction (24, 25).

Gastrointestinal changes in salt concentrations and sodium 
storage in muscle, skin, and organs without commensurate water 
retention may explain how increases in dietary salt are able to sus-
tain long-term influences on the immune system, given effective 
clearance of excess salt through the renal system (54). Within the 
gastrointestinal tract, increased exposure to dietary salt causes 
an increased inflammatory milieu (25). Dietary changes may also 
influence both the function and composition of the gut microbi-
ome, which in turn could impact both innate and adaptive immunity 
through inducing increases in inflammatory cells while causing loss 
of Treg function (55, 56). Moreover, it has been reported that caloric 
and dietary shifts manipulate the architecture and absorptive 
capacity of the gut epithelium, which may influence immune func-
tion via prolonged exposure to metabolites (57–59). Recent studies 

dard media enriched with physiologically relevant 40 mM NaCl 
results in a dysregulated nonsuppressive phenotype. This pheno-
type is salt-specific and is accompanied by dominant initiation of a 
Th1-type signature both in vitro and in vivo, with increased mRNA 
expression of IFNG, TBX21, and CXCR3, in addition to marked 
increases in protein levels of IFNγ (44). Silencing of SGK1 in Tregs 
resulted in recovery of suppressive function in high-salt condi-
tions, in addition to attenuation of the Th1-type phenotype. More-
over, blocking IFNγ either via neutralizing antibody within the 
coculture system or via shIFNG recovered suppressor function. 
High-salt diets in vivo similarly induce IFNγ-secreting Tregs with 
associated losses of function. These data link a newly discovered 
environmental risk factor with a central immunologic dysfunction 
associated with human autoimmune diseases.

We and others have shown that Tregs can exhibit plasticity 
and are able to adopt various functional signatures (8, 11, 13). That 
is, Tregs can acquire Th1-type, Th2-type, and Th17-type pheno-
types marked by effector-like functions (11). The loss of in vitro 
Treg function is restored in IL-12–induced Th1-type Tregs by neu-
tralizing IFNγ (13). Similarly, in high-salt conditions, downregulat-
ing IFNG expression also restores suppressive function to Tregs. 
While Tregs exposed to high-salt conditions have a slight increase 
in expression of IL17a, IL17f, RORC, and CCR6, neutralizing IL-17 
in the coculture setting did not restore their suppressive function 
(data not shown). Moreover, silencing SGK1 did not change IL-17 
production in the coculture, yet it resulted in decreases in IFNG 
expression, suggesting that the Th1-type phenotype is dominant 
in the high-salt Treg population. While there were only modest 
increases in IL-13 under high-salt conditions, it was of interest 
that SGK1 shRNA knockdown decreased IL-13 secretion, as well. 
However, this decrease in IL-13 does not appear to be related to 
loss of Treg function. Thus, these data suggest that the Th1-type 
signature is dominant in Tregs exposed to a high-salt condition.

Th1-type Tregs expressing high levels of TBX21, IFNγ, and the 
surface marker CXCR3 have been identified in numerous disease 
settings, including colitis, infection, and autoimmune disease (13, 
45–47). Tregs isolated ex vivo from patients with MS and T1D secrete 
more IFNγ and possess a functionally impaired phenotype; they do 
not suppress as effectively as Tregs isolated from healthy individuals 
(13, 14). Neutralizing IFNγ restores suppressive capacity to Tregs iso-
lated from MS patients, indicating a central role for IFNγ in mediat-
ing loss of Treg function. Both Tregs isolated from MS patients and 
Tregs exposed to high-salt conditions have loss of suppressive func-
tion with no significant changes in methylation of the FOXP3 locus, 
FOXP3 protein, or mRNA expression (13). Increases in Treg prolifer-
ation under high-salt conditions further suggest that Tregs can adopt 
specific phenotypes and effector-like functions. That is, high-salt 
conditions induced IFNγ+-secreting Tregs that more rapidly enter 
cell cycle, indicating a memory- and effector-like phenotype as 
evidenced by loss of anergy, increased growth, enhanced cytokine 
secretion, and decreased suppressive function (48).

Having observed that exposure to high salt in vitro induced IFNγ 
in Tregs, it was important to determine whether a high-salt diet in 
vivo similarly induced the same phenotype with functional loss of 
suppression, considering the potential influence of dietary salt in 
the gut and immune function. Thus, we examined both a x-GvHD 
model that is induced in immune-deficient mice through the trans-
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ini Bio-Products) for 72 hours with plate-bound αCD3 (1 μg/ml), solu-
ble αCD28 (1 μg/ml), and IL-2 (25 U/ml) in the presence or absence of 
an additional 40 mM NaCl. Following the 72-hour culture, Tregs were 
removed, washed, and plated in a suppression assay with allogeneic 
CD4 effector cells for 5 days to ascertain salt specific influences on the 
Treg population.

shRNA-mediated gene silencing. Tregs and CD4 effector cells (1 × 105/ 
well) were stimulated in X-VIVO15 medium (BioWhittaker Inc.) with 
5% human serum (Gemini Bio-Products) overnight with plate-bound 
αCD3 (1 μg/ml) and soluble αCD28 (1 μg/ml). The following day, 
a GFP-tagged viral construct containing shRNA specific for IFNG 
(TRCN0000058499) or SGK1 (TRCN0000040175) and a control 
viral construct were added to the culture at multiplicity of infection 
equal to 5 with IL-2 (25 U/ml) (24). Media with IL-2 were replenished 
following 3 days, and was culture left for 5 days, at which point trans-
duced live cells were sorted by GFP+ and prodidium iodide. Trans-
duced cells were then either cultured in a CFSE suppression assay for 
5 days with allogeneic CD4 effector cells or stimulated with phorbal 
myristate acetate (PMA, 50 ng/ml) and ionomycin (250 ng/ml; both 
from Sigma-Aldrich) for 4–5 hours prior to qPCR analysis.

Flow cytometry. Cells were analyzed by flow cytometry if not spec-
ified elsewhere after a culture period of 5 days. Cells were first stained 
with the LIVE/DEAD cell kit (Invitrogen) to exclude dead cells. For 
surface staining, cells were stained with the respective antibodies 
for 20 minutes in PBS. For intracellular staining, cells were fixed and 
made permeable (Fix/Perm, eBioscience) according to the manufac-
turer’s instructions, and stained with Foxp3–Alexa Fluor 700, PE-Cya-
nine 7 (PCH101, eBioscience), or IFNγ–PE-Cyanine 7 (4S.B3, eBiosci-
ence) for intracellular Foxp3 expression and cytokine detection for 
30–45 minutes. Data were acquired on a FACS Fortessa or LSRII (BD 
Biosciences) and analyzed with FlowJo software (TreeStar).

Phosphorylation analysis. Tregs were stimulated with Treg Inspec-
tor Beads (αCD2/αCD3/αCD28-coated beads) at 2 beads/cell (Mil-
tenyi Biotec) and left in culture for 4 hours prior to being harvested. 
Fixation (Fixation Buffer, BD Biosciences) and methanol permea-
bilization (Perm Buffer III, BD Biosciences) was performed follow-
ing manufacturer’s instructions. A primary antibody for Phospho- 
FOXO1 (Thr24)/FOXO3a (Thr32) (9464, Cell Signaling Technol-
ogy) and a secondary antibody for Fluorescein (FITC) anti-rabbit 
were used (Jackson ImmunoResearch Laboratories Inc.) to detect 
changes in phosphorylation of FOXO1/FOXO3 via flow cytometry. 
Data were acquired on a FACS Fortessa (BD Biosciences) and ana-
lyzed with FlowJo software.

qPCR. Cells for RNA isolation were harvested following a 5-day 
culture if not specified elsewhere, and RNA was isolated using the 
Absolutely RNA 96 Microprep kit (Agilent Technologies) or RNeasy 
micro kit (QIAGEN) and converted to cDNA via reverse transcriptase 
by random hexamers and Multiscribe RT (TaqMan Gold RT–PCR kit, 
Applied Biosystems). All primers were purchased from Applied Bio-
systems (IFNG–Hs00982921_m1, SGK1–Hs00178612_m1, TBX21–
Hs00203436_m1, FOXP3–Hs01085834_m1, B2M–4326319E, Gapdh–
Mm03302249_g1, Sgk1–Mm00441387_g1, Tbx21–Mm00450960_m1, 
and Ifng–Mm01168134_m1). All reactions were performed on a Ste-
pOnePlus Real-Time PCR System (Applied Biosystems). The values 
are represented as the difference in CT values normalized to β2-mi-
croglobulin for each sample as per the following formula: relative RNA 
expression = (2–ΔCt) × 103.

have also demonstrated that sodium retention can occur in skin, 
muscle, and organs without added water retention or gross changes 
(60). Buffering of sodium occurs via macrophages but also by CD4+ 
cells present in these microenvironments, further demonstrating 
the relationship between CD4 cells and salt balance (26, 61).

In summary, we identify a mechanism by which engagement 
of SGK1, secondary to increased sodium chloride exposure, results 
in a Th1-type effector signature in Foxp3+ Tregs. This phenotype is 
marked by loss of suppressor function, increased proliferation, and 
increased expression of IFNG, TBX21, and CXCR3. shRNA-medi-
ated knockdown of IFNG and SGK1 recovers suppressor function. 
Utilizing a humanized mouse model of x-GvHD and a murine model 
of experimental colitis, we demonstrate that feeding a high-salt diet 
worsens disease marked by increases in IFNγ and nonfunctional 
Tregs. Our findings add further evidence that control of dietary salt 
intake may be efficacious in patients with autoimmune disease. In 
this regard, we have begun clinical trials in patients with MS to inves-
tigate whether inflammation can be attenuated by manipulating 
dietary salt intake. Finally, these findings mark SGK1 as a potential 
therapeutic target for autoimmune disease in human Tregs.

Methods
CD4+ T cell isolation. Peripheral blood was obtained from healthy 
control volunteers. PBMCs were separated by Ficoll-Paque PLUS 
(GE Healthcare) gradient centrifugation. Untouched total CD4+ T 
cells were isolated from PBMCs by negative selection via the CD4+ 
T cell isolation kit (StemCell Technologies Inc.). CD25-enriched and 
-depleted CD4+ cells were isolated via CD25 microbeads II (Mil-
tenyi Biotec). Tregs and naive effector T cells (CD4 effector cells) 
were then sorted by high-speed flow cytometry with a FACS Aria (BD 
Biosciences) to a purity >98% as verified by post-sort analysis using 
CD4 PerCP-Cy5.5 (clone RPA-T4), CD25 PE (clone M-A251), CD127 
Alexa647 (clone HIL-7R-M21), CD45RA V500 (clone H100), and 
CD45RO APC-H7 (clone UCHL1) (BD Biosciences). Cells were iso-
lated with the following parameters: Tregs, CD4+CD25hiCD127low; 
CD4 effector, CD4+CD25–CD45RA+CD45RO–.

Suppression assay. Naive CD4+ T effectors (5 × 105) were stained 
with CellTrace CFSE (CD4 effector cells) at 2.5 μM and cultured with 
Tregs (5 × 105, titrated down as described) in 96-well round-bottom 
plates (Corning Inc.) in X-VIVO15 medium (BioWhittaker Inc.) with 
5% human serum (Gemini Bio-Products). Where specified, Tregs were 
stained with CellTrace Violet (ThermoFisher Scientific) at 2.5 μM to 
detect proliferation in the coculture system. Cells were stimulated with 
Treg Inspector Beads (αCD2/αCD3/αCD28-coated beads at 2 beads/
cell (Miltenyi Biotec) and left in culture for 5 days before being ana-
lyzed by FACS. Media was supplemented with an additional 40 mM 
NaCl or 80 mM Mannitol (both from Sigma-Aldrich) as indicated.

Blocking antibodies/pharmacologic inhibitors. A neutralizing mono-
clonal antibody for IFNγ was added to the start of the culture at onset 
(AF-285-NA, R&D Systems) at 10 μg/ml (13). A normal goat IgG con-
trol was also added to the start of culture (AB-108-C, R&D Systems) 
to account for any nonspecific changes. Where indicated, a pharma-
cologic inhibitor for SGK1 (GSK650394, Tocris) was added to the start 
of the culture at 1 μM. A DMSO control was added to account for any 
nonspecific changes.

High-salt activation of Tregs. Tregs (1 × 105/well) were stimulated in 
X-VIVO15 medium (BioWhittaker Inc.) with 5% human serum (Gem-
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tion; 4 indicated marked inflammatory cell infiltrates that were often 
transmural and associated with ulceration, with marked epithelial 
hyperplasia and mucin depletion; and 5 indicated marked transmural 
inflammation with severe ulceration and loss of intestinal glands.

Mice; ex vivo qPCR. GFP+ Treg cells were isolated from the lam-
ina propria and mesenteric lymph nodes of Foxp3-GFP reporter mice. 
Mice either received normal chow and tap water ad libitum (control 
group) or sodium-rich chow containing 8% NaCl (TestDiet) and tap 
water containing 1% NaCl ad libitum (high-salt group) for 3 weeks. 
Following this 3-week period, Tregs were isolated from the aforemen-
tioned tissues and analyzed via qPCR for gene expression.

Statistics. Statistical analysis was run using Prism (Graph Pad 
Software). Unless otherwise indicated, standard paired 2-tailed t tests 
were used for analyses, with P values equal to or less than 0.05 being 
considered significant. For murine studies, one-way ANOVA analysis 
was performed. For all figures, error bars show mean ± SEM, unless 
indicated elsewhere.

Study approval. All animal studies were performed in accordance 
with and approved by Yale University and Harvard University animal 
care protocol and Institutional Review Boards. All human subjects 
provided informed consent prior to inclusion in this project. All studies 
were conducted in compliance with Institutional Review Board (Yale 
University and Harvard University) protocols.
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Affymetrix microarray. RNA was isolated from cells as indicated 
above. Samples were prepared for Affymetrix gene arrays (U133 Plus 
2.0) as per manufacturer’s instructions and system. RNA samples 
were amplified using the NuGEN Ovation Pico WTA System prior to 
running gene array. These data discussed in this publication have been 
deposited in NCBI’s Gene Expression Omnibus and are accessible 
through GEO Series accession number GSE63327 (http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE63327).

FOXP3 methylation analysis. Genomic DNA was isolated from sorted 
Treg (CD4+CD25+CD127–) and CD4 effector cell populations, and DNA 
methylation analysis of the FOXP3 locus was handled by Epiontis.

Luminex. Multiplex assays for cytokine secretion were performed 
on supernatants from stimulated Tregs, CD4 effector cells, and cocul-
ture CFSE assays using Milliplex Human Th17 Cytokine/Chemokine 
Magnetic Bead Panel (Millipore).

Mice; x-GvHD induction. Six- to 10-week-old male NSG mice were 
purchased from The Jackson Laboratory or were bred and housed at the 
in-house animal care facility of the Yale University under standardized 
conditions. Mice received normal chow and tap water ad libitum (con-
trol group) or sodium-rich chow containing 8% NaCl (TestDiet) and tap 
water containing 1% NaCl ad libitum (high-salt group). Animals were 
put on high-salt diets 10–14 days before cell transfer. For induction of  
x-GvHD, each animal received i.v. either 2.5 × 107 CD25–-depleted PBMC 
alone or together with 0.5 × 107 CD25+-enriched Tregs as indicated. The 
weight and clinical symptoms of the mice were determined over the 
entire period of the experiment; clinical signs of the disease were scored 
according to weight, and general appearance (ruffled fur, hunched pos-
ture) and mobility (impaired movement) was monitored. Engraftment of 
human PBMCs was analyzed by FACS analysis of murine blood obtained 
by punctuation of the tail vein or by FACS analysis of spleen cells at dif-
ferent time points. All animal experimentation was performed in accor-
dance to the US animal protection law and Yale University guidelines.

Mice; adoptive transfer colitis, suppression assay. For suppression 
assay and sorting, methods were followed as outlined in (62). For T 
cell-induced colitis, CD4+CD62L+CD44– naive T cells (7 × 105) were 
injected i.p. with or without Foxp3+ Treg cells (Foxp3-GFP reporter 
mice) preactivated with 40 mM NaCl (1 × 105) into 6- to 10-week-old 
male Rag2–/– mice, and weight loss was monitored. Regarding assess-
ment of intestinal inflammation, tissues were graded semiquantita-
tively from 0–5 in a blinded fashion. A score of 0 indicated no changes 
observed; 1 indicated minimal scattered mucosal inflammatory cell 
infiltrates, with or without minimal epithelial hyperplasia; 2 indicated 
mild scattered to diffuse inflammatory cell infiltrates, sometimes 
extending into the submucosa and associated with erosions, with min-
imal to mild epithelial hyperplasia and minimal to mild mucin deple-
tion from goblet cells; 3 indicated mild to moderate inflammatory 
cell infiltrates that were sometimes transmural, often associated with 
ulceration, with moderate epithelial hyperplasia and mucin deple-
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