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Abstract  

Recently, we have shown that high dietary salt intake aggravates T helper cell (Th) 17 

responses and neuroinflammation. Here, we employed in vitro assays for myeloid dendritic 

cell (mDC) maturation, DC cytokine production, T cell activation and ex vivo analyses in 

murine experimental autoimmune encephalomyelitis (EAE) to investigate whether the salt 

effect on Th17 cells is further mediated through DCs in vivo. In cell culture, an excess of 

40 mM sodium chloride did neither affect the generation, maturation nor the function of DCs, 

but, in different assays, significantly increased Th17 differentiation. During the initiation 

phase of MOG35-55 EAE, we did not observe altered DC frequencies or co-stimulatory 

capacities in lymphoid organs, while IL-17A production and Th17 cells in the spleen were 

significantly increased. Complementary ex vivo analyses of the spinal cord during the effector 

phase of EAE showed increased frequencies of Th17 cells, but did not reveal differences in 

phenotypes of CNS invading DCs. Finally, adaption of transgenic mice harboring a MOG 

specific T cell receptor to a high-salt diet led to aggravated clinical disease only after active 

immunization. Wild-type mice adapted to a high-salt diet in the effector phase of EAE, 

bypassing the priming phase of T cells, only displayed mildly aggravated disease. In 

summary, our data argue for a direct effect of NaCl on Th17 cells in neuroinflammation rather 

than an effect primarily exerted via DCs. These data may further fuel our understanding on 

the dietary impact on different immune cell subsets in autoimmune diseases, such as multiple 

sclerosis. 
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Introduction 

High dietary salt intake is a major culprit in cardiovascular disease (Mozaffarian et al., 2014), 

cancer (D’Elia et al., 2014), chronic inflammation (Sundstrom et al., 2014) and also 

autoimmune disease (Farez et al., 2014; Hucke et al., 2015). In particular, the significant rise 

in the incidence of autoimmune diseases like multiple sclerosis (MS) suggests an important 

contribution of changing environmental factors rather than genetics. Here, most impressively, 

dietary habits like the so called ‘Western diet’, high in both fat and sodium, may play a role. 

On a high-salt diet, both humans and rodents do not exhibit elevated plasma sodium levels, 

but display sodium accumulation within the skin and muscle in a regulatory mechanism 

independent from the kidney (Kopp et al., 2012; Machnik et al., 2009; Rakova et al., 2013; 

Wiig et al., 2013). Interestingly, lymphoid tissues also display a higher sodium osmolality 

(Go et al., 2004). The influence of increased osmolality in certain compartments within the 

body on the activation, function and recruitment of immune cells has been the focus of recent 

research (Ip et al. 2015; Safa et al., 2015; Zhang et al., 2015). By mimicking these in vivo 

shifts, the addition of an excess of 40 mM sodium chloride (NaCl) to T cell cultures promoted 

the differentiation of pathogenic T helper (Th) 17 cells (Kleinewietfeld et al., 2013; Wu et al., 

2013). Further studies identified the serum- and glucocorticoid-regulated kinase-1 (SGK1) as 

a key mediator of this salt-augmented activation of Th17 cells (Kleinewietfeld et al., 2013; 

Wu et al., 2013). Additionally, a high-salt diet aggravated murine experimental autoimmune 

encephalomyelitis (EAE; Kleinewietfeld et al., 2013; Wu et al., 2013), a Th1/Th17 model 

disease mimicking many features of MS (Gold et al., 2006). This finding was confirmed in 

two genetically divergent strains of mice in a sex-dependent fashion: exposure to high dietary 

sodium exacerbated EAE and correlated with enhanced breakdown of the blood-brain barrier 

(BBB) as well as more severe brain pathology (Krementsov et al., 2015). A subsequent 

epidemiologic study in MS patients demonstrated that an increased dietary sodium intake was 

associated with a higher risk of MS relapse and inflammatory activity as shown by magnetic 
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resonance imaging (Farez et al., 2014). More recent work focusing on the effects of NaCl on 

phagocytes showed that high salt enhanced chemotaxis in macrophages (Muller et al., 2013) 

and increased the expression of pro-inflammatory mediators via p38 or Erk1/2 and cFos-

mediated pathways (Zhang et al., 2015). Further studies provided evidence that an increase in 

salt may also perturb regulatory immune cells like regulatory T cells (Treg) and IL-4+IL-13 

alternatively activated (so called “M2”) macrophages, thus deflecting the immune 

homeostasis (Binger et al., 2015; Hernandez et al., 2015; Safa et al., 2015). 

Dendritic cells (DCs) are professional antigen presenting cells (APCs) with the 

capacity to ingest and process antigens in peripheral tissue and then migrate to draining lymph 

nodes where they are able to interact with T cells. DCs undergo a maturation process 

accompanied by cytokine production, up-regulation of major histocompatibility complex II 

(MHCII) and costimulatory molecules, as well as enhanced ability of T cell activation 

(Steinman et al., 1991; Schuler 2011). The ability of various environmental factors to 

modulate the interaction between APCs and T cells is well documented (Diepold, 2008), 

although the precise mechanisms of such modulations are not well understood. 

Hence, in our current study, we investigate the effects of NaCl-induced hypertonicity 

on the activation and function of myeloid DCs (mDCs) and provide evidence that in 

autoimmune neuroinflammation, high salt effects on T cells are rather directly exerted than 

primarily mediated via DCs.  
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Methods 

Primary splenocyte culture. Splenocytes from naïve wild-type mice were stimulated in vitro 

with 2µg/ml αCD3/αCD28 for 48h in the presence of urea, mannitol or glycerol (each 80mM) 

or different concentrations of NaCl (5, 10, 40, 80mM). Cytokines secreted into the 

supernatant were assayed by ELISA. αCD3: 145-2C11; αCD28: 37.51. 

Generation of BMDCs. Bone marrow cells were isolated from femur and tibia by flushing 

with R10 medium containing 10% (v/v) Fetal calf serum (FCS; Gibco), 1% (v/v) L-Glutamine 

(Pan Biotech) and 1% (v/v) Penicillin-Streptomycin (Pan Biotech). The cell suspension was 

sedimented and re-suspended in 0.14 M ammonium chloride solution for 10 minutes to lyse 

erythrocytes. Mixed bone marrow cells were then washed, counted and maintained in 6 well 

culture plates at a density of 1x10
6
 cells/ml in R10 medium containing recombinant mouse 

GM-CSF (5 ng/ml) and recombinant mouse IL-4 (5 ng/ml). Cells were cultured for 10 days 

with or without 20, 40 or 80 mM NaCl. Medium was changed on days 3 and 6, and cells were 

matured on day 8 with 1 µg/ml LPS (Sigma–Aldrich) and 20µg/ml MOG35-55.  

Isolation of naïve T cells. Splenic T cells were isolated by magnetic activated cell sorting 

(MACS) using the “pan T cell isolation kit II” according to the manufacturer’s instructions 

(Miltenyi Biotech). Isolated T cells were collected and re-suspended in MACS buffer at 

3x10
7
 cells/ml. For APC free differentiation, cells were fluorescently stained for 30 min in an 

antibody cocktail containing αCD4-FITC (RM4-5, eBioscience), αCD44-PE (IM7, 

BioLegend), αCD62L-APC (MEL-14, eBioscience) and αCD25-PE-Cy5 (PC61.5, 

eBioscience) and were subsequently isolated by fluorescence activated cell sorting on MoFlo 

(Beckman-Coulter) in the FACS-core unit in Erlangen, Germany. Naïve T cells were used for 

co-culture assays with DCs. 

Co-culture assay. For the co-culture assay, mature MOG35-55 laden DCs were seeded with 

naïve transgenic T cells harboring a MOG specific TCR at a ratio of 1:6 with or without 

40mM NaCl. For Th17 differentiation, IL-6 (40 ng/ml) and TGFβ1 (1ng/ml) were added to 
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the culture. Th17 frequencies were analyzed 96h later by intracellular staining via flow 

cytometry. 

Phagocytosis assay. Fluoresbrite® YG Carboxylate Microspheres 0.75µm (Polysciences) 

were opsonized in mouse plasma diluted to 50% with Krebs’ Ringer PBS for 30 min at 37 °C 

under continuous mixing. Microparticles were diluted in R10 Medium to a final concentration 

of  3x10^6 particles/ml. 2ml of opsonized particles were added to 1x10^6 plated BMDCs and 

incubated for 0h, 6h and 20h under humidified conditions (5% CO2, 37°C). Cells were 

transferred into FACS tubes and stained for phagocytosed particles in CD11c
+
 cells. 

Migration assays were performed with 5x10^5 BMDCs with standard Transwell® 

Permeable Supports with a polycarbonate membrane of 5 µm pore size. Lower compartments 

contained ReMed with 10% FCS. 500µL cell suspension in ReMed 0.5% FCS were added 

into the upper insert compartment. Migration properties were analyzed 20h later by flow 

cytometry after staining the floating, adhering und transmigrating CD11c
+
 fractions. 

Animal experimentation. C57BL/6J mice were initially purchased from Charles River 

(Sulzfeld, Germany), mice harboring a transgenic MOG specific T cell receptor (2D2 mice; 

Bettelli et al., 2003) were a kind gift from Prof. V. Kuchroo, Boston, USA. All mice were 

housed at the Franz-Penzoldt-Zentrum (FPZ), the animal care facility of the University 

Erlangen-Nuremberg (Germany) under a 12 hour day-night-cycle and standardized 

environmental conditions receiving normal chow (SNIFF E15431-34EF R/M; 0.4% NaCl) 

and tap water ad libitum. All mice strains bred in-house were backcrossed on C57BL/6 

background for at least 10 generations. All experiments were in accordance with the German 

laws for animal protection and were approved by the local ethic committees (Erlangen AZ 54-

2532.1-56/12). 

High-salt diet. For experiments under high-salt diet, mice received chow containing 4% w/w 

sodium chloride (NaCl; based on SNIFF E15431-34EF R/M) and tap water containing 1% 

w/w NaCl in three different settings:  
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(1) Wild-type mice were adapted to high-salt chow for 2 weeks prior to induction of 

active MOG35-55 EAE (Figure 3-5). 

(2) MOG transgenic 2D2 mice (Bettelli et al., 2003) were adapted to high-salt chow for 

25 days and scored by visual inspection for tearing, gluing and reddening of eyes as 

symptoms for optic neuritis as well as for EAE symptoms such as ataxia and paresis 

before actively inducing MOG35-55 EAE after 50 days of exposure to high-salt diet 

(Figure 6A).   

(3)  For modeling the impact of NaCl during the effector phase of EAE, wild-type mice 

were actively immunized with MOG35-55 and then randomly adapted to high-salt or 

control diet at the onset of symptoms (Figure 6B). 

EAE induction. For EAE induction, 8-11 week-old mice were anaesthetized and 

subcutaneously injected with 200 µg MOG35-55 and 200 µg CFA. Pertussis toxin 

(200 ng/mouse) was applied intraperitoneally on days 0 and 2 p.i. Clinical symptoms were 

assessed daily according to a 10-point scale ranging from 0 (no symptoms) to 10 (moribund; 

Linker et al., 2002). For disease courses, only mice with clinical symptoms were included.  

Isolation of splenic cells. Spleens of mice on high-salt or control diet were removed on day 

10 p.i. and disrupted with a 5 ml glass homogenizer. The tissue was then filtered through a 

100 μm cell-strainer followed by an erythrocyte lysis. After washing with cold DPBS, cells 

were processed by intracellular cytokine staining and ex vivo flow cytometry analysis. 

Isolation of CNS infiltrating cells. Spinal cord was removed on day 14 p.i. and disrupted 

with a 5 ml glass homogenizer. Tissue was strained through a 100 μm cell-strainer followed 

by a three step density gradient (30%, 45% and 70% isotonic PercollTM). The density 

gradient was centrifuged for 20 min at 800g without brake. After centrifugation, cells were 

harvested from the interphases, washed with cold PBS and resuspended in Re-medium for 

intracellular cytokine staining and ex vivo flow cytometry analysis. 



8 

 

In vitro MOG restimulation assay. Splenocytes from EAE mice were obtained on day 10 

p.i. and seeded at a density of 3x10
6
 cells/ml in Re-medium. MOG35-55

 
(20 µg/ml) and 

Concanavalin A (1.25 µg/ml) were added for stimulation, and supernatants were harvested 

48h later and analyzed for cytokines.  

Cytokine detection. Cytokine concentrations in cell culture supernatants were analyzed by 

enzyme-linked immunosorbent assay (ELISA) for the secretion of IL-17a, IFN-γ, IL-10, IL-

1beta, IL-6, IL-12 p35 and IL-23 p19 (all R&D) according to the manufacturer’s instructions. 

Flow cytometry. Ex vivo obtained splenic cells, CNS infiltrating cells and in vitro 

differentiated Th cells were analyzed by staining for extra- and intracellular markers. In vitro 

generated BMDCs were stained for extracellular markers. Dead cells were excluded by a 

fixable viability dye eFluor
®
780 (0.2 μl/test). Nonspecific Fc-mediated interactions were 

blocked by addition of 0.5 μl αCD16/32 (93, eBioscience) for 10 min. For surface staining, 

cells were stained with the respective fluorochrome conjugated antibodies for 30 min in PBS. 

For intracellular cytokine staining, cells were stimulated with ionomycin (1 µM) and 

PMA (50 ng/ml) in the presence of monensin (2 μM) for 4 hours. Cells were stained for 

surface marker and made permeable by saponin buffer or Fix/Perm (eBioscience) according 

to the manufacturer’s protocol. Intracellular cytokines were stained with the respective 

fluorochrome conjugated antibodies for 30-45 min.  

Real-time PCR. Gene expression was analyzed by real time PCR in cultured cells or tissue. 

Cells were lysed in RLT-buffer (RNeasy kit, QIAGEN), and total RNA was isolated using the 

RNeasy kit following the manufacturer’s instructions (QIAGEN). Animal tissue was 

homogenized in 500µL RLT buffer with an Ultra-Turrax for 30s followed by total RNA 

isolation with RNeasy Minicolumns (RNeasy kit, QIAGEN). RNA yield was quantified by 

absorbance measurements at 260 nm. 1000 ng of total RNA were used per reaction to 

reversely transcribe RNA into cDNA, using QuantiTect® transcriptases according to the 

protocols (QIAGEN). PCR reactions were performed at a 5 µl scale on a qTower real time 
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PCR System (Analytic Jena) in triplicates. Relative quantification was performed by the 

ΔΔCT method, normalizing target gene expression on Actb/β-Actin as housekeeping gene. 

Statistical analysis. Statistical analysis was performed using GraphPad Prism (GraphPad 

Software Inc., La Jolla, CA). All in vitro and ex vivo data were analyzed by one-way ANOVA 

followed by Tukey`s post-test, unpaired t-test or Wilcoxon rank sum test after checking for 

normal distribution (unless indicated otherwise in the legends). EAE data were analyzed by 

Mann-Whitney U test. Data are presented as mean ± SEM; *p < .05, **p < .01, or ***p < 

.001 were considered to be statistically significant.  
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Results 

NaCl primes IL-17A production in splenocyte culture. 

A first set of experiments analyzed effects of increased NaCl concentrations on immune cells 

in vitro. To this end, different osmolytes were added to mixed splenocyte culture after 

αCD/αCD28 stimulation. We found that adding urea and glycerol slightly decreased IL-17A 

secretion whereas mannitol had no effect. Flow cytometry analysis revealed no increased cell 

death in response to the osmolytes as compared to the control culture. However, increasing 

salt concentrations up to 80mM NaCl increased cell death (data not shown). The addition of 

an excess of 40 mM NaCl specifically resulted in a dose-dependent, two-fold increase of 

interleukin-17A (IL-17A) which was not seen after addition of other osmolytes at the same 

osmolality (Figure 1A).  The NaCl effect was specific for IL-17A, as the expression of 

interferon-γ (IFN-γ) (Figure 1B) and IL-10 (Figure 1C) did not change in response to 

increased NaCl concentrations. To investigate whether this salt effect on IL-17A production 

was directly exerted on Th17 cells or indirectly mediated via DCs, we next investigated 

effects of an excess of NaCl on mDCs in vitro. 

NaCl has no significant influence on murine DC generation, maturation and function. 

To determine whether high concentrations of NaCl alter DC generation or maturation, bone 

marrow derived myeloid DCs (BMDCs) were generated in vitro from bone marrow precursor 

cells in the presence or absence (control) of an excess of 20, 40 or 80 mM NaCl to cell culture 

media and analyzed for their surface marker expression by flow cytometry. The generation of 

BMDCs was not affected by increased NaCl concentrations (supplementary figure 1). Based 

on our previous studies (Kleinewietfeld et al., 2013) and the above stated results (Figure 1) 

we focused our further studies on 40mM NaCl. The addition of an excess of 40 mM NaCl was 

not associated with a reduction in the frequency of BMDCs (Figure 2A). Flow cytometric 

analysis of either untreated or NaCl-treated BMDCs showed no differences in the surface 

expression levels of classical activation markers like the antigen-presenting molecule MHCII 

http://www.sciencedirect.com/science/article/pii/S0960076015300479#200023326
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or co-stimulatory molecules cluster of differentiation 86 (CD86) and CD80 (Figure 2B-D). 

NaCl did not alter the mean fluorescence intensity (MFI) of above mentioned markers 

(supplementary figure 1B). When analyzing the BMDC gene expression profile, we found no 

significant effect in IL-1β, IL-6, IL-12a, IL-23r and IL-23a expression in BMDCs generated 

in the presence of an excess of 40 mM NaCl as compared to controls (Figure 2E, 

supplementary figure 1C). The expression of serum- and glucocorticoid-regulated kinase-1 

(SGK1) in mDC was not affected by high salt concentrations (Figure 2E). As mature DCs are 

professional APCs with the capacity to activate T cells, we next investigated the impact of 

NaCl on the T cell stimulatory capacity of BMDCs. To this end, BMDCs were generated in 

the presence or absence of an excess of 40 mM NaCl before mature MOG35-55 laden BMDCs 

were co-cultured with naïve CD4
+
 T cells harboring a MOG transgenic T cell receptor (TCR) 

with or without additional 40 mM NaCl for four days. To assess if high-salt directly induced 

differentiation of pathogenic Th17 cells or acts via DCs, polarizing cytokines were added to 

the co-culture. As shown in Figure 2F and supplementary figure 2, Th17 frequencies were 

significantly increased only upon addition of excess NaCl to the co-culture assays, regardless 

whether BMDCs were pre-treated with NaCl, arguing for a direct effect of salt on T cells in 

fostering Th17 polarization. To further elaborate on DC function, we performed in vitro 

experiments for antigen uptake and migration with BMDCs generated with or without an 

excess of 40mM NaCl. Neither antigen uptake capacity nor migration behavior was affected 

by excess salt concentrations (Figure 2G, H). 

High dietary salt directly acts on T cells rather than on APCs during EAE. 

In a next step, we performed ex vivo analyses of mice that were adapted to a diet rich in NaCl 

and compared them to mice on a control diet. Flow cytometric analysis of splenocytes 

revealed an increase of Th17 and Th1 cells (Figure 3A, B) of mice adapted to a high-salt diet 

during the initiation phase of EAE (d10 post immunization/p.i.). In contrast, frequencies of 

mDCs and CD11b positive cells in splenocytes were not affected by the high-salt diet at 

http://www.sciencedirect.com/science/article/pii/S0960076015300479#200023868
http://www.sciencedirect.com/science/article/pii/S0960076015300479#200021543
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similar time points (Figure 3C). In line with these observations, we did not detect quantitative 

differences in the total cell numbers of mDCs between mice on a high-salt diet and controls 

(Figure 3D). Moreover, a high-salt diet did not affect the expression of MHCII as well as the 

co-stimulatory molecules CD80 and CD86 in CD11c
+
 cell populations (Figure 3E-G). 

Analyzing total cell numbers (Figure 3F) as well as MFI values (Supplementary figure 3) 

revealed no effects of increased NaCl concentrations. 

In good agreement with the increased frequencies of Th17 and Th1 cells in the spleen of mice 

on a high-salt diet (Figure 3A), RT-PCR analyses revealed a significant increase in the 

expression of Il17a, Ifng, Tbx21 (Tbet) in the spleen on day 10 p.i. (Figure 4A). Yet, further 

quantitative gene expression analysis did not reveal large effects of a high-salt diet on DCs, as 

gene expression analysis of Itgax (CD11c), Itgam (CD11b), Cd80, Cd86, Il23a or Il12a did 

not display significant differences between both groups. Only the expression of Il1b (IL-1β) 

was slightly upregulated under these conditions in total splenocytes (Figure 4B). As recent 

research demonstrated that high-salt could boost pro-inflammatory M1 macrophages (Ip et al., 

2015; Zhang et al., 2015) but blunts the induction of alternatively activated M2 macrophages 

(M(IL-4+IL-13)) (Binger et al., 2015), we additionally analyzed typical markers for M1 

(Figure 4C) and M2 macrophages (Figure 4D) at early phases of EAE. Yet, an increased salt 

intake was not associated with altered gene expression of both types of macrophages during 

the initiation phase of EAE, neither after normalization of gene expression to Actb (β-actin) 

(Figure 4C,D) nor Cd68 (data not shown). Instead, the influence of high-salt intake on Th17 

cells was confirmed by a splenocyte recall assay on day 10 of EAE. Cytokine analysis by 

ELISA revealed an increased IL-17A and also IFN-γ secretion on day 10 p.i.. No significant 

changes in the secretion of IL-1β and IL-6 could be observed (Figure 4E-H). Further, we did 

not find significant expression of p19 as IL-23 subunit and p35 as IL-12 subunit was only 

detectable after Concanavalin A (ConA) stimulation, independently of the diet (data not 

shown). 
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To investigate whether dietary salt exerts delayed effects on mDCs in vivo, we analyzed 

frequencies and total cell numbers of DCs as wells as macrophages and T cells in the spinal 

cord on day 14 p.i.. On that time point, mice on a high-salt diet revealed a two score point 

higher disease severity than mice on a control diet (high-salt diet: 6.3 ± 0.37 vs control: 4.0 ± 

0.53; p = 0.0011, n=6 per group). In good correlation with our findings during the initiation 

phase of EAE, salt imprints its effects only on Th cells (Figure 5A,B). More precisely, mice 

on a high-salt diet showed increased infiltration of Th17 cells but not Th1 cells, whereas mDC 

frequencies were not affected (Figure 5C). In line with this, total mDC numbers did not differ 

between high-salt and control diet mice (Figure 5D). Analyzing the activation status of mDCs 

in the CNS revealed no effect of a high-salt diet (Supplementary figure 4). Gene expression 

analysis of the spinal cord on day 14 p.i. revealed increased expression of Il17a (Figure 5E), 

thus confirming the elevated infiltration of Th17 cells in mice adapted to a high-salt diet. 

Besides this, mice on a high-salt diet displayed an increased expression if Ifng (Figure 5E). 

The gene expression of mDC markers (Figure 5F) or macrophage markers (Figure 5G, H) 

was not altered in mice that had been adapted on a high-salt diet.  

Finally, we modeled the influence of NaCl during the effector phase of neuroinflammation in 

two EAE paradigms in vivo, bypassing the priming phase of T cells. First, mice harboring a 

transgenic MOG specific TCR (2D2 mice) were adapted to a NaCl rich diet for 25 days. In 

this model, salt exposure alone did neither lead to classical EAE symptoms nor symptoms of 

optic neuritis. Without immunization, clasping behavior was observed in 6/13 mice under 

high-salt diet and 5/13 mice in the control group (data not shown). Yet, active MOG35-55 

immunization of 2D2 mice adapted to a high-salt diet for 50 days led to a more severe course 

of EAE (Figure 6A). There was no difference in disease incidence between both groups (data 

not shown). In a second approach, we adapted wild-type C57BL/6 mice to a high-salt diet 

after the initiation phase of active MOG35-55 EAE at the onset of first clinical symptoms. Mice 
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receiving a high-salt diet still displayed a more severe disease course as compared to controls 

(Figure 6B). Yet, the disease enhancing effects were much smaller than in mice adapted to a 

high-salt diet already before immunization (Kleinewietfeld et al., 2013; Wu et al., 2013).  

 

Discussion 

NaCl aggravates neuroinflammation and Th17 responses (Kleinewietfeld et al., 2013; Wu et 

al., 2013) and since the interaction of DCs with naïve Th cells is important for the 

differentiation and activation of Th17 cells (Gutcher et al., 2007), investigating salt induced 

effects on Th17 cells and neuroinflammation via DCs seemed worthwhile. We here show that 

mDC function is not significantly influenced by salt induced hypertonicity in vivo. Our data 

rather argue for a direct effect of NaCl on Th17 cells in neuroinflammation, which is well in 

line with previous observations (Kleinewietfeld et al., 2013; Wu et al., 2013). Of interest, at 

the time points studied, a high-salt diet also increased IFN-γ secretion in vivo, which may be 

explained by the early phase of EAE where plasticity of Th17 cells is known to occur (Hirota 

et al., 2011). Moreover, after high salt exposure, Wu et al. detected an increase of IFN-γ 

expression in IL-17A co-expressing cells in vivo (Wu et al., 2013) and a more recent study 

also found an increased IFN-γ production of Tregs (Hernandez et al., 2015). Thus, it is 

possible that high-salt conditions may promote IFN-γ production of some T cell subtypes in 

vivo, depending on the cytokine environment and timing.   

So far, NaCl induced effects on immune cells have been described for Th17 cells 

(Kleinewietfeld et al., 2013; Wu et al., 2013) regulatory T cells (Hernandez et al., 2015; Safa 

et al., 2015) and macrophages including M2 polarization (Binger et al., 2015; Ip et al., 2015; 

Zhang et al., 2015). Our data presented here support the concept that distinct immune cell 

subtypes respond differently to NaCl and that the salt induced generation of a pro-

inflammatory environment involves specific effects on immune cells rather than unspecific 

activation of all lymphocytes and APCs. This notion is also underscored by the different 
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signaling pathways induced by high NaCl in T cells and M1 versus M2 macrophages 

(Kleinewietfeld et al., 2013; Binger et al., 2015).  

The lack of NaCl effects on DCs may be explained by several factors: First, our study 

focused on NaCl effects on mDC. This does not exclude effects on plasmacytoid DCs, which 

have been shown to play an important role in EAE (Galicia et al., 2014) and also MS 

(Stasiolek et al., 2006) and which may be particularly important for the priming of Th17 

responses in EAE (Isaksson et al., 2009). 

Second, our data on mDC focus on their role during the initiation phase of EAE where 

priming of Th cell responses mainly occurs. Notably, Th17 cells were shown to play a pivotal 

role as drivers of myeloid cells in the initial effector phase of EAE (Codarri et al., 2013). This 

may link NaCl effects seen in Th17 cells to those seen in macrophages in EAE. While we did 

not observe quantifiable differences in CD11b positive cell populations under a high-salt diet 

during the initiation phase of EAE (day 10 p.i.), this does not exclude effects of myeloid cells 

and especially macrophages in the later course of EAE. The slight increase of IL-1β 

expression in the spleen on day 10 of EAE might be due to other cells like macrophages, since 

IL-1β is not an exclusive marker for mDCs. This may be particularly conceivable in 

neuroinflammation since effects of NaCl on the pro-inflammatory activation status of 

macrophages have clearly been shown in different cardiovascular and infectious models 

(Machnik et al., 2009; Jantsch et al., 2015). Consistent with prevailing direct effects of NaCl 

on T cell differentiation in neuroinflammation, 2D2 mice do not exhibit a higher incidence of 

spontaneous EAE after high-salt exposure, but a more severe disease course after active 

immunization as already reported in wild-type mice (Kleinewietfeld et al., 2013; Wu et al., 

2013). Along the same line, the exposure to a high-salt diet during the predominantly 

macrophage-driven effector phase of EAE only displays mild disease enhancing effects, 

which are much smaller than those under a high-salt diet already before immunization.  
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Third, our analyses focus on the effects of a high-salt diet in the spleen and spinal cord. Yet, 

the exact primary site where a high-salt diet may influence immune cells remains to be 

determined. While it has been shown that focal osmolality in immune organs significantly 

differs from plasma, recent data also focus on the gut as a regulatory organ for diet-induced 

effects on neuroinflammation (Haghikia et al., 2015).  

Finally, we did not observe gene expression changes of IL-4+Il-13+ alternatively activated 

„M2“ macrophages in the spleen on day 10 of EAE, neither after normalizing to β-actin nor to 

CD68 as a macrophage marker. Yet, effects of high salt exposure on M2 polarization have 

clearly been shown in vitro and in vivo (Binger et al., 2015; Zhang et al., 2015). However, the 

early phase of MOG35-55 EAE in C57BL/6 mice is not a classical M2 macrophage-mediated 

disease model. Again, this cell type may be more relevant at later disease phases or in other 

organs than the spleen. 

In summary, the exposure to a high-salt diet in the early phase of neuroinflammation 

mainly acts on Th17 cells and is independent of myeloid cells such as mDC. This observation 

may have important consequences for our understanding of the dietary induced influences on 

different immune cell subsets in autoimmune diseases such as MS.  
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Figure legends 

Figure 1 

NaCl primes IL-17A production in splenocyte culture. 

(A) Quantification of IL-17A expression in mixed splenocyte culture after stimulation 

with αCD/αCD28 antibodies in the presence of different osmolytes or increasing 

concentrations of NaCl (n=6, data pooled from two experiments). (B,C) Quantification of 

IFN-γ (B) or IL-10 (C) expression in mixed splenocyte culture after αCD/αCD28 

stimulation in the presence of excess 40 mM NaCl (n=6, data pooled from two 

experiments). All data are shown as mean ± SEM. **p < .01 or ***p < .001. 

 

Figure 2  

NaCl does not influence DC generation, maturation and function in vitro.  

(A) Flow cytometry analysis of CD11c frequencies of in vitro generated BMDCs (n=3 

per group and time point). (B,C) Kinetic analysis of CD11c
+
MHCII

+
 (B) and 

CD11c
+
CD80

+
 (C) cell frequencies of in vitro generated BMDCs by flow cytometry (n=3 

per group and time point). (D) Representative contour plot of a kinetic analysis of 

CD11c
+
CD86

+
 cells. (E) Gene expression analysis of Il1b, Il6, Il23a, Il23r, Il12a and 

Sgk1 of in vitro generated BMDCs on day 10 of culture (n=5 per group). (F) Addition of 

40 mM NaCl to a co-culture assay of naïve T cells and BMDCs generated in the presence 

(BMDCs + NaCl) or absence (BMDCs control) of 40 mM NaCl (n=4, one out of four 

independent experiments shown). (G) Kinetic analysis of phagocytosed particles in 

CD11c
+
 cells by flow cytometry (n=2 per time point, one out of two experiments shown). 

(H) Frequencies of floating, adhering and migrating CD11c
+
 cells after 20h incubation on 

5µm transwell membranes. All data are shown as mean ± SEM. **p < .01 or ***p<.001; 

ns = not significant. 
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Figure 3 

High dietary salt directly acts on T cells rather than on APCs in the priming phase of 

EAE. Wild-type mice were adapted to a high-salt diet two weeks prior to active 

immunization with MOG35-55 peptide. (A-D) Ex vivo flow cytometry analysis of (A) 

frequencies and (B) total cell numbers of Th17 and Th1 cells in the spleen on day 10 p.i. 

(n=5 mice per group). (C) Analysis of mDC and CD11b
 
positive

 
cell frequencies and 

total cell numbers (D) in the spleen on day 10 p.i.. (E,F) Frequencies (E) and total cell 

numbers (F) of CD11c
+
MHCII

+
, CD11c

+
CD80

+
 and CD11c

+
CD86

+
 cells. (G) 

Representative contour plot of MHCII
+
, CD80

+
 and CD86

+
 in CD11c

+
 cells. All data are 

shown as mean ± SEM. *p < .05, ns = not significant, # = total cell number. 

 

Figure 4 

High dietary salt affects Th17 cells but not DCs during EAE. 

Wild-type mice were adapted to a high-salt diet two weeks prior to active immunization 

with MOG35-55 peptide. (A-D) Gene expression analysis of characteristic T cell markers 

(A), mDC markers (B), M1 macrophage markers (C) and M2 macrophage markers (D) in 

the spleen on day 10 p.i. (n=5 mice per group). β-Actin was used as loading control. 

Itgax (Integrin alpha X, CD11c), Itgam (Integrin alpha M, CD11b), Nos2 (Nitric oxide 

synthase 2), Arg1 (arginine hydrolase, Arginase 1), Mrc1 (mannose receptor, CD206), 

Fizz1 (also known as Retnla, or resistin-like α), Ym1 (also known as Chi3l3, or Chitinase-

like 3), Mgl2 (Macrophage galactose-type C-type lectin 2, CD301b). (E-G) Cytokine 

measurement of IL-17A (E), IFN-γ (F), IL-1β (G) and IL-6 (H) in cultures after ex vivo 

recall with MOG35-55 (splenocytes harvested on day 10 p.i. of MOG35-55 EAE, n=5 per 

group). All data are shown as mean ± SEM. *p < .05, **p < .01; ns = not significant. 
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Figure 5 

High dietary salt increases frequencies of CNS invading Th17 cells but not DCs. 

Wild-type mice were adapted to a high-salt diet two weeks prior to active immunization 

with MOG35-55
 
peptide. (A-D) Ex vivo flow cytometry analysis of the spinal cord on day 

14 p.i. (n=5 mice per group). (A) Frequencies and (B) total cell numbers of Th17 and 

Th1 cells invading the spinal cord. (C) Frequencies and (D) total cell numbers of mDCs 

and CD11b
+
 cells. (E,F) Gene expression analysis of Il17 and Ifng (E) and Itgax, Itgam, 

Cd86 and Il1b (F) in the spinal cord on day 14 of MOG35-55 EAE (n=5 mice per group). 

(G,H) Gene expression analysis of M1 markers (G) and M2 markers (H) in the spinal 

cord on day 14 of MOG35-55 EAE (n=5 mice per group). β-Actin was used as loading 

control in all RT-PCR analysis. All data are shown as mean ± SEM. *p < .05, **p < .01; 

ns = not significant, # = total cell number.  

 

Figure 6.  

High-salt diet during the effector phase mildly aggravates EAE. 

(A) Clinical course of MOG35-55-EAE in MOG TCR transgenic 2D2 mice after active 

immunization. Mice were adapted to high-salt chow 50 days prior to immunization and 

displayed a significant, by 3-score points more severe EAE than the controls (n=13 per 

group, one representative experiment out of two is shown). (B) Clinical course of active 

MOG35-55 EAE in wild-type mice. Mice were randomized into two groups and adapted to 

high-salt or control diet after the onset of first symptoms (from day 11 to 17, see bar 

above graph; n=8 mice per group, one representative experiment out of two is shown). 

All data are shown as mean ± SEM. *p < .05. 
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Supplementary Figure 1 

NaCl does not affect DC generation in vitro. 

BMDCs were cultured in the presence or absence (control) of an excess of 20, 40 or 

80mM NaCl. Cells were harvested on day 10 of culture and analyzed by flow 

cytometry. (A) Representative plot for CD11c
+
CD80

+
, CD11c

+
CD86

+
 and 

CD11c
+
MHCII

+
 cells within viable single cells. (B) MFI values of CD80, cD86 and 

MHCII in CD11c
+
 cells (n=3 per concentration). (C) RT-PCR analysis of in vitro 

generated BMDCs (n=3 per concentration). All data are shown as mean ± SEM. ns = 

not significant. 

 



 

Supplementary Figure 2 

NaCl does not impact on the T cell stimulatory capacity of in vitro generated 

BMDCs. Addition of 40mM NaCl (co-culture +) to a co-culture assay of naïve T 

cells and BMDCs generated in the presence or absence (BMDCs control) of 20, 

40 or 80mM NaCl (n=3 per concentration). All data are shown as mean ± SEM. *p < 

.05, **p < .01. 

 

 



 

Supplementary Figure 3 

High dietary salt directly acts on T cells rather than on APCs in the priming phase of 

EAE. Wild-type mice were adapted to a high-salt diet two weeks prior to active 

immunization with MOG35-55 peptide. (A-C) Ex vivo flow cytometry analysis of 

MFI values of (A) CD80 in CD11c
+ 

cells (B) CD86 in CD11c
+ 

cells and (C) MHCII 

in CD11c
+ 

cells in the  spleen on day 10 p.i. (n=5 mice per group). All data are 

shown as mean ± SEM. ns = not significant, MFI = mean fluorescence intensity.  



 

Supplementary Figure 4 

High dietary salt does not increase infiltrating mDCs in the CNS. 

Wild-type mice were adapted to a high-salt diet two weeks prior to active 

immunization with MOG35-55 peptide. (A-C) Ex vivo flow cytometry analysis of the 

spinal cord on day 14 p.i. (n=5 mice per group). (A) Frequencies and (B) total cell 

numbers of CD11c
+
CD80

+
 and CD11c

+
CD86

+
 cells invading the spinal cord. (C) 

MFI of CD80 and CD86 in CD11c
+
 cells in the spinal cord on day 14p.i. All data are 

shown as mean ± SEM. ns = not significant, # = total cell number, MFI = mean 

fluorescence intensity. 

 



  

Supplementary Figure 5 

Flow cytometry gating strategy for in vitro generated BMDCs. 

In vitro generated BMDCs were stained for flow cytometry analysis on day 10 of 

culture and analyzed for CD11c
+
CD80

+
, CD11c

+
CD86

+
 and CD11c

+
MHCII

+
 cells 

within viable single cells.  

 

 

 



Supplementary Figure 6 

Flow cytometry gating strategy for ex vivo obtained splenocytes.  

Splenocytes were isolated on day 10 p.i. and stained for flow cytometry analysis. 

CD11c
+ 

and CD11b
+
 cell frequencies were quantified within viable monocytes. IL-

17A
+
 and IFN-γ

+
 cells were quantified within viable CD4

+
 T cells after gating for 

single lymphocytes.  


