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In Brief

Haghikia and colleagues show that
dietary fatty acids (FAs) influence T cell
differentiation in the gut, with short FAs
leading to increased Treg cell
differentiation and long FAs supporting
Th1 and/or Th17 cell differentiation.
These FAs differentially affect EAE
severity, demonstrating a direct dietary
impact on central nervous system
autoimmunity.
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SUMMARY

Growing empirical evidence suggests that nutrition
and bacterial metabolites might impact the systemic
immune response in the context of disease and auto-
immunity. We report that long-chain fatty acids
(LCFAs) enhanced differentiation and proliferation
of T helper 1 (Th1) and/or Th17 cells and impaired
their intestinal sequestration via p38-MAPK pathway.
Alternatively, dietary short-chain FAs (SCFAs)
expanded gut T regulatory (Treg) cells by suppres-
sion of the JNK1 and p38 pathway. We used experi-
mental autoimmune encephalomyelitis (EAE) as a
model of T cell-mediated autoimmunity to show
that LCFAs consistently decreased SCFAs in the
gut and exacerbated disease by expanding patho-
genic Th1 and/or Th17 cell populations in the
small intestine. Treatment with SCFAs ameliorated
EAE and reduced axonal damage via long-lasting
imprinting on lamina-propria-derived Treg cells.
These data demonstrate a direct dietary impact on
intestinal-specific, and subsequently central nervous
system-specific, Th cell responses in autoimmunity,
and thus might have therapeutic implications for
autoimmune diseases such as multiple sclerosis.

INTRODUCTION

Renewed focus on the gut, the largest zone of interaction be-
tween the environment and the human organism, has opened
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new avenues for various fields of life sciences engaged in health
and disease. A rapid and simultaneous paradigm shift in micro-
biologic diagnostics from classical culturing to next-generation
sequencing has enabled a more precise estimation of the human
gut microbiome composition under healthy conditions (Lozu-
pone et al., 2012). Consequently, there is fast-growing quest
for possible disease associations involving interactions between
diet, the gut, and microbiome components, especially in autoim-
munity (e.g., diabetes and inflammatory bowel disease [IBD])
(Brown et al., 2013; Clemente et al., 2012).

In spite of many remaining questions regarding which compo-
nents of the microbiome are critically responsible for the fine-
tuning of adaptive immune responses in the gut, growing empir-
ical evidence suggests that nutrition and bacterial metabolites
might impact the systemic immune response in the context of
disease and autoimmunity (Cotillard et al., 2013; Macia et al.,
2012). Here, fatty acids (FAs), as an integral component of daily
diet, have become a primary focus of investigation. Of particular
interest is the role of short-chain FAs (SCFAs), which are solely
metabolized by gut bacteria from otherwise indigestible carbo-
hydrates, i.e., from fiber-rich diets, and have been shown to
ameliorate disease in models of IBD and allergic asthma (Smith
et al., 2013; Trompette et al., 2014). Further, long-chain FAs
(LCFAs), the most abundant component of the so-called West-
ern diet, have been suspected as a culprit in various diseases.
Although extensive data on the effects of saturated FAs on the
innate immune system exist from the field of cardiovascular dis-
ease, their impact on the players of the adaptive immune system
is less well understood (Bhargava and Lee, 2012). Although the
downstream mechanisms and the cellular mediators for the ef-
fect of SCFAs remain inconclusive, most data point to the
involvement of regulatory immune mechanisms. For example,
in models of IBD, gavage of various SCFAs leads to local
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expansion of intestinal T regulatory (Treg) cells (Smith et al.,
2013; Furusawa et al., 2013), and microbiome analyses of a large
cohort of affected individuals with type 2 diabetes revealed a
lack of butyrate-producing bacteria, further underscoring the
impact of FAs in health and disease (Qin et al., 2012).

The gut microbiome, along with various dietary habits such as
high salt intake, has been recently established as an environ-
mental contributor to the pathogenesis of multiple sclerosis
(MS) (Berer et al., 2011; Kleinewietfeld et al., 2013), a T-cell-
mediated autoimmune disease of the central nervous system
(CNS) with neurodegenerative features (Haghikia et al., 2013).
Previous interdisciplinary research has led to the contemporary
view that the autoimmune basis of MS stems from an imbalance
between pathogenic pro-inflammatory Th1 and/or Th17 cells
and anti-inflammatory or regulatory mechanisms of immune
cells including Treg cells (Kleinewietfeld and Hafler, 2014).
Thus, the rationale of currently available therapeutic interven-
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Figure 1. LCFAs Promote Polarization of
Naive T Cells toward Th1 and Th17 Cells

(A and B) Addition of FA derivatives to murine CD4*
T cell differentiation culture under Th17 (A) and Th1
(B) cell polarizing conditions. C4:0 butyric acid,
C6:0 caproic acid, C8:0 caprylic acid, C10:0 capric
acid, C12:0 LA (all at 250 uM; n = 3, one out of two
representative experiments shown).

(C and D) Addition of LA to murine CD4* T cell
differentiation culture under Th17 (C) and Th1 (D)
cell polarizing conditions (n = 6, data pooled from
two experiments, *p < 0.05).

(E) Addition of LA to murine CD4* T cell differenti-
ation culture under Treg cell polarizing conditions
(n = 6, data pooled from two experiments).

(F) Addition of LA to human CD4* T cell differenti-
ation culture under Th1 cell polarizing conditions
(n =5, one out of two experiments shown).

*p < 0.05, *p < 0.01. See also Figure S1. For all
figures, data are given as mean + SEM, unless
annotated otherwise.

LA 250 pM
LA 500 pM

tions is to suppress pathogenic Th1 and

—_— Th17 cells and/or to augment Treg cell dif-

ferentiation (Haghikia et al., 2013).

Here, we show that dietary-induced
changes in the gut shaped Th cell re-
sponses through the opposing effects of
dietary SCFAs and the less-well-studied
medium-chain (MC) FAs or LCFAs.

LA 250 M
LA 500 uM

RESULTS

LCFAs Promote Polarization of

Naive T Cells toward Th1 and Th17
Cells

To investigate effects of alkanoic acids on
the differentiation of naive T cells under
Th1 and Th17 cell polarizing conditions
in vitro, we tested derivatives with
different aliphatic chain lengths in murine
CD4* T cells (Figures 1A and 1B). At
250-500 pM, the C12 FA dodecanoic
acid (lauric acid [LA]) increased differentiation of Th17 cells (Fig-
ure 1C) and Th1 cells (Figure 1D) by ~50% as compared to con-
trol conditions; LA decreased the differentiation of CD4*CD25*
Foxp3* Treg cells by about one third versus control (Figure 1E).
Growth curves and apoptosis rates did not differ between con-
trols and LA-treated cultures, indicating that LA acted to directly
enhance T cell differentiation and did not merely affect T cell
expansion or viability (Figures S1A-S1L). The addition of LA
versus control to naive (CD45RA*CD45RO CD127°CD257)
CD4* T cells from healthy human donors also increased the dif-
ferentiation of CD4*interferon-y* (IFN-y) T cells by about 35%
(Figure 1F). Expression analyses of differentiated T cell gene
signatures revealed increased mRNA expression of /fng, granu-
locyte macrophage colony-stimulating factor (Csf2), and tumor
necrosis factor alpha (Tnf), but not interleukin-17A (//17a) for
Th1 cells (Figure S2A). Congruent analyses also revealed
increased mMRNA levels of ll17a, Csf2, Rorc, aryl hydrocarbon

LA 250 uM



receptor (Ahr), Tbx21, 1123a, IL-23 receptor (//23r), transforming
growth factor beta (Tgfb1), and Tnf, but not Ifng, in the presence
of 250 uM LA versus control (Figure S2B), supporting the argu-
ment for an increased generation of Th17 cells after addition of
LA in vitro. Treg cell quantitative real-time PCR (qRT-PCR) re-
vealed a ~50% reduction of Foxp3 expression after addition of
LA versus control in vitro (Figure S2C).

Gene and Protein Expression Analyses Implicate Th17
Cell and MAPK Pathways as Modulators of LA Cellular
Mechanism

To further understand the differential effects of different FA
lengths on T cell differentiation, we analyzed gene expression
of the candidate fatty acid receptors liver X receptor alpha
(LXRa) and various G protein coupled receptors (GPR40,
GPR41, GPR43, GPR84, GPR119, and GPR120) in different
CD4* T cell subsets. The presence of GPR40, 41, 43, and 84
on the mRNA level was mostly confined to naive T cells. In
contrast to previous reports (Smith et al., 2013), none of the re-
ceptors were detectable in Th17 cells or Treg cells, and only
Gpr43 was present in Th1 cells. Lxra, Gpr119, and Gpr120
were not detected in any T cell subset (Figure S2D). Likewise,
addition of the Toll-like receptor 1/2 agonist Pam3CSK4 to
Th1, Th17, or Treg cell differentiation assays did not show any
comparable effect to LA (not shown).

No additional increase of Th17 cell frequency was found sub-
sequent to the addition of LA to dendritic cells (DCs) co-
cultured with LA-treated T cells, arguing for a direct effect of
LA in fostering Th17 cell polarization (Figure 2A). In order to
identify downstream signaling factors potentially involved in
the LA effect on Th17 cell differentiation, we evaluated the
transcriptome profile of in vitro, LA-treated versus -untreated
Th1 and Th17 cells. Analyses of Th17 cells revealed Maf
(c-Maf) as the highest differentially expressed gene (DEG),
increasing 16.5-fold in LA- versus control-treated T cells (Fig-
ure 2B). Further DEGs pointing to induction of Th17 cell differ-
entiation in multiple pathway analyses included the salt-sensing
kinase Sgk1 and multiple MAPK family members, such as
Mapk14 (encodes p38). The expression profile of Th1 cells re-
vealed differential expression of critical Th1 cell genes, whereas
changes in the MAPK family were not as prominent (not
shown).

Because p38 MAPK-mediated signaling is a well-character-
ized integrator of environmental stressors, we tested the
effects of FAs on p38 MAPK regulation. Expression analysis re-
vealed a statistically significant ~13-fold increase in Mapk14
in Th17 cells, and to a lesser degree in Th1 cells, upon LA
application (Figure 2C). At the post-transcriptional level,
LA treatment of T cells under Th17-cell-polarizing conditions
led to a significant increase of p38 phosphorylation (pp38,
Figure 2D). Pharmacological inhibition of p38 MAPK via
addition of the specific blocker SB202190 almost completely
inhibited the effect of LA on Th17 or Th1 cell polarization (Fig-
ures 2E and 2F). Furthermore, genetic ablation of the p38a
subunit via CD4-cre-mediated deletion in T cells completely
abolished the enhanced Th17 and Th1 cell differentiation effect
of LA (Figures 2G and 2H). Neither pharmacological inhibition
nor genetic ablation of p38 led to increased cell death (not
shown).

SCFAs Promote Polarization of Naive T Cells toward
Treg Cells
Corresponding to the effect of FAs on Th1 and Th17 cell differen-
tiation, we tested derivatives with different aliphatic chain
lengths on naive T cells under Treg-cell-polarizing conditions
(Figures 3A and 3B). Propionate (PA, C3:0) revealed the most
significant effect on murine Treg cell differentiation in vitro at a
concentration of 150 uM (Figure 3C). We further corroborated
the Treg-cell-stimulating effect of PA in vitro in ahuman T cell dif-
ferentiation assay. Therein, application of PA to healthy donor
naive CD4" T cells increased both the frequency of CD4*CD25*
Foxp3* cells and, to a lesser extent, the proliferation of differen-
tiated Treg cells (Figure 3D). Adding PA to human naive T cells
under Th17-cell-polarizing conditions led to a significant reduc-
tion in the frequency of CD4*IL-17A* T cells (Figure 3E).
Furthermore, ex vivo transcriptome analyses of Treg cells
derived from PA-pre-treated mice and Treg cells from previously
untreated mice revealed DEGs in the two different cell popula-
tions (Figure 3F). Through the use of multiple pathway analyses
steps, rationally selected DEGs revealed, and gRT-PCR
confirmed (Figure 3G), Lpin-2 (encodes lipin2) and Mapk8 inter-
acting protein-2 (Mapk8ip2, encodes JIP2) as relevant, upregu-
lated genes in Treg cells from PA-pre-treated mice. In contrast,
LA treatment led to a downregulation of Lpin-2 expression in
both Th1 and Treg cells; however, changes in Mapk8ip2 were
not significant in both cell types. Furthermore, LA treatment
had no effect on this pathway in Th17 cells. As previously shown,
the increase of Lpin-2 led downstream to downregulation of
JNK1 activation (encoded by Mapk8), which in turn is a key acti-
vator of pro-inflammatory transcription factors such as NF-«B.
Relative mRNA expression of Mapk8 parallels that of Lpin-2 in
all investigated cell types after LA application (Figures S3A-
S3C). At the post-transcriptional level, PA treatment of T cells
led to an opposing effect on p38 phosphorylation (pp38, Fig-
ure 3H) compared to that which was exerted by LA on Th17 cells
(Figure 2D).

LA-Rich Diet Impacts Th1-Cell- and Th17-Cell-Mediated
CNS Autoimmunity In Vivo
The distinct in vitro effects of FAs on naive CD4" cells prompted
us to examine their effects in vivo using murine MOGg35.55 EAE as
a model of Th1-cell- and/or Th17-cell-mediated autoimmunity.
Male C57BL/6 mice were fed standardized and otherwise
completely matched diets rich in either LA (C12) or palmitic
acid (PALM, C16) and were compared to mice on a control
diet after EAE induction. Mice on the LA-rich diet did not display
different body weights compared to controls (mean + SEM on
day 20 of EAE: 22.2 + 0.5 g versus 23.8 + 2.0 g, p = 0.96).
Mice fed the LA-/PALM-rich diets displayed a more severe
course of the disease (Figures 4A and S4A-S4C), although dis-
ease incidence (12/13 ctrl. versus 10/10 LA) and mortality were
unaffected. Upon ex vivo phenotyping by flow cytometry of the
spinal cord infiltrates, the LA diet increased Th17 cell frequencies
in the CNS on day 14 post immunization (p.i.) whereas Th1 cells
(Figure 4B) and CD11b* antigen-presenting cells (Figure 4C) re-
mained unchanged.

Phenotyping of splenic T cells during EAE revealed an in-
crease of Th1 and Th17 cell frequencies under an LA-rich diet
on day 10 p.i. (Figure 4D). In parallel, an LA-rich diet expanded
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Figure 2. MAPK Pathways Are Modulators of LA Cellular Mechanism

(A) Addition of LA to co-culture assay of T cells and dendritic cells generated in the presence (LA-treated BMDCs) or absence (untreated BMDCs) of 250 uM LA
(n = 3, one out of three independent experiments shown).

(B) Microarray analysis of in-vitro-generated Th17 cells in the presence (Th17+LA) or absence (Th17 ctrl) of 250 uM LA. Left: Heat map analysis displaying
differentially expressed genes (DEG). Right: a selection of 32 up- and downregulated genes.

(C) Gene expression analysis of Mapk14 (p38 MAPK) expression in Th1, Th17, and Treg cell differentiation assays (triplicates, data pooled from two preparations).
(D) Immunoblot analysis of p38 protein and phosphorylated p38 protein (pp38) in Th1 and Th17 cell differentiation assays with and without LA. Left: quantification
of p38 and pp38 protein. Right: representative blots. -actin (B-act) was used as loading control.

(E and F) Chemical inhibition of p38 via the addition of SB202190 to murine CD4* T cell differentiation culture under Th17 (E) and Th1 (F) cell polarizing conditions
(n = 4-7 per group, data pooled from two experiments).

(G and H) Conditional genetic deletion of p38a.in T cells via Cre-loxP in a murine T cell differentiation under Th17 (G) and Th1 (H) cell polarization (n = 6 per group,
data pooled from two experiments).

*p < 0.05, **p < 0.01; ***p < 0.001. See also Figure S2.
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effector T cells on day 14 p.i. with significantly decreased
CD4*CD62LM cell frequency (and increased CD62L" cell fre-
quency, not shown) and increased CD4*CD44" cell frequency
and CD4*CD25" cell frequency (Figure 4E). Splenocyte recall
assays also revealed increased IFN-y and IL-17A secretion on
day 10 p.i. (Figures S4D and S4E). Via the same procedure,
LA-rich diet increased T cell proliferation without additional
stimulation; however, this effect was more significant in CD4*
and CD8" T lymphocytes after MOGss_s5-specific recall (by
100%) or polyclonal activation by concanavalin A (by >300%,
Figure 4F).

LA Exerts Effect on Th17 Cells via the Small Intestine

In order to elucidate the anatomic site of the observed in vivo ac-
tions of LA, we examined LA concentrations in the serum, blood
cells, the complete duodenum, and duodenal mucosa after
either LA-rich or control diet on day 10 p.i. We found that LA con-
centrations in the blood compartment (Figure 5A), mucosa, and
duodenum (Figure 5B) were significantly increased after LA diet,
with the highest concentrations in the blood compartment and
an enrichment of LA in the duodenal mucosa versus the com-
plete duodenum. More extensive analysis of FAs in these com-
partments also revealed an increase of MCFAs and LCFAs of
various chain lengths, especially C14-C18 under an LA diet (Fig-
ures S5A-S5D). Given the enrichment of LA in the small intestine
(SI) mucosa, we further scrutinized the gut. In a kinetic analysis of
intraepithelial lymphocytes (IELs), lamina propria lymphocytes
(LPLs), and Peyer’s patches (PPs) in various gut locations, we
found the most pronounced increase in IL-17A and IFN-y on
the protein level in LPLs of the SI 10 days p.i. (Figures 5C, 5D,
S5E, and S5F). To monitor the dynamics of increased Th17 cell
frequency under LA in EAE, we analyzed the S| more closely,
quantifying Th17 cells in the SI LPLs between days 4 and 21
p.i. Ex vivo flow cytometry analysis of relative Th17 cell abun-
danceinthe SILPLs ondays 4, 7, 10, and 14 p.i. showed an initial
increase of Th17 cells in SI LPLs, with a maximum at day 7 and a
subsequent gradual reduction after day 10 (Figure 5E), coin-
ciding with the onset of symptoms in EAE (Figure 4A). A cell
transfer experiment on day 10 p.i. corroborated these data
with an increased accumulation of MOG-activated, labeled
T cells, specifically in the SI LPLs of LA-diet-fed mice (Figure 5F).
Intestinal Treg cell frequencies were not affected (Figures S5G
and S5H). The increase of Th17 cells was specific for
MOG3s.55 immunized mice; we did not observe any changes in
Th17 cell frequency in naive control mice or mice 10 days p.i.
with complete Freund’s adjuvant (CFA) only (Figure S5I).

To further investigate whether metabolites of the gut micro-
biota are involved in LA’s enhancing effect on Th17 cells, we
added fecal filtrates from either LA- or control-diet mice to naive
T cells under Th17-cell-polarizing conditions. The addition of
fecal filtrates from LA-diet mice resulted in higher numbers of
Th17 cells than from control diet (Figure 5G), arguing for the
involvement of the local microbiome and their metabolic
changes in the Sl. Metabolite analyses revealed that not only
were the longer-chain FAs increased under LA diet (Figures
S5A-S5D), but levels of SCFAs and particularly PA were signifi-
cantly decreased in the feces of LA-fed mice (Figure 5H), thus
lending additional support for the crucial involvement of gut mi-
crobiota and metabolites in the effect of LA on Th17 cells.

We also performed a microbiome analysis of feces sampled
on day 10 p.i. with MOGg5.55 versus naive mice. Although EAE it-
self did not alter microbiome composition, the LA diet reduced
Prevotellaceae and S24-7 families of the Bacteroidetes phylum
as compared to controls (Figure 51 and Table S1).

Finally, for optimal investigation of LA-mediated microbial ef-
fects on intestinal Th17 cells in vivo, we employed the anti-
CD8-specific antibody treatment model, which is characterized
by an acute immune activation and a particular susceptibility of
the Sl to enhanced inflammation (Chatenoud and Bluestone,
2007; Esplugues et al., 2011). Usage of this model revealed a
pronounced increase of Th17 cell frequency in Sl IELs as
compared to naive control mice (Figure S5J). In line with our
data from the EAE model, we observed a further increase in
IEL Th17 cell frequency under an LA-rich diet after anti-CD3 anti-
body injections (Figure S6K). This effect could be reproduced
in vivo via oral transfer of feces from LA-diet-fed mice into
germ-free (GF) recipients. These mice were found to have higher
frequencies of Th17 cells in IELs as compared to control GF mice
having received feces from mice under a control diet (Figure 5J).
Further, gut microbiota were found to be necessary for the effect
of LA on Th17 cell increase, as no Th17 cells were detectable in
the Sl after feeding only LA to control GF mice (Figure 5K).

In Vivo, PA-Mediated Treg Cell Regulatory Response
Ameliorates CNS Autoimmunity

To evaluate whether the opposing effect of the C3 FA PA seen
in vitro exerts an ameliorating effect on the course of EAE, we
applied 150 mM PA (or water solvent) by daily oral gavage either
(1) at the day of immunization (DI) or (2) at onset of disease (OD). In
contrast to the LA-rich diet, application of PA revealed beneficial
effects in EAE, but only in the preventive setting (Figure 6A).
Ex vivo recall assays revealed a significant increase of the anti-in-
flammatory cytokine IL-10 in cells derived from PA-treated EAE,
whereas, in contrast to LA-diet mice, no significant difference in
IL-17A production was observed (Figure 6B). Phenotyping of SI
LPLs on day 8 p.i. revealed increased CD4*CD25*Foxp3™* Treg
cell frequency in PA-treated EAE mice (Figure 6C). Analyses of
the signature cytokines in different gut sub-compartments also
showed increased mRNA levels of Tgfb1, 1110, and Foxp3 in the
distal parts of the Sl in these mice (Figure 6D). To test whether
orally delivered PA imprints a protective phenotype on Treg cells
in vivo, we transferred Treg cells derived from PA-pre-treated
(7 days) or untreated (5 x 10° CD4*CD25* Treg cells; i.p.) mice
into recipient mice concurrently with EAE induction; flow cytom-
etry analysis of isolated cells confirmed the congruity of Foxp3™*
cell percentages in the transferred T cell preparations (69%-
72% under both conditions). Treg cells derived from PA-pre-
treated mice led to a marked improvement in the clinical course
of the recipient EAE as compared to controls (Figure 6E). The
improved clinical outcome in PA-DI-treated mice was reflected
in the histopathological analyses of the spinal cord, with less in-
flammatory cell infiltration, less demyelination, and a higher de-
gree of axonal preservation (Figure 6F).

DISCUSSION

Our data add FAs to the list of environmental triggers of T cell dif-
ferentiation that might act as risk factors for Th1-cell- and/or
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Figure 3. SCFAs Promote Polarization of Naive T Cells toward Treg Cells and Suppress the JNK1 and p38 Pathway

(A) Addition of FA derivatives to murine CD4* T cells under Treg cell polarizing conditions. C3:0 PA, C4:0 butyric acid, C6:0 caproic acid, C8:0 caprylic acid, C10:0
capric acid, C12:0 lauric acid (all FAs at 100 pM; n = 7).

(B) Addition of different PA concentrations to murine Treg cell differentiation (n = 8).

(C) Addition of PA to murine CD4* T cell differentiation culture under Treg cell polarizing conditions (n = 8).

(D) Addition of PA to human CD4* T cell proliferation and differentiation culture under Treg cell polarizing conditions (n = 5, one out of two experiments shown).
(E) Addition of PA to human CD4™ T cell proliferation and differentiation culture under Th17 cell polarizing conditions (n = 5, one out of two experiments shown).

(legend continued on next page)
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Th17-cell-mediated autoimmune diseases like MS (Kleinewiet-
feld and Hafler, 2014). Recent epidemiological studies reveal
that lifestyle factors such as smoking, obesity, and salt intake
might constitute a risk for MS (Hedstrom et al., 2011, 2014; Klei-
newietfeld et al., 2013). Because such a diet is also typically rich
in FAs, our present data offer important immunological and func-
tional groundwork for epidemiological observations and identify
saturated FAs as a new dietary, non-infectious trigger involved in
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Figure 4. LA Exacerbates CNS Autoimmunity
and Increases Th1 and Th17 Cells In Vivo

(A) Clinical course of MOGas.s5 EAE. Mice were fed
a LA-rich diet (n = 10) or control diet (n = 13) for
4 weeks prior to immunization. Data are shown on a
5-point score scale pooled from two experiments.
(B and C) Ex vivo flow cytometry analysis of (B) Th1
and Th17 cell frequencies and CD11b™" cells (C) in
the spinal cord under LA-rich versus control diet on
day 14 of MOGgs-55 EAE (n = 7 per group).

(D) Ex vivo flow cytometry analysis of Th1 and Th17
cell frequencies in the spleen on day 10 of MOGg3s.s5
EAE (n = 7 versus 10 mice per group).

(E) Ex vivo flow cytometry analysis of CD25%,
CD44*, or CD62L" effector T cells from spleen on
day 14 of MOGas.s5 EAE under LA-rich versus
control diet (n = 7 per group).

(F) Proliferation of CD4* and CD8" T cells after
ex vivo recall with MOGgss_s5 (splenocytes harvested
on day 14 p.i. of MOG3s.55 EAE, n = 4 per group).
@ =none

ns = not significant, *p < 0.05, *p < 0.01;
***p < 0.001. See also Figure S4.

control
LA diet

intestinal T cell differentiation due to the
interaction of gut-hosted microbiota and
nutritional metabolites.

Here we show that, in autoimmune dis-
ease, FAs exert direct effects both on mu-
rine and human Th cells under polarizing
conditions in vitro and in the context of an-
tigen-specific T cell response in vivo.
Treatment with SCFAs, PA most potently,
enhanced differentiation and proliferation
of CD4*CD25"Foxp3* Treg cells and
ameliorated EAE disease course. In
contrast, MCFAs or LCFAs such as LA or
PALM enhanced Th1 and Th17 cell differ-
entiation and contributed to a more severe
course of EAE. The simultaneous increase
of tracked Th17 cells in the spleen and
CNS together support a model of differen-
tial segregation of antigen-specific T cells
under an LA-rich diet. This hypothesis is further supported by
the increased levels of LA found in the blood and mucosa
compartments in mice having received an LA-rich diet. The
increase of LA in both compartments might explain not only
the systemic effect of LA on Th17 cell differentiation in vivo,
but also the increased frequency of Th17 cells in the lamina
propria during the initial antigen-specific immune response
in EAE.

(F) Heat map analysis displaying differentially expressed genes (DEG) in the transcriptome analysis of Treg cell derived from PA pre-treated or previously un-
treated (control) mice (left). Right: a selection of 24 up- and downregulated genes.

(G) Validation of DEG detected by the transcriptome analysis via qRT-PCR showing upregulation of Lpin-2 (lipin-2) and marked mRNA upregulation of mapk8ip2
(JNK1 interacting protein2, JIP2) in Treg cells derived from mice pre-treated with PA as compared to Treg cells from untreated mice (from five independent

preparations).

(H) Immunoblot analysis of p38 and phosphorylated p38 protein (pp38) in Treg cell differentiation assays with and without PA. B-actin (B-act) was used as loading

control.
*p < 0.05, *p < 0.01, **p < 0.001. See also Figure S3.
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The proposed FA-receptor mediating the aforementioned
effects remains to be identified. The presented divergent effects
of saturated FAs on Th1 and Th17 versus Treg cells depended
on the length of the carbon chain backbone, thus arguing for
a pattern- or chain length-sensing receptor on T cells. Here,
GPR109 might be a critical player, as has been recently shown
for butyric acid (Singh et al., 2014), whereas receptors previously
noted ofimportance, GPR41 and GPR43 (Kim et al., 2013), are not
as relevant in our system. Given the plasticity of Th17 and Treg
cells and their complex, divergent, intercellular signaling path-
ways during differentiation (for review see Kleinewietfeld and
Hafler, 2014), it is likely that several mechanisms act in concert.

On both the gene expression and post-transcriptional levels
(protein), members of the MAP kinase family, including p38
and JNK1, along with lipin-2 and their regulation of downstream
pathways, are herein identified as crucial mediators of the effects
of saturated FAs on T cells. Although both p38 and JNK1 have
been shown to non-redundantly contribute to T cell death, differ-
entiation, and proliferation (Rincon and Pedraza-Alva, 2003),
p38-MAPK in particular is a well-known integrator of environ-
mental stress and is involved in both T cell differentiation (Kleine-
wietfeld et al., 2013) and models of MS (Krementsov et al., 2014;
Noubade et al., 2011). Because p38-MAPK plays a prominent
role in T cell development and function (Alam et al., 2014), it
can be argued that developmental changes due to the genetic
knock-out of p38-MAPK lead to future alterations of T cell differ-
entiation prior to the application of FAs. However, pharmacolog-
ical blockage of this pathway after T cell development confirmed
its specific involvement in FA effects on T cell differentiation.
Indeed, the coupling of both the p38 and JNK MAP kinase path-
ways to T cell receptor signaling might allow for lineage-specific
signals in T cell differentiation (Flavell et al., 1999). Additionally,
our identification of lipin-2 signaling in the PA-induced genera-
tion of Treg cells adds to previous literature whereby it has
been shown to counteract the pro-inflammatory effects of satu-
rated FAs on macrophages (Valdearcos et al., 2012), yet it had
not been previously described in the context of T cells.

In addition to the MAP kinase family members, transcription
factor c-Maf and kinase SGK1, both of which have been shown

to be critically involved in Th17 cell differentiation (Tanaka et al.,
2014; Wu et al., 2013), were among the differentially expressed
genes identified in LA-treated T cells under Th17-cell-polarizing
conditions.

In the absence of antigen, the expansion of Th17 cells in the SI
of anti-CD3-treated mice clearly increased under LA feeding.
Despite its limitations, especially in the context of CNS autoim-
munity, the ability of anti-CDS3 to induce acute immune activation
offers a valuable setup to shed further light on the distribution of
auto-antigen-specific Th cells under an LA-rich diet (Esplugues
et al., 2011). Indeed, our observation of an increased influx of
Th17 cells into the SI, e.g., the lamina propria, of LA-fed mice
during EAE, provides evidence for the involvement of the SI,
including nutritional metabolites and microbiota of the gut, in
systemic T cell immune responses prior to T cell CNS infiltration.

The shift of the gut microbiome toward decreased Prevotella-
ceae and Bacteroidetes after an LA-rich diet might partially
explain the enhanced positive effect of fecal transplantations
over diet manipulation. This concept is backed by the observed
decrease in SCFAs in the gut under LA-rich diet along with recent
reports implicating the pivotal role of Bacteroidetes in the
fermentation of fiber-rich nutrition into SCFAs. Furthermore, a
dysbiotic microbiome with lower proportions of Bacteroidetes
has been associated with immune dysregulation and incidence
of autoimmune disorders such as Crohn’s disease and asthma
(Macia et al., 2012; Trompette et al., 2014).

Of particular interest is the ability of PA to beneficially influence
the generation of Treg cells (Arpaia et al., 2013). Our study posits
PA as a potent compound with the capacity to restrain CNS
autoimmunity via restoration of the altered Treg cell:effector
T cell balance, which is disturbed in MS patients (Viglietta
et al., 2004). So far, influencing MS via direct Treg cell manipula-
tions, e.g., via superagonistic anti-CD28 antibodies, has been
considered worthwhile (Beyersdorf et al., 2005) but not practi-
cally feasible outside of controlled experimental conditions (Hu-
nig, 2012). In fact, PA is a common environmental compound
that was traditionally part of many preservatives and is already
ingested by many people at lower concentrations (Cummings
et al., 1987). Given this wide range in everyday practice and

Figure 5. LA Exerts Effect on Th17 Cells via the Small Intestine

(A and B) Quantification of LA in plasma, blood cells (A), duodenal mucosa, and whole Sl (B) of mice on a control or LA diet on day 10 p.i. (n = 4 per group).
(C and D) Analysis of IL-17A (C) and IFN-vy (D) production in anti-CD3 and anti-CD28 stimulated cultured IELs, LPLs, and PPs from the Sl on day 0, 3, and 10 of
MOGgs.55 EAE by ELISA (n = 6 per group for day 0 and n = 4 per group for day 3 and 10 p.i., data pooled from two different experiments).

(E) Ex vivo flow cytometry analysis of relative Th17 cell abundance in SI LPLs on days 4, 7, 10, and 14 p.i. (n = 4-8 per group).

(F) Cell tracking experiment of e450-labeled splenocytes in CNS, spleen, and S| of LA and control diet mice. Single cell suspensions were analyzed by flow
cytometry for CD4*e450™" cells. Representative contour plots are shown (n = 4 per group).

(G) Addition of fecal filtrates from either LA or control diet mice to murine CD4* T cell differentiation culture under Th17 cell polarizing conditions (n = 3, one out of

two representative experiments shown).

(H) Quantification of SCFAs in feces of mice on a control or LA diet on day 10 p.i. (N = 5 per group).

(I) Three comparing samples from mice on an LA-rich diet (inner rings) versus samples from mice on a control diet (outer rings). Feces were sampled on day 10 p.i.
(n =3 per group) and compared to samples from the same mice before induction of EAE (n = 3 per group). From the 803 operational taxonomic units present in the
study, 254 within 117 families were significantly different in one of the comparison groups. 22 families contained operational taxonomic units with both higher and
lower abundance scores in the samples from mice under an LA-rich diet versus controls. An idealized tree is computed using taxonomic classifications. The color
saturation indicates z-score (defined as the difference between sample abundance and mean abundance, divided by the standard variation), which represents
the sample difference from the overall mean abundance. Dark blue indicates the OTU has low abundance relatively to other samples (z-score of —1.56); white
indicates no difference from the mean; dark red indicates high abundance (z-score of 1.60).

(J and K) Ex vivo flow cytometry analysis of Th1 (J) and Th17 (K) cell frequencies in Sl IELs and LPLs after anti-CD3 antibody injection and oral transfer of feces
from LA-diet-fed mice into germ-free (GF) recipients as compared to control GF mice with transfer of feces from donor mice under a control diet. A representative
contour plot is shown.

*p < 0.05, **p < 0.001. See also Figure S5.
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Figure 6. PA Ameliorates CNS Autoimmunity via Induction of Treg Cells in the Small Intestine

(A) Clinical course of MOG3s.55 EAE. Mice received daily PA starting either at the day of immunization (DI, n = 15), at onset of disease (OD, n = 25), or the solvent
water (controls, n = 29) via oral gavage in addition to the normal diet. Data are shown on a 5-point score scale pooled from three experiments.

(B) Cytokine measurement in cultures after ex vivo recall with MOGgs.55 (splenocytes harvested on day 8 p.i. of MOGgas.55 EAE, n = 8 versus 9 per group).

(C) Flow cytometry analysis of cells isolated from the LPLs of EAE either treated with PA (n = 5) or with water (untreated, n = 5) showing higher amount of Treg cells
in PA-treated mice.

(D) Gene expression analyses of tgf31, il10, and foxp3 in the SI LPLs of either PA (PA DI) or water (control) (triplicates, data pooled from seven to ten preparations).

(legend continued on next page)
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growing evidence for the lasting dietary effect on microbiome
composition (Cotillard et al., 2013), a rapid translation of PA ther-
apy from pre-clinical studies to clinical trials in MS patients
seems reasonable.

In sum, this study identifies dietary saturated FAs as crucial
modulators in the gut, shifting Th1 and Th17 versus Treg cell bal-
ance in autoimmune neuroinflammation. We propose a dual
mechanism of action for LA, comprising (1) increased Th17
and Th1 cell polarization and proliferation as a systemic effect
and (2) enhanced sequestration of Th17 cells in the gut in the
context of immune activation. Further studies in humans to
explore the supplementary therapeutic potential of enriched di-
ets are highly warranted.

EXPERIMENTAL PROCEDURES

EAE and Diet

For experiments under LA-rich diet, mice received a chow containing 30.9%
crude fat rich in the MCFA C12:0 (lauric acid, 13.47%), and mice on a control
diet were fed a chow with 4.2% crude fat. Mice were adapted to high-fat chow
4 weeks before EAE induction. For EAE under PA, either 200 ul PA (150 mM) or
solvent (water) were applied daily via oral gavage in addition to normal diet with
3.3% crude fat, at either day of immunization (DI) or onset of disease (OD). For
transfer experiments, mice received either PA or water via oral gavage in addi-
tion to normal diet for 7 days before gut Treg cells were isolated and injected
into EAE at DI.

For EAE, 8- to 11-week-old mice were anesthetized and subcutaneously in-
jected with 200 ng MOGg3s.55 and 200 ug CFA. Pertussis toxin (200 ng/mouse)
was applied i.p. on days 0 and 2 p.i. Daily clinical evaluation was performed via
a 5-point scale. 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; Bochum AZ 84-02.04.2014.A104). For details and pro-
viders of materials used, see Supplemental Information.

In Vivo T Cell Stimulation
Mice on LA-rich or control diet were i.p. injected with anti-CD3 (20 ng, 145-2C11,
BD PharMingen) or with PBS alone or CFA in PBS and sacrificed after 3 days.

Murine T Cell Culture and Differentiation

Splenic T cells were isolated by MACS, collected, and re-suspended in MACS
buffer at 3 x 107 cells/ml. For Th17 cell differentiation, sorted naive T cells
(CD4*CD62L*CD44'°CD257) were stimulated by 2 pg/ml anti-CD3 and
2 pg/ml anti-CD28 in the presence of IL-6 (40 ng/ml) and rhTGF-B1 (1 ng/ml)
for 4 days. For Th1 cell differentiation, naive CD4" T cells were cultured for
96 hr with anti-CD3, anti-CD28, IL-12 (20 ng/ml), and anti-IL-4 (10 mg/ml).
For Treg cell differentiation, anti-CD3, anti-CD28, and rhTGF-B1 (1 ng/ml)
were added to culture media. To determine the influence of FAs on T cell dif-
ferentiation and proliferation, cells were cultured with and without 250 uM or
500 uM LA, 150 uM PA, or other FA derivatives (C4:0, C6:0, C8:0, C10:0) at
concentrations ranging from 1 uM to 10 mM. In some experiments, sterile fecal
filtrate from LA- or control-diet mice was added to the cultures: 200 mg feces
were re-suspended in 1 ml ReMed and centrifuged, with 50 ul of sterile filtered
supernatant added to T cell differentiation assays. For intracellular stainings
(flow cytometry), cells were stimulated for 4 hr with ionomycin (1 uM) and
PMA (50 ng/ml) in the presence of monensin (2 M) and stained for CD4, intra-
cellular IL-17A, and IFN-vy. Treg cells were stained by using the FoxP3* Treg

cell staining kit according to the manufacturers’ protocol. For details and pro-
viders of materials used, see Supplemental Information.

Human T Cell Differentiation

PBMCs from whole blood of healthy volunteers were separated by Ficoll-
Paque PLUS gradient centrifugation and naive (CD45RA~CD45RO*CD25"~
CD127*) CD4* T cells were subsequently isolated by fluorescence-activated
cell sorting on MoFlo. Naive T cells were cultured (5.3 x 10* cells) in serum-
free X-VIVO15 medium or serum-free LGM 3 medium for 5 to 7 days and
stimulated with anti-CD3 (10 pg/ml) and anti-CD28 (1 ng/ml). For Th1 cell dif-
ferentiation, naive T cells were cultured with IL-12 (10 ng/ml) and anti-IL-4
(10 pg/ml); IL-1B (12.5 ng/ml), IL-6 (25 ng/ml), IL-21, IL-23 (25 ng/ml), and
rhTGF-B1 (10 ng/ml) for Th17 cells; rh-TGF-B1 (5 ng/ml) for Treg cells. For
investigating the influence of FAs on T cell differentiation, PALM and LA
were added to the cultures. All cells were analyzed via flow cytometry analysis.
For details and providers, see Supplemental Information.

In Vitro MOG Restimulation Assay

Splenocytes from EAE mice were obtained on day 10 p.i. and seeded at a den-
sity of 3 x 10° cells/ml in Re-medium. MOGss.s5 (1, 20, 100 ng/ml) and ConA
(1.25 pg/ml) were added for stimulation, and cells were cultured 48 hr. Super-
natants were harvested and analyzed for cytokines (ELISA). To monitor prolif-
eration, cells were labeled with fixable proliferation dye (eBioscience) accord-
ing to the manufacturer’s protocol.

Co-culture Assay with Dendritic Cells

Bone marrow cells were isolated from femur and tibia, re-suspended in R10
medium containing GM-CSF (5 ng/ml) and IL-4 (5 ng/ml), and cultured for
10 days with/without 250 uM LA. Medium was changed on days 3 and 6,
and cells were matured on day 8 with 1 pg/ml LPS (Sigma-Aldrich) and
20 pg/ml MOGgs.s5. For the co-culture assay, mature DCs were seeded with
MOG-specific transgenic naive T cells in a ratio of 1:6 with/without 250 uM
LA. After Th17 cell differentiation, Th17 cell frequencies were analyzed 96 hr
later by intracellular staining via flow cytometry analysis.

Cell Tracking Experiment

Splenocytes from EAE mice were obtained on day 10 p.i., labeled with fixable
e450 proliferation dye (eBioscience), and intravenously transferred into mice
on a LA or control diet on day 10 p.i. (25 x 10° cells/mouse). Spleens, CNS,
and Sl of recipient mice were scrutinized on day 4 post cell transfer and
analyzed by flow cytometry for CD4*e450" cells.

Free Fatty Acid Quantification

Total fatty acid concentrations in plasma, whole blood cells, and duodenum
of mice on a LA or control diet were analyzed on day 10 p.i. via gas chroma-
tography (GC) as described (Ostermann et al., 2014). In brief, lipids were
extracted with MTBE/MeOH and derivatized with methanolic hydrochloric
acid, and the resulting FAME were quantified by GC with flame ionization
detection. For details of SCFAs analyses in feces, see Supplemental
Information.

Microbiome Analysis

Frozen DNA isolated from mice fecal sample with total masses ranging from
1.3 to 38.7 ng were stored at —20°C. The bacterial 16S rRNA genes were
amplified (35 cycles) using the degenerate forward primer 5'-AGRGTTTGAT
CMTGGCTCAG-3' and the non-degenerate reverse primer 5-GGTTACCTTG
TTACGACTT-3'. Each amplified product was concentrated via solid-phase
reversible immobilization and quantified by electrophoresis using an Agilent

(E) Clinical course of Treg cells transferred into MOGgs.s5s EAE. EAE mice received either 5 x 10° CD4*CD25* Treg cells from PA pre-treated donor animals (n = 6)
or from previously untreated mice (n = 9), or received PBS (control, n = 11) on the day of immunization. Data are shown on a 5-point score scale pooled from two

experiments.

(F) Histological analyses of axons, demyelination, and cellular infiltration the spinal cord of PA-DI-treated (n = 9 sections from 7 independently analyzed mice) and
PA-OD-treated (n = 9 sections from 5 independently analyzed mice) EAE as compared to the controls (n = 9 sections from 5 independently analyzed mice).
Perfusion and spinal cord removal on day 20-22 p.i. of MOGgs.s5 EAE; scale bar represents 100 um.

*p < 0.05, **p < 0.01, **p < 0.001.
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2100 Bioanalyzer (Agilent). PhyloChip Control Mix was added to each ampli-
fied product. Bacterial 16S rRNA gene amplicons were fragmented, biotin
labeled, and hybridized to the PhyloChip Array (Affymetrix), version G3.
PhyloChip arrays were washed, stained, and scanned with a GeneArray scan-
ner (Affymetrix). Each scan was captured with standard Affymetrix software
(GeneChip Microarray Analysis Suite, Affymetrix). Samples were processed
in a Good Laboratory Practices compliant service laboratory running quality-
management systems for sample, data tracking, and data analysis (Second
Genome).

Fecal Transplant

200 mg feces from mice on LA or control diet were collected in a sterile manner
on the day of fecal transfer and re-suspended in 1 ml sterile filtered autoclaved
tap water and adjusted to a final volume of 200 mg feces/ml, vortexed, and
centrifuged. Each recipient mouse received 200 pl of fecal supernatant by
oral gavage on 3 consecutive days before «CD3 injection (20 pg/mouse,
145-2C11, BD PharMingen) after 3 weeks of housing in sterile cages with ster-
ile autoclaved water and autoclaved food.

Transcriptome Analysis

Total RNA was isolated from corresponding cells using the RNeasy Mini Kit
(QIAGEN) with prior peqGOLD TriFast (Peqglab) treatment. cDNA was gener-
ated with Ambion WT Expression Kit (Life Technologies). Subsequently,
Affymetrix GeneChip Mouse Gene ST Arrays were processed by the manufac-
turer’s protocol. Data were processed with the Affymetrix Expression Console
and Transcriptome Analysis Console v.2.0 (TAC) software, and candidate
genes were selected rationally under consideration of both gene functions
found in literature (NCBI and GeneCards) and integrative pathway analyses
by Ingenuity Pathway Analysis (IPA, QIAGEN).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism (GraphPad Software).
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
by Kruskal-Wallis, and Mann-Whitney U test. Data are presented as mean +
SEM; *p < 0.05, *p < 0.01, or **p < 0.001 were considered to be statistically
significant.
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