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Dietary conjugated linoleic acid links reduced
intestinal inflammation to amelioration of
CNS autoimmunity

Ann-Katrin Fleck,' Stephanie Hucke,' ®Flavio Teipel,I Melanie Eschborn,'

Claudia Janoschka,' Marie Liebmann,’ Haleluya Wami,? Lisanne Korn,'

Geethanjali Pickert,3 Marvin Hartwig,I Timo Wirth,' Martin Herold,' Kathrin Koch,'
Maren Falk-Paulsen,* Ulrich Dobrindt,> Stjepana Kovac,' Catharina C. Gross,'

Philip Rosenstiel,4 ®Marcel Trautmann,5 Heinz Wiendl,I Detlef Schuppan,3’6

Tanja Kuhimann’ and Luisa Klotz'

A close interaction between gut immune responses and distant organ-specific autoimmunity including the CNS in multiple sclerosis
has been established in recent years. This so-called gut—~CNS axis can be shaped by dietary factors, either directly or via indirect
modulation of the gut microbiome and its metabolites. Here, we report that dietary supplementation with conjugated linoleic acid,
a mixture of linoleic acid isomers, ameliorates CNS autoimmunity in a spontaneous mouse model of multiple sclerosis, accompa-
nied by an attenuation of intestinal barrier dysfunction and inflammation as well as an increase in intestinal myeloid-derived sup-
pressor-like cells. Protective effects of dietary supplementation with conjugated linoleic acid were not abrogated upon microbiota
eradication, indicating that the microbiome is dispensable for these conjugated linoleic acid-mediated effects. Instead, we observed
a range of direct anti-inflammatory effects of conjugated linoleic acid on murine myeloid cells including an enhanced IL10 produc-
tion and the capacity to suppress T-cell proliferation. Finally, in a human pilot study in patients with multiple sclerosis (7 =15,
under first-line disease-modifying treatment), dietary conjugated linoleic acid-supplementation for 6 months significantly enhanced
the anti-inflammatory profiles as well as functional signatures of circulating myeloid cells. Together, our results identify conjugated
linoleic acid as a potent modulator of the gut—-CNS axis by targeting myeloid cells in the intestine, which in turn control encephali-
togenic T-cell responses.
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Introduction

Multiple sclerosis is a chronic inflammatory disease of the
CNS affecting more than 2.3 million individuals worldwide.
The aetiology of multiple sclerosis largely remains enigmatic
and seems to involve multiple factors, including both genetic
and environmental influences. Mainly on the basis of epi-
demiological studies, several environmental factors have been
implicated in disease pathogenesis, such as low vitamin D sta-
tus, certain viral infections (e.g. Epstein-Barr virus), childhood
obesity, and dietary habits such as a so-called Western diet
characterized by high levels of saturated fatty acids, carbohy-
drates, sodium chloride and low fibre intake.'* On the other
hand, several nutrients have been associated with CNS auto-
immune disease amelioration, including polyunsaturated fatty
acids, vitamin D supplementation, probiotics and microbial
metabolites, such as propionic acid.*®

Albeit the concept of dietary modulation of autoimmunity
itself is not new, its mechanistic basis has been reshaped in
recent years due to a growing understanding of the close
and reciprocal interaction between nutritional factors, the
gut microbiome and the intestinal immune system.”'® Here,
the nutritional composition has a direct impact on gut
microbiome composition, which shapes local intestinal
immune responses and in turn affects even distant (auto)-
immune responses. One prominent example highlighting the
key role of this gut—CNS axis in the context of CNS auto-
immunity is the absence of CNS inflammation in a spontan-
eous model of experimental autoimmune encephalomyelitis
(EAE) under germ-free conditions. This suggests that the
protective effect is due to the absence of certain commensal
bacteria.'® Notably, several dietary factors have already
been shown to shape the gut microbiome, thereby modulat-
ing experimental CNS autoimmunity.'*>'® By contrast, it has
been demonstrated that the gut microbiota from patients
with multiple sclerosis facilitates the development of EAE in
mice, suggesting that microbiome alterations may indeed be
linked to disease (re)occurrence.!”®

However, in spite of these conceptual advances in our
understanding of the gut-CNS axis and its influence on
CNS autoimmunity, so far it has not been convincingly dem-
onstrated that targeted modulation of nutritional factors in
humans shapes ongoing CNS autoimmunity. Several smaller
clinical trials dealing with specific dietary interventions in
multiple sclerosis have been performed, but with inconclu-
sive results.®!? This is most likely due to serious constraints
especially in study designs caused by lack of proper control

groups, small patient numbers, imprecise inclusion criteria,
and lack of MRI-based end points.*'? Additionally, several
studies have described alterations in the gut microbiome
composition in multiple sclerosis cohorts; however, the
results of the individual studies were highly variable and to
date no causal link between microbiome alterations and dis-
ease manifestation has been established in humans.?*??
Furthermore, some dietary interventions yielded diverging
effects in mice and humans, such as changes to dietary salt
intake.'®** Although of conceptual importance, other
approaches might not be feasible in patients, such as dietary
deprivation of the essential amino acid tryptophan, which
impaired encephalitogenic T-cell responses via modulation
of the gut microbiome in an experimental model."?

One intervention with considerable potential for disease
modification in the context of autoimmune diseases is diet-
ary supplementation with conjugated linoleic acid (CLA), a
naturally occurring fatty acid in meat and dairy products of
ruminants. CLA has been shown to confer protection in
various animal models of inflaimmatory bowel disease®*>°
and to beneficially modulate immune responses in Crohn’s
disease patients.””>*® The latter effect is particularly interest-
ing in light of the acknowledged role of the gut microbiome
in shaping local as well as peripheral inflammatory
responses in these diseases.”’>' Mechanistically, these anti-
inflammatory effects of CLA and its metabolites have been
at least partly linked to activation of the nuclear receptors
PPARa, PPARY and PPARS in immune cells.*> Furthermore,
in atherosclerosis, the anti-inflammatory capacity of CLA
supplementation is mediated by the induction of the IL10
signalling pathway in monocytes.>’

In the present study, we therefore aimed to evaluate the po-
tential of dietary CLA supplementation to modulate the disease
outcome in a spontaneous mouse model of CNS autoimmunity.
Moreover, we performed a proof-of-concept study in patients
with relapsing-remitting multiple sclerosis (RRMS), who
received dietary supplementation with CLA for 6 months.

Materials and methods

Mice
All strains were bred on a CS57BL/6 background. Double
transgenic  opticospinal encephalomyelitis (OSE) animals

(IgHMOG % TCRMOC)3* were generated by crossbreeding trans-
genic mice carrying either myelin oligodendrocyte glycoprotein
(MOG)-specific B cell receptor (IgHMS knock-in, previously
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known as Th mouse)®>’ or MOG;s_ss-specific T-cell receptor
(TCRMOC knock-in, previously known as 2D2 mouse),*® origin-
ally purchased from Jackson Laboratory. C57BL/6] mice for
in vitro set-ups were purchased from Janvier Labs or Charles
River. All mice were maintained in individually ventilated cages
at the local animal facility of the Westfdlische Wilhelms-
Universitdit Miinster and were used for experiments up to the
age of 14 weeks independent of their sex or body weight. All
animal studies were performed according to the guidelines of
the animal ethics committee (German Animal Welfare Act) and
were approved by the governmental authorities Landesamt fiir
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen
(LANUV), Recklinghausen].

Control and conjugated linoleic acid-rich chow

OSE mating pairs and offspring were fed as indicated in Fig. 1A
with either C1000 control chow (Altromin Spezialfutter) or
CLA-rich chow (processed by Altromin Spezialfutter; 0.9%
CLA; isomers cis-9, trans-11 and trans-10, cis-12), which is
based on C1000 chow where 11.1 g sunflower oil was
exchanged with Tonalin® TG80 (supplied by BASF/BTC-Europe
GmbH) per 1 kg chow. To prevent oxidation of CLA the chow
was vacuum-packed for long-term storage and kept under a ni-
trogen atmosphere for daily usage.

Treatment with antibiotics

After weaning, OSE mice were treated with antibiotics [1 mg/ml
ampicillin (aniMedica), 1 mg/ml colistin (aniMedica), 5 mg/ml
streptomycin (Sigma-Aldrich)] over a period of 3 days via drink-
ing water.

Disease scoring

Beginning at 20 days of age, mice were clinically scored on a
daily basis until Day 100 past birth. Disease severity was deter-
mined using a scale from 0 to 8 as described in Klotz et al.3”: 0,
healthy; 1, slight waddling; 2, weak unilateral paresis of hind
limbs; 3, severe unilateral or weak bilateral paresis of hind
limbs; 4, moderate bilateral paresis of hind limbs; 5, complete
paralysis of hind limbs; 6, plegia of hind limbs; 7, quadriplegia;
and 8, death. In accordance with animal welfare requirements,
mice were sacrificed when a score of 6 was reached to minimize
the extent of burden.

Histology and
immunohistochemistry

Mice were sacrificed under deep anaesthesia by intracardiac per-
fusion with PBS followed by perfusion with 4% (w/v) parafor-
maldehyde (PFA) dissolved in PBS. Organs were removed and
fixed in 4% PFA overnight; except the small intestine, which
was flushed with PBS, opened longitudinally, and rolled up
starting with the distal part before fixation (Swiss-rolling tech-
nique). Prior to embedding in paraffin, the spinal cord was cut
into 7-10 transverse segments (3-mm thick) and coronal brain
cuts were made. Sections (3 pm) were stained by haematoxylin
and eosin and Luxol fast blue including periodic acid-Schiff
(LFB-PAS). Immunohistochemistry was performed using a bio-
tin-streptavidin peroxidase technique (Dako) and an automated
immunostainer (AutostainerLink 48, Dako). Sections were pre-
treated with citrate buffer (pH 6 or 9) in a steamer. The primary
antibodies were specific to Mac3 (clone M3/84, also known as
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CD107b or LAMP-2; BD Pharmingen) or CD3 (MCA, Serotec).
3,3’-diaminobenzidine (Dako) was used as a colour substrate
and sections were mounted with Eukitt® mounting medium (O.
Kindler GmbH) after dehydration. Images were acquired with
the microscope AxioObserver (Carl Zeiss) or BioRevo BZ-9000
(Keyence) using the software AxioVision or BZ-II Analyzer
(Keyence).

Histopathological scoring of
intestinal tissue slices

Scoring of haematoxylin and eosin-stained small intestinal tissue
slices was performed in a blinded fashion adapted from previous
publications.'**® Epithelial changes and intestinal architecture,
i.e. hyperplasia and mucosal follicle formation, and the extent
of inflammatory cell infiltration in the lamina propria or sub-
mucosa were rated from 0 (none) to 5 (extensive pathological
changes).

Isolation of murine mononuclear
cells

Mononuclear cells were isolated from CNS, blood, bone mar-
row, and inguinal lymph nodes as previously described.>® After
the removal of Peyer’s patches, lymphocytes were isolated from
the intestinal lamina propria according to the manufacturer’s
instructions for the Lamina Propria Dissociation Kit (Miltenyi).
For flow cytometric measurement of intracellular cytokines, iso-
lated immune cells were stimulated with phorbol myristate acet-
ate (PMA; 5 ng/ml, Sigma-Aldrich), ionomycin (200 ng/ml,
Cayman Chemical), and GolgiPlug™ (1 pl/ml, BD Pharmingen)
for 4 h at 37°C.

Flow cytometry of murine immune
cells

All antibodies, if not otherwise stated were obtained from
BioLegend. Surface marker staining using antibodies against
murine CD3 (clone: 17A2), CD4 (clone: GK1.5), CD11b (clone:
M1/70), CD45 (clone: 30-F11), Ly6G (clone: 1A8), IL17A
(clone: TC11-18H10.1) and IFNy (clone: XMG1.2) was per-
formed as previously described.*” Intracellular staining was per-
formed with BD Cytofix/Cytoper™ Fixation/Permeabilization
Solution Kit (BD Bioscience) according to the manufacturer’s
protocol. The acquisition was performed with the flow cytome-
ter Gallios (Beckman Coulter). Results were analysed with
Flow]Jo software (BD Life Science). To estimate a population’s
mean fluorescence intensity (MFI), its geometric mean was used.

Immunoglobulin M ELISA of faecal
lysates

To quantify the amount of total protein and concentration of
immunoglobulin M (IgM) in faecal lysates, faeces of OSE mice
were collected on consecutive days and stored at —20°C prior to
extraction. Faecal samples were dissolved in 500 ul PBS contain-
ing 0.1% Tween. After centrifugation, total protein content was
measured in the supernatant by the colourimetric DC Protein
Assay Kit (Bio-Rad) with bovine serum albumin as standard.
The concentration of IgM in faecal lysates was assessed with the
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Ready-Set-Go! ELISA Kit (Invitrogen eBioscience) according to
the manufacturer’s instructions.

Microbiome composition analysis

Faecal samples were collected from the caecum of OSE mice
and ~200 pg of faeces were used for DNA extraction via
ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research). The
16S rDNA gene variable region V3 of the extracted faecal DNA
was amplified and sequenced with the MiSeq Reagent Kit v2
(lumina) at the Institute for Hygiene, Miinster. The Illumina
reads obtained were analysed with the mother software package
(v1.40.5)*! following the standard operating procedure for 165
rDNA gene sequence data analysis.** In brief, read pairs were
assembled into contigs, and sequences with ambiguous bases
(NS) and/or inadequate assembling were removed. After merg-
ing duplicate reads, unique sequences were aligned to the SILVA
reference database (SSU_Ref database v.132).** Chimeric and
erroneously amplified sequences were removed from the ana-
lysis. Bacterial sequences were then classified into operational
taxonomic units; the relative abundance and Bray-Curtis dis-
tance-based principal coordinates analysis were visualized with
phyloseq (v1.20.0) R package.**

CLA-treatment of murine myeloid
cells in vitro

For in vitro experiments, murine myeloid cells were treated
without and with CLA-mix containing 50 uM cis-9, trans-11
CLA-isomer and 50 uM trans-10, cis-12 CLA-isomer (Sigma-
Aldrich).

RT2-PCR-Profiler PCR Array

CD11b* cells were isolated from spleens of C57BL/6 mice and
incubated in the presence or absence of CLA-mix for 24 h. RNA
was isolated using the RNeasy® Micro Kit (Qiagen) and <DNA
synthesis was performed from 500 ng total RNA using RT?
FirstStrand Kit (Qiagen). The RT? Profiler PCR Array Mouse
Inflammatory Response and Autoimmunity (#PAMM-077Z;
Qiagen) was conducted according to the manufacturer’s protocol.

Analysis of myeloid cell responses
in vitro

Bone marrow-derived macrophages (BMMs) were generated as
previously described*® and treated with CLA-mix during a dif-
ferentiation period of 7 days. Cytokine concentrations were
measured in the supernatant of mature BMMs after 72 h (IFNy
and CCL2) and 96 h (IL10) using Ready-Set-Go! ELISA Kits
(eBioscience) according to the manufacturer’s instructions. For
analysis of intracellular glutathione levels, BMMs were stained
with monochlorobimane (mBCI, 50 uM; Invitrogen) at 37°C
for 30 min. Intracellular reactive oxygen species production was
measured in living BMMs using dihydroethidium fluorescence
measurements according to a protocol outlined in Kovac et al.*®
and images were subsequently analysed using MetaFluor®
Fluorescence Ratio Imaging Software (Molecular Devices, LLC).
To measure the metabolic activity, mature BMMs were har-
vested, seeded to poly-D-lysine-coated Seahorse plates, and incu-
bated overnight at 37°C. As described in Klotz et al.*” oxygen
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consumption rate was determined with a Seahorse XFp
Extracellular Flux Analyzer (Agilent Technologies) and data
were analysed with Wave Software (Agilent Technologies).

Suppression assay

The suppression assay was performed according to Hucke et
al.*® Briefly, splenic T cells were isolated by nylon wool enrich-
ment, labelled with 5 pM eFluor™ 670 (eBioscience), and sub-
sequently co-cultured with BMMs (ratio 2:1) in the presence of
200 ng/ml soluble anti-CD3 antibody (eBioscience, Clone: 145-
2C11). After 72 h, CD4* T-cell proliferation was assessed by
flow cytometric evaluation of MFI of eFluor™ 670.

Study approval

Blood sampling of treatment-naive RRMS patients (diagnosed
according to the current McDonald criteria) was approved by
the local ethics committee of the Westfilische Wilhelms-
Universitit Miinster (2010-262-f-S). The study protocol for the
proof-of-concept study CLAIMS was approved by the ethics
committee of the Arztekammer Westfalen-Lippe and the
Westfilische Wilhelms-Universitit Miinster (2016-053-f-S,
approved on 05.04.2016). All participants provided written
informed consent for the planned procedures prior to entry into
the study, in accordance with the Declaration of Helsinki.

Blood sampling and generation of
peripheral blood mononuclear cells

Around 40 ml blood was obtained from treatment-naive RRMS
patients or patients participating in the proof-of-concept trial
CLAIMS via vein puncture and collected into S-Monovette®
syringes containing EDTA (Sarstedt). Peripheral blood mono-
nuclear cells (PBMCs) were isolated immediately from the fresh
blood by Lymphoprep™ (Stemcell Technologies) density gradi-
ent centrifugation as described in Klotz et al.*”

CLAIiIMS proof-of-concept trial

Patients were included in the clinical study at the Department of
Neurology with the Institute of Translational Neurology at
University Hospital Minster according to the inclusion and ex-
clusion criteria listed in Supplementary Table 1. The study co-
hort consisted of 15 RRMS patients meeting the current
McDonald 2010 criteria. Only patients without relapses within
the last 3 months and a stable first-line immunomodulatory
medication for at least 3 months were included. Study subjects
were predominantly female (73.3%), aged on average 36.7
years, and had a mean baseline EDSS score of 0.8.
Demographics for all patients from our clinical trial including
baseline disease characteristics are described in Supplementary
Table 2. Daily dietary supplementation with 2.1g CLA was
administered orally via capsules. To validate the results of the
study, the participants’ adherence to study medication was
monitored with intake diaries, which were counterchecked
against the returned emptied blister packages. Based on these
data, the actual number of capsules ingested was captured and
compared to the prescribed number of CLA capsules according
to the study protocol to calculate the patients’ compliance rate.
For data analysis, all patients were included.
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Flow cytometry of human peripheral blood
mononuclear cells

PBMCs were analysed by multicolour flow cytometry and
monocyte subsets were identified using the following markers as
defined by Mukherjee et al.*’ classical: HLA-DR* LinX (CD3,
CD19, CD66b, CD56)" CD14* CD167; intermediate: HLA-
DR* LinX (CD3, CD19, CDé66b, CD56)” CD14* CD16" and
non-classical: HLA-DR* LinX (CD3, CD19, CD66b, CD56)”
CD14%™ CD16*. PBMC were stained with the following anti-
bodies together with True Stain Monocyte Blocker™
(BioLegend) according to the manufacturer’s instructions. All
antibodies, if not otherwise stated were obtained from
BioLegend. Surface marker staining using antibodies against
human CDé68 (clone: Y1/82A), CD14 (clone: MS5E2), CD3
(clone: HIT3a), CD19 (clone: HIB19), CD56 (clone: HCDS6),
CD66b (clone: G10F5), HLA-DR (clone: 1.243), CD16 (clone:
3G8, Beckman Coulter) was performed as described previously.
For intracellular staining of IFNy (clone: 4S.B3), S100A9
(Calgranulin B, clone: 27 E10, ImmunoTools), IL1b (clone:
H1b-98), IL6 (clone: MQ2-13A5) and MCP-1 (CCL2, clone:
2HS), PBMC were either left unstimulated or stimulated with
100 ng/ml lipopolysaccharide from Escherichia coli O127: B8
(Sigma-Aldrich, Cat. No: L4516) for 2 h. For this staining, the
Transcription Factor Staining Buffer Set (eBioscience) was used
according to the manufacturer’s instructions. Dead cells were
discriminated using Zombie NIR™ (BioLegend). Flow cytomet-
ric measurement was performed with Navios or CytoFLEX
(both Beckman Coulter). Data were analysed using Kaluza soft-
ware (Beckman Coulter). In addition, unbiased data analysis
was performed by a dimensionality reduction approach, as
described previously.>® Flow cytometry single-cell data were
processed by Barnes-Hut stochastic neighbour embedding
(known as bh-SNE) dimensionality reduction in #distributed
stochastic neighbour embedding-based visualization (viSNE), an
implementation in MATLAB. The phenograph algorithm was
applied to identify local phenotypic similarities.”"

Metabolic assays of human monocytes

CD14* monocytes were isolated from frozen PBMCs of RRMS
patients in the CLAIMS trial. Overnight resting and oxygen con-
sumption rate measurement were performed as described above
for murine cells, but assessment was perfomed with the
Seahorse XFe96  Extracellular Flux Analyzer (Agilent
Technologies).

Gene expression analysis with nanoString

CD14* monocytes were isolated from frozen PBMCs of either
naive RRMS patients or patients in the CLAIMS trial, whereas
only monocytes from naive RRMS patients were incubated in
the presence or absence of CLA-mix (75 uM per isomer) for 24
h. RNA was isolated using RNeasy® Plus Micro Kit (Qiagen)
according to the manufacturer’s instructions. Measurement of
the nCounter® Human Myeloid Innate Immunity Panel was per-
formed with the nCounter® FLEX Dx (NanoString
Technologies) at the Division of Translational Pathology,
Miinster. Quality control, normalization, and differential ex-
pression analysis were performed with nSolver Analysis
Software 4.0 (Advanced Analysis Tool). Undetectable genes
were excluded from further analysis. Adjustment of P-values
was performed according to the Benjamini-Yekutieli correction.
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Statistical analysis

GraphPad Prism 6 software and R version 3.6.2 were used to
perform statistical analysis and visualize the results. All results
illustrated in dot plots are shown as the mean + standard devi-
ation unless stated otherwise. Box-and-whisker plots display the
median, interquartile interval of 95% (box) as well as minimum
and maximum (whiskers). Unpaired, two-sided Mann-Whitney
U-tests were used as non-parametric tests to compare two
groups. Paired, two-sided Student’s #-tests were used for in vitro
experiments and the CLAIMS study. For the statistical calcula-
tion of disease courses, two-way ANOVA with Bonferroni cor-
rection was performed and for disease onset the log-ranked
Mantel-Cox test with 95% confidence intervals. P-values <
0.05 were considered to be statistically significant.

Data availability

Data and full code of all scripts are available upon reasonable
request from the corresponding author. There is no restriction
on the availability of materials described in the study.

Results

Dietary CLA supplementation
ameliorates disease course in OSE
mice

To assess the influence of dietary CLA supplementation on
the onset and disease course of spontaneous CNS autoimmun-
ity, we used a double transgenic mouse model, where mice
harbour MOG-specific T-cell receptor (TCR) transgenic T
cells as well as MOG-specific immunoglobulin heavy-chain
transgenic B cells on a CS7BL/6  background
[TCRMOC % IgHMOS, for simplicity referred to as OSE (opti-
cospinal encephalomyelitis) mice; Fig. 1A and Supplementary
Fig. 1A]. Because of the spontaneous occurrence of disease
and independence from any exogenous triggers, this model is
particularly suitable for analysis of modifying factors of dis-
ease induction.***? Strikingly, continuous dietary supplemen-
tation with CLA starting at the time of conception (Fig. 1A),
resulted in a profoundly ameliorated disease course in mice
that received CLA-enriched chow (OSE“™ mice, 7 = 34) over
the whole observation period of 100 days, when compared to
mice fed with control chow (OSES™ mice, #=2358)
(P < 0.0001; Fig. 1B). Furthermore, OSE“* mice exhibited a
significant delay in disease onset (median onset on Day 30 in
OSE“™ mice as compared to Day 24 in OSE®™ mice;
Fig. 1C). This disease amelioration was accompanied by a
highly significant reduction in immune cell infiltrates within
the spinal cords of OSE“* mice as illustrated by detailed im-
mune cell quantification of histological specimens from
OSE“ mice compared to OSE™ mice (Fig. 1D-G). Analysis
of peripheral as well as CNS-located pro-inflammatory CD4*
T-cell responses in OSE“™* mice compared to age-matched
OSE™ mice in the early phase of the disease (i.e. 6 weeks after
birth) by flow cytometry revealed that IL17A, as well as IFNy
production, were significantly diminished in OSE“** mice
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Figure | Dietary supplementation with CLA ameliorates spontaneous CNS autoimmunity. (A—E) Breeding pairs and OSE offspring
were fed with CLA-enriched or control (C1000) chow ad libitum. (B and C) Clinical scores are shown over 100 days from OSE™ (n = 58) and
OSE mice (n = 34). (B) Disease courses are illustrated as mean group score over time + SEM. (C) Disease onset (score > ) is shown as per-
centage of healthy mice. (D-G) Immune cell infiltration within spinal cords of OSE™™ (n > 9) and OSE“"* mice (n = 10) was assessed via hist-
ology. (D) Representative spinal cord stainings, percentages of inflamed area of total white matter marked by (E) Mac3 ™ infiltrates, (F) total
counts of Mac3™ lesions, and (G) CD3™ cells are shown. (H) CD4" T cells derived from the CNS, inguinal lymph nodes or blood of OSE**"
(n = 8) and OSE“"" mice (n > 5) were restimulated for cytokine analysis. Dot plots depict representative mean fluorescence intensity (MFI) of
cytokine expression shown as mean + SD, whereas each dot represents one individual mouse. Statistics: (B) two-way ANOVA with Bonferroni
correction; (C) log-ranked Mantel-Cox test (dotted lines indicate 95% confidence interval); (E-H) Mann-Whitney U-test. Scale bars = 200 pm.

(Fig. 1H). Together, our data illustrate that continuous dietary
supplementation with CLA ameliorates the disease course of
spontaneous CNS autoimmunity and inhibits both peripheral
and CNS-specific pro-inflammatory CD4* T-cell responses.

Dietary CLA supplementation
decreases intestinal inflammation in
context of CNS autoimmunity

As dietary modifications have a profound impact on the in-

testinal immune system, and since organ-specific

autoimmune diseases including CNS autoimmunity are
affected by intestinal immune responses,'*
the impact of dietary CLA supplementation on the gut. As
described in other mouse models of CNS autoimmunity,'*>?
diseased OSE™ mice displayed notable immune cell infiltra-
tions in the intestinal lamina propria; however, this was
diminished in OSE** mice (Fig. 2A). Quantification of in-
testinal inflammation (Fig. 2B and Supplementary Fig. 1B)
and Peyer’s patches (Fig. 2C) in the small intestine revealed
a significant reduction in OSE“™
cell infiltration is often associated with altered intestinal bar-
rier function, which is accompanied by enhanced levels of

we next evaluated

mice. Enhanced immune
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Figure 2 CLA supplementation reduces intestinal inflammation in OSE mice. (A) Haematoxylin and eosin (HE)-stained small intes-
tine tissue slices of representative OSES™ and OSE“"* mice (black arrows = mucosal inflammatory cell infiltrates; white arrows = submucosal
inflammation/expanding lymphoid follicles). (B) Histopathological intestinal inflammation score of the small intestine was assessed for OSE*™"
(n =7) and OSE“™* mice (n = 5). (C) Total counts of Peyer’s patches in the small intestine of OSE" (n = 10) and OSE“** mice (n = 8) as well as
(D) concentrations of faecal immunoglobulin M (IgM) normalized to total protein amount in OSE™ (n = 5) and OSE“"* mice (n = 3) are shown.
(E) Representative MFI of cytokine expression in intestinal CD4* T cells is illustrated for age-matched OSE™™" (n > 6) and OSE“"* mice (n > 7).
(F and G) Analysis of the gut microbiome of OSE™ (n = 8) and OSE“"* mice (n = I3) is shown as (F) PCA and (G) bar graph of the relative
abundance at the genus level. (H) Short-term treatment with antibiotics (Abx) has been applied to OSE™" + Abx (n =9) and OSE“** + Abx
mice (n = 9). The clinical scores of these mice and their non-antibiotic-treated controls (OSES™ n = 17; OSE“™* n = I5) are illustrated as mean
group scores over time = SEM. (I) Frequency of colonic MDSC-like cells (CD11b* Ly6G") in OSES™ (n = 14) versus OSE-"* mice (n = 13) was
determined via flow cytometry. Scatter dot plots depict mean = SD, whereas each dot represents one individual mouse. Statistics: (H) two-way
ANOVA with Bonferroni correction; (B—E and I) Mann-Whitney U-test. Scale bars = 200 pum; n.s. = not significant.

the surrogate marker IgM in the faeces.’* Indeed, intestinal
barrier dysfunction was significantly reduced in OSE“™*
mice compared to OSE™ mice at the age of 5-10 weeks
(Fig. 2D). Additionally, we observed reduced pro-inflamma-
tory T-cell responses as illustrated by flow cytometric ana-
lysis of IL17A and IFNy expression by CD4* T cells
isolated from the lamina propria of OSE®™ versus OSE™!
mice (Fig. 2E). Analysis of the gut microbiome in CLA-sup-
plemented mice revealed profound changes in overall

microbiome composition, as illustrated by principal compo-
nent analysis and relative abundance of genera (Fig. 2F and
G). To investigate whether CLA-mediated effects on EAE
disease course depend on the gut microbiome, we temporar-
ily eradicated the gut microbiome by short-term antibiotic
treatment of OSE®™ and OSE™! mice for 3 days after
weaning (Days 28-34 after birth).>° As expected, ablation
of the microbiome by short-term antibiotic treatment alone
resulted in a temporary disease amelioration in OSE™
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mice’’; however, treatment with antibiotics did not abrogate
beneficial CLA-mediated effects on EAE disease course
(Fig. 2H). In line with the emerging role of myeloid-derived
suppressor cells (MDSCs) for control of chronic intestinal in-
flammation, we evaluated frequencies of MDSC-like cells
(CD11b™* Ly6G") and observed a significant increase in the
intestinal lamina propria of OSE“™ compared to OSE!
(Fig. 21 and Supplementary Fig. 1C).%”

Taken together, our data illustrate that dietary supplemen-
tation with CLA modulates intestinal immune responses
with a downmodulation of pro-inflammatory myeloid cells
and a concomitant increase in MDSC-like cells. We therefore
wondered whether intestinal myeloid cells might be a key
player in mediating the beneficial CLA effect on systemic im-
mune responses.

CLA induces anti-inflammatory and
suppressive phenotype in myeloid
cells in vitro

Based on these findings we evaluated whether CLA might
directly enhance anti-inflammatory and suppressive proper-
ties of myeloid cells. First, we determined CLA-induced
changes in pro- and anti-inflammatory gene expression pat-
terns in unstimulated isolated murine splenic myeloid cells
by RT? profiler array and observed differential gene expres-
sion upon CLA exposure (50 pM cis-9, trans-11 and 50 uM
trans-10, cis-12-isomer) as depicted in Fig. 3A.
Downregulated genes comprised pro-inflammatory markers,
such as Nos2 (iNos), Ccr2 (Cd192), Ifng and Il6, whereas
significantly upregulated genes included the anti-inflamma-
tory cytokine 1110 (Fig. 3A). Accordingly, quantification of
key cytokines and chemokines in supernatants of CLA-
exposed unstimulated bone-marrow-derived myeloid cells
(BMM) revealed that IL10 secretion was significantly
enhanced upon CLA exposure, whereas secretion of IFNy
and CCL2 (MCP-1) was significantly reduced (Fig. 3B).
Moreover, CLA altered the oxidative capacities of myeloid
cells, as the production rate of reactive oxygen species was
significantly reduced by CLA treatment, whereas levels of
the reactive oxygen species scavenger glutathione were
increased (Fig. 3C and D). Analysis of the mitochondrial re-
spiratory capacity of myeloid cells by real-time measurement
of the oxygen consumption rate revealed a highly significant
reduction of both basal as well as maximal respiration by
CLA (Fig. 3E and F). Overall, these data indicate that CLA
inhibited a range of pro-inflammatory functions of myeloid
cells and enhanced the production of the anti-inflammatory
cytokine IL10, which all represent common features of
MDSC-like cells.’”

We therefore set out to determine whether CLA-exposed
myeloid cells might function as bona fide MDSCs and eval-
uated their capacity to control the proliferation of activated
pro-inflammatory CD4" T cells. Indeed, bone marrow-
derived myeloid cells exposed to CLA during differentiation
for 7 days significantly limited proliferation of stimulated
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CD4* T cells in a classical suppression assay (Fig. 3G).
Taken together, we were able to demonstrate that CLA
exerts direct effects on myeloid cells, limiting their pro-in-
flammatory capacities and promoting suppressive functions
of these cells.

Effects of dietary CLA
supplementation on human myeloid
cells in RRMS: proof of concept

Based on our data generated in the murine system, we next
aimed to address whether CLA might also exert anti-inflam-
matory effects on human myeloid cells. In a first step, we
evaluated the direct effects of CLA in vitro on transcriptional
signatures of CD14* monocytes derived from untreated
RRMS patients by NanoString-based transcriptional profil-
ing. As depicted in Fig. 4A in a heat map, the analysis
revealed a striking change in transcriptional signatures of
CLA-exposed patient-derived monocytes as compared to
their untreated counterparts. In particular, CLA exposure
elicited a transcriptional signature known to be associated
with a myeloid suppressive phenotype, i.e. downregulation
of genes involved in T-cell activation, antigen presentation,
interferon- and TNF-signalling as well as genes for pro-in-
flammatory cytokines and chemokines [namely CCL3
(MIP1A), CXCL10 (IP-10), IL1B, IL18], whereas anti-in-
flammatory genes [IL4I1 (FIG1), MMP9, PPARG] were
upregulated.’”*® Furthermore, differential expression was
observed in genes known to be related to proliferation or de-
velopment of MDSC-like cells, such as CEBPB, FABP4,
IRF4, IRFS, and JAK/STAT-signalling related genes’”®'
(Supplementary Fig. 2 and Supplementary Table 3).

This encouraged us to perform a small open-label proof-
of-concept study in 15 stable RRMS patients to investigate
the immunomodulatory effects of standardized dietary CLA
supplementation as an add-on to their first-line disease-mod-
ifying treatment for 6 months (study design in Fig. 4B).
Supplementation with CLA was well tolerated without any
significant side effects, and the compliance rate was above
93% (Supplementary Table 4). Multi-parameter flow cytom-
etry analysis of the patients’ PBMCs revealed a clear impact
of CLA supplementation on myeloid cell
Specifically, we found a downmodulation of CD14*
CD16™" non-classical as well as intermediate monocytes at 6
months of CLA supplementation as compared to baseline
and a reciprocal increase in CD14* CD16~ classical mono-
cytes (Fig. 4C). A detailed analysis of monocyte signatures
by an unbiased single-cell dimensionality reduction approach
confirmed that inflammatory cytokine-producing monocyte
clusters were already significantly downregulated in an un-
stimulated state after 6 months of CLA supplementation
(Fig. 4D). Upon monocyte stimulation, we found significant-
ly upregulated clusters lacking pro-inflammatory signatures
on CLA supplementation (Fig. 4D). Notably, evaluation of
cytokine and chemokine production of unstimulated CD14*
monocytes by conventional gating revealed a significant

subsets.
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Figure 3 CLA treatment enhances anti-inflammatory and suppressive features of myeloid cells in vitro. (A) Differential expression
analysis of immune response-related genes via RT? Profiler array is illustrated as a volcano plot of the false discovery rate (FDR) corrected
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ments were performed for each readout. (B) Concentrations of secreted cytokines in cell supernatants were assessed by ELISA. Box plots
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plots depict mean + SD. Statistics: paired two-tailed Student’s t-test.

downregulation of several key pro-inflammatory mediators
on CLA supplementation, including IFNy, IL1f, IL6 and
CCL2 (Fig. 4E). Furthermore, the pro-inflammatory marker
CD68 was significantly downregulated on CD14* monocyte
subsets upon CLA supplementation,” whereas S100A9,
which is associated with MDSC differentiation, was upregu-
lated (Fig. 4F and Supplementary Fig. 3).%% Interestingly, a
subset of MDSC-like cells (characterized by HLA-DR!“~
CD147) also showed a highly significant increase in the ex-
pression of ST00A9 after 6 months of supplementation with
CLA (Fig. 4G). In line with our flow cytometry data, ana-
lysis of transcriptional changes in isolated CD14* mono-
cytes via NanoString-based transcriptional profiling revealed
significant changes upon 6 months of CLA supplementation
(Fig. 4H and Supplementary Table 2). In particular, dietary
CLA supplementation also led to a reduction of IL1B, IL18
and HLA-DR expression. Finally, on a functional level,
these CD14* monocytes exhibited significant alterations in
their metabolic properties, characterized by a significant

downregulation of mitochondrial respiratory activity both
for basal and for maximal respiration (Fig. 4I).

Taken together, dietary CLA supplementation in RRMS
patients results in broad changes within the monocyte
compartment with a downmodulation of pro-inflammatory
subsets and functional properties, accompanied by an in-
crease in anti-inflammatory subsets and functions.

Discussion

Here, we report that dietary supplementation with CLA
exerts strong protective effects in a spontaneous mouse
model of CNS autoimmunity. This was accompanied by a
reduction of intestinal inflammation and a notable shift
within the intestinal myeloid cell population with a decrease
in mature macrophages and a concomitant increase in mye-
loid suppressor-like cells, suggesting a key role of local
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Figure 4 Dietary CLA supplementation in multiple sclerosis patients alters blood myeloid cell composition by enhancing anti-
inflammatory and suppressive subsets and functional properties. (A) CDI4" monocytes were isolated from frozen PBMC of RRMS
patients and cultured in the presence or absence of 75 ptM CLA-mix for 24 h (n = 3). Transcriptional signatures were analysed using the
nCounter® Myeloid Innate Immunity Gene Expression Panel (NanoString) and significant differentially expressed genes (P-value < 0.05 and
adjusted P-value < 0.5) are illustrated as a heat map. (B) Study design of proof-of-concept trial CLAIMS is shown. (C-G) Frozen PBMC of study
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innate immune regulation for CLA-mediated beneficial
effects on CNS autoimmunity.

In recent years, the relevance of local immune modulation
within the intestine for shaping a variety of autoimmune dis-
eases, including CNS autoimmunity, has been highlighted by
experimental studies, some of which addressed the gut-CNS
axis.'™*>** Thus, it has been shown that germ-free mice har-
bour a strongly impaired intestinal immune system and are
resistant to the development of CNS autoimmunity, and that
CNS autoimmunity is exacerbated upon restitution of the in-
testinal microbiota.'* Different mechanisms and immune cell
players have been implicated in this gut-mediated shaping of
systemic immune responses: First, dietary components can
mediate direct effects on intestinal immune cells, such as the
wheat amylase trypsin inhibitors, proteins that activate lam-
ina propria myeloid cells via toll-like receptor 4 and promote
intestinal as well as distant inflammatory responses.®>®®
Second, dietary factors can shape gut microbiome compos-
ition and the microbiota themselves can trigger either pro-
or anti-inflammatory effects, mainly via the production of
immune-active metabolites."> Moreover, enhanced dietary
salt depleted the gut commensal Lactobacillus murinus,
thereby favouring pro-inflammatory Th17 cells and enhanc-
ing CNS autoimmunity.'® Another recent example is dietary
tryptophan restriction, which alters the metabolic properties
of the gut microbiota and in turn restricts encephalitogenic
T-cell responses.” In contrast to these studies, our data sug-
gest that CLA does not primarily act via modulation of the
gut microbiome or the resulting metabolome, as short-term
broad antibiotic eradication of the gut microbiome amelio-
rated the disease course in OSES™ mice as described,”>*¢ but
did not abolish CLA-mediated effects on the disease course.
Instead, our in vitro data rather suggest that CLA may dir-
ectly modulate intestinal myeloid cells, as they illustrate that
CLA restricts a range of pro-inflammatory responses of mye-
loid cells and enhances key anti-inflammatory functions,
including the production of IL10 and their capacity to limit
CD4* T-cell proliferation. However, it should be noted that
CLA supplementation in our mouse model was started in
utero by feeding the mothers. In light of the central role of
the gut microbiota, especially during development of the

Figure 4 Continued
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immune system, an indirect modulation of intestinal myeloid
cells by the microbiota early in life cannot be excluded by
our approach.®’

Notably, some of the observed alterations of myeloid cells
in vitro are hallmarks of MDSCs, and accordingly, we
observed a significant increase in MDSC-like cells in the in-
testine of OSE“™ mice, which suggests that dietary CLA
supplementation might at least partly act via induction of
myeloid cells with suppressive properties. Moreover, there
was no significant difference in the frequencies of MSDC-
like cells in the bone marrow of OSE®™ mice
(Supplementary Fig. 1C), which suggests an increased re-
cruitment of MDSC-like cells to the intestinal lamina propria
rather than an enhanced production of MDSC-like cells
from haematopoietic progenitor cells. It has been shown that
targeted induction of MDSC-like cells alleviates intestinal”®
and rheumatoid inflammation,”""* as well as experimental
autoimmune myasthenia gravis.”® In the context of CNS
autoimmunity, the role of MDSCs is less clear; however,
they can limit CNS inflammation by the promotion of
lymphocyte apoptosis,”* control of T-cell responses,”” as
well as by preventing B-cell accumulation within the CNS.”®
These studies pointed towards a beneficial role of MDSCs
for modulation of autoimmunity; however, they did not in-
vestigate MDSC induction via dietary modulation. In the
field of cancer research, where the role of MDSCs for sup-
pression of anti-tumour immune responses has been well-
established, dietary effects on MDSC frequencies or function
have already been described. A high salt diet, for example,
inhibits tumour growth by blocking MDSC functions in sev-
eral tumour models.”” In contrast, a high-fat diet enhanced
MDSC accumulation, thereby promoting tumour progres-
sion and metastasis formation.”®

Dietary CLA supplementation has already been shown to
exert beneficial effects in the context of experimental inflam-
mation-induced colorectal cancer”” and inflammatory bowel
disease.”**®8% Mechanistically, this has been linked to CLA-
mediated activation of the nuclear receptor PPARY both in
colonic epithelial cells and in macrophages.?***#! In a
model of atherosclerosis and of inflamed white adipose tis-
sue, dietary CLA supplementation promoted anti-

subjects at baseline (BL) and 6 months (6M) after CLA supplementation as depicted in B, were stained with monocyte-specific antibodies and
analysed by multi-colour flow cytometry. (C) Percentages of CD14*/4™ CDI16* (intermediate and non-classical) and CDI14* CD16~ (classical)
monocytes were evaluated by manual gating (n = 15). (D) Unbiased cluster analysis of monocyte panels is shown as bh-SNE plot of unstimulated
monocytes (left) and LPS-stimulated monocytes (right) (n = 12) comparing baseline and 6 months of CLA supplementation. Significantly upregu-
lated clusters are depicted in orange and downregulated clusters are displayed in blue. Clusters with a high (continuous line) and low (dotted
line) cytokine expression profile (CCL2, IFNY, ILIB, IL6, IL8) are highlighted. (E) MFI of pro-inflammatory cytokines in unstimulated CD14*
monocytes, and (F) MFI of CDé8 and S100A9 expression in CD14" CDI6™ (classical) monocytes were evaluated by manual gating (n = 12). (G)
MFI of SI00A9 expression in HLA-DR°*/~ CD14" cells (MDSC-like phenotype) (n = 12) is shown. (H) Transcriptional signatures of CD14"
monocytes isolated at baseline and after 6 months of CLA supplementation were analysed by the nCounter® Myeloid Innate Immunity Gene
Expression Panel (NanoString) and illustrated as a heat map (n = 12, P-value < 0.05). (I) Oxygen consumption rate of CD14" monocytes iso-
lated at BL and after 6M of CLA supplementation is shown for basal and maximal respiration (n = 10). Dot plots depict mean + SD. Each dot rep-
resents one individual patient at baseline or 6 months; in E-G only, dots belonging to the same patient are connected by a line. Statistics: paired

two-tailed Student’s t-test; reg. = regulated.
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inflammatory properties in myeloid cells,***>% especially

via enrichment of anti-inflammatory macrophages. All these
studies are well in line with our findings: First, they under-
line that dietary CLA supplementation ameliorates intestinal
inflammation, and we now extend these findings by provid-
ing evidence that this mechanism might be relevant for the
control of CNS autoimmunity. This is of particular interest
since intestinal barrier disruption and inflammation have al-
ready been linked to experimental CNS autoimmunity and
more recently to multiple sclerosis.**** Our results support
the concept of altered intestinal immune responses as a con-
tributing factor for the development of CNS autoimmunity
and emphasize the close interrelation of these two distant
sites of immune responses. Second, they provide further evi-
dence that dietary CLA supplementation can promote the
anti-inflammatory properties of myeloid cells in various
organs. Finally, beneficial effects of CLA supplementation
have already been observed in a pilot trial in patients suffer-
ing from Crohn’s disease,”” demonstrating the general feasi-
bility of CLA supplementation in humans and the
translation of protective murine findings in the context of
human chronic inflammatory diseases. In light of this pilot
study, we decided to perform a proof-of-concept trial of diet-
ary CLA supplementation in 15 patients with RRMS to
evaluate whether we can replicate some of our key immuno-
logical findings from our preclinical dataset in humans.
Notably, we observed changes within the peripheral blood
myeloid cell compartment with a relative increase in anti-
inflammatory subsets and a decrease in pro-inflammatory
cell subsets. Furthermore, the cytokine profile of monocytes
from CLA-treated patients was substantially altered, and
CLA supplementation also modulated the metabolic prop-
erties of monocytes by interfering with mitochondrial res-
piration, suggesting that CLA interferes with the metabolic
reprogramming necessary for full activation as has been
shown for other anti-inflammatory approaches.**® For
obvious ethical reasons, we could not investigate intestinal
immune cell subset composition in our patients, but it is
tempting to speculate that the intestine/gut plays a crucial
role in the anti-inflammatory priming of these myeloid cells
as can be concluded from our preclinical data.

Although the precise site of action of this myeloid cell-
mediated modulation of adaptive immune responses is not
clear, several previous studies support the hypothesis of a
peripheral immune regulation by these cells,*®*? which is in
line with our results from animal experiments. While we did
not observe significant changes in CNS-located myeloid cell
subset composition within the CNS of OSE“™ mice
(Supplementary Fig. 1D), others showed that anti-inflamma-
tory myeloid cells may control pro-inflammatory immune
responses within the CNS.”®?°

The size of our pilot trial precludes any reliable conclu-
sions with regard to the clinical efficacy of dietary CLA sup-
plementation in multiple sclerosis patients, and this definitely
needs to be explored in a larger randomized and placebo-
controlled trial, ideally using a classical MRI-based end
point as an established surrogate marker of disease activity
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in RRMS. In our opinion, the performance of such a trial is
feasible, in particular considering our pilot data demonstrat-
ing high tolerability and treatment adherence over 6 months.
Furthermore, we did not observe any clinical relapses in
those patients adhering to the combination of CLA supple-
mentation and first-line immune modulatory treatment of
multiple sclerosis. Especially in light of the still unsolved
problems of treatment adherence as well as side-effects of
immunomodulatory treatment, complementary treatment via
targeted dietary modification represents a highly attractive
therapeutic approach in the multiple sclerosis treatment land-
scape and putatively also in other autoimmune diseases with
a key role of the intestinal immune system in immune (dys)-
regulation, such as systemic lupus erythematosus, inflamma-
tory bowel disease and rheumatoid arthritis.”">”* In other
clinical trials employing higher doses of CLA (above 4 g per
day) in the field of obesity, type 2 diabetes or atherosclerosis,
metabolic side-effects such as liver steatosis, elevation of liver
enzymes, and increases in triglyceride levels have been
described, which were not observed in our cohort.”>”® This
may be due to the lower CLA concentrations used in our
trial, but this should be monitored in follow-up trials.

Taken together, our study provides evidence that dietary
CLA supplementation is a promising novel strategy for the
control of CNS autoimmunity as a complementary approach
to conventional treatment. Future studies, especially with re-
gard to targeted dietary intervention in RRMS patients, are
warranted to characterize the therapeutic potential of this
novel approach in humans.
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