Prado et al. Journal of Neuroinflammation (2023) 20:135 Journal Of NeurOInﬂammation
https://doi.org/10.1186/512974-023-02815-9

RESEARCH Open Access

. . ®
GPR43 stimulation on TCRaf3™ i

intraepithelial colonic lymphocytes inhibits
the recruitment of encephalitogenic T-cells
into the central nervous system and attenuates
the development of autoimmunity

Carolina Prado'?'®, Alexandra Espinoza', J. Eduardo Martinez-Hernandez>’, Joseph Petrosino?,
Erick Riquelme’, Alberto J. M. Martin®*® and Rodrigo Pacheco'?

Abstract

Introduction Gut microbiota plays a critical role in the regulation of immune homeostasis. Accordingly, several
autoimmune disorders have been associated with dysbiosis in the gut microbiota. Notably, the dysbiosis associated
with central nervous system (CNS) autoimmunity involves a substantial reduction of bacteria belonging to Clostridia
clusters IV and XIVa, which constitute major producers of short-chain fatty acids (SCFAs). Here we addressed the role
of the surface receptor-mediated effects of SCFAs on mucosal T-cells in the development of CNS autoimmunity.

Methods To induce CNS autoimmunity, we used the mouse model of experimental autoimmune encephalomyelitis
(EAE) induced by immunization with the myelin oligodendrocyte glycoprotein (MOG)-derived peptide (MOG;s.s5
peptide). To address the effects of GPR43 stimulation on colonic TCRaB™ T-cells upon CNS autoimmunity, mucosal
lymphocytes were isolated and stimulated with a selective GPR43 agonist ex vivo and then transferred into congenic
mice undergoing EAE. Several subsets of lymphocytes infiltrating the CNS or those present in the gut epithelium and
gut lamina propria were analysed by flow cytometry. In vitro migration assays were conducted with mucosal T-cells
using transwells.

Results Our results show a sharp and selective reduction of intestinal propionate at the peak of EAE development,
accompanied by increased IFN-y and decreased IL-22 in the colonic mucosa. Further analyses indicated that GPR43
was the primary SCFAs receptor expressed on T-cells, which was downregulated on colonic TCRaR™ T-cells upon
CNS autoimmunity. The pharmacologic stimulation of GPR43 increased the anti-inflammatory function and reduced
the pro-inflammatory features in several TCRaB™ T-cell subsets in the colonic mucosa upon EAE development.
Furthermore, GPR43 stimulation induced the arrest of CNS-autoreactive T-cells in the colonic lamina propria, thus
avoiding their infiltration into the CNS and dampening the disease development. Mechanistic analyses revealed that
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GPR43-stimulation on mucosal TCRaB* T-cells inhibits their CXCR3-mediated migration towards CXCL11, which is

released from the CNS upon neuroinflammation.

Conclusions These findings provide a novel mechanism involved in the gut-brain axis by which bacterial-derived
products secreted in the gut mucosa might control the CNS tropism of autoreactive T-cells. Moreover, this study
shows GPR43 expressed on T-cells as a promising therapeutic target for CNS autoimmunity.

Keywords Short-chain fatty acids, GPR43, Mucosal immunity, Gut-brain axis, Neuroinflammation, Experimental

autoimmune encephalomyelitis

Introduction

Host organisms and commensal microbiota have
evolved to establish a symbiotic relationship by secret-
ing and sensing many common mediators [1]. Thus,
commensal microbiota in the gastrointestinal tract
might produce neurotransmitters, metabolites, and
fatty acids that affect several host processes, including
neural circuits, metabolism, behaviour, hormone secre-
tion, and the immune response [1, 2]. According to the
beneficial influence of gut microbiota in host homeo-
stasis, significant alterations in the composition of this
bacterial consortium involving reduced representation
of beneficial bacteria or increased representation of
pathogenic bacteria (dysbiosis) and derived products
have been extensively associated with the pathogenesis
of immune-related disorders, including autoimmune
diseases [3-6].

Multiple sclerosis (MS) involves an autoimmune
response to antigens derived from the central nervous
system (CNS), which produces neuroinflammation and
demyelination, promoting a broad spectrum of symp-
toms, including motor impairment, cognitive issues, and
alterations in pain and itching perception [7]. The CNS
autoimmunity in MS is driven by autoreactive T-cells
bearing inflammatory phenotypes, such as T-helper 1
(Th1l) and Th17 [7]. Nevertheless, many other immune
actors play significant roles in this CNS autoimmunity,
including local components such as microglia and astro-
cytes [8—-10] and peripheral immune cells infiltrating the
CNS, including B-cells [11], monocytes/macrophages
[12] and neutrophils [13] among others. Notably, a pre-
vious study performed with monozygotic twin pairs
discordant for MS demonstrated that the disease devel-
opment relies on differences in the composition of the
gut microbiota [14]. According to the critical role of the
commensal microbiota in the development of CNS auto-
immunity, experimental autoimmune encephalomyeli-
tis (EAE) was strongly attenuated in mice when bred in
germ-free conditions [15]. Of note, this reduction in EAE
manifestation was accompanied by decreased levels of
Thl and Th17 in the CNS and the intestine and a recip-
rocal increase in the levels of regulatory T-cells (Treg), a
subset of T-cells with immunosuppressive function [15].

A significant group of mediators produced by some
bacteria of the intestinal microbiota corresponds to the
short-chain fatty acids (SCFAs), which are products
of bacterial fermentation and include acetate, propi-
onate, and butyrate, among others. SCFAs can act on
T-cell physiology either by altering the activity of epi-
genetic enzymes that regulate the transcriptional pro-
file of these cells or through the stimulation of surface
receptors [16]. Regarding the former mechanism, some
SCFAs might inhibit the activity of histone deacety-
lase and consequently modify the epigenetic landscape
of the chromatin in T-cells [17]. For instance, it has
been described that propionate and butyrate enhance
the degree of acetylation of the foxp3 locus, inducing
a more robust Foxp3 expression and, thereby, a sub-
stantial increase of Treg differentiation and higher sup-
pressive activity [18]. In the same direction, another
study shows that through butyrate production and
the consequent inhibition of histone deacetylases,
Clostridium butyricum Bl promotes the differen-
tiation of T-cells into Th22 [19]. This subset of CD4™"
T-cells is characterized by the secretion of IL-22, which
increases the expression of the tight junctions on epi-
thelial cells of the intestinal mucosa, thereby enhancing
the barrier function [20]. Regarding the SCFAs effects
mediated by the stimulation of cell surface recep-
tors, an increasing body of studies has shown GPR41,
GPR43, and GPR109A as the primary SCFAs recep-
tors expressed on immune cells. For instance, the pro-
pionate- or butyrate-mediated GPR41 stimulation has
been described to impair Th2 responses. Thus, GPR41-
signalling on T-cells induces a protective effect in the
airways in the context of allergic inflammation [21].
Moreover, GPR43 stimulation induced by acetate or
propionate has been shown to promote the expansion
and enhance the suppressive activity of colonic Treg,
thereby dampening gut inflammation [22]. Similarly,
the stimulation of GPR109A on colonic macrophages
and dendritic cells mediated by niacin or butyrate
exerts anti-inflammatory effects on these cells, which
consequently induce a higher suppressive activity on
Treg and inhibit the pro-inflammatory function of Th17
cells [23]. Altogether these works indicate that SCFAs
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induce anti-inflammatory effects in mucosal immu-
nity by promoting Treg activity and increasing barrier
function.

Interestingly, the dysbiosis associated with MS involves
a substantial reduction of bacteria belonging to Clostridia
clusters IV and XIVa, which constitute major producers
of SCFAs [24]. Furthermore, recent evidence has shown
that oral administration of SCFAs reduces the sever-
ity of EAE manifestation [25-27]. Thereby, the current
evidence suggests that SCFAs exert anti-inflammatory
effects being beneficial in the context of CNS autoim-
munity. In this regard, a recent study addressed the role
of GPR41- and GPR43-mediated effects on EAE using
gpr4l and gpr43 knockout mice, respectively. Unex-
pectedly, the genetic deficiency of these gpr41 or gpr43
resulted in decreased disease severity [27], suggesting
that SCFAs effects on EAE involve a complex regulation
of the immune response through multiple cell types and
multiple molecular targets.

Here we addressed the role of the surface receptor-
mediated effects of SCFAs on T-cells in the development
of CNS autoimmunity. Our results indicate that GPR43
was the primary receptor expressed on T-cells. Its stimu-
lation increased anti-inflammatory function and reduced
pro-inflammatory features in several T-cell subsets in the
colonic mucosa upon EAE development. Furthermore,
GPR43 stimulation induced the arrest of CNS-autore-
active T-cells in the colonic mucosa, thus avoiding their
infiltration into the CNS and dampening the disease
development.

Materials and methods

Animals

Six- to eight-week-old male or female mice were used in all
experiments. Wild-type (WT) Cd45.1%", Cd45.1* Cd45.2%,
and Cd45.2™" mice, recombination activating enzyme 1
deficient (Ragl ~7) mice, and 2D2 transgenic mice (bear-
ing the transgenic TCR specific for the recognition of the
myelin oligodendrocyte glycoprotein (MOG)-derived pep-
tide (MOGgs 55 peptide) loaded on IA® molecules; TCR
moc) were purchased from The Jackson Laboratory (Bar
Harbor, ME). Gpr43 knockout mice, (also called FfarZ_/ o
C57BL/6N-Atm1Brd Ffar2tm1b(EUCOMM)Hmgu/
JMmucd, RRID:MMRRC_047690-UCD) were obtained
from the Mutant Mouse Resource and Research Center
(MMRRC) at University of California at Davis, an NIH-
funded strain repository (U420D012210), and was donated
to the MMRRC from Stephen Murray, The Jackson Labora-
tory. This mouse model was derived as part of the Knock-
out Mouse Production and Phenotyping Project (KOMP2)
NIH NHGRI U54HG006332. All mouse strains were in the
C57Bl/6 genetic background.
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EAE induction and evaluation

Immunisation and determination of the clinical score
Experimental groups were made by selecting mice ran-
domly but maintaining the same proportions of males and
females and paired by age. Mice displaying dwarfism or
malformations were excluded. Experimental mice were
s.c. immunised with 50 pug of MOGs; 55 peptide (pMOG;
Genetel Laboratories, Madison, W1I) emulsified in complete
Freund’s adjuvant (CFA; Invitrogen) supplemented with
heat-inactivated Mycobacterium tuberculosis H37 RA (Difco
Laboratories, Detroit, MI). In addition, mice received the
i.p. administration of 500 ng pertussis toxin (Calbiochem,
LaJolla, CA) on days 0 and 2. The clinical manifestation was
assessed daily according to the following scoring criteria: 0,
no detectable signs; 1, flaccid tail; 2, hind limb weakness or
abnormal gait; 3, complete hind limb paralysis; 4, paralysis
of fore and hind limbs; and 5, moribund or death. When
indicated, supplementation of SCFAs (Fujifilm Wako chem-
icals, USA) was done in the drinking water at a final con-
centration of 250 mM and changed every three days; control
mice received pH and sodium-matched water.

The animals were included in the study when they
underwent successful pMOG-CFA immunisation,
defined by the formation of a sub-cutaneous emulsion
at the injection site. The animals were excluded when: (i)
leakage of the emulsion was observed during injection,
(i) infections or diseases unrelated to the experiment
were detected, or (iii) the animal died prematurely (usu-
ally 1 out of 200 experimental animals), avoiding collect-
ing disease severity data. Of note, no additives (such as
high calories “boost” and hydrogel) were administered
after the onset of the disease, as the animals were able
to feed and hydrate themselves throughout the whole
course of the disease under our experimental conditions.

Isolation of CNS mononuclear cells

Mice were perfused through the left cardiac ventri-
cle with cold PBS. The brain and spinal cord were dis-
sected, and CNS tissue was minced into small pieces and
digested by collagenase D (2.5 mg/mL; Roche Diagnos-
tics) and DNase I (1 mg/mL; Sigma) at 37 °C for 45 min.
Digested tissue was filtered through a 70 um cell strainer
obtaining a single cell suspension that was subjected to
centrifugation in a density gradient made with Percoll
(70%/30%). Mononuclear cells were removed from the
interphase and resuspended in culture medium for fur-
ther analysis. No blind protocol was carried out.

Isolation of mucosal lymphocytes
The isolation of intraepithelial (IEL) and lamina pro-
pria lymphocytes (LPL) from the colon was performed
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as previously described [28] with minor modifications.
Briefly, colons were cut open longitudinally and washed
with PBS to remove faeces and debris. Then, colons were
incubated in HBSS containing 10 mM HEPES, 5 mM
EDTA, 1 mM DTT and 5% FBS for 20 min at 37 °C, vor-
texed gently during the final 20 s, and the supernatant
was collected. This procedure was repeated twice. The
epithelial cells that were mechanically dissociated and
collected in the supernatant were passed through 100 um
cell strainer, placed on a 50 mL Falcon tubes and col-
lected as the fraction containing the IELs. The remain-
ing colonic tissues were placed on gentleMACS"™ tubes
and digested in HBSS containing 10 mM HEPES, 0.5 mg/
mL Collagenase D, 0.5 mg/mL DNase I grade II, 3 mg/
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For intracellular immunostaining, cells were first
labelled with antibodies specific for cell-surface markers
and then fixed and permeabilized with FoxP3 Fixation/
Permeabilization kit (eBioscience). Afterwards, GPR43,
Foxp3 and/or cytokine immunostaining was performed
in permeabilized cells, followed by flow cytometry anal-
ysis. For analysis of cytokine production, cells were re-
stimulated with 1 pg/mL ionomycin (Sigma) and 50 ng/
mL PMA (Sigma) in the presence of 5 pg/mL brefeldin
A (Invitrogen) for 3 h before immunostaining. All immu-
nostainings were performed for 30 min at 4 °C. To quan-
tify the absolute number of cells, 50 pL of 123 count
eBeads (Thermofisher Scientific) was added to each sam-
ple prior to analysis by flow cytometry, and cell concen-
tration was calculated using the following formula:

Cell Count x eBead Volume

Cell Concentration(Cells/mL) =

x eBead Concentration.

eBead Count x Cell Volume

mL liberase (Roche), and 5% FBS for 30 min at 37 °C on
a shaking platform. After running gentleMACS™ disso-
ciator program, the digested tissues containing the LPL
were passed through 100 pm cell strainer. Leukocytes
from both fractions were further enriched by Percoll gra-
dient centrifugation (44%/67%).

Antibodies and flow cytometry analysis

All analyses assessed live/dead discrimination using
Zombie Aqua (ZAq) Fixable Viability kit (Biolegend).
Spleens were minced until they reached a cell suspension
and then red blood cells were lysed using ACK buffer
(Ammonium Chloride 0.15 M; Potassium bicarbonate
0.01 M; Disodium EDTA 0.1 mM; pH 7.2-7.4). Fluoro-
chrome-conjugated monoclonal antibodies (mAb) spe-
cific to mouse CD45 (clone 30-F11), CD19 (clone 6D5),
PD-1 (clone 29.F.1A12), IL-10 (clone JES5-16E3), CXCR3
(clone CXCR3-A3), CD4 (clone GK-1.5), IFNy (clone
XMGL1.2), IL-17 (clone TC11-18H10.1), TCRP (clone
B183983), TCRyS (clone GL7), CD8a (clone 58-6,7),
CD8B (clone YTS156.7.7), CD45.1 (clone A20) and
CD45.2 (clone 104) were purchased from Biolegend and
to mouse FoxP3 (clone FJK-16 s) from eBioscience.

For the immunostaining of GPR43, the rabbit anti-
GPR43 antibody (AFR-032, Alomone labs) was directly
used or pre-incubated with the antigenic peptide
GPR43,, 3,4 (RGAEETVEGTKTDR) used to develop
the antibodies (in a mixture of 0.8 mg/mL antibody and
0.4 mg/mL peptide) for 30 min as a control to abolish
the specific immunostaining. Secondary goat anti-rab-
bit IgG-PE (cat# 50-8036) was obtained from TONBO
Biosciences.

Data were collected with a FACSCanto II (BD) and
results were analysed with FACSDiva (BD) and FlowJo
software (Tree Star).

In vitro culture

Colonic IEL and LPL isolated from WT mice were
treated with 1.5 uM 4-CMTB (GPR43 agonist, Tocris)
and then used for further analysis. For adoptive transfer
experiments, 5%10° 4-CMTB treated or untreated IEL
were i.v. transferred into congenic recipient mice. For
proliferation studies, IEL were labelled with Cell Trace
Violet (CTV; Invitrogen) before the transfer and analysed
at different time points as indicated.

Real-time quantitative PCR

Total RNA was prepared from tissues or isolated cells
and placed in cold PBS using TRIzol following the man-
ufacturer’s instructions (Life Technologies). The RNA
preparation was treated with DNase using the TURBO
DNA-free kit (Ambion) and then used to synthesize
c¢DNA catalysed by the M-MLV reverse transcriptase
(Life Technologies). Quantitative gene expression analy-
sis was performed using Brilliant II SYBR Green QPCR
Master Mix (Agilent). Expression of target genes was
normalised to the levels of gapdh transcripts and multi-
plied by an arbitrary factor. The following couple of prim-
ers were used: gpr43 Forward 5-ACA GTG GAG GGG
ACC AAG AT-3’; gpr43 Reverse 5-GGG GAC TCT CTA
CTC GGT CA-3; gpr4l Forward 5-TTC TTG CAG
CCA CAC TGC TC-3’; gpr41 Reverse 5-GCC CAC CAC
ATG GGA CAT AT-3’; gpri09a Forward 5-TCC AAG
TCT CCA AAG GTG GT-3%; gpri09a Reverse 5-TGT
TTC TCT CCA GCA CTG AGT T-3’; il17 Forward



Prado et al. Journal of Neuroinflammation (2023) 20:135

5-TTC ATC TGT GTC TCT GAT GCT-3’; il17 Reverse
5"-AAC GGT TGA GGT AGT CTG AG-3’; i[22 Forward
5-GAC AGG TTC CAG CCC TAC AT-3"; il22 Reverse
5-ATC GCC TTG ATC TCT CCA CT-3’; ifug Forward
5- CGG CAC AGT CAT TGA AAG CCT A-3’; ifug
Reverse 5'-GTT GCT GAT GGC CTG ATT GTC-3}
il10 Forward 5-GAA GAC AAT AAC TGC ACC CA-3;
il10 Reverse 5-CAA CCC AAG TAA CCC TTA AAG
TC-3; il6 Forward 5-AGG ATA CCA CTC CCA ACA
GAC CT-3’; il6 Reverse 5-CAA GTG CAT CGT TGT
TCA TAC-3’; ¢csf2 Forward 5'-ACC ACC GCG GAT TTC
AT-3’; csf2 Reverse 5-TCA TTA CGC AGG CAC AAA
AG-3’; gapdh Forward 5-TCC GTG TTC CTA CCC
CCA ATG-3’; gapdh Reverse 5-GAG TGG GAG TTG
CTG TTG AAG-3.

SCFAs determination

21 serum samples and 19 faeces samples were collected
for the quantitative analysis of SCFAs (acetic acid (C2),
propionic acid (C3), butyric acid (C4), isobutyric acid
(iC4), valeric acid (C5), isovaleric acid (iC5) and hexa-
noic acid (C6)) using a GC-MS method. A volume of
100-200 pL of serum samples was diluted in water
containing labelled internal standards for each chain
length (C2-C6). Faeces samples were homogenized
in 5 mL water and then centrifuged. An aliquot of the
supernatant was diluted in water containing labelled
internal standards for each chain length (C2-C6).
The free SCFAs were derivatized using methyl chloro-
formate in 1-propanol yielding propyl esters before
subsequent liquid-liquid extraction into hexane and
analysis on a SLB-5 ms (30 m X 0.25 mm X 1.0 um) col-
umn followed by detection using GC-EI-MS in SIM-
mode. The analytes were quantified using 8-point
calibration curves.

Transwells assays

Chemotaxis assays and analysis of lymphocyte sub-
set migration were performed using 24-well Corning
Transwells (5 um pore size) as previously described [29,
30] with the following modifications. Briefly, freshly
isolated IEL were allowed to recover from the isola-
tion procedure by incubation in a chemotaxis medium
(RPMI 1640 with 0.5% BSA from Sigma-Aldrich) for
1 h and then, the chemotaxis in response to increas-
ing concentrations of propionate (30 uM to 3 mM) was
allowed to proceed for 90 min. When indicated, after
recovery time, IEL were pre-treated with 100 uM Pro-
pionate for 1 h, washed, and then, the chemotaxis in
response to 300 ng/mL CXCL11 was allowed to pro-
ceed for 90 min.
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Analysis of faecal microbiome.

Collection of faecal samples and DNA extraction

for metagenomic analysis

EAE was induced in C57BL/6 mice as indicated above
(Sect. "Immunisation and determination of the clini-
cal score"), and cecal samples were collected prior to the
disease onset (5 dpi), at the peak of disease severity (15
dpi) and during the recovery phase (25 dpi). As a con-
trol, cecal samples were obtained before disease induc-
tion (0 dpi). Bacterial genomic DNA was extracted using
Qiagen QIAamp DNA stool for whole-community DNA
extraction. The 16S rRNA gene sequence and analysis
were conducted in collaboration with the Alkek Center
for Metagenomics and Microbiome Research (CMMR)
at Baylor College of Medicine. Briefly, the 16S rDNA
V4 region was amplified by PCR and sequenced in the
MiSeq platform (Illumina) using the 2x250 bp paired-
end protocol yielding pair-end reads overlapping almost
completely. The primers used for amplification con-
tain adapters for MiSeq sequencing and single-index
barcodes so that the PCR products may be pooled and
sequenced directly, targeting at least 10,000 reads per
sample. The metagenome raw reads obtained from the
sequencing of the faecal microbiome were deposited into
Sequence Read Archive (SRA) bioproject PRINA892997.
An in-house pipeline was next used for read processing
and analysis.

Inference of amplicon sequence variant from 16S amplicon
sequencing

We employed the dada2 v1.24.0 [31] R package to pro-
cess and infer amplicon sequence variants (ASV) from
16S amplicon sequences of stool samples. Raw reads were
first quality trimmed and filtered using filterAndTrim
function to remove low-quality reads and any reads that
match the PhiX bacteriophage genome. We Kept all reads
with an overall quality score above 30. Chimera detection
was performed using the removeBimeraDenovo func-
tion with default parameters. The taxonomy assignment
was carried out using the SILVA v138 reference database
(updated to March 2021) [32].

Alpha diversity

We performed rarefaction curves using the vegan v2.6-2
R package to estimate the sample richness. Chaol rich-
ness and Shannon diversity were calculated using phy-
loseq v1.40.0 [33].

Beta diversity
To infer the beta diversity of our samples, we carried
out principal coordinates analysis (PCoA) based on
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unweighted UniFrac and the Bray—Curtis distance using
phyloseq v1.40.0 [33]. The PERMANOVA (permuta-
tional multivariate analysis of variance) and betadisper
tests were calculated with the vegan v2.6-2 R package.
We also estimated the divergence of intestinal microbiota
throughout the disease development.

Identifying differential abundance of taxa

To identify the differential abundance taxa with sig-
nificant differences between DPI groups, we used the
DESeq2 v1.36.0 R package [34]. Differentially abun-
dant taxa were determined using a p-value<10-3 and
adjusted p-value <0.01 thresholds.

Statistical analyses and sample size estimation

The sample size was estimated with the mean and disper-
sion obtained from preliminary data using the sample
size calculator: https://www.stat.ubc.ca/~rollin/stats/
ssize/n2.html. A power of 80% was assumed. All values
are expressed as the mean+SEM. Statistical analysis
was performed with two-tailed unpaired Student’s ¢-test
when comparing only two groups and with one-way
ANOVA followed by Dunnett’s or Tukey’s post-hoc test
when comparing more than two groups with only one
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variable (treatment or genotype). To analyse differences
in experiments comparing different genotypes and dif-
ferent treatments, two-way ANOVA followed by Sidak’s
post-hoc test was performed. All analyses were carried
out using the GraphPad Prism 6 Software. p-values <0.05
were considered significant.

Results

Central nervous system autoimmunity involves a reduction
in the levels of short-chain fatty acids and changes

in the inflammatory profile of the colonic mucosa

Previous studies have shown that the lack of commensal
microbiota attenuates the development of CNS auto-
immunity [15, 35, 36]. Nevertheless, it has also been
described that the composition of the commensal micro-
biota varies among different animal facilities [37, 38].
To study whether the commensal microbiota affects the
development of CNS autoimmunity in our experimen-
tal conditions, we analysed how the depletion of the
microbiota induced by antibiotics (ABX) impacts the
severity of EAE development. Concordant with previ-
ous results [36], EAE severity was strongly reduced in
animals treated with ABX (Fig. 1A), indicating that the
commensal microbiota somehow contributes to EAE
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Fig. 1 Reduced levels of SCFAs are associated with a pro-inflammatory environment in the colonic mucosa during EAE. A EAE was induced in
untreated WT (EAE, red) or Antibiotic-treated (grey, EAE 4+ ABX: Antibiotic treatment from dpi 5 to 25; ampicillin 1 g/L and streptomycin 1 g/L)
mice by immunisation with pMOG in CFA followed by pertussis toxin injection and then, the disease severity was determined throughout the
time-course of the disease development. Values represent mean + SEM from 7-8 mice per group. B Systemic and intestinal levels of SCFAs were
determined by gas chromatography coupled to mass spectrometry in serum and faeces, respectively, at various time points during the disease
development. Values represent mean + SEM from 4-5 mice per group. C Distal colons sections were isolated at 15 dpi, and the levels of cytokine
transcripts were analysed by qRT-PCR. The levels of gapdh transcripts were used as a housekeeping. Data were obtained from 5 to 14 mice per
group. Each symbol represents data obtained from an individual mouse. Mean + SD are indicated. *, p < 0.05; **, p <0.01; *** p <0.001; ****,
p<0.0001 by (A and B) one-way ANOVA followed by Tukey’s post-hoc test, or (C) student’s t-test. (B) Black asterisks correspond to comparisons
between EAE and healthy groups, whilst grey asterisk correspond to comparisons between EAE and EAE + ABX groups
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manifestation. To characterise the microbiome profiles
during EAE development, metagenomic sequencing of
the variable V4 region of the prokaryotic 16S ribosomal
RNA gene present in faeces was performed. Our analy-
sis revealed an increase in alpha diversity at the peak of
EAE severity (15 dpi) when calculated by Chaol (Addi-
tional file 1: Fig. S1A, left panel). Although no differences
were observed in the Shannon-calculated alpha diversity
(Additional file 1: Fig. S1A, right panel) or beta diversity
(Additional file 1: Fig. S1C) throughout the disease devel-
opment. Furthermore, the heterogeneity in the commu-
nity composition was significantly decreased at 15 dpi
compared with healthy mice (Additional file 1: Fig. S1B).
Moreover, the analysis of faecal microbial composition
at the Phylum level shows a reduction of the percentage
of ASV corresponding to the Firmicutes phylum and an
increase in the Bacteroidetes phylum at the peak of the
disease manifestation (Additional file 1: Fig. S1ID-E). In
addition, the analysis of the top three microbial composi-
tion at the Family level indicates that the relative abun-
dance of the Firmicutes Erysipelotrichaceae is reduced
(Additional file 1: Fig. S1F), whilst the Bacteroidetes
Prevotellaceae is increased at 15 dpi compared to healthy
mice (Additional file 1: Fig. S1F). Interestingly, both phyla
have been involved in the production of SCFAs [39, 40].
According to previous findings indicating a regulatory
role of SCFAs on CNS autoimmunity [25-27], we next
addressed the possibility that these metabolites mediate
the effect of microbiota in EAE manifestation. Since oral
SCFAs administration decreases EAE severity [25-27, 41,
42], we aimed to test whether EAE development involves
changes in the endogenous production of SCFAs by the
commensal microbiota. Our results show a selective
reduction in the levels of propionate in the faeces during
the peak of EAE manifestation and decreased levels of
acetate in the serum prior to the disease onset (Fig. 1B),
thus suggesting a role of intestinal and systemic SCFAs
in the regulation of CNS autoimmunity. According to
the fundamental role of T-cells in CNS autoimmunity
[7] and the role of SCFAs in the regulation of inflam-
mation [18-23], we next evaluated whether the local
reduction of propionate levels is related to changes in the
profile of T-cell-derived cytokines in the colonic mucosa
at the peak of EAE manifestation. The results show that
the decrease in propionate levels was accompanied by
increased transcription of ifng and reduced transcrip-
tion of /22 in the colonic mucosa (Fig. 1C). Since intes-
tinal IL-22 is involved in promoting barrier function
[20], and IFNy constitutes the main effector cytokine of
Thl and CD8" T-cells, these results suggest that SCFAs
changes observed in the peak of EAE manifestation may
be related to reduced gut barrier function and increased
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permeability of the colonic epithelial layer accompa-
nied by the local activation of Th1l and/or CD8" T-cells
responses.

Propionate induces an anti-inflammatory profile

in mucosal TCRap* T-cells through the stimulation

of GPR43

To evaluate whether changes in the levels of SCFAs and
the pro-inflammatory profile of cytokines observed in
the colonic mucosa during the peak of EAE manifesta-
tion were connected, we next determined the expres-
sion of SCFAs receptors in lymphocytes. Accordingly,
we first analysed the levels of transcripts encoding
GPR41, GPR43, and GPR109a in CD19" B cells and
CD4" and CD8" T-cells in homeostatic conditions. We
observed that the transcript encoding GPR43 was much
higher expressed than transcripts encoding GPR41 and
GPR109a in all the lymphocyte subsets analysed (Fig. 2A).
For this reason, we next focused further analyses on the
expression of surface GPR43 on lymphocytes upon EAE
development. To this end, the surface GPR43 expression,
at the protein level, was determined on intraepithelial
lymphocytes (IEL) or lamina propria lymphocytes (LPL)
isolated from the colonic mucosa of EAE mice at the peak
of disease manifestation or from healthy controls. GPR43
was also analysed on splenic lymphocytes to have an
insight of the systemic expression. The results show that
GPR43 expression was selectively down-regulated dur-
ing EAE development on the IEL (Fig. 2B). Conversely,
GPR43 expression was not affected on LPL or splenic
lymphocytes upon EAE (Fig. 2B). Interestingly, GPR43
down-regulation was observed on the IEL TCRaf* and
TCRy8"' T-cell (Fig. 2B). Among TCRaf* IEL, GPR43
was down-regulated on the CD4%1, CD8af ™, and CD8ao*
T-cells upon EAE (Fig. 2C, D).

To determine whether the down-regulation of GPR43
expression on TCRap* IEL resulted from the reduc-
tion in the levels of intestinal SCFAs, we treated healthy
mice with oral administration of acetate, propionate, or
butyrate for two weeks, and the GPR43 expression was
analysed on TCRaf™ IEL. The results show that the oral
treatment with either propionate or butyrate induced
the up-regulation of GPR43 expression on TCRaf* IEL,
specifically in the CD8af* and CD8aa* subpopulations
(Additional file 1: Fig. S2A, B). Thus, these results indi-
cate that intestinal propionate and butyrate regulate the
expression of IEL TCRap™ T-cells. According to this
conclusion, we observed that GPR43 expression was up-
regulated on IEL TCRaf* T-cells at the recovery phase of
EAE development (Additional file 1: Fig. S2C-E), a time-
point (25 dpi) in which the levels of faecal propionate are
recovered (Fig. 1B).
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To evaluate whether the reduction of propionate lev-
els and GPR43 down-regulation were associated with
changes in the inflammatory profile of mucosal lympho-
cytes at the peak of EAE manifestation, IFN-y and IL-17
were analysed in colonic IEL and LPL isolated from EAE
and healthy mice by intracellular cytokine staining. The
results show a significant increase in IFN-y production
in the CD4" and CD8aB* subpopulations of TCRap™
IEL and in the CD8af* and CD8aa* subpopulations of
TCRaf* LPL upon EAE (Fig. 3A, B). No changes were
observed in IL-17 production by colonic CD4" TCRap™*
either from the IEL or the LPL compartments (Fig. 3A,
B). To expand our analysis to anti-inflammatory mol-
ecules, we also analysed IL-10 production and the sur-
face expression of PD-1 in the same lymphocyte subsets
during EAE. We observed a reduction in the produc-
tion of IL-10 by CD8aat TCRaf* LPL and decreased
PD-1 expression on CD8aB™ and CD8aa* from TCRap™

IEL and on CD8ap™ TCRaft LPL (Fig. 3A, B). These
results together show that concomitant to the reduction
of SCFAs-signalling on mucosal T-cells, various colonic
TCRaB* subsets experienced phenotypic changes involv-
ing higher pro-inflammatory cytokine production (IFN-
y) and lower levels of anti-inflammatory molecules (IL-10
and PD-1) at the peak of EAE manifestation.

To address whether reduced SCFAs-signalling was
responsible for the phenotypic changes observed in
colonic IEL and LPL TCRap* T-cells during EAE, we
next isolated these lymphocytes and stimulated them
ex vivo with either propionate or a selective GPR43-
agonist (4-CMTB) and the pro-inflammatory/anti-
inflammatory profile was determined. Although we
did not observe changes in the extent of IFN-y produc-
tion by TCRap™ IEL when stimulated with 4-CMTB
(Fig. 3C), we noticed a significant reduction in the
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anti-inflammatory surface molecules and cytokines in CD4*, CD8aat and CD8aR* TCRaB™ T-cells. Values are the percentage of T-cells producing
IL-17, IFNy, IL-10 or expressing PD-1. Each symbol represents data obtained from an individual mouse. C and E IEL and D LPL were isolated from the
colon of WT healthy mice and then ex vivo stimulated with PMA/lono/BFA in the presence of 1.5 pM 4-CMTB (blue symbols), 100 uM Propionate
(grey symbols) or left untreated (black symbols). F [EL were isolated from the colon of WT (open bars) or GPR43 knockout (KO; grey-filled bars)
healthy mice and then ex vivo stimulated with PMA/lono/BFA. Then intracellular cytokine staining was analysed by flow cytometry. Values are

the percentage of T-cells producing IL-17, IFNy, IL-10 or expressing PD-1. Each symbol represents data obtained from an individual mouse. A-F
Mean + SD are indicated. Data were obtained from A-B 3-8, C-D 14, or E-F 3-5 mice per group. *, p<0.05; **, p<0.01; *** p <0.001; ****, p<0.0001
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frequency of CD4" TCRaB™ IEL producing IFN-y when
stimulated with propionate (Fig. 3E). Furthermore, we
observed increased expression of PD-1 and enhanced
production of IL-10 on CD8" TCRaf* IEL when stimu-
lated with 4-CMTB or propionate (Fig. 3C, E). No sig-
nificant changes were detected in PD-1, IL-10, or IFN-y
expression on TCRap* LPL when stimulated with the
selective GPR43-agonist (Fig. 3D). To evaluate whether
the down-regulation of GPR43 observed on IEL
TCRaB™ T-cells (Fig. 2C, D) was enough to promote a
pro-inflammatory profile in these cells, we evaluated
the inflammatory/anti-inflammatory profile of IEL
TCRap* T-cells isolated from gpr43 knockout mice.
The results show that the GPR43 deficiency favours a
higher production of IFN-y in CD4" TCRaB* T-cells,
lower surface expression of PD-1 on CDS8apt and
CD8aa™ TCRaf™, although higher IL-10 production on

CD8aa* TCRap™ (Fig. 3F). These results suggest that
the GPR43 down-regulation per se might favour a pro-
inflammatory behaviour in IEL TCRap™ T-cells.

To gain more robust evidence about the role of
SCFAs in acquiring anti-inflammatory features in
colonic TCRaf™ lymphocytes, we next analysed the
pro-inflammatory/anti-inflammatory profile of mucosal
T-cells obtained from EAE mice treated with oral
administration of acetate, propionate, or butyrate. As
described before [25-27], all the SCFAs tested ame-
liorated the disease manifestation (Additional file 1:
Fig. S3A). Of note, only acetate, but not propion-
ate or butyrate, affected the water consumption rate
(Additional file 1: Fig. S3B). In contrast to acetate and
butyrate, the results show a selective effect of propi-
onate increasing the production of IL-10 as well as
an enhanced number of CD4", CD8af™, and the total
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number of TCRaf* lymphocytes in the IEL compart-
ment, which was accompanied by a significant attenua-
tion on the disease severity (Additional file 1: Fig. S3A,
C). However, in contrast to the results obtained using
the ex vivo approach (Fig. 3D), the oral administration
of propionate induced a significant increase in IL-10
production and enhanced PD1 expression on some sub-
sets of LPL Additional file 1: Fig. S3D), thus suggesting
that propionate act indirectly on LPL favouring an anti-
inflammatory phenotype on these cells. Altogether,
these results indicate that the reduction of SCFAs levels
observed at the peak of EAE manifestation promotes
the acquisition of a pro-inflammatory behaviour on
colonic TCRaB™ lymphocytes.

T-cells infiltrate the colon before reaching the CNS

upon EAE development

To gain a deeper insight into the role of IEL during CNS
autoimmunity, we next analysed the dynamics of differ-
ent lymphocyte populations along different time points
during EAE development. To this end, we isolated
colonic IEL from mice before EAE induction, during the
disease induction stage (5 dpi), and at the peak of EAE
manifestation (15 dpi) and analysed the composition of
lymphocyte populations. The results show that IEL are
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composed mainly of TCRap* T-cells in healthy mice
(~70%), and the relative amount of these cells slightly
increased during EAE development (Fig. 4A). Con-
versely, TCRyS" T-cells constitute less than 20%, and
B cells were barely detectable in IEL from healthy mice
or after EAE induction at all the time points analysed
(Fig. 4A). To determine whether IEL TCRaf* T-cells
move freely to other tissues or maintain their epithe-
lial tropism during healthy conditions, we performed
in vivo experiments to determine the tissue prefer-
ences of these cells upon homeostatic conditions. For
this purpose, IEL were isolated from Cd45.1"/* donor
mice and i.v. transferred into congenic (Cd45.2*/%) lym-
phopenic mice (Ragl~~), and the arrival of donor cells
was tracked along the time (Additional file 1: Fig. S4A).
The results show that donor IEL TCRaf* T-cells were
preferentially retained in the colonic epithelium (Addi-
tional file 1: Fig. S4B). Of note, the IEL TCRap*t T-cells
infiltrated in the different tissues presented a similar
extent of homeostatic proliferation, ruling out the pos-
sibility that a higher percentage of donor IEL TCRaf*
T-cells in the colonic epithelium was due to an enhanced
extent of proliferation in this tissue (Additional file 1:
Fig. S4C, D). Thus, these results indicate that under
homeostatic conditions, IEL TCRap™ T-cells prefer to
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stay in the epithelial niche and not move to other tissues.
We next addressed whether IEL TCRaf* T-cells move
from the colonic epithelium upon CNS autoimmunity.
To this end, we analysed the composition of TCRaf*
T-cells in the IEL and CNS at key time points during
EAE development. We observed that the number of
cells of the three TCRaf* IEL subsets, CD4%, CD8aa,
and CD8af™ T-cells, presented a significant increase at
15 dpi (Fig. 4B, left panel). Conversely, the number of
these three subsets of TCRap™ T-cells presented a sharp
reduction at 25 dpi (Fig. 4B, left panel). Concomitantly,
CD4*, CD8aat, and CD8af™ T-cells infiltrated the CNS
at 25 dpi (Fig. 4B, right panel). These results suggest that
TCRaB* T-cells present in the colonic epithelium dur-
ing the peak of EAE manifestation leave the gut mucosa
to reach the CNS during the recovery stage of the dis-
ease (25 dpi). Since the chemokine receptor CXCR3
has been involved in lymphocyte infiltration into the
CNS upon neuroinflammation [11, 43-47], we deter-
mined the dynamics of the expression of this receptor
on TCRap™ T-cells obtained from the colonic epithe-
lium and CNS during different stages of EAE develop-
ment. Interestingly, we observed a significant increase of
CXCR3" TCRaf™ T-cells in the colonic epithelium at 15
dpi, followed by a substantial decrease at 25 dpi (Fig. 4C,
left panel). The reduction of CXCR3" TCRaft T-cells
in the colonic mucosa was accompanied by a significant
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infiltration of CXCR3" TCRaf™ T-cells into the CNS
during the recovery stage (Fig. 4C, right panel). Thus,
these results suggest that TCRap* T-cells accumulate
in the colonic epithelium at the peak of EAE manifesta-
tion and then move to the CNS by a mechanism involv-
ing CXCR3-mediated migration. Next, to determine
whether this dynamic of T-cell subsets is associated with
changes in surface molecules involved in intestinal tro-
pism, we analysed the expression of the integrins a4f7,
CD103, and the chemokine receptor CCR9 [48-50].
The results show that all three surface molecules associ-
ated with gut tropism were down-regulated on CD8af ™"
T-cells during the peak of EAE manifestation (Fig. 4D).
CCRY, a4f7, and CD103 expression were not signifi-
cantly altered on CD8aat and CD4" T-cells during the
time points in which they were evaluated (Fig. 4D). Of
note, the dynamics of lymphocyte composition and their
surface expression of CXCR3, CCR9, CD103, and a4f7
were also analysed on LPL at key time points during EAE
development; however, the results show no relationship
with those dynamics observed in IEL (Additional file 1:
Fig. S5). For these reasons, further experiments ana-
lysing the dynamics of mucosal TCRap™ T-cells were
focused on IEL. Altogether, these results suggest that
IEL TCRaB* T-cells undergo a change of tissue tropism
during the peak of EAE manifestation and then leave the
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gut mucosa to reach the CNS during the recovery stage
of the disease.

GPR43 stimulation retains TCRap T-cells in the colonic
epithelium

Our results presented above show that GPR43 is down-
regulated on IEL TCRaf ™" T-cells, and the levels of intes-
tinal propionate undergo a substantial reduction during
the peak of EAE manifestation, followed by the exit of
IEL TCRap*™ T-cells from the colonic epithelium. To
explore whether GPR43-signalling is involved in the exit
of IEL TCRaB™ T-cells from the gut mucosa, we next
performed a set of in vivo experiments in which GPR43
was pharmacologically stimulated in IEL TCRaB™ T-cells
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and the retention of these cells in the colonic epithelium
was determined. We first stimulated IEL with a selective
GPR43 agonist ex vivo, and then, they were transferred
into congenic Ragl™~ recipient mice, and the extent
of T-cells infiltration into the colonic epithelium was
evaluated under homeostatic conditions (Fig. 5A). The
results show that GPR43-stimulation of IEL promotes
a substantial increase in the number of all the TCRaf*
T-cell subsets in the colonic epithelium, including CD4,
CD8aat, and CD8af™ T-cells (Fig. 5 B-F). This increase
was not due to a different survival of the transferred cells
(Fig. 5C). In addition, we evaluated whether GPR43-stim-
ulation affected the proliferation of IEL TCRaf T-cells.
To this end, we performed similar experiments but
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loading IEL with cell trace violet (CTV) ex vivo before
the treatment with 4-CMTB (Fig. 5G). We observed
that GPR43-stimulation resulted in a slight increase in
the proliferation of donor IEL in the colonic epithelium
(Fig. 5H, I). These results indicate that GPR43-signalling
in TCRap™ T-cells favours their retention in the colonic
epithelium and a slight increase in the proliferation rate
under homeostatic conditions.

Afterwards, we conducted a second set of in vivo
experiments to determine the effect of GPR43-stimula-
tion in the retention of TCRap* T-cells in the colonic epi-
thelium, but now, in the context of CNS autoimmunity.
Accordingly, we isolated IEL from transgenic 2D2 mice
(that harbour TCRaBt T-cells expressing a transgenic
TCR specific to pMOG [51]), which were stimulated or
not with the selective GPR43 agonist ex vivo, and then i.v.
transferred into congenic recipient mice undergoing EAE
(Fig. 6A). Importantly, we observed that mice receiving
the transfer of 4-CMTB-stimulated 2D2 IEL presented a
substantial reduction in the disease severity and a delay
in the onset of EAE, whilst the transfer of untreated 2D2
IEL did not exert any effect on disease manifestation
(Fig. 6B). Furthermore, the transfer of GPR43-stimulated
2D2 IEL in EAE mice induced higher retention of endog-
enous TCRaB™ T-cells in the colonic epithelium (Fig. 6C)
and an enhanced frequency of IEN-y-producing T-cells in
this tissue (Fig. 6D). Conversely, mice receiving the trans-
fer of 4-CMTB-stimulated 2D2 IEL displayed a lower
extent of endogenous TCRaf T-cells infiltration into
the CNS (Fig. 6E) and reduced IFN-y-producing T-cells
frequency (Fig. 6F). These results indicate that GPR43-
stimulation on IEL TCRaf™ T-cells retains inflammatory
T-cells in the gut mucosa, thus avoiding their subsequent
infiltration into the CNS of EAE mice, dampening the
disease severity.

Migration index
-
o
»
Migration index

Propionate (uM)
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To explore the mechanism underlying the arrest of
T-cells in the colonic mucosa, we next performed tran-
swell in vitro assays. Accordingly, we first assessed the
migration of IEL towards different propionate concen-
trations. The results showed that propionate 100 puM
- 300 uM induces a significant migration of TCRaf*
T-cells (Fig. 7A). Since CXCL11-mediated stimulation
of CXCR3 has been consistently involved in the lym-
phocyte infiltration into the CNS in mice and humans
upon CNS autoimmunity [11, 43—-47], we next addressed
whether propionate-mediated GPR43 stimulation was
able to affect the CXCL11-CXCR3 migration of IEL
TCRaf™ T-cells. For this purpose, we treated IEL with or
without propionate for 1 h and then placed them on the
top chamber to determine the extent of TCRap* T-cells
migration towards CXCL11 into the bottom transwell
chamber. The results show that treating IEL. TCRaf™"
T-cells with propionate attenuates their migration toward
CXCL11 (Fig. 7B). Interestingly, this effect was selective
for CD8* T-cells but was not observed on CD4" T-cells
(Fig. 7C). Altogether these results suggest that propion-
ate-mediated GPR43 stimulation on IEL TCRaf T-cells
retains these cells in the colonic epithelium and avoid
the CXCL11-mediated recruitment of these lymphocytes
into the CNS.

GPR43 stimulation on IEL TCRap T-cells dampens gut
inflammation

The results above indicate that GPR43 stimulation in
IEL TCRaf™ T-cells induces the retention of pro-inflam-
matory T-cells in the colonic mucosa and changes their
cytokine expression to an anti-inflammatory profile, thus
dampening CNS autoimmunity. To analyse whether the
anti-inflammatory potential of GPR43 stimulation in
IEL TCRap* T-cells is extended to other inflammatory

+ Propionate 100pM
+ + CXCL11 300ng/mL

Fig. 7 Propionate attenuates CXCL11-mediated migration of IEL TCRaB* T-cells. A The ability of IEL to migrate towards increasing concentrations
of propionate was determined in transwell assay. Values represent mean & SEM from 5 to 7 mice per group. B, C IEL were isolated from WT mice,
stimulated with 100 pM propionate for 1 h and then the migration of TCRaR™ T-cell subsets in response to 300 ng/mL CXCL11 was determined

in transwell assay. Values are the number of TCRaB* T-cells on the bottom chamber normalised to the control condition (non-treated). Data were
obtained from 7 to 10 mice per group. Each symbol represents data obtained from an individual mouse. Mean + SEM are indicated. (A-C) *, p < 0.05;
** p<0.01;** p<0.001; **** p<0.0001 compared with control condition by one-way ANOVA followed by the Dunnet’s post-test
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Fig. 8 Pharmacologic stimulation of GPR43 on IEL induces an anti-inflammatory effect in experimental colitis. Inflammatory colitis was induced

in Rag1™~ Cd45.2+* mice by the iv. transference of 5x 10° naive CD45.1tCD45.2+ CD4™ T-cells. In addition, some groups of mice received 5x 10°
of IEL treated with 4-CMTB (blue) or untreated (UT black). As a control, another group received only total CD45.17CD45.2* CD4™ T-cells (grey). A
Schematic illustration of the experimental design. B Body weight was weekly registered throughout the whole time and the percentage of body
weight change relative to the initial weight was quantified. Values represent mean + SEM. C At week 6, mice were sacrificed and the colon length
was assessed. Each symbol represents data obtained from an individual mouse. D MNC were isolated from the colonic lamina propria 6 weeks after
the transfer and the percentage of infiltration of each population was determined by flow cytometry: therapeutic IEL (CD45.1%), donor CD4™ T-cells
(CD45.17 CD45.2™), Total TCRB* T-cells (CD45.17TCRBY); Total innate CD45™ cells (CD45+TCRB™) and total leukocytes (CD45%). B-D Mean + SEM
from 4 to 7 mice per group. ¥, p<0.05; **, p<0.01; ***, p<0.001 by one-way ANOVA followed by Dunnett’s post-hoc test (B, comparing different
experimental groups in each single day), or by Tukey’s post-hoc test (C and D). B Black asterisks correspond to comparisons between Tn +IEL UT
and Total CD4, whilst red asterisks correspond to comparisons between Tn and Total CD4* groups

conditions outside the CNS, we next used a mouse model
of inflammatory colitis. For this purpose, we transferred
naive CD4" T-cells into lymphopenic mice, a situation
that induces gut inflammation in the presence of com-
mensal microbiota [52, 53]. Concomitantly, [EL isolated
from WT mice were treated with a selective GPR43 ago-
nist ex vivo and then transferred into experimental mice,
and the disease severity was evaluated as the loss of body
weight over time (Fig. 8A). The results show that mice
receiving GPR43-stimulated IEL displayed a substantial
reduction in body weight loss compared to those receiv-
ing untreated IEL or those receiving only naive CD4*
T-cells in the absence of IEL transference (Fig. 8B). After
six weeks of colitis induction, mice were sacrificed, and
the colon shortening was evaluated as a macroscopic
parameter of colon inflammation [52]. According to the
effect observed in weight loss, mice receiving 4-CMTB-
treated IEL did not present a significant colon shortening.

Conversely, the mice receiving untreated IEL or the
control group receiving only naive CD4" T-cells with-
out IEL transference displayed a significant reduction
in the colon length (Fig. 8C). These results indicate that
GPR43 stimulation on IEL may also exert an anti-inflam-
matory effect in the colon, dampening the development
of chronic inflammatory colitis. To analyse the mecha-
nism underlying the anti-inflammatory effect of GPR43-
stimulated IEL in this model of inflammatory colitis, we
also determined the extent of infiltration of donor CD4*
T-cells (CD45.1" CD45.2%), “therapeutic” IEL (CD45.1%),
and total leukocyte (CD45") in the colonic epithelium.
According to the role of GPR43-signalling in the reten-
tion of TCRaB™ T-cells in the colonic epithelium (Figs. 5
and 6), we observed that mice receiving 4-CMTB-treated
IEL retained a higher extent of “therapeutic” donor
IEL TCRapB* T-cells (CD45.17) in the epithelium com-
pared with those mice receiving untreated IEL (Fig. 8D).
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According to this, those mice receiving 4-CMTB-treated
IEL but not those receiving untreated IEL presented
a significant reduction in the extent of infiltration of
inflammatory donor CD4* T-cells (CD45.17 CD45.2%;
Fig. 8D). Similar results were obtained when the total
number of TCRap™ T-cells were analysed in the colonic
epithelium, including inflammatory donor CD4* T-cells
and “therapeutic” donor IEL (CD45" TCRap* T-cells;
Fig. 8D). Moreover, despite the extent of total innate cells
infiltrating the colonic epithelium was higher in those
mice receiving 4-CMTB-treated IEL, the total leukocyte
infiltration (CD45" cells) in the colonic epithelium was
increased only in those mice receiving untreated IEL,
but not in those receiving 4-CMTB-treated IEL (Fig. 8D).
Thus, these results suggest that GPR43-signalling favours
the retention of anti-inflammatory IEL TCRaf* T-cells
in the colonic epithelium, reducing the infiltration of
inflammatory donor CD4% T-cells and dampening
the extent of total leukocyte infiltration in the colonic
mucosa, alleviating inflammatory colitis.

Discussion
Three non-excluding mechanisms have been proposed
to explain how the gut microbiota might regulate CNS
pathologies [54]: (1) Through the secretion of metabo-
lites, neuropeptides, and neurotransmitters that directly
stimulate their receptors on neurons of the enteric nerv-
ous system regulating neural signals that affect vagal
transmission and thereby the CNS. (2) By producing
metabolites that can diffuse through the intestinal wall,
entering into the blood circulation, and acting in other
organs, including the CNS. (3) Through the production
of mediators that stimulate their receptors or enzymes
expressed on immune cells, such as fatty acids and
some neurotransmitters, thereby shaping the immune
response. Our study here elucidates a mechanism of the
third type. Our findings reveal a novel gut-brain axis
mechanism by which bacterial-derived SCFAs secreted
in the colonic mucosa might control the inflammatory/
anti-inflammatory behaviour of mucosal T-cells and the
CNS tropism of autoreactive lymphocytes. Furthermore,
our study shows GPR43 expressed on colonic T-cells as a
promising therapeutic target for CNS autoimmunity.
Other recent studies performed in animal models
have shown how T-cells from the gut mucosa might be
recruited into extraintestinal tissues under inflammatory
conditions, including the recruitment into the CNS upon
EAE [55] or stroke [56] and the lymphocytes infiltration
into the retina upon experimental autoimmune uvei-
tis (EAU) [57]. Interestingly, in the latter study, the oral
administration of propionate suppressed the migration
of intestinal T-cells into the spleen. Although the results
were not statistically significant, that study also showed
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a trend of decreasing infiltration of intestinal leukocytes
into the retina in those animals treated with propionate
[57]. Thus, this latter study supports our findings suggest-
ing that propionate-mediated GPR43 stimulation avoids
lymphocyte emigration from the gastrointestinal mucosa.
This mechanism reveals GPR43 expressed on colonic
T-cells as a critical molecular target, which should be
considered for designing therapeutic interventions for
treating CNS autoimmunity. Our results encourage the
development of strategies to exert the selective activity
of GPR43-signalling in colonic T-cells employing viral
vector-mediated approaches or by generating selective
drugs.

Previous studies have provided pharmacologic and
genetic evidence about the chemotactic potential of
GPR43 stimulation in neutrophils. In this regard, it has
been shown that mouse and human neutrophils migrate
toward SCFAs in transwell assays [58—61]. Here we
described how GPR43-signalling induced the selec-
tive chemotaxis of IEL TCRaf* T-cells into the colonic
epithelium. Thus, these findings indicate that SCFAs
produced by the commensal microbiota under homeo-
static conditions represent a critical homing signal to
retain these lymphocytes in the gut mucosa. According
to the selective decrease of intestinal propionate lev-
els and GPR43 down-regulation on IEL TCRap™ T-cells
observed at the peak of EAE manifestation, these cells
leave the colonic epithelium at this disease stage. These
results suggest that propionate is especially important
in the GPR43-mediated signalling associated with the
TCRap* T-cells retention in the colonic epithelium,
rather than butyrate and acetate.

Considering that acetate:propionate:butyrate propor-
tions in the colonic mucosa are 60:25:15 [62], and that
GPR43 affinities are 52 uM, 31 uM, and 100 uM, respec-
tively [63—-65], it is expected a similar extent of GPR43
stimulation by acetate and propionate, which rule out
the possibility that propionate stimulates colonic GPR43
more vigorously than acetate. A potential explanation
for the particular relevance of propionate in the mecha-
nism described here is that GPR43 expressed on IEL
TCRaB* T-cells could form part of a heteromeric com-
plex with other G protein-coupled receptors (GPCRs).
In this regard, many studies have shown that GPCRs
generally are assembled as homo- or hetero-oligomers
[66]. Compared with GPCRs homomers, the assem-
bly of GPCRs heteromers leads to changes in the iden-
tity and affinity for agonist recognition, in the signalling
pathways coupled with, and in the trafficking of the
individual protomers conforming the heteromer, thus
strongly affecting their physiological function [67, 68].
Particularly GPR43 has been found to form heterom-
ers with GPR41, a heteromeric complex coupled to
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intracellular signalling pathways different from that cou-
pled to homomeric GPR43 [69]; however, the differences
in affinities for SCFAs between homomeric GPR43 and
the GPR43:GPR41 heteromer have not been yet explored.
Thereby, it is tempting to speculate that IEL TCRoaf
T-cells may express a GPR43:GPR41 heteromeric recep-
tor with selective affinity for propionate; nevertheless,
this possibility should be experimentally tested in future
studies.

Interestingly, a recent work with human samples stud-
ied the association between the gut microbiome and
migratory markers in peripheral blood lymphocytes
obtained from MS patients and healthy controls. The
authors found that MS was associated with reduced
diversity in the gut microbiome and increased popula-
tions of CD4" and CD8" T-cells expressing the CNS-
homing receptor CXCR3 [40]. Reduced diversity of the
gut microbiome was characterised by an increased abun-
dance in Bacteroides and reduced abundance in Firmi-
cutes taxa [40]. Similarly, in the present study, we found a
significant increase in the abundance of Bacteroides and a
decreased abundance of Firmicutes in the gut microbiota
at the peak of EAE manifestation, which was accompa-
nied by a higher number of CXCR3" TCRap™ T-cells
infiltrating the CNS after the peak of the disease manifes-
tation. Thus, our findings suggest that the microbiome-
mediated regulation of lymphocytes associated with CNS
autoimmunity seems similar in humans and mice. More-
over, a more detailed analysis of the relative abundance of
bacteria belonging to the Firmicutes taxa revealed a sharp
reduction of Erysipelotrichaceae at the peak of EAE man-
ifestation, which has been strongly correlated with the
production of propionic acid [70]. Therefore, our analysis
of the gut microbiome provides a potential explanation of
why the levels of propionate are decreased at the peak of
EAE.

Previous works have shown anti-inflammatory effects
mediated by GPR43-signalling in lymphocytes, includ-
ing B cells [71] and Treg [22]. In this regard, Smith and
colleagues demonstrated that, through the stimula-
tion of GPR43, SCFAs regulate the size and function of
the colonic Treg pool and protect against colitis [22].
Moreover, Yao and colleagues have recently shown that
GPR43-signalling attenuates the development of colla-
gen-induced arthritis in mice, which is dependent on
B-cells [71]. Accordingly, the administration of SCFAs
has been proven to ameliorate two different mouse mod-
els of lymphocyte-driven autoimmune disorders, includ-
ing EAE and collagen-induced arthritis. This effect was
accompanied by reduced Thl response and increased
Treg function [25]. Here, we described how GPR43
stimulation of colonic IEL also contributes to an anti-
inflammatory effect by promoting a change in the profile
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of cytokines and surface molecules expressed by TCRaf*
T-cells from pro-inflammatory to anti-inflammatory and
by arresting autoreactive T-cells in the colonic mucosa.
Of note, this anti-inflammatory effect mediated by
GPR43 signalling on colonic IEL has an impact not only
on CNS autoimmunity but also on inflammatory coli-
tis. Thus, the present study contributes significantly to
the growing knowledge of the complex regulation of the
immune system by SCFAs and its impact on the develop-
ment of autoimmune disorders.

A previous study indicated that GPR43-signalling
promotes IL-10 and limits IFNy production on T-cells
specific for an antigen present in the gut microbiota in
a model of inflammatory colitis [72]. Similarly, we show
that SCFAs reduced IFNy production and induced the
production of the anti-inflammatory cytokine IL-10 by
colonic IEL TCRaf T-cells (Fig. 3). Our results obtained
here using in vivo and ex vivo approaches indicate that
propionate directly affects IEL TCRaf T-cells, pro-
moting an anti-inflammatory profile (Figs. 3C, 3E, and
Additional file 1: Fig. S3C) and favouring the colonic
tropism (Fig. 7). Conversely, the results show that
the ex vivo treatment of LPL with propionate did not
affect PD-1 and IL-10 expression by TCRaf} T-cells
(Fig. 3D). In contrast, the oral administration of propi-
onate induced a higher frequency of IL-10" and PD-1%
TCRap™ T-cells in the colonic lamina propria (Addi-
tional file 1: Fig. S3C). Together, these results suggest
that in vivo, propionate act on other sources of cells,
indirectly promoting an anti-inflammatory profile
on the LPL TCRaf T-cells. In this regard, other cells
expressing SCFAs receptors in the colonic mucosa,
such as DCs, macrophages, innate lymphoid cells, or
epithelial cells [23, 73-75], could be responsible for this
indirect effect on the LPL TCRaf T-cells. Future stud-
ies should be carried out to address this exciting issue.

Conclusions

Our findings suggest a homeostatic mechanism by
which SCFAs secreted in the colonic mucosa by the
commensal microbiota under healthy conditions would
stimulate GPR43 on mucosal TCRaf™ T-cells induc-
ing an anti-inflammatory functional profile and their
retention in this tissue. Nonetheless, CNS autoimmun-
ity-associated microbial dysbiosis would result in a
selective reduction in the propionate-mediated GPR43
stimulation in mucosal lymphocytes, consequently
inducing a switch of the functional phenotype of
colonic T-cells from anti-inflammatory to pro-inflam-
matory and promoting the scape of these T-cells from
the colonic mucosa to reach the CNS.
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Abbreviations

ACK Ammonium-chloride-potassium

Ab Antibody

ABX Antibiotics

CNS Central nervous system

CDn Cluster of differentiation n

EAE Experimental autoimmune encephalomyelitis
dpi Days post-induction

IEL Intraepithelial lymphocytes

LPL Lamina propria lymphocytes

MFI Mean fluorescence intensity

MLN Mesenteric lymph node

MOG Myelin oligodendrocyte glycoprotein
MS Multiple sclerosis

PD-1 Programmed cell death-1

pMOG Peptide MOGj3s.55

PBMC Peripheral blood mononuclear cells
Rag1 Recombination activating gene 1
Treg Regulatory T-cells

SCFAs Short-chain fatty acids

SPL Spleen

Tbet T-box transcription factor encoded by TBX21
Thn T helper n
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Additional file 1: Figure S1. Intestinal microbiome composition changes
during EAE. Stool samples were collected from healthy miceand EAE mice
atindicated time points and microbial composition was determined..
Alpha diversity metrics. Evaluation of microbial richness and diversity
within each group was assessed using the ChaoT index and the Shan-
non Index.Analysis of beta diversity.Values represent the divergence of
intestinal microbiome throughout EAE progression.PCoA analysis based
on unweighted UniFrac throughout EAE progression.Intestinal microbi-
ome composition at the Phylum level was analysed by mean percent ASV
abundance and represented as pie chart for each time-point.Comparison
between Bacteroidota and Firmicutes Phyla abundance throughout EAE
progression.Intestinal microbiome composition at Family level of top
three more abundant families was analysed by mean percent ASV abun-
dance.In the box plots, error bars correspond to minimum and maximum
data points, the horizontal line corresponds to the median, and the box
contains 75% of the data points. Data were obtained from 4-11 mice per
group. *, p<0.05; **, p<0.01 by one-way ANOVA followed by Tukey's post-
hoc test. Figure S2. GPR43 expression on IEL TCRaB* T-cells is upregulated
by SCFAs.WT mice were non-treatedor treated with 250 mM SCFAs in the
drinking water for two weeks and GPR43 expression was analysed in IEL
CD4, CD8aP and CD8aa subsets or total TCRaR™ T-cells by flow cytom-
etry. Scheme illustrating the experimental design.Quantification of GPR43
expression. Values are the MFI associated to GPR43 immunostaining.
GPR43 expression was analysed in [EL CD4, CD8af and CD8aa subsets or
total TCRaB* T-cells isolated from healthyor EAE mice at 25 dpi.Quantifica-
tion of the clinical score throughout EAE development. The arrow indi-
cates the time-point in which IEL were isolated.Quantification of GPR43
expression. Values are the MFI associated to GPR43 immunostaining.Rep-
resentative histogram of GPR43 expression analysed by flow cytometry.
Control, healthy miceand EAE mice.Each symbol represents data obtained
from an individual mouse.Mean =+ SD from 3-5 mice per group. *, p <0.05
by one-way ANOVA followed by Dunnett’s post-hoc testor unpaired Stu-
dent’s t-test. Figure S3. Oral administration of SCFAs reduces EAE mani-
festation by increasing IL-10 and PD-1 expression on colonic lymphocytes.
WT mice were treated with 250 mM SCFAs in the drinking water and two
weeks later EAE was induced. SCFAs treatment was extended until 25 dpi.
Treatments with acetate, propionate, butyrateor only waterare indicated.
Disease severity was evaluated over time. Values represent mean + SEM
from a representativeof three independent experiments.The average
water consumption per mouse was determined along EAE development.
Data were obtained from four mice per group. Each symbol represents
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data obtained from an individual mouse per day. At 25 dpi IEL and LPL
were isolated, re-stimulated wih PMA/lono/BFA and then the absolute
numbers of TCRaB™ subsets, and the production of IL-10 and expression
of PD-1 by CD4, CD8af and CD8aa TCRaR™ T-cells was quantified. Data
were obtained from 3-6 mice per group. Each symbol represents data
obtained from an individual mouse. Mean + SEM are indicated.*, p <0.05,
** p<0.071;** p<0.001; **** p<0.0001 by one-way ANOVA followed

by Dunnett’s post-hoc test. Purple asterisks correspond to comparisons
between control and butyrate groups, whilst green asterisks correspond
to comparisons between control and propionate groups and red asterisk
correspond to comparisons between control and acetate groups. Figure
S4. Donor colonic IEL are preferentially retained in the colonic epithelium
of recipients. IEL were isolated from Cd45.7+* congenic mice and then

i.v. transferred into Rag 1™~ Cd45.2**recipient mice. Spleen, mesenteric
lymph nodes, colonic intraepithelial lymphocytesand colonic lamina
propria lymphocytes were isolated from recipients at different time points
after the transfer and the percentage of total donor cellsand donor T-cells
were quantified by flow cytometry. Schematic illustration of the experi-
mental design. Frequency of CD45.1% and TCRR™ donor cells distributed
in the different tissues analysed. Values represent mean + SEM from 3
mice per group. Representative dot plots of CD45.1%and CD45.2 cells and
TCRaB* and TCRyS™ sub-populations of donor CD45.17 cells isolated
from the colonic intraepithelial compartment.*, p <0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001 comparing with values obtained at time cero for
each particular experimental group by one-way ANOVA followed by Dun-
nett’s post-hoc test. The asterisk colours indicate the experimental group
with which they are associated. Figure S5. Dynamics of lymphocytes in
the colonic lamina propria during EAE development. Colonic LPL were iso-
lated from EAE mice at indicated time points and the frequency of CD19™
B-cells, TCRy&* and total TCRaB " T-cells was analysed.The absolute num-
ber of total or CXCR3"cells from the CD4*, CD8aa* and CD8aB™ TCRaR
subsets of colonic LPL isolated from EAE mice at indicated time points was
determined. Percentage of total CD4*, CD8aa™ and CD8aR* TCRaP T-cells
from LPL or those expressing CD103, a4f37 and CCR9 were determined

at different time points during EAE development.Values represent the
mean + SEM from 3-6 mice per group. *, p<0.05; **, p<0.01 by One-way
ANOVA followed by Dunnett’s post-hoc test comparing frequencies of
each cell type at different time points with the control condition.
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