
BRIEF RESEARCH REPORT
published: 13 November 2020

doi: 10.3389/fneur.2020.600401

Frontiers in Neurology | www.frontiersin.org 1 November 2020 | Volume 11 | Article 600401

Edited by:

Jorge Matias-Guiu,

Complutense University of

Madrid, Spain

Reviewed by:

Inmaculada Sanclemente-Alamán,

Health Research Institute of the

Hospital Clínico San Carlos

(IdISSC), Spain

Abdelhadi Saoudi,

INSERM U1043 Centre de

Physiopathologie de Toulouse

Purpan, France

*Correspondence:

Manuel Zeitelhofer

manuel.zeitelhofer@ki.se

Milena Z. Adzemovic

milena.zeitelhofer.adzemovic@ki.se

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Multiple Sclerosis and

Neuroimmunology,

a section of the journal

Frontiers in Neurology

Received: 29 August 2020

Accepted: 15 October 2020

Published: 13 November 2020

Citation:

Hochmeister S, Aeinehband S,

Dorris C, Berglund R, Haindl MT,

Velikic V, Gustafsson SA, Olsson T,

Piehl F, Jagodic M, Zeitelhofer M and

Adzemovic MZ (2020) Effect of Vitamin

D on Experimental Autoimmune

Neuroinflammation Is Dependent on

Haplotypes Comprising Naturally

Occurring Allelic Variants of CIITA

(Mhc2ta). Front. Neurol. 11:600401.

doi: 10.3389/fneur.2020.600401

Effect of Vitamin D on Experimental
Autoimmune Neuroinflammation Is
Dependent on Haplotypes
Comprising Naturally Occurring
Allelic Variants of CIITA (Mhc2ta)
Sonja Hochmeister 1†, Shahin Aeinehband 2†, Charles Dorris 3, Rasmus Berglund 2,

Michaela T. Haindl 1, Vid Velikic 2,4, Sven A. Gustafsson 5, Tomas Olsson 2, Fredrik Piehl 2,

Maja Jagodic 2, Manuel Zeitelhofer 2,6*† and Milena Z. Adzemovic 2*†

1Department of General Neurology, Medical University of Graz, Graz, Austria, 2Department of Clinical Neuroscience, Center

for Molecular Medicine, Karolinska Institutet, Stockholm, Sweden, 3 School of Biosciences and Medicine, University of Surrey,

Guildford, United Kingdom, 4Clinical Division of Social Psychiatry, Department of Psychiatry and Psychotherapy, Medical

University of Vienna, Vienna, Austria, 5Department of Molecular Medicine and Surgery, Clinical Chemistry and Blood

Coagulation Research, Karolinska Institutet, Stockholm, Sweden, 6 Vascular Biology Unit, Department of Medical

Biochemistry and Biophysics, Karolinska Institutet, Stockholm, Sweden

An increasing body of evidence associates low vitamin D levels with increased risk

of multiple sclerosis (MS), suggesting the possibility of a gene-environment interaction

for this environmental factor in MS pathogenesis. Moreover, it has been shown that

vitamin D downregulates major histocompatibility complex (MHC) class II expression in

experimental autoimmune encephalomyelitis (EAE), an animal model of MS. We here

report about the impact of a dietary vitamin D supplementation on EAE in the rat strains

having functionally relevant allelic variations in theCIITA (Mhc2ta) gene, a master regulator

of MHC class II expression. Full length myelin oligodendrocyte glycoprotein (MOG)-EAE

was induced in DA.PVGav1-Vra4 congenic rats harboring the Vra4 locus from PVG

strain in the EAE- susceptible DA background, and compared to the parental strains.

The congenic rats fed with either vitamin D supplemented, deprived or regular diet

developed an intermediate clinical EAE phenotype, in contrast to DA and PVG strains.

Immunopathological studies revealed vitamin D dose-dependent effect on demyelination

and inflammatory infiltration of the central nervous system (CNS), expression of MHC

class II and CIITA, as well as downregulation of a range of pro-inflammatory genes.

Taken together, our findings demonstrate an impact of vitamin D on the target tissue

pathology and peripheral immune response during EAE in DA.PVGav1-Vra4 congenic

strain. Thereby, our data provide evidence of a modulatory effect of vitamin D in context

of genetic variances in the Vra4 locus/Mhc2ta gene in MS-like neuroinflammation, with

potential relevance for the human demyelinating disease.
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INTRODUCTION

Numerous studies implicate gene-environment interactions in
the complex pathogenesis of multiple sclerosis (MS) (1). Allelic
variations in the human leucocyte antigen (HLA) system,
a group of genes on chromosome 6p21 that serves as the
major histocompatibility complex (MHC), have been shown to
enhance the probability for developingMS (2, 3). Polymorphisms
in this locus have also been implicated in development of
other autoimmune diseases such as Type I diabetes (4, 5),
systemic lupus erythematosus (6), rheumatoid arthritis (RA)
(7, 8) and narcolepsy (9). CIITA (Mhc2ta) gene encodes class
II transactivator, shown to be essential for MHC class II
transcription and expression (10). An association between a
genomic region containing Mhc2ta and other MS candidate
genes Clec16a, Dexi, and Socs1 (11) and an increased risk for
MS, RA, and myocardial infarction indicates correlation between
quantitative aspect of MHC class II and susceptibility to MS (12).

Similarly, distinct susceptibility of rodent strains to
experimental autoimmune encephalomyelitis (EAE), an
animal model of MS, has been linked to different variants of
MHC class II region (referred to as RT1 in the rat) coding for
MHC class II molecules (13). Differences in genetically regulated
MHC class II phenotype resulted in classification of inbred
rat strains into high and low responders to EAE (14). Further,
Vra4 locus was recognized as a regulator of MHC class II upon
mechanical nerve injury in the F2 intercross between high (Dark
Agouti; DA) and low (Piebald-Viral-Glaxo; PVG) responder
strains (15). The locus was then fine-mapped in an advanced
intercross line, which led to identification of the candidate gene
Mhc2ta (12). Further study from our lab demonstrated less
severe EAE in the congenic DA.PVGav1-Vra4 rats compared to
the susceptible DA strain, which was primarily attributed to the
Vra4 allele-dependent quantitative differences in MHC class II
expression (15).

Vitamin D response elements (VDREs) have been detected
in the promoter region of the MS-associated allele HLA-
DRB1∗15:01 (16) indicating an interplay between genetic and
environmental factors in pathogenesis of the demyelinating
disease (17). MS patients commonly have a history of reduced
serum levels of vitamin D (18), which is linked to certain
life-style and environmental factors (19). However, allelic
variants of vitamin D receptor (VDR) and VDREs in different
human populations may determine the threshold for vitamin D
deficiency and thus risk for MS (20).

Promoter region of the 1,25-(OH)2D-24-hydroxylase gene
in rat contains the most powerful vitamin D-responsive
element reported to date (21), which underlines relevance
of rodent models for studying vitamin D-related modulation
of autoimmune diseases. We have previously reported an
age-dependent efficacy of vitamin D in ameliorating MS-like
neuroinflammation in DA rats and identified juvenile/adolescent
age as a time-window for the most efficient preventative
treatment (22, 23). Here we demonstrate that the same
dietary supplementation had a different effect on EAE in
juvenile/adolescent DA.PVGav1-Vra4 congenic rats sharing
genetic background with DA, apart from the Vra4 fragment

that originates from PVGav1. Our data emphasize the relevance
of Vra4 haplotype/Mhc2ta variants for vitamin D-mediated
modulation of EAE.

MATERIALS AND METHODS

Ethical Statement
The experiments were performed in accordance with the
guidelines from the Swedish National Board for Laboratory
Animals and the European Community Council Directive
(2010/63/EU) under ethical permits approved by the North
Stockholm Animal Ethics Committee (Stockholms Norra
djurförsöksetiska nämnd). Experimental animals were housed
in the animal facility at Karolinska University Hospital
(Stockholm, Sweden). They were tested according to a health-
monitoring program at the National Veterinary Institute (Statens
Veterinärmedicinska Anstalt, SVA) in Uppsala, Sweden.

Experimental Animals and Diet Regimen
All rats were housed in a specific pathogen-free and climate-
controlled environment in polystyrene cages containing aspen
wood shavings with free access to rodent chow and water with
regulated 12-h light/dark cycles free of UV radiation.

Congenic DA.PVGav1-Vra4 rats were generated in our lab
as previously described (15) by transferring the Vra4 fragment
from PVG onto DA background. The original Vra4male donors
were selected from the G8 generation of a DAxPVGav1 advanced
intercross line for transferring a small, well-defined fragment
harboring the Vra4 congenic region (RNO10: 0-D10Mit14).
Repeated backcrossing to the respective recipient strain was
performed for an additional nine generations to create congenic
rats with theoretically <0.1% of the donor genome outside
the Vra4 locus.

Diet groups based on different contents of vitamin D3

(cholecalciferol; referred to as vitamin D) were described in
detail in our previous study (23). In this study, newly weaned
(3 weeks-old) congenic DA.PVGav1-Vra4 (n = 11-12), DA (n
= 11) and PVG (n = 12) male and female pups were split
into three groups and subjected to either: (i) supplemented diet
containing 10 International Units/g (IU/g) of vitamin D, which
is five-fold increased amount of the vitamin comparing to the
regular rat diet; (ii) regular rat diet containing 2 IU/g of vitamin
D; or (iii) vitamin D deprived diet (0 IU/g vitamin D). Animals
were subjected to the diets five weeks prior to immunization
and continuously until the end of the EAE experiment. The
supplemented and deprived diet formulations were obtained
from TestDiet Limited (London, UK).

Immunization and EAE Phenotyping
Five weeks after the diet regime was initiated, animals were
immunized to induce EAE. Myelin oligodendrocyte glycoprotein
(MOG, amino acids 1–125 from the N terminus) used
for inducing EAE was expressed in Escherichia coli and
purified to homogeneity by chelate chromatography (24).
During immunization procedure, rats were anesthetized using
isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane,
Forene, Abbott Laboratories, Chicago, IL, USA). 200 µL
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inoculum injected subcutaneously in the tail base contained 15
µg MOG in phosphate buffered saline (PBS), emulsified 1:1 with
incomplete Freund’s adjuvant (Sigma-Aldrich, St. Louis, MO,
USA). All animals were monitored daily for clinical signs of
EAE, starting on the day 7 post immunization (p.i), until the
end point. EAE phenotyping was performed as follows: 0 = no
detectable clinical signs; 1 = tail weakness or paralysis; 2 = hind
limb hemiparesis or paraparesis; 3= hind limb paralysis and 4=
tetraplegy or moribund. EAE course was evaluated through the
disease parameters: disease onset (the first day of clinical disease
manifestation), maximum EAE score (the highest clinical score
during entire disease course), cumulative EAE score (the sum of
daily clinical scores), and duration of EAE (amount of days with
clinical manifestation).

Analysis of the Vitamin D Serum Levels
Effect of the diet regimens on serum levels of 25-hydroxy
vitamin D (25(OH)D) (n = 6 rats per diet group) were
estimated on day 7 p.i using a chemiluminescent immunoassay
from Diasorin (Diasorin AB, Sundbyberg, Sweden) and a
LIAISON R© instrument provided by Diasorin ABwith equimolar
measurement of both 25-OH vitamin D2 and D3. The serum
was purified from blood according to standard procedures,
subsequently frozen in liquid nitrogen and stored at−80◦C until
used for the analysis.

FACS Analysis
The analyses (n = 12 rats per diet group) were performed on
single cell suspensions (SCS) obtained from the local draining
inguinal lymph nodes harvested 7 days p.i. (d7 LN). A triple
staining procedure was performed using: CD3-FITC, CD4-
APC, and CD45RA-PE (BD Biosciences, San Jose, CA, USA,
1:100, for 30min at 4◦C). Target- and control staining were
visualized using a FACS Calibur (BD, Franklin Lakes, USA)
with CellQuest software (version 3.2.1f1, BD) and analysed using
Kaluza software (Beckman Coulter, USA).

Quantitative Real-Time PCR
The analyses (n = 8-12 rats per diet group) were performed on
whole d7 LN harvested on day 7 p.i. Total RNA was extracted
from the SCS using the RNeasy kit (Qiagen, Hilden, Germany)
and the QIAcube (Qiagen) including on column DNA-digestion
for fully automated sample preparation. RNA concentration and
purity was determined through measurement of A260/A280
ratio with a NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). Confirmation of RNA
quality was assessed using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). cDNA was prepared using
the iScript kit (Bio-Rad, Hercules, CA, USA). Quantitative real-
time PCR (qPCR) was performed using a CFX384 touch real
time PCR detection system (Bio-Rad) with a two-step PCR
protocol (95◦C for 10min followed by 40 cycles at 95◦C for 10 s
and 60◦C for 30 s and 45 cycles of melt curve analysis), using
SYBR Green (Bio-Rad) as the fluorophore. Relative expression
levels, corrected for amplification efficiency, were analyzed using
the CFX manager software (Bio-Rad). Relative expression was

calculated as the ratio between the target and Rpl19. Serial 10-
fold dilutions from a pool of undiluted samples within the study
were used as standard. The following primers were used for SYBR
Green: Rpl19: GGA CCC CAA TGA AAC CAA CG and AAG
GTG TTC TTC CGG CAT CG; Il2: CGA TAA TT A CAA GAA
TCTGAAACTCC and TTT CCAGCGTCT TCCAAGTG; Il4:
CTT ACGGCA ACA AGGAAC ACC and CTT TCA GTG TTG
TGA GCG TGG; Icam1: GCA GAT GGT GTC CCG CTG CC
and CCA CGA TCA CGA AGC CCG CA; Ifng: AAA GAC AAC
CAG GCC ATC AGC and TGG CGA TGC TCA TGA ATG C;
Mhc2ta: CAT ACT CTG TGT GCC ACC ATG G, and AGT TCG
ATC TCT TCC TCC CCA; Cd4: AAG GAC TGG CCA GAG
ACT CAG AT and ACG ACT ATA CAG CTC AAG TGA ACC;
Tgfb: CAA TTC CTGGCG TTA CCT TGG and AAAGCC CTG
TAT TCC GTC TCC; Stat6: TGT CAC CGA AGA GAA GTG
CG and TGA ACG ATG ACC ACC AAG GG; Gata3: CAC GAT
CCA GCA CAG AAG GC and GGT CTC CGT TAG CGT TCC
TC; Rorc. TTT GAA GGC AAA TAC GGT GGT G and TGT
CGA TGA GTC TTG CAG AGA TG; Il17a: GAC CTA GAA
GGACCGTTGTGC and TTAGGGTGAAGCATTCCCTGC;
MhcII: AGA AAC AGC AAG CCA GTC and GGA TGA AGG
TGA GGT AAG C.

Histopathology and Immunotargeting
On day 33 p.i, animals from each diet regimen (n = 4–6) were
euthanized using CO2 and perfused via the left heart ventricle
with PBS followed by 4% paraformaldehyde. Paraformaldehyde-
fixed 3–5mm thick paraffin embedded sections of the rat
central nervous system (CNS) were dewaxed in xylol, rehydrated
and then stained with hematoxylin and eosin and Luxol Fast
Blue (LFB) to assess tissue inflammation and demyelination,
respectively. The inflammatory index (I.I.) and demyelination
score (DM) were determined from the number and size of
demyelinated lesions in each animal on an average of eighteen
complete spinal cord cross-sections as previously described (25).

For immunohistochemistry (IHC) and immunofluorescence
(IF), adjacent spinal cord sections were treated as previously
described (26). After antigen retrieval, sections were incubated
with 10% fetal calf serum (FCS) in 0.1 mol/L PBS prior to
incubation with primary antibody (at 4◦C, overnight) against
the following targets, respectively: lysosomal membrane of
activated macrophages and microglia cells (ED1, mouse anti-
rat monoclonal antibody, AbD Serotec, Germany; 1:1000), rat
T lymphocytes (W3/13, mouse anti-rat, Abcam, 1:100), anti-
amyloid precursor protein (APP, mouse anti-rat, Millipore
Chemikon, 1:500). Co-staining was performed against CIITA
(rabbit anti-rat, LSBio, 1:200) and MHC class II RT1B (mouse
anti-rat, AbD Serotec, 1:200). Control sections were incubated
in FCS in absence of the primary antibody. For IHC, sections
were subsequently washed in PBS and then incubated with
biotinylated secondary antibody in 10% FCS in PBS for 1 hour
(h) at room temperature (RT; anti-mouse or -rabbit, Amersham
Pharmacia Biotech, 1:200). Finally, avidin peroxidase (1:100,
Sigma) was applied for 1 h at RT and subsequently visualized with

3,3
′
diaminobenzidine-tetrahydrochloride (DAB, Sigma). For IF,

after washing in PBS, sections were incubated with fluorescently
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labelled secondary antibodies [alexa488 (1:1000) and alexa555
(1:1000)], including DAPI (1:2500). As for histopathology,
evaluation of immunotargeting was performed on an average
of eighteen whole spinal cord cross-sections using either Leica
Polyvar 2 or confocal microscope Zeiss LSM 700.

Statistical Analysis
Statistical analyses of the clinical EAE parameters were
performed using non-parametric Kruskal–Wallis test
followed by Dunn’s multiple comparison test for all analysed
pairs/groups. Statistical analyses of 25(OH)D serum levels,
FACS, histopathology, IHC, and qPCR were performed using
one-way ANOVA with Tukey correction for multiple testing
for all analyzed pairs/groups. Sample size and statistical analysis
methods are given in each figure for every experimental setup.

RESULTS

Vitamin D Has a Different Effect on the
Course of EAE in DA.PVGav1-Vra4
Congenic Rats Comparing to the Parental
Strains
In order to investigate the impact of vitamin D on MS-like
neuroinflammation in the context of Vra4 haplotype/Mhc2ta

FIGURE 1 | Experimental design and Vra4 congenic region. (A) Experimental

setup and diet regime based on different contents of vitamin D in rodent chow.

3-week-old newly-weaned female and male pups were assigned into three

groups and subjected to either: (i) vitamin D deprived diet (0 IU/g); (ii) diet

containing regular amount of vitamin D (2 IU/g), or (iii) vitamin D supplemented

diet (10 IU/g). EAE was induced 5 weeks after initiation of the diet regimen,

and lasted from 7 up to 40 days p.i., when the animals have been sacrificed

for diverse analyses. (B) Vra4 congenic region on rat chromosome 10. The

DA.PVGav1-Vra4 congenic strain harbors Vra4 fragment from PVGav1 in the

DA background. Vra4 is defined as a 5.3-Mb genomic region with the borders

at which the lod score drops by 1.5 relative to the maximum linkage support in

the quantitative-trait locus (QTL). The congenic region contains the candidate

gene Mhc2ta close to the maximum lod peak. The PVG fragment in our DA.

PVGav1-Vra4 congenic strain spans from the acrocentric region of

chromosome 10 to the marker D10Mit14.

variants, DA.PVGav1-Vra4 congenic rats were subjected to
previously established diet regimen based on either: (i) regular,
(ii) vitamin D supplemented, or (iii) vitamin D deprived
rodent chow (23) (Figure 1A). An earlier study from our
lab demonstrated that DA.PVGav1-Vra4 rats harboring Vra4
congenic region descending from the PVG strain (Figure 1B)
develop significantly milder EAE than the susceptible recipient
DA strain (15). Notably, we could observe that regardless
of the vitamin D concentration in their diet, congenic rats
could develop clinical disease accompanied by histopathological
features typical for MOG-induced EAE, including involvement
of MHC (13, 25, 27). However, clinical EAE was essentially
mild and comparable in all three diet groups, illustrated by
similar maximal and cumulative scores, as well as onset and
duration of the disease (Figures 2A–E). Notably, concomitantly
immunized age-matched DA rats subjected to the regular diet
developed expectedly severe disease course (Figure 2A), while
PVG strain remained unsusceptible to EAE regardless of the
vitamin D concentration in the chow. Efficacy of the diet
regimen in the congenic strain was verified by measuring serum
levels of 25(OH)D, which were the highest in the supplemented
group (Figure 2F).

Vitamin D Modulates CNS Pathology in the
Congenic Strain
Histopathological analyses revealed that congenic rats subjected
to vitamin D supplemented diet did not have any signs of
neuroinflammation and demyelination left in the CNS 33 days
p.i., in contrast to the groups fed with either regular or
vitamin D deprived diet (Figure 3). Remaining inflammatory
demyelination in some animals of the latter two diet groups was
accompanied by ED1+ activated microglia/macrophages and
axonal damage-associated APP aggregates, which were no longer
present in the supplemented group. Interestingly, we were still
able to detect T lymphocytes in all three diet groups on day 33 p.i.,
nevertheless, a tendency toward lower infiltration was detected in
the group subjected to the vitamin D supplemented diet. These
observations indicate association between vitamin D-mediated
impact on immune cell recruitment and more effective recovery
of the CNS parenchyma in the congenic strain.

Vitamin D Downregulates Peripheral
Pro-inflammatory Immune Response and
Modulates Expression of MHC Class II and
CIITA in the CNS of the Congenic Strain
DA rats mount a strong peripheral immune response against
MOG approximately one week after immunization, which
subsequently leads to recruitment of inflammatory cells into
CNS and clinical manifestation of the disease (28). To that
end, we performed transcriptional analyses on d7 LN obtained
from the rats fed with either regular, vitamin D supplemented
or vitamin D deprived diet. The analysis revealed vitamin
D supplementation-associated significant downregulation of
Ifng and Il2, cytokines associated with the pro-inflammatory
Th1 immune response, in both congenic and DA rats
(Figure 4A, Supplementary Figure 1). We could also observe
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FIGURE 2 | Impact of vitamin D on the course of EAE in DA.PVGav1-Vra4 congenic and parental strains. (A) DA rats (n = 11) developed expectedly severe disease

course, whereas PVG rats subjected either to vitamin D supplemented (n = 12) or deprived diet (n = 12) did not develop any signs of the disease. No additional

modulation of essentially mild disease course in the congenic strain upon different concentrations of vitamin D (vitamin D supplemented (n = 12), vitamin D deprived (n

= 12) and the regular diet group (n = 11)); both sexes included; data based on 2 pooled, independent experiments with comparable outcome. (B–E) Maximal EAE

score, EAE duration, cumulative EAE score and EAE onset were comparable between the diet groups. (F) Serum levels of 25(OH)D were significantly different

between the diet groups measured day 7 p.i. (n = 6 per diet group). Error bars represent SEM. Statistics were calculated using Kruskal–Wallis test with Dunn’s

correction for multiple testing (****p < 0.0001) for A and one-way ANOVA with Tukey correction for multiple testing (****p < 0.0001) for B-F. Statistical significances

refer to comparison between DA.PVGav1-Vra4 and DA or DA.PVGav1-Vra4 and PVG, respectively.

reduced expression of Il17a and Rorc, genes important for
the Th17 immune response, upon vitamin D supplementation
in both the congenic and parental DA strain (Figure 4A,
Supplementary Figure 1). Further, adhesion molecule Icam1

and the T-cell co-receptor Cd4 were significantly downregulated
in DA.PVGav1-Vra4 fed with vitamin D supplemented diet
(Figure 4A). In contrast to DA strain, although downregulating
Th1 and Th17 genes, vitamin D did not seem to influence
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FIGURE 3 | CNS inflammation and demyelination in the congenic rats upon different concentration of vitamin D in the diet. (A) Images of the spinal cord

cross-sections of DA.PVGav1-Vra4 rats subjected to different levels of vitamin D in their diet. Histopathological and IHC analyses were performed on an average of 18

paraffin embedded spinal cord cross-sections per animal harvested on day 33 p.i. (n = 4- 6 per diet group). The sections were stained with LFB, HE, against ED1,

W3/13, and APP, respectively, in order to assess: (B) demyelination score (DM), inflammatory index (I.I.), recruitment of ED1+ microglia/macrophages, W3/13+

lymphocytes, and axonal damage, respectively. Statistics were calculated using one-way ANOVA with Tukey correction for multiple testing.

the Th2 type immune response in DA.PVGav1-Vra4 rats, as
demonstrated by comparable levels of Tgfb, Il4, Stat6, and Gata3
in all three diet groups (Figure 4A, Supplementary Figure 1).
Immune-profile of the supplemented group was additionally
characterized by significantly reduced number of CD8+ T
cells, as revealed by flow cytometry (Figure 4B). Finally, in
line with lower expression levels of CIIta and MhcII in
the d7 LN (Figure 4A), we could observe reduced protein
expression of MHC class II and CIITA in the CNS of
the congenic rats fed with vitamin D supplemented diet
(Figures 4C,D).

DISCUSSION

The HLA class II region is the key susceptibility locus in MS
that has the highest influence on the overall disease risk of
all identified susceptibility genes (29, 30). CIITA encodes a
transcription factor, the protein CIITA, a major regulator of HLA
class II (31). Notably, genetic variances in CIITA correlate with

differential expression of HLA class II, suggested to modulate
susceptibility to complex inflammatory diseases (12, 32).

CIITA gene expression is regulated by epigenetic mechanisms
such as DNA methylation and histone modifications (10). These
modifications can be influenced by environmental factors, which
is underpinned by the presence of a functional VDRE in the
promoter region of the main MS-linked HLA-DRB1∗15:01 allele
(16). Moreover, VDR binding has been found enriched near
autoimmune risk genes, which additionally implicates vitamin
D in modulation of susceptibility to autoimmune diseases (33).
In addition to the functional VDRE in the HLA class promotor,
CIITA contains putative VDREs suggesting that vitamin D may
have a direct effect on CIITA, and not only on HLA class II (34).

Numerous EAE studies attest benefits of vitamin D,
nevertheless, data reporting differential response to this
environmental factor in the context of genetic variations within
theVra4 region are still missing. To that end, our previous studies
in DA rats (22, 23) were extended toward assessing effects of
the same supplementation regimen on EAE in DA.PVGav1-Vra4
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FIGURE 4 | Impact of vitamin D on the peripheral immune response and expression of MHC class II and CIITA in the CNS of DA.PVGav1-Vra4 congenic rats. (A)

qPCR performed on mRNA isolated from local draining lymph nodes and (B) Flow cytometry performed on d7 LN single cell suspension of the congenic rats

subjected to either: (i) vitamin D supplemented, (ii) deprived, or (iii) regular diet (data based on 2 pooled independent experiments with

(Continued)
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FIGURE 4 | similar outcome). (A) Graphs presenting mRNA levels of indicated targets (n = 8-12 per diet group). Vitamin D supplementation downregulates Th1 type

response in the congenic strain. Relative expression was calculated in relation to the mean of housekeeping gene Rpl19 using 2-11CT method. (B) Graphs

presenting total cell counts of CD4+ and CD8+ T cells as well as CD45RA+ B cells (n = 12 per diet group). Amount of CD8+ cells is significantly downregulated

upon vitamin D supplementation. (A,B) 2 independent experiments with similar outcome pooled. (C) Immuno-co-targeting of MHC class II (green) and CIITA (red) in

the same CNS tissue samples (n = 4-6 per diet group) as in the Figure 3. Vitamin D supplementation tends to downregulate both MHC class II and CIITA in the

congenic strain as shown in the quantification in (D). Error bars represent SEM. Statistics were calculated using one-way ANOVA with Tukey correction for multiple

testing (*p < 0.05), (**p < 0.001). Statistical significances refer to comparison between vitamin D deprived and supplemented DA.PVGav1-Vra4.

strain, in which theVra4 locus originates from the PVGav1 strain.
Notably, we have previously observed a marked attenuation
of MOG-induced EAE in inbred juvenile/adolescent DA rats
using five times higher than regular amount of vitamin D in
the diet, which was reflected in a less severe neuroinflammation
and demyelination, accompanied by downregulation of the
peripheral immune response. Interestingly, although being
protective in both DA and the congenic strain, vitamin D-
mediated immunomodulation during clonal T cell expansion
targeted different cell populations in the local draining lymph
nodes of those two strains. While downregulating genes
associated with a pro-inflammatory Th1 response such as Il2,
Icam1 and Ifng, vitamin D did not seem to have any effect on the
Th2-like response (Gata3, Stat6, Il4, Tgfb) in the congenic strain,
unlike previously observed inducing of an anti-inflammatory
response in DA rats (23). Further, besides lower expression level
of Rorc (23), suppressive effect of vitamin D on Th17 cells in
the congenic rats was additionally supported by downregulation
of Il17a, which was also observed in DA rats fed with the
supplemented diet.

Substantial evidence from patients with MS points to a role
of CD8+ T cells in pathogenesis of the demyelinating disease
(35). Moreover, a recent study reported that CD8T cells play
an important role even in pathogenesis of EAE by exacerbating
neuroinflammation (36, 37). Notably, the supplementation
regimen used in our studies significantly reduced amount of
CD8+ T cells in the congenic d7 LN in contrast to DA, in
which exclusively CD45RA+ B cell counts were affected by
vitamin D (23). Downregulation of Il2 and Ifng coinciding with
the lower CD8+ T cell count in the vitamin D supplemented
congenic group is in accordance with a previous study showing
that IL-2 and IFNγ producing CD4+ T-cells are required for
the generation of effective cytotoxic T cell lymphocyte (CTL)
immunity to infection (38).

Although an additional amelioration of essentially mild and
comparable disease course in all 3 diet groups of congenic rats
was less probable, diet content of vitamin D-related differences
were apparent in the subclinical phenotype. Thus, despite
generally reduced MOG-mediated inflammatory infiltration
and demyelination in the congenic strain, we could still note
clear tendencies toward overall better preservation of the
CNS parenchyma in the supplemented group. Nevertheless,
an intact myelination in absence of inflammatory infiltration
was also observed in single congenic rats subjected either
to vitamin D deprived- or regular diet, which conditioned
heterogeneity of the two latter groups. In line with reduced
amount of CD8+ T cells in the local draining lymph nodes

and protective immunomodulation reflected in downregulation
of genes essential for the Th1/Th17-like response, we could
detect a trend toward a lower T cell infiltration rate in
the CNS of DA.PVGav1-Vra4 rats subjected to vitamin
D supplemented diet. Moreover, CNS parenchyma of the
supplemented group was virtually free from APP+ depositions
and ED1+ infiltrating macrophages/activated microglia. The
supplementation phenotype was further characterized by less
abundant MHC class II+ and CIIta+ cells, underpinned
by significant peripheral downregulation of Mhc class II
and Mhct2a, prior to clinical onset of the disease. Lesion-
associated MHC II-expressing antigen presenting cells (APCs)
(39) are critical players in perpetuation of the inflammatory
milieu in MS (40). It is therefore tempting to speculate
that supplementation-associated downregulation of pro-
inflammatory mediators as well as reduced amount, and
possibly even capacity, of APCs to present myelin epitopes
to autoreactive T cells, is primarily mediated by the VRA4
allelic region.

Assessing efficacy of vitamin D in amelioration of MS-
like neuroinflammation in the context of naturally occurring
allelic differences in the Vra4 locus revealed differential
responsiveness to this environmental factor between DA and
PVG strain. Considering the impact on MHC class II and
CIIta expression on both transcriptional and protein level
in the congenic rats fed with the supplemented diet, our
data primarily underline relevance of Mhc2ta for vitamin D-
mediated modulation of EAE. Nevertheless, further studies
are required for revealing involvement of other genes in
the Vra4 locus in regulation of vitamin D-mediated disease
modulation, such as Socs1, Dexi, and Clec16a (11). So
far it has been shown that vitamin D promotes negative
feedback regulation of Toll like receptor (TLR) signaling
by inhibiting microRNA-155 mediated downregulation of
suppressor of cytokine signaling 1 (SOCS1) in macrophages in
vitro, which in turn ameliorates inflammation (41). Vitamin
D also downregulates CLEC16A and HLA class II expression
in human monocyte-derived dendritic cells (42), which is in
line with presence of a vitamin D receptor binding site in the
respective genes (33).

Taken together, by showing different impact of vitamin D
on the CNS pathology and peripheral immune response during
EAE in DA.PVGav1-Vra4 congenic rats compared to the parental
strains, our data emphasize relevance of naturally occurring
allelic differences in theVra4 locus/Mhc2ta for efficacy of vitamin
D in modulation of MS-like neuroinflammation, and potentially
even MS.
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