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Abstract

Experimental autoimmune encephalomyelitis (EAE) is a mouse model of multiple sclerosis (MS), a demyelinating autoimmune
disease caused by the infiltration of a harmful autoreactive Th1 and Th17 cells. To mitigate MS, which is impossible to cure with
medication only, immunomodulatory interventions that prevent Th17 cell activation are ideal. The objective of the present study
was to analyze the effect of Toxoplasma gondii infection on the onset of EAE. Our results found that Toxoplasma gondii infection
in the brain increases SOCS3 expression and decreases the phosphorylation of STAT3, resulting in reducing IL-17A and IL-23,
which suppress the differentiation and expansion of pathogenic Th17 cells, an important factor in MS development. These
immune responses resulted in a reduction in the clinical scoring of EAE induced by myelin oligodendrocyte glycoprotein 35—
55 immunization. In the EAE group with T gondii infection (Tg + EAE group), Th17-related immune responses that exacerbate
the onset of EAE were reduced compared to those in the EAE group. This study suggests that the alleviation of EAE after
T. gondii infection is regulated in a SOCS3/STAT3/IL-17A/blood-brain barrier integrity-dependent manner. Although parasite
infection would not be permitted for MS treatment, this study using 7. gondii infection identified potential targets that contribute
to disease attenuation.
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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating
disease of the central nervous system (CNS) and the most
common inflammatory neurological disease in young adults
[5, 21]. The mean age of diagnosis is approximately 30 years
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with most patients presenting with periodic neurological re-
lapses [21]. One to two decades after onset, many patients
with MS enter the progressive phase of the disease, but nev-
ertheless, the underlying cause of this disease remains elusive
[21]. Common neurological manifestations of MS include op-
tic neuritis, diplopia, sensory loss, limb weakness, gait ataxia,
and cognitive dysfunction [5, 21]. Main causes of MS devel-
opment are demyelination, wherein the myelin sheath or the
oligodendrocyte cell body is destroyed by the inflammatory
process with the infiltration of autoreactive Thl and Th17
cells [5]. Although some medications have been approved
by the US FDA to reduce the number of relapses and attenuate
the progression of neurological disability, those drugs are only
partly effective, and whether they alter the long-term course of
MS remains unclear [5, 21]. For successful MS intervention,
strategies must comprise dual action on the CNS, such as both
immunomodulatory and neuroprotective effects [5]. For ex-
ample, immune modulation for disease treatment could be
realized through interference with antigen presentation, cyto-
kine shifts, the stimulation of immunological tolerance, the
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induction of suppressor Treg cells, and the suppression of
Th17 development [5].

Toxoplasma gondii infection is one factor that induces im-
mune modulation in the brain. 7. gondii is an important op-
portunistic intracellular parasite and an apicomplexan patho-
gen of the CNS [6, 7, 20, 22]. In general, the brain is the most
commonly affected site, and infection occurs via congenital
transmission and subsequent chronic infection [6]. Regarding
the relationship between the incidence of MS and 7. gondii
infection in the brain, a recent study revealed a negative asso-
ciation as the rate of 7. gondii seropositivity was found to be
lower in MS patients than in healthy controls (33.9% vs 55%,
respectively, p =0.007) [10]. Although this study had some
limitations such as the assessment of a small study population
(specifically 115 patients and 60 age- and sex-matched
healthy subjects) and the presence of specific IgG antibodies
against 7. gondii, the authors suggested that further studies
were required to establish the protective role of parasitic in-
fections in MS, such as the hypothesized immunomodulatory
effects of parasitic infections on autoimmune diseases [10]. In
this regard, our previous study demonstrated the favorable
effects of immunosuppression induced by 7. gondii infection
on the pathogenesis and progression of Alzheimer’s disease
(AD) in Tg2576 AD mice [7]. In addition, we showed that
T. gondii infection in the brains of C57BL/6 mice induced
SOCSI1 to reduce detrimental inflammatory immune re-
sponse, consequently maintaining chronic infection [6].
With respect to autoimmune diseases, it was reported that
T. gondii infection inhibits the development of lupus-like syn-
drome in autoimmune (New Zealand Black x New Zealand
White) F1 mice, and this study indicated the involvement of
Thl-type cytokines in the development of lupus-like nephritis
[4]. To date, several studies have suggested that 7. gondii
modulates host immunity during infection [4, 6, 7, 20].
Immune modulation is a selective strategy of 7. gondii to
maintain a life-long chronic infection in the host by regulating
immune activation and host cell effector mechanisms. The
direction of immune modulation is determined by changes in
the expression of cytokines, regulatory factors of immune re-
sponses, and factors controlling cytokine expression such as
suppressor of cytokine signaling (SOCS) and signal transduc-
er and activator of transcription (STAT), among others [6, 7,
20, 22]. Effector mechanisms that respond to 7. gondii
infection induce IFN-y—dependent effects that limit para-
site replication [6, 12, 20]. However, because IFN-y sig-
nals upregulate inducible nitric oxide synthase, IFN-y ac-
tivation in the brain causes tissue injury and neurodegen-
eration via the production of toxic metabolites, including
nitric oxide (NO) [6, 20]. In this case, 7. gondii modulates
host immunity, leading to prolonged parasitic survival
without an excessive inflammatory response in the CNS,
through increases in SOCS1 and Argl and by reductions
in phosphorylated STAT1 (P-STAT1) and NO [6]. For the

control of inflammatory responses, it is necessary to study
the regulation of anti-inflammatory cytokines, including
IL-6 (via the classic IL-6 signaling pathway), IL-10, and
I1L-27, and effector molecules, such as SOCS3 and
STAT3 [17, 18, 20, 22]. During cerebral toxoplasmosis,
astrocytes and neurons produce IL-27 and inhibit patho-
logical intracerebral Th17 responses, which might prevent
over-reactive T-cell responses, and subsequently, immu-
nosuppressive TGF-{3 signaling in astrocytes is involved
in limiting leukocyte infiltration into the CNS [3].
Comprehensively, immune responses in the 7. gondii—in-
fected brain are changed in a complicated and diverse
manner during chronic infection for parasite survival and
proliferation in the CNS. In general, because microarray
analysis is very effective to expansively review the im-
mune response, we assayed brain samples after 7. gondii
infection. In the present study, we tracked gene expres-
sion for 12 weeks after 7. gondii infection and, as a result,
confirmed increases in SOCS3 and /L-27 and the reduc-
tion in IL-17A. SOCS3 was remarkably increased by al-
most 4.0-fold during chronic infection. Since the expres-
sion of those genes strongly suggests the possibility of
autoimmune disease suppression, we studied the relation-
ship with experimental autoimmune encephalomyelitis
(EAE).

EAE, which is the most commonly used rodent model of
MS, is extremely useful to understand basic disease patho-
physiology and to develop potential treatments for MS [16].
According to the classic paradigm, CD4" T cells, driven by
IL-23 and the production of IL-17 (Th17), were found to be
required for EAE induction [16]. For disease onset, IL-17A
produced by autoantigen-specific CD4* T cells is a key me-
diator, and these cells are of the Th17 lineage but distinct from
Th1/Th2 cells [16]. IL-17A seems to have an early role in the
peripheral activation of T cells that later infiltrate the CNS
[14]. Accordingly, immunologically based therapies in EAE
can be achieved via immune modulators such as immunosup-
pressants, by altering factors associated with autoimmune re-
sponses, and through immunomodulation, which induces
balancing of Treg/Th17 cells [1, 13, 17]. Thus, this study
aimed to clarify the characteristics of immune modulation
mediated by 7. gondii and identify potential targets that con-
tribute to disease attenuation.

In the present study, we hypothesized that increases in IL-
27 and SOCS3 and a decrease in IL-17A in T. gondii—infected
mouse brains would inhibit the progression of autoimmune
diseases like EAE. Our study analyzed immune characteristics
in the CNS during chronic 7. gondii infection and the effect of
T. gondii infection on the onset of EAE. For this purpose, we
investigated the immune environment based on inflammatory
cell infiltration and effector T-cell lineages, specifically by
assessing Thl, Treg, and Th17 cells. We also investigated
the pathological phenomena of encephalitis, demyelination,
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and blood-brain barrier (BBB) breakdown, and the interactive
pathway SOCS3/p-STAT3/IL-17A, which regulates patho-
genic Th17 lineage immune responses. Our study provides a
new promising approach for disease attenuation through spe-
cific immune modulation based on CNS infection by the par-
asite 7. gondii.

Materials and Methods
Experimental Animals and Ethics Statement

C57BL/6 mice (Orient Bio, Inc., Seongnam, South Korea) at
the age of 7 weeks were intraperitoneally injected with
T. gondii cysts (ME49 strain) and housed in an animal bio-
safety level 2 environment at the animal facilities of Seoul
National University College of Medicine. All animal experi-
ments were approved by the Institutional Animal Care and
Use Committee in Seoul National University (IACUC;
SNU-110315-5 and SNU-180803-2-2), and animals were
maintained in the facility following standards of the Animal
Protection Act and the Laboratory Animal Act in Korea. All
surgeries were performed under isoflurane anesthesia, and all
efforts were made to ensure minimal animal suffering
(SNUIBC-R110302-1 and SNUIBC-R180727-1).

Harvesting T. gondii Cysts from Mouse Brains and
T. gondii Cyst Infection in Experimental Mice

Cysts of T. gondii MEA49 strain were harvested from the brain
tissues of C57BL/6 mice sacrificed 6 weeks after infection.
For the microarray analysis of chronically infected mouse
brains, mice were intraperitoneally injected with 10 cysts of
T. gondii and sacrificed at 0 week, 3 weeks, 6 weeks, 9 weeks,
12 weeks, and 24 weeks post-infection (z = 3). Brain tissues at
each experimental period were collected for microarray anal-
ysis. For EAE induction experiments, mice were orally inoc-
ulated with 20 cysts of 7. gondii.

Microarray Analysis of T. gondii-Infected Brains

Total RNA of T. gondii—infected brain tissues was pooled (n =
3), and microarray analysis was performed by Macrogen, Inc.
(Seoul, South Korea), using an Illumina MouseRef-8 v2
Expression BeadChip array (Illumina, Inc., San Diego, CA)
according to the manufacturer’s protocol. Arrays were scanned
with the [llumina Bead Array Reader Confocal Scanner. Array
data export processing and analysis were performed using
[llumina GenomeStudio v2011.1 (Gene Expression Module
v1.9.0), and the data were analyzed with R v. 2.15.1 statistical
software. Hierarchical cluster analysis was performed using
Permute Matrix EN software. All heatmaps were generated
using Excel spreadsheet software (Microsoft Corporation,
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Redmond, WA) with conditional formatting. Positive correla-
tions are depicted in red (increased expression), and negative
correlations (decreased expression) are depicted in blue.
Heatmaps are represented by color scales of the relative mini-
mum (—4) and maximum (+ 4) values of each factor.

Induction of EAE

EAE was induced in two experimental groups, specifically
EAE and EAE + T. gondii (n = 6 per group). Mice at 10 weeks
after 7. gondii infection were subcutaneously immunized in
both flanks of the back with a 0.2 ml (per mouse) solution of
complete Freund’s adjuvant (CFA) emulsion and myelin oli-
godendrocyte glycoprotein 35-55 (MOG3;5_s5) provided from
the Hooke Kit MOG35-55/CFA Emulsion PTX (Hooke
Laboratories, Lawrence, MA). Then, 0.1 ml of pertussis toxin
solution (2 pg/ml) provided by the Hooke Kit was intraperi-
toneally injected at 1 h and 24 h after MOG35-55/CFA injec-
tion. At this time, mice in control and 7. gondii groups were
subcutaneously injected with 0.2 ml phosphate-buffered sa-
line (PBS) on both flanks of the back. Subsequently, 0.2 ml
PBS was injected into the mouse intraperitoneally at 1 h and
24 h after the first injection of PBS.

Disease Severity Grades for EAE

The incidence of EAE was examined every day for 4 weeks
according to the manufacturer’s scoring guidelines after im-
munization with the MOG35-55/CFA emulsion (Table 1,
supplementary data). In our study, the disease severity was
scored on a scale of 0 to 5. The stage of disease was recorded
based on the onset/peak/recovery for each individual mouse.

Anti-MOG3;s_s5 IgG Quantification

The blood of C57BL/6 mice was collected from the orbital
sinus under ethyl ether anesthesia (7 = 6 per group). The col-
lected blood was centrifuged at 1000xg for 10 min, and the
supernatant (serum) was collected for the detection of anti-
MOG IgG levels using a SensoLyte Anti-MOG3s_55 IgG
Quantitative ELISA kit (Fremont, CA). Briefly, the 96-well
ELISA plate, which was coated with MOGg;s_s5 and provided
in the ELISA kit, was incubated with serum samples that were
previously diluted 1:5000 with sample dilution buffer provid-
ed in the kit, for 1 h at RT. At this time, for the quantification
of serum anti-MOG IgG, the titer of the mouse anti-MOG IgG
standard, which was provided by the kit, was analyzed based
on concentrations of 500 ng/ml, 250 ng/ml, 125 ng/ml,
62.5 ng/ml, 31.25 ng/ml, 15.625 ng/ml, and 7.81 ng/ml, as
well as a blank. After washing, the wells were incubated with
goat anti-mouse IgG HRP conjugate (1:2000) for 1 h at RT.
Finally, colorization of the reaction was achieved by incubat-
ing the sample with TMB color substrate solution for 20 min
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at RT, and then, the reaction was stopped by adding stop
solution. Detection was performed using Infinite 200 PRO
(Tecan, Miannedorf, Switzerland) with i-control microplate
reader software (at 450 nm).

Detection of T. gondii in the Brain Using Polymerase
Chain Reaction

To confirm 7. gondii infection, the brain tissues of mice
sacrificed after orbital sinus blood sampling were isolated
and maintained in PBS on ice. The brain tissue was homoge-
nized using a Dounce glass homogenizer, and genomic DNA
was isolated using the DNeasy Blood & Tissue kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocols.
The isolated genomic DNA was amplified using conventional
polymerase chain reaction (PCR) with 2x Taq PCR Pre-Mix
(SolGent Co., Daejeon, South Korea). The PCR was per-
formed based on the following conditions: 95 °C pre-
denaturation for 5 min and then 35 cycles (95 °C for 30 s,
57 °C for 30 s, and 72 °C for 30 s) and a final extension at
72 °C for 5 min. The PCR products were confirmed using
1.5% agarose gels containing StaySafe Nucleic Acid Gel
Stain (Real Biotech Corporation, Taiwan) in the DNR
MiniLumi gel documentation system (DNR Bio-Imaging
Systems, Jerusalem, Israel). Primer sequences for the B1 gene
are shown in Table 2 (supplementary data).

Detection of Neuroinflammation Using H&E Staining
and Detection of Destroyed Myelin Sheets in the CNS
Using Luxol Fast Blue Staining

The brains and spinal cords were isolated from experimental
mice and fixed with 4% paraformaldehyde at RT. For further
H&E staining, tissues dehydrated with alcohol serial dilutions
(70~100%) were embedded in paraffin and sectioned on slides
at a thickness of 4 um. Sectioned tissues were deparaffinized
with xylene and hydrated with an alcohol serial dilution
(100~70%). After washing for 15 min, the tissues were incu-
bated with Harris hematoxylin solution for 5 min at RT, and
then, the tissues were incubated with 1% HCI solution. After
washing with tap water, they were incubated with eosin solu-
tion for 3 s at RT. After washing, specimens were dehydrated
with an alcohol serial dilution (70~100%) and cleared with
xylene. After washing, the slides were mounted with cover-
slips and used to determine neuronal degeneration and inflam-
mation under optical microscopy. For Luxol fast blue (LFB)
staining, deparaffinized tissue sections were incubated with
LFB stain solution at 56 °C overnight. After washing, tissue
sections were incubated with 0.05% lithium carbonate for
20 s. After washing, tissue sections were used to check wheth-
er the gray matter was clear and whether the white matter
looked clear by optical microscopy. After mounting the slides
with coverslips, the tissue sections were observed to assess the

destroyed myelin sheets in brains and spinal cords using op-
tical microscopy.

Quantitative Real-Time PCR

Quantitative real-time PCR was performed on target genes
using the CFX96 Real-Time PCR Detection System (Bio-
Rad Laboratories, Hercules, CA) and SYBR Green PCR
Master Mix (TOPreal qPCR 2X PreMIX; Enzynomics,
Daejeon, South Korea). Sequences of primers are shown in
Table 2 (supplementary data). Total RNA was isolated from
brain tissues using the HiGene BioFACT Total RNA Prep Kit
(Ver.2.0) (BioFACT Co., Daejeon, South Korea) according to
the manufacturer’s protocols. RNA was reverse-transcribed to
cDNA using the Reverse Transcription Master Premix kit
(ELPIS Biotech, Daejeon, South Korea). qRT-PCR was per-
formed for the amplification of target genes. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) expression in each
sample was evaluated as an internal control.

Isolation of Mononuclear Cells in the Brain

Brain tissues were placed in 3.5 ml complete RPMI 1640
Medium (WELGENE, Gyeongsan, South Korea) supple-
mented with 10% fetal bovine serum (WELGENE) and 1%
antibiotic antimycotic solution (WELGENE) and homoge-
nized using a Dounce glass homogenizer (Thomas
Scientific, Swedesboro, NJ). The homogenized sample of
3.5 ml was moved to a 15-ml conical tube containing 1.5 ml
0f 90% Percoll PLUS Centrifugation Media (GE Healthcare,
Chicago, IL) to a total volume of 5 ml and a final Percoll
concentration of 30%. After vortexing, the sample was moved
to a 15-ml conical tube containing 2 ml of 70% Percoll solu-
tion overlaid with 30% Percoll on top. This was followed by
centrifugation (500xg, 18 °C, 30 min). At this stage, mono-
nuclear cells were trapped between the 30% and 70% Percoll,
and those cells were collected to a 15-ml conical tube contain-
ing 5 ml PBS and centrifuged at 500xg for 7 min at 18 °C for
washing. The pellets were suspended in PBS and centrifuged
at 500xg for 10 min at 4 °C for repeated washing. Finally, the
pellets were suspended in 500 ul FACS buffer (1% bovine
serum albumin (BSA)-PBS) for further FACS analysis. FACS
buffer comprised PBS containing 1% BSA (Thermo Scientific
Fraction V Bovine Albumin; Thermo Fisher Scientific,
Waltham, MA).

Flow Cytometry to Determine IL-17A Levels in
Mononuclear Cells in the Brain

For flow cytometry (FACS), the cells suspended in FACS
buffer were permeabilized with Triton X-100 (Sigma-
Aldrich, St. Louis, MS). Rat anti-mouse CD16/CD32 anti-
body (Ab) (BD Pharmingen, Franklin Lakes, NJ) was used
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to block the Fc receptors, and FITC anti-IL-17A antibody
(eBioscience, San Diego, CA) was used to stain IL-17A.
The stained cells were analyzed with a FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ).

Western Blotting

To determine the protein levels of SOCS3, Claudin-5, and
phosphorylated STAT3, total proteins of the brain tissue were
extracted using the M-PER Mammalian Protein Extraction Kit
(Pierce Biotechnology, Inc., Waltham, MA), and their concen-
trations were quantified using a Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). The proteins were separated on
10% SDS polyacrylamide gels for 110 min at 80 V at RT and
then transferred to a PVDF membrane for 90 min at 80 V at
4 °C. After blocking with 3% BSA/0.1% TBS-T at RT, the
membrane was incubated with each of anti-SOCS3 (Abcam,
Cambridge, UK), anti-Claudin-5 (Invitrogen, Carlsbad, CA),
anti-STAT3 (Santa Cruz Biotechnology, Dallas, TX), anti-
pSTAT3 (Abcam, Cambridge, UK), and anti-{3-actin (Santa
Cruz Biotechnology) at 4 °C overnight. The m-IgGk BP-HRP
(Santa Cruz Biotechnology) or HRP—goat anti-rabbit IgG
(Thermo Fisher Scientific) antibody was used as a secondary
antibody. After washing, the membrane was incubated with
Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific) for 30 s. The signal was detected with an
Amersham Imager 600 (GE Healthcare, Pittsburgh, PA), and
the signal intensity was evaluated using ImagelJ software.

Immunofluorescence

Paraffin-embedded brain and spinal cord tissues were sec-
tioned to 4 um and dried at 60 °C for 1 h (n =6 per group).
The sections were soaked in xylene for 10 min and subse-
quently in an alcohol dilution series (100~30%) for rehydra-
tion. After washing, the sections soaked in sodium citrate
buffer containing sodium citrate tribasic dehydrate (Sigma-
Aldrich, Inc.) were boiled in a microwave for antigen retrieval.
After washing with PBS and permeabilization with Triton X-
100 (Sigma-Aldrich, Inc.), the sections were blocked with 1%
BSA/PBS for 30 min at RT. For immunostaining, the sections
were incubated with fluorescence-conjugated anti-IL-17A Ab
(FITC, eBioscience). Other targets were co-stained with pri-
mary Abs and fluorescence-conjugated secondary Abs; anti-
SOCS3 Ab (Abcam, Cambridge, UK), anti-Claudin-5
(Invitrogen), anti-pSTAT3 (Abcam, Cambridge, UK), anti-
IL-27 (MyBioSource, San Diego, CA), anti-CD25 (Cell
Signaling, Beverly, MA), anti-GM-CSF (Invitrogen), anti-
GFAP (Abcam, Cambridge, UK), anti-Iba-1 (Abcam,
Cambridge, UK), anti-CD8 (Invitrogen), anti-CD8 antibody
(BD Bioscience), anti-CD3 (Invitrogen), and anti-CD4 anti-
body (Invitrogen) were used as primary Abs, and Alexa Fluor
488—conjugated donkey anti-rabbit IgG (Invitrogen), Alexa
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Fluor 647—conjugated donkey anti-rabbit IgG (Jackson
ImmunoResearch, Baltimore, MD), or Alexa Fluor 647—
conjugated rabbit anti-goat I1gG ab (Invitrogen) was used as
a secondary Ab. After washing with 0.05% PBS-T, the sec-
tions were stained with DAPI in the dark for 5 min at RT,
mounted using mounting buffer containing glycerol (Sigma-
Aldrich, Inc.), and covered with coverslips. The signals were
observed using a fluorescence microscope. Fluorescence in-
tensity (FI) of each signal was quantified (arbitrary units, AU)
using ImagelJ program (n = 6 per group).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism 5
software (GraphPad, La Jolla, CA). Data are presented as the
mean + standard deviation. Analyses of data were performed
based on the Kruskal-Wallis test followed by Dunn’s multiple-
comparison test to assess the differences between experimental
groups; an asterisk (*) indicates a significant difference compared
to the control (p <0.05), and a dagger (f) indicates significant
differences between experimental groups (p < 0.05). Differences
were considered significant when p values were < 0.05.

Results

T. gondii Infection Suppresses the Clinical
Manifestation of EAE

EAE induced by MOGj;5_s55 immunization can be confirmed
by clinical signs scored according to five stages (Supplementary
Table 1). Among experimental groups, mice in the EAE group
showed clinical scores indicative of approximately stage 3.5
(Fig. 1a). The clinical scoring in the Tg + EAE group was de-
creased to stage 0.5 (Fig. 1a). To determine the success for the
immune triggering of EAE induction after starting MOGss_ss
immunization, anti-MOG IgG levels were examined by
ELISA, and the results showed that the MOG immunization
was a success in Tg + EAE groups as well as in the EAE group
(Fig. 1b). The results confirming the simultaneous detection of
the T gondii B1 gene and the existence of cysts by H&E staining
indicated the success of 7. gondii infection in Tg and Tg + EAE
groups (Fig. 1¢). Our results showed that the difference in clinical
scoring between EAE and Tg + EAE groups was obviously
dependent on 7. gondii infection.

Microarray Analysis of Brains Chronically Infected
with T. gondii

Given the observed 7. gondii infection—medicated decrease in
EAE clinical scoring in the Tg + EAE group, we investigated
changes in gene expression of molecules related with autoim-
mune disease in brain tissues during 7. gondii infection
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Fig. 1 Establishment of experimental autoimmune encephalomyelitis
(EAE) model based on MOGg5_s5 immunization, and Toxoplasma gondii
infection in the brain. (a) Clinical scores of EAE in each group. (b) EAE
induction evaluated based on the elevated anti-MOG IgG titers. (c)

(Fig. 2). SOCS3, IL-17A, and IL-17A receptor A (IL-17RA), as
markers of the inhibition of Th17 differentiation, and /L-21,
1L-23, and their receptors (/L-21R and IL-23R) encoding fac-
tors that are secreted after Th17 cell differentiation were ex-
amined at 3 weeks, 6 weeks, 9 weeks, and 12 weeks after
T. gondii infection (Fig. 2a, b). Changes in the expression of
these genetic markers clearly showed an increase in SOCS3,
which inhibits Th17 cell differentiation, and a decrease in /L-
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Fig. 2 Kinetics of Thl7-related molecules in the infected mouse brain.
The brain tissues were investigated for Th17 differentiation and secretory
factors using microarray analysis. (a) Expression kinetics of SOCS3 and
IL-17A. (b) Expression kinetics of genes encoding secretory factors (IL-
21 and IL-23) increased after Th17 cell differentiation. (c¢)

Morphology of T. gondii cysts in the brain and presence of the
T. gondii B1 gene. Scale bar indicates 100 um. Data are presented as
the mean + SD of six mice. Asterisk indicates significant difference com-
pared to controls.

17A and IL-17RA, encoding autocrine initiators of Th17 cell
differentiation (Fig. 2a). Similarly, the suppression of Th17
differentiation based on the simultaneous reduction of /L-21
and /L-23 in the brain after 7. gondii infection was shown
(Fig. 2b). These results were also confirmed based on the
protein expression of SOCS3 and IL-17A (Fig. 2c, d).
Moreover, the changes in protein expression were also
interpreted by the FI, and the results showed that expression

Immunofluorescence for SOCS3 expression in Toxoplasma gondii—in-
fected brain tissues. (d) Immunofluorescence for IL-17A expression in
T. gondii—infected brain tissues. Scale bar indicates 100 pm. (e)
Quantification of fluorescence intensity (FI) using ImagelJ software.
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of SOCS3 was highly maintained in 7. gondii—infected brain
during the 12 weeks of infection (Fig. 2e). However, T. gondii
infection did not affect IL-17A expression. This strongly sug-
gests that the immune response induced in the brain after
T. gondii infection tends to inhibit the differentiation and ac-
tivation of Th17 cells.

Distribution of SOCS-3 and P-STAT-Expressing Cells in
T. gondii Infection and EAE Model

To investigate the distribution of SOCS-3 and p-STAT3—ex-
pressing cells in the brain and spinal cord, we performed im-
munofluorescence experiments in the control, EAE, Tg, and
Tg + EAE groups (Fig. 3). Cell types and the related markers
investigated for SOCS3 and p-STAT3 expression levels were
as follows: CD4™ T cells (CD4"/CD3"), CD8" T cells (CD8"/
CD3™), microglia (Iba-1), and astrocytes (GFAP). The mixed
colors seen in this figure for cells with expression of SOCS3
(Fig. 3a—d) and p-STAT3 (Fig. 3e-h) were as follows: CD3"/

a Control b EAE

SOCS3 SOCS3

f EAE

eV 3 N R

/1CD4
D4

/IC

/CcD8
D8

/IC

e Control

Fig. 3 Distribution of SOCS-3 and p-STAT—expressing cells in
T. gondii-infected brain and spinal cord. CD4*/CD3"* T cells, CD8"/
CD3* T cells, astrocytes (GFAP), and microglia (Iba-1) were analyzed
for SOCS-3 and p-STAT expression. Fluorescence colors used to stain
each cell are as follows: CD3™ (red), CD4" (blue), CD8" (blue), SOCS3
(green), GFAP (red), Iba-1 (red), CD3*/CD4" (pink), SOCS3/GFAP
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CD4%/SOCS3 (white), CD3*/CD4*/p-STAT3 (white), CD3*/
CD8/SOCS3 (white), CD3"/CD8"/p-STAT3 (white),
SOCS3/GFAP (yellow), p-STAT3/GFAP (yellow), SOCS3/
Iba-1 (yellow), and p-STAT3/Iba-1 (yellow). Our data
showed that the main expression cells of SOCS3 were as
follows: astrocytes in the control group, CD8" T cells and
astrocytes in the EAE group, CD4* and CD8" T cells and
astrocytes in the Tg group, and CD4* and CD8" T cells and
astrocytes in the Tg + EAE group (Fig. 3a—d). Furthermore,
the main expression cells of p-STAT3 were as follows: CD8"
T cells in the control group, CD4* and CD8" T cells and
astrocytes in the EAE group, CD4" and CD8" T cells in the
Tg group, and CD8" T cells and astrocytes in the Tg + EAE
group (Fig. 3e-h). As a result, the expression of SOCS3 is
relatively higher in the Tg and Tg + EAE groups than in the
EAE group, and the expression of p-STAT3 is relatively
higher in the EAE group than in the Tg and Tg + EAE groups.
Accordingly, our data suggests that expression of SOCS3 in
the Tg group may provide the early driving force of signal

d Tg+EAE
SOCS3

C Tg

3 T~

g Tg
Brain Spinal cord

" —
(=]
)

(yellow), SOCS3/Iba-1 (yellow), CD3*/CD4*/SOCS3 (white), p-
STAT3/GFAP (yellow), p-STAT3/Iba-1 (yellow), and CD3*/CD4*/p-
STAT3 (white). (a—d) SOCS3-expressing cells in the brain and spinal
cord in the control, EAE, Tg, and Tg + EAE groups. (e-h) p-STAT3-
expressing cells in the brain and spinal cord in the control, EAE, Tg, and
Tg + EAE groups. Scale bar indicates 100 um.

h Tg+EAE
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molecule induction for EAE alleviation in the Tg + EAE
group.

Recruitment of T Cells and Resident Immune Cells to
the Brain and the Spinal Cord

To investigate the reason for the decrease in EAE signs in the
Tg + EAE group, we investigated the infiltration and prolifer-
ation of CD4" and CD8" T cells and resident inflammatory
immune cells (microglia and astrocytes) as an autoimmunity-
related cell population (Fig. 4). First, tissue H&E staining of
the brain and spinal cord showed a general increase in cell
infiltration in the EAE group compared to that in other groups
(Fig. 4a, b). Although 7. gondii infection itself may result in
the recruitment and accumulation of resident inflammatory
cells, microglia, and lymphocytes responding to infection,
the chronically recruited and accumulated inflammatory cells
in the Tg-infected group were not significantly different com-
pared to that in control group, indicating that the effect of
T. gondii infection on CNS pathology is limited. However,
the numbers of amassed cells were much higher at the time
of EAE induction compared to those with 7. gondii infection

a Brain
Control

EAE

(Fig. 4a, b). To investigate the types of cells that infiltrate into
and proliferate in the CNS, cell populations were examined by
immunofluorescence staining using antibodies to detect
CD4"/CD3" T cells, CD8"/CD3" T cells, Iba-1 (microglia),
and GFAP (astrocytes) (Fig. 4a, b). In EAE-induced mice, we
observed an increase in the infiltration and proliferation of
CD4"* and CD8" T cells, microglia, and astrocytes.
However, the infiltration of those cells was reduced in mice
in the Tg + EAE group (Fig. 4a, b). These results are well
supported by the quantitative analysis of FI. The quantitative
data showed that CD4* and CD8" T cells and microglia were
significantly increased in the EAE group compared to that in
the control in both the brain and spinal cord (p < 0.05, Fig. 4a,
b). Furthermore, although the quantitative results for the pro-
liferation of astrocytes stained with GFAP also showed an
increase in the EAE group, the difference was significant in
the brain but not in the spinal cord (p <0.05, Fig. 4a, b).
However, the quantitative data showed that cell infiltrations
in the Tg + EAE group were reduced to the extent that they
were not significantly different compared to those in the con-
trol group. Accordingly, it is expected that the reduction in the
clinical scoring of EAE in the Tg + EAE group was related to

b Spinal cord

Control EAE

CD4/CD3

Fig. 4 Recruitment of immune cells to the central nervous system (CNS)
of experimental autoimmune encephalomyelitis (EAE)-induced and
Toxoplasma gondii—infected mice. (a) Cell recruitment to the brain. (b)
Cell recruitment to the spinal cord. Hematoxylin and eosin staining.
Immunofluorescence staining was performed based on CD3*CD4" T
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cells, CD3*CD8* T cells, a microglia marker (Iba-1), and an astrocyte
marker (GFAP). The colors of each fluorescent dye are as follows: red
(CD3%), blue (CD4™), and green (CD8"). Bar graphs represent the quan-
tified data of fluorescence intensity (FI) in each cell type using Image]
software. Scale bar indicates 100 pum.

@ Springer



438

Hametal.

the decrease in pathogenic cell infiltration in the brain and
spinal cord.

T. gondii Infection Reduces Neuropathy by
Suppressing Demyelination and Maintaining BBB
Integrity

The infiltration of inflammatory cells into the CNS results in
demyelination of the myelin sheath as a neuropathological
result. However, because tissue staining in the Tg + EAE
group indicated a decrease in the infiltration of T cells, mi-
croglia, and astrocytes, we expected the relief of EAE pathol-
ogy. To further address this, tissue sections were stained with
LFB. T. gondii infection increased BBB integrity and de-
creased damage to the myelin sheath induced by EAE
(Fig. 5). LFB is commonly used to detect demyelination in
the CNS. Myelin fibers appear blue, neutrophils appear pink,
and nerve cells appear purple. As expected, results of LFB
staining showed that disruption of the myelin sheath caused
by EAE was not prominent in the Tg + EAE group
(Fig. 5a, b). The reduction in the disruption of the myelin
sheath was clearer in the spinal cord than in the brain, as
shown in LFB-stained tissue area. Regarding the reason for
this, we speculated that the difference in neuropathy between

a Brain

Control

EAE and Tg + EAE groups might be caused by a difference in
BBB integrity (Fig. 5c, d). The degree of immunofluorescent
staining for Claudin-5, as a marker of BBB integrity, was most
reduced in mice of the EAE group, whereas it was reduced
less in the Tg + EAE group (Fig. 5c, d). Considering that there
was no difference between Tg and Tg + EAE groups, it seems
that the maintenance of BBB integrity in the Tg + EAE group
was induced by 7. gondii infection.

Immune Environment in the Brain After T. gondii
Infection and EAE Induction

The importance of immune cells in EAE pathology is well
known. EAE has been considered a Thl cell- and Th17
cell-mediated disease. Moreover, to mitigate EAE-, Th2-,
and Treg-mediated immune responses can be helpful. The
immune-triggering effect of EAE in the brain can be char-
acterized by cytokines and chemokines expressed by
CD4" T cells, Th17 cells, and Treg cells (Fig. 6). First,
T-cell activation markers, specifically CD44 and CD69,
and chemokine receptors involved in T-cell trafficking
to inflamed peripheral sites of Thl-type inflammation,
namely CXCR3, CCRS, and CCR6, were significantly
increased in the EAE group (p <0.05, Fig. 6a) but were

b Spinal cord

LFB staining

Control EAE Tg

LFB staining

(7]

[Claucin.s]_Merge |

EAE Control

Tg

Tg+EAE

Fig. 5 Mitigation of demyelination and BBB breakdown in the central
nervous system (CNS) of Toxoplasma gondii—infected and experimental
autoimmune encephalomyelitis (EAE)—induced mice. (a, b) Luxol fast
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blue (LFB) staining to detect myelin in the brain and spinal cord. (¢, d)

Immunofluorescence for Claudin-5 as a BBB integrity marker in the brain
and spinal cord. Scale bar indicates 100 pm.
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Fig. 6 Inflammatory factors and Th17/Treg cell differentiation after
Toxoplasma gondii infection and experimental autoimmune encephalo-
myelitis (EAE) induction. (a) Gene expression levels of T-cell activation

markers and T cell trafficking chemokine receptors. (b) Gene expression
levels of Th1 cell markers. (¢) Gene expression levels of Th2 cell markers.

reduced in the Tg + EAE group compared to levels in the
EAE group. Among these, CCR6 levels were significantly
reduced (p<0.05, Fig. 6a). Cytokines included in Thl
immune responses, 1L-12r(32, T-bet, TNF-«, and IL-2,
were significantly increased in the EAE group, whereas
they were decreased in the Tg + EAE group (p <0.05,
Fig. 6b). However, the gene expression of IFN-y was
not significantly increased in all the experimental groups
(Fig. 6b). Gene expression of cytokines, IL-4 and IL-10,

CXCR3

IL-23

CCRS

O=a2NWHO

GM-CSF

ON & O ®

(d) Gene expression of Treg cell markers. (e) Gene expression levels of
Th17 lineage cytokines. Data indicate the fold-change value of the target
molecule compared to control levels (onefold). Asterisk indicates signif-
icant difference compared to controls (*p < 0.05). Dagger indicates sig-
nificant difference between experimental groups ((p <0.05).

included in Th2 immune responses is shown in Fig. 6c.
The gene expression of IL-10 was significantly increased
in the EAE group, whereas 1L-4 was significantly de-
creased in the Tg + EAE group although the difference
was not much (Fig. 6¢). Further, Treg-related molecules
such as GITR (glucocorticoid-induced TNFR family-
related gene), CTLA4 (cytotoxic T lymphocyte—
associated protein), Foxp3, and TGF-f3 were significantly
increased in the Tg + EAE group compared to the control
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group (p <0.05, Fig. 6d). In contrast, Th17 cell lineage
cytokines, namely 1L-23 and IL-17A, were increased in the
EAE group but were significantly reduced in the Tg + EAE
group (p <0.05, Fig. 6¢), whereas the change of GM-CSF, a
Th17 cell lineage cytokine, was similar to that of IL-23 and
IL-17A; however, there was no significant difference among
the experimental groups (Fig. 6e). This result strongly sug-
gests that the immune response induced by 7. gondii infection
can change the disease severity of EAE through decreases in
Thl and Th17 cell-polarized immune responses and an in-
crease in Treg cell polarization.

a Brain
Control

b Spinal cord
Control

Fig. 7 Changes in gene and protein levels of SOCS3 and IL-27 in the
brains and spinal cords of Toxoplasma gondii—infected and experimental
autoimmune encephalomyelitis (EAE)—induced mice. (a, b)
Immunofluorescence staining for SOCS3 and IL-27 expression in the
brain and spinal cord. (¢) Quantification of fluorescence intensity for
SOCS3 and IL-27 expression in the brain and spinal cord. (d) Western
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T. gondii Infection Modulates the Immune Response
to Increase SOCS3 and IL-27 Expression in the CNS

Our microarray results showed that the expression of SOCS3
was increased by approximately 4.04-fold after 7" gondii in-
fection, and in addition, immunofluorescence results showed
that SOCS3 protein was clearly increased in the brain during
chronic 7. gondii infection (Fig. 2). Since SOCS3 is expressed
by immune cells and residential CNS cells, it participates in
regulating the immune process within the CNS. In particular,
it was predicted that the increase of SOCS3 after 7. gondii
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blot image and the relative quantitation of SOCS3 protein expression. (e)
Gene expression (fold-change) of /L-27 and SOCS3 compared to control
levels. Scale bar indicates 100 pm. Asterisk indicates significant differ-
ence compared to controls (*#p < 0.01). Dagger indicates significant dif-
ference between experimental groups ("p < 0.05).
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infection would modulate the progression of EAE. As expect-
ed, SOCS3 was more highly expressed in the brains and spinal
cord of both Tg and Tg + EAE group mice (Fig. 7a—). To
quantify the increase in SOCS3 shown in the immunofluores-
cence results, the FI was calculated as an AU. SOCS3 in the
brain was significantly increased in the Tg + EAE group com-
pared to the control and the EAE group. Similarly, SOCS3 in
the spinal cord was significantly increased in the Tg + EAE
group as well as the Tg group (» <0.05, Fig. 7c). However,
although SOCS3 expression was not induced in the EAE
group, it is certain that the increase in SOCS3 was caused by
T. gondii infection. In addition, IL-27 expression was in-
creased in both the Tg and Tg + EAE groups compared to
the control in both the brain and spinal cord; however, a sig-
nificant difference in IL-27 expression was shown in the Tg +
EAE group in the brain and in the Tg group in the spinal cord
(p<0.05, Fig. 7¢). Given that IL-27 did not increase in the
EAE group, these results suggest that 7. gondii infection in-
duces the increase in SOCS3 and IL-27 in both the brain and
spinal cord, and accordingly, it is certain that the increase in
SOCS3 and IL-27 in the Tg + EAE group is due to 7. gondii
infection. Further, western blot analysis clearly demonstrated
an increase in SOCS3 protein levels after 7. gondii infection
(Fig. 7d). In addition, because SOCS proteins play a role as
negative regulators of JAK-STAT signal transduction, the in-
creased gene expression of /L-27 and SOCS3 in the Tg + EAE
group suggests that STAT3 activation was affected (p <0.05,
Fig. 7¢). Our results suggest that the increase in SOCS3 might
have a role in the inactivation of STAT3 to suppress Th17 cell
differentiation, aggravating autoimmune diseases such as
EAE.

T. gondii Infection Reduces STAT3 Phosphorylation
Through Decreases in IL6/JAK Expression

In terms of the effect of 7. gondii infection on the regulation of
signaling pathways related to the progression of EAE, the
present study targeted the IL-6/JAK/STAT3 axis. For this,
we examined whether the inactivation of STAT3 could be
regulated by IL-6 and JAK signaling (Fig. 8). The result
showed that gene levels of /L-6, JAK-1, and JAK-2 in the brain
were all decreased in the Tg + EAE group compared to those
in the EAE group (Fig. 8a). In addition, the activation of
STAT3, as an important molecule of the IL-6/JAK/STAT3
pathway, was evaluated based on its phosphorylation
(Fig. 8b). The phosphorylation of STAT3 was decreased in
the brain of both the Tg and Tg + EAE groups as shown by
western blotting and the pSTAT3/STAT3 ratios (Fig. 8b).
Furthermore, the decreased phosphorylation of STAT3 was
confirmed by immunofluorescence results (Fig. 8c, d). In ad-
dition, quantitative analysis of tissue FI showed that the ex-
pression of p-STAT3 was increased only in the EAE group
but not in the Tg or the Tg + EAE group (p <0.05, Fig. 8e).

These results suggest that the increase in SOCS3 after
T. gondii infection resulted in a decrease in STAT3 phosphor-
ylation and simultaneously decreased IL-6/JAK/STAT3 path-
way activity.

T. gondii Decreases IL-17A Production by Reducing
the Transcriptional Regulators RORyt/BATF/RUNX1

Gene expression of transcriptional regulators including
retinoic acid-related orphan nuclear receptor (ROR~?), basic
leucine zipper transcription factor (BATF), and Runt-related
transcription factor 1 (Runx/) was decreased in the brain tissue
of both Tg and Tg + EAE groups compared to levels in the
EAE group (Fig. 9a). In particular, RORYt, as a master tran-
scription factor involved in IL-17 expression, was significant-
ly decreased in the brain tissue of the Tg + EAE group com-
pared to levels in the EAE and Tg groups (p < 0.05, Fig. 9a).
IL-17A—expressing cells, as confirmed by FACS analysis,
were significantly decreased in Tg and Tg + EAE groups
compared to numbers in the EAE group (p <0.05, Fig. 9b).
Furthermore, these 1L-17A—expressing cells were histologi-
cally confirmed as a Th17 cell population by co-staining with
CD3*, CD4", and IL-17A antibodies in the brain and spinal
cord (Fig. 9¢, d). The quantification of infiltrating IL-17A*/
CD4%/CD3" Thl17 cells confirmed that Th17 cells were sig-
nificantly increased in the brain and spinal cord of the EAE
group, whereas it was decreased in the Tg + EAE group to an
extent that was not significantly different compared to the
control group (p <0.05, Fig. 8c, d). Similarly, GM-CSF—pro-
ducing Th cells (Th-GM) were significantly increased in the
brain and spinal cord of the EAE group, whereas in the Tg +
EAE group, it was reduced to an extent that was not signifi-
cantly different compared to the control group (p <0.05,
Fig. 8e, f). Given that GM-CSF facilitates Th17 cell differen-
tiation by enhancing IL-6 and IL-23, and Th-GM cooperates
with Th17 cells to exacerbate the development of inflamma-
tion, the decrease in Th-GM exhibited by the present result
suggests that the inflammation related to pathogenic Th17
cells was reduced in the Tg + EAE group. Accordingly, our
results imply that the decrease in these transcriptional factors
controls /L-17A transcription and Th17 differentiation, and the
decrease in Th-GM reduces inflammation related with patho-
genic Th17 cells, which are eventually decreasing the patho-
genicity of Th17 cells that cause the infiltration of adaptive
and innate immune cells and proliferating CNS resident cells.

T. gondii Infection Prevents BBB Breakdown Caused
by EAE

BBB integrity is very important to prevent the gathering
of inflammatory cells into inflamed sites during EAE.
Tight junction strands serve as a physical barrier to pre-
vent solute transport. Claudin-5 is an integral membrane
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Fig. 8 Evaluation of the IL-6/JAK/STAT3 signaling axis in Toxoplasma
gondii-infected and experimental autoimmune encephalomyelitis
(EAE)—induced mouse brains. (a) Gene expression of /L-6 and JAK-1/2
in the brain. (b) Western blot image of STAT3 phosphorylation and ratios
of pSTAT3/STATS3. (¢, d) Immunofluorescence staining of p-STAT3 in

protein and a component of the tight junction strands.
Moreover, (-catenin participates in cell-cell adhesion
and gene transcription. The junctional adhesion mole-
cules (JAMs), which are interendothelial junctional mol-
ecules, allow circulating leukocytes to enter the CNS by
crossing the BBB. As a result of examining the gene
expression of Claudin-5 as a gene related to BBB integ-
rity, we found that the expression of Claudin-5 was in-
creased in the Tg and Tg + EAE groups compared to the
control and EAE groups, and in particular, Claudin-5
gene in the Tg + EAE group was significantly increased
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the brain and spinal cord. (e) Quantification of fluorescence intensity for
p-STAT3 expression in the brain and spinal cord. Scale bar indicates
100 um. Asterisk indicates significant difference compared to control
levels (**p <0.05). Dagger indicates significant difference between ex-
perimental groups ('p < 0.05).

compared to the control group (p <0.05, Fig. 10a). In the
EAE mouse model of the present study, gene expression
levels of (-catenin, which participate in BBB integrity,
were decreased compared to control levels; however,
they were increased in Tg + EAE mice as compared to
levels in the EAE group (Fig. 10a). The protein level of
Claudin-5 was also slightly increased in the Tg + EAE
group compared to that in the EAE group and became
such that there was no difference with the control group
(Fig. 10b). In contrast, gene expression levels of JAM-A,
JAM-B, and JAM-C as adherent junctional molecules
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Fig. 9 Changes in transcriptional regulators of IL-17A and protein ex-
pression of IL-17A. (a) Gene expression of RORY/BATF/RUNXI. (b)
FACS analysis of IL-17A—expressing brain cells. (¢, d) Distribution of
CD3*/CD4*/IL-17A triple-stained cells in the brain and spinal cord.
Triple-stained cells were counted by particle analysis using Imagel. (e,
f) Distribution of CD3*/CD4*/GM-CSF triple-stained cells in the brain

and spinal cord. The fluorescence intensity of GM-CSF—expressing Th
cells in the brain and spinal cord was quantified using ImagelJ software.
Scale bar indicates 100 pm. Asterisk indicates significant difference com-
pared to control levels (*p < 0.05). Dagger indicates significant difference
between experimental groups ('p <0.05).
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Fig. 10 Changes in tight junction—related molecules in Toxoplasma
gondii—infected and experimental autoimmune encephalomyelitis
(EAE)—induced mouse brains. (a) Gene expression of (-catenin and
Claudin-5. (b) Western blot image and relative band intensity of
Claudin-5 expression. (¢) Gene expression of junctional adhesion

were mostly increased in the EAE group, and in partic-
ular, gene expression levels of JAM-B and JAM-C in the
EAE group were significantly increased compared to the
control group (p <0.05, Fig. 10c). The gene expression
levels of JAM-A, JAM-B, and JAM-C in the Tg and Tg +
EAE groups did not increase significantly compared to
the control group, which suggests a role in suppressing
the recruitment of leukocytes into the inflamed site
(Fig. 10c). The significant increase in gene expression
of the matrix metalloproteinase family (MMP-2 and
MMP-9) in the EAE group suggested the breakdown of
the extracellular matrix allowing the transmigration of
leukocytes into the CNS parenchyma across the BBB
(p<0.05, Fig. 10d). However, the Tg + EAE group mit-
igated the increase in MMP-2 and MMP-9 expression
caused by EAE induction (Fig. 10d). These results sug-
gest that 7. gondii infection prevents the infiltration of
inflammatory cells into the CNS parenchyma by
preventing BBB breakdown caused by EAE induction.

Discussion

Our previous studies showed that 7. gondii regulates immune
responses in the CNS after infection in mice [6]. The reason
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molecules (JAMs). (d) Gene expression of MMP-2 and MMP-9.
Asterisk indicates significant difference compared to control levels
(*p <0.05). Dagger indicates significant difference between experimental
groups (Tp <0.05).

for this is that this organism manipulates the host immune
response, which is based on the complicated interplay be-
tween host cells and 7. gondii comprising a multitude of strat-
egies to evade the host immune response [15]. In the brain,
immune regulation during chronic 7. gondii infection induces
the inhibition of harmful inflammatory responses through in-
creases in SOCS1 and Arginasel, as well as decreases in
pSTATI and NO, even with M1 polarization and the activa-
tion of microglia and Th1 inflammatory responses [6]. In ad-
dition, in the present study, we revealed increases in SOCS3
and /L-27, as well as decreases in STAT3 and IL-17A, through
a microarray analysis of 7. gondii—infected mouse brains.
Based on the role of SOCS proteins as immunomodulators
involved in different diseases, 7. gondii-mediated increases
in the expression of SOCS1 and SOCS3 in the brain have
the potential to impact cerebral immune responses including
inflammatory cytokine and chemokine production, the activa-
tion of microglia and astrocytes, inflammatory cell infiltration,
and autoimmunity [2]. To date, an evaluation of the relation-
ships between T. gondii infection and neurodegenerative dis-
ease has suggested a favorable effect of 7. gondii infection in
AD mice; however, the relationship between 7. gondii infec-
tion and autoimmune disease was poorly understood [7]. In
this regard, we prepared an EAE mouse model using MOGss_
55 immunization [16]. As a typical immunogenic synthetic
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peptide, MOGss_s5 induces a chronic form of EAE in mice
that is characterized by mononuclear inflammatory infiltra-
tion, demyelination, and spinal cord lesions, which lead to a
gradual loss of motor functions [5, 16]. In our study, immu-
nizing C57BL/6 mice with MOGs3;5_s5 resulted in the complete
paralysis of legs with clinical scoring results indicative of
approximately stage 3.5. In both EAE and Tg-EAE groups,
although anti-MOG antibodies implying the progression of
EAE were increased, signs of EAE were not found in the Tg
+ EAE group. Based on this finding alone, it can be seen that
T. gondii infection is related to the relief of EAE disease signs.
To study the underlying immune mechanisms, we focused on
the immune environment induced by 7. gondii and, specifi-
cally, the increase in SOCS3 and the decrease in IL-17A. In a
previous study considering these factors in innate resistance to
T. gondii, the authors insisted that SOCS3, a target of STAT3
that limits signaling via the pleiotropic cytokine IL-6, is up-
regulated in response to infection but is dispensable for the
immune-inhibitory effects of 7. gondii, suggesting a critical
role for SOCS3 in suppressing IL-6 signals and promoting
immune responses to control infection [22]. Despite this, sub-
sequent studies have not been performed to test its relevance
to EAE.

Our results showed that the immune environment caused
by T. gondii infection was consistent with the mechanism
underlying the inhibition of EAE. For example, the following
factors observed in the Tg + EAE group suggested the relief of
EAE signs compared to those observed in the EAE group:
decreases in cell infiltration (CD4" and CD8" T cells, microg-
lia, and astrocytes), demyelination, T cell-activating cyto-
kines and chemokines, Th17 cell lineage—associated cyto-
kines (IL-23, IL-17A, GM-CSF), IL-6/JAK signaling mole-
cules, phosphorylated STAT3, IL-17A transcriptional factors,
JAMs, and factors involved in the breakdown of the BBB
(MMPs), as well as increases in IL-27, SOCS3, Treg lineage
factors (TGF-f3, FoxP3, and CD25), and tight junction stabil-
ity factors (Claudin-5 and (3-catenin). Above all, double pos-
itive cells co-stained with both CD4" and IL-17A antibodies,
indicative of a Th17 cell lineage, were decreased to the same
level in the control and Tg + EAE groups. In particular, the
increase in Treg lineage—associated factors in the Tg + EAE
group is meaningful due to the importance of the balance
between Th17 and Treg cells with respect to the control of
autoimmune disease [11]. In terms of 7. gondii regulating host
immunity, chronic infection especially decreased the gene ex-
pression of IL-17A, IL-17R, IL-21, 1L-21 receptor (IL-21R),
IL-23, and IL-23R but highly increased the gene expression of
SOCS3. These characteristics of the immune environment
comprise a unique immunomodulatory phenomenon associat-
ed with the response of 7. gondii to host immunity. However,
among the characteristics of [L-6 regulated by SOCS3, classic
IL-6 signaling is responsible for the anti-inflammatory prop-
erties of IL-6, whereas trans-signaling is responsible for the

pro-inflammatory actions of IL-6 [18]. As a result, dysregula-
tion of the IL-6 axis can lead to the development of several
disease states [18]. As mentioned, 7. gondii infection leads to
the suppression of anti-inflammatory IL-6 signals by SOCS3
to control infection [22]. However, uncontrolled trans-
signaling via IL-6 contributes to the development of various
autoimmune diseases [15, 17, 18]. During chronic infection,
T. gondii forms an immune environment with slightly in-
creased gene expression of IL-6, JAK-1, and JAK-2, which
are involved in a feedback loop with STAT3. Since these
signaling molecules are largely increased with the induction
of EAE, the immune environment with upregulated SOCS3,
induced by 7. gondii infection, can decrease excessive IL-6—,
JAK-1-, and JAK-2-mediated signals to some extent. In other
words, the inhibition of IL-6 signaling pathway by SOCS3
would suppress Th17 cell differentiation [1, 17, 19]. One main
role of SOCS3 results from its binding to both the JAKSs,
especially JAK-1 and JAK-2, and cytokine receptors, which
results in the inhibition of STAT3 activation [1, 17]. The ac-
tivation of STAT3 corresponds to the onset of CNS
myelination, and with the development of EAE, the loss of
STAT3 in CD4" T cells promotes resistance to CNS inflam-
mation [2]. Since STATS3 is required for the production of IL-
17, a hallmark cytokine of the Th17 lineage, and for T cell
trafficking into the CNS, the decrease in STAT3 phosphory-
lation and IL-17A production observed in the present study
could be important to inhibit pathological autoreactive intra-
cerebral Th17 responses and further to induce therapeutic
EAE responses [3, 9, 23].

The possibility that the immune environment formed by
T. gondii infection helps with the management of EAE can
be confirmed by the lack of BBB impairment in the Tg + EAE
group. Because IL-17A activates endothelial cells and the
breakdown of BBB tight junctions, the reduction in IL-17A
induced by 7. gondii infection would increase BBB integrity
even under conditions of EAE induction. Th17 cells highly
express CCR6, and its ligand CCL20 is constitutively
expressed in epithelial cells in the choroid plexus [16].
During 7. gondii infection, the BBB acts as a selective barrier
for the entry of 7. gondii in the CNS [13]. The BBB is com-
posed of endothelial cells that line microvessels in the brain.
After T. gondii infection, tachyzoite forms of 7. gondii enter
the CNS via paracellular and transcellular crossing, as well as
infected immune cell crossing, the so-called “Trojan horse”
mechanism [13]. In this study, molecular factors such as
Claudin-5, JAMs, and MMPs, related to BBB impairment,
did not change during 7. gondii infection based on our micro-
array data (data not shown). It is thus suggested that the
“Trojan horse” mechanism for 7. gondii entry into the CNS
does not induce the functional destruction of BBB integrity.
This molecular background might be helpful to maintain BBB
integrity even with the development of EAE in our study. The
importance of BBB integrity is related to clinical relapses
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mediated by inflammatory cell infiltration in the CNS [5].
Regarding the relationship between 7. gondii infection and
EAE management, the immune environment induced by
T. gondii infection suggests the prevention of EAE pathoge-
nicity based on multiple molecular mechanisms involving
SOCS3, JAK/STAT signaling, and BBB integrity. As a result,
this was suggested to block the infiltration of autoreactive T
cells, Th17 cells, and Th1 T cells across the BBB and simul-
taneously reduce pathological inflammatory autoimmune re-
sponses in the CNS. Moreover, ME49 strain of T. gondii used
in our study did not induce a peripheral inflammatory immune
response because the pathogen migrates into the brain after
infection [24]. Accordingly, the results of this study suggest
that the role of toxoplasmosis in the alleviation of EAE pa-
thology can be interpreted with reference to the immune reg-
ulation induced in the brain.

Recently, IL-17A—targeted treatment for the attenuation of
autoimmune disease has been achieved by IL-17-blocking
antibodies or an IL-17R antagonist [8]. For example,
secukinumab, which selectively inhibits IL-17A, has now
been approved for the treatment of moderate-to-severe plaque
psoriasis, ankylosing spondylitis, and psoriatic arthritis. In
addition, secukinumab treatment has resulted in signs of im-
provement in the rate of new gadolinium-enhanced lesions in
MS patients [9]. Regarding other drugs in clinical trials,
ixekizumab is an anti-IL-17A mAb and brodalumab is
an anti-IL-17RA mAb [8]. In addition, our novel findings
could encourage further clinical studies of the IL-17A
pathway in MS, and for example, potential combination
therapies based on molecules identified from 7. gondii
that modulate IL-17A. However, unfortunately, this study
was unable to identify a single molecule that inhibits IL-
17, derived from 7. gondii. Because of this, such combi-
nation treatments cannot be realized immediately, but our
study suggests the new discovery that parasites such as
T. gondii can alleviate EAE. In conclusion, the alleviating
effect of T. gondii on EAE development is caused not by
a single agent from 7. gondii but rather the immune reg-
ulatory mechanism of this organism that regulates the
host’s immunity during the host—parasite relationship.
Although this is a contextual immune characteristic of
T. gondii infection in the brain, this is the first report to
show that 7. gondii infections can alleviate EAE.

Conclusion

This study suggests that the alleviation of EAE after 7. gondii
infection is regulated in a SOCS3/STAT3/IL-17A/blood—
brain barrier (BBB) integrity—dependent manner. Although
parasite infection would not be permitted for MS treatment,
this study is the first to experimentally demonstrate that infec-
tion immunity to 7. gondii can alleviate the progression of the
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autoimmune disease MS. Our study provides a new promising
approach for MS therapy through specific immune modula-
tion based on CNS infection by the parasite 7. gondii.
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