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Abstract: The obligate intracellular parasite Toxoplasma gondii infects warm-blooded animals, includ-
ing humans. We previously revealed through a whole-brain transcriptome analysis that infection
with T. gondii in mice causes immune response-associated genes to be upregulated, for instance,
chemokines and chemokine receptors such as CXC chemokine receptor 3 (CXCR3) and its ligand
CXC chemokine ligand 10 (CXCL10). Here, we describe the effect of CXCR3 on responses against
T. gondii infection in the mouse brain. In vivo assays using CXCR3-deficient mice showed that the
absence of CXCR3 delayed the normal recovery of body weight and increased the brain parasite
burden, suggesting that CXCR3 plays a role in the control of pathology in the brain, the site where
chronic infection occurs. Therefore, to further analyze the function of CXCR3 in the brain, we
profiled the gene expression patterns of primary astrocytes and microglia by RNA sequencing and
subsequent analyses. CXCR3 deficiency impaired the normal upregulation of immune-related genes
during T. gondii infection, in astrocytes and microglia alike. Collectively, our results suggest that the
immune-related genes upregulated by CXCR3 perform a particular role in controlling pathology
when the host is chronically infected with T. gondii in the brain.
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1. Introduction

Toxoplasma gondii, an obligate intracellular parasite, infects a wide range of animals, in-
cluding humans. The parasite has two different stages in its intermediate hosts: tachyzoites
and bradyzoites. Tachyzoites are the fast-replicating parasite stage that occurs during acute
infections, whereas bradyzoites are the slowly multiplying encysted stage present in host
tissues during chronic latent infections. A major source of human infections arises from
bradyzoite contamination of meat [1], and a third of the world’s population is reportedly
chronically infected with this parasite [2]. Toxoplasmosis is generally asymptomatic in
immunocompetent humans, but it also causes severe clinical diseases in immunocom-
promised individuals and pregnant mothers and infants with congenital disorders [3].
Uncontrolled parasite replication (called toxoplasmic encephalitis) causes life-threatening
brain damage, as characterized by brain abscesses and necrotic brain areas. Toxoplasmic
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encephalitis is one of the primary causes of death in patients with human immunodefi-
ciency virus/acquired immunodeficiency syndrome [4]. Primary infections with T. gondii in
pregnant women can cause hydrocephalus or developmental disorders in the developing
fetus [2].

Although T. gondii is capable of infecting most nucleated cells in vitro [5], acute
infections with it also stimulate immune responses in the host. Interferon-gamma (IFN-vy)
signaling and subsequent activation of nuclear factor-kappa B (NF-«kB) are central immune
responses against the parasite, and such responses result in high proinflammatory cytokine
levels, such as interleukin (IL)-12 and IL-6 [6]. Existing evidence supports a role for T.
gondii in inhibition and also activation of the NF-kB pathway in host cells [7,8]. Although
the resultant immune attack and stressed condition inactivates T. gondii in most parts of the
body, infected immune cells concurrently bring the parasite to the sites of latent infection,
including the brain [9,10].

The human brain’s cell population is composed of glial cells, such as astrocytes and
microglia, as well as neurons. Although glial cells can also become infected with T. gondii
tachyzoites, previous studies have suggested that neurons are the primary targets of this
parasite because the in vivo parasite infection is primarily found in neurons during the
chronic infection phase [11,12]. Glial cells are considered to be responsible for immune
responses that reduce neuronal and brain function damage, but their precise role in T.
gondii infection is complicated to unravel. Astrocytes are the most abundant cell type in
the brain, and they participate in many brain activities, including brain development and
neurotransmission [13,14]. Astrocytes are efficiently infected by T. gondii but also seem able
to activate protective immune responses within the central nervous system (CNS) [15,16].
Microglia are the resident macrophages in the brain and are important cellular effectors
of neuroinflammation during brain injury and disease [17,18]. Although they trigger anti-
parasite immunity in T. gondii infections and diminish parasite replication, they may also
act as “Trojan horses”, thereby expanding the infection [11,19].

Previously, our group profiled gene expression in the whole mouse brain after 32
days of infection with T. gondii, and found that expression of CXC chemokine receptor
3 (CXCR3) and its ligand, CXC chemokine ligand 10 (CXCL10), was upregulated by the
infection along with other immune response-associated genes [20]. Chemokines are one
of many important factors involved in protection against a T. gondii infection, because
their function promotes the migration of immune cells to the sites of infection. CXCR3
and its ligands (i.e., CXCL9, CXCL10, and CXCL11) have been reported to be associated
with the Thl immune response via the control of T cell migration [21-25]. In intestinal
infections with T. gondii, the absence of CXCR3 impairs the recruitment of CD4" T cells and
the secretion of IFN-y, resulting in the loss of protective immunity caused by the impaired
activation of inflammatory monocytes [26]. CXCL10 (IP-10) is known to mediate T cell
migration and has been reported to be critical for host survival in T. gondii infections [27].
CXCL10 is reported to be essential for the maintenance of T cell populations and for the
control of parasite replication during chronic ocular toxoplasmosis [28]. CXCL10 has
also been found to enhance the ability of CD8" T cells to control T. gondii infection in the
brains of chronically infected mice by maintaining the brain’s effector T cell population
and increasing this population’s migration speed [29]. CXCR3 is also expressed on many
other cell types, including macrophages, astrocytes, microglia, and neurons [30,31]. The
chemokine system participates in neuroinflammatory processes and the development and
functioning of the CNS, which includes neuron—glia communication and neuroendocrine
activity [32]. However, whether an association exists between the immune responses
occurring during T. gondii infection and the role of CXCR3 in the brain is unclear.

In this study, we conducted in vivo challenge experiments in the presence or absence
of CXCR3 to examine the effect of CXCR3 on the control of T. gondii infections in mice. Our
results showed that body weight recovery slowed down in the absence of CXCR3 during the
sub-acute to chronic infection period. Using RNA-sequencing (RNA-seq) approaches, we
examined the transcriptome profiles of in vitro cultured primary astrocytes and microglia
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to overview the function of CXCR3 in the brain. The normal upregulation of the genes
associated with immune responses during T. gondii infection was impaired by CXCR3
deficiency, and the gene expression patterns were consistent with the results from our other
quantitative assays. By elucidating the role of CXCR3 in glial cell-related immune response
triggering against T. gondii, our findings advance current understanding of the mechanism
controlling T. gondii infection in the brain.

2. Materials and Methods
2.1. Ethics Statement

Our study was performed in strict accordance with recommendations of the Guide
for the Care and Use of Laboratory Animals of the Ministry of Education, Culture, Sports,
Science and Technology, Japan. The protocol was approved by the Committee on the Ethics
of Animal Experiments at Obihiro University of Agriculture and Veterinary Medicine,
Hokkaido, Japan (permit number 19-51, 19-189). All surgeries were performed under
isoflurane anesthesia with every effort made to minimize animal suffering.

2.2. Animals

C57BL/6] (WT) mice were purchased from Clea Japan (Tokyo, Japan). CXCR3KO
mice (B6.129P2-Cxcr3tm1Dgen/]J, Stock Number: 005796) were purchased from the Jackson
Laboratory (Bar Harbor, ME). The CXCR3KO mice have been backcrossed to C57BL/6
at least six times before being imported to our laboratory. All animals were housed in
cages (<6 mice/cage, 225 mm X 340 mm X 155 mm) containing wood chip bedding under
specific-pathogen-free conditions in the animal facility of the National Research Center for
Protozoan Diseases at Obihiro University of Agriculture and Veterinary Medicine. Male
mice at 9-11 weeks old were used for in vivo experimental infection and preparation of
peritoneal macrophages. The mean =+ SD starting weight was 23.6 £ 1.0 g for WT mice
and 23.7 + 1.3 g for CXCR3KO mice. Mice at 6-8 weeks old were used as the parents of
fetal mice for the preparation of primary glial cells.

2.3. Parasites

T. gondii tachyzoites (PLK strain, type II) were serially passaged in Vero cell mono-
layers. The parasites and cells were maintained in minimum essential medium (Sigma-—
Aldrich, St. Louis, MO) supplemented with 8% (v/v) fetal bovine serum (FBS; Biowest,
Nuaillé, France) and 1 x penicillin—streptomycin (PS; FUJIFILM Wako Pure Chemical Cor-
poration, Osaka, Japan) at 37 °C in humidified air with 5% CO,;. To purify the parasites,
cell monolayers were scraped, centrifuged, and then resuspended in the culture medium
for each assay. Aggregated tachyzoites and host cell debris were removed by repeatedly
passing the suspension through a 27-gauge needle and filtration through a 5.0-um pore-size
filter (Millipore, Burlington, MA, USA).

2.4. In Vivo Infection and Sample Collection

WT and CXCR3KO male mice (1 = 6 per group) were intraperitoneally injected with
1000 and 10,000 tachyzoites suspended in 400 uL of Roswell Park Memorial Institute
(RPMI)-1640 medium (Sigma—Aldrich). Survival and body weight of the mice were mon-
itored daily throughout the experimental period. The hair coat, posture, and behavior
of the mice were also monitored during the experiments and were scored on a scaled of
0 to 4. At 60 days post infection (dpi); surviving mice were anesthetized and subjected
to blood collection by cardiac puncture using a 23 G needle and 1 mL syringe. Mice
were then sacrificed by cervical dislocation and the brain was removed and cut into two
hemispheres. The left brain was fixed in 10% formalin neutral buffer solution (FUJIFILM
Wako Pure Chemical Corporation) for histological analysis. The right brain was stored at
—30 °C until DNA extraction. The serum of each mouse was tested by an enzyme-linked
immunosorbent assay (ELISA) against T. gondii dense granule protein 7 to confirm the
infection following our previously described method [33].
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2.5. Quantification of Tissue Parasites

For DNA extraction, tissue samples were lysed in a lysis buffer (1% SDS, 0.1 M
Tris HCI [pHS8.0], 0.1 M NaCl, 1 mM EDTA [pH8.0]) and DNA was purified by Phe-
nol:Chloroform:Isoamyl Alcohol (25:24:1) (Nakarai Tesque, Inc., Kyoto, Japan) and ethanol
precipitation. Extracted DNA was subjected to real-time PCR using primer pairs specific
for Bl gene of T. gondii (Forward 5-AAC GGG CGA GTA GCA CCT GAG GAG-3’ and
Reverse 5-TGG GTC TAC GTC GAT GGC ATG ACA AC-3). PCR reactions were per-
formed in 10 puL of reaction volume containing 1x PowerUp SYBR Green Master mix
(Applied Biosystems, Waltham, MA), 500 nM each primer, and 50 ng of genomic DNA in
an ABI Prism 7900HT sequence detection system (Applied Biosystems). Thermal cycling
conditions were as follows: 2 min at 50 °C, 10 min at 95 °C, 40 cycles at 95 °C for 15 s, and
60 °C for 1 min, followed by a dissociation step from 60 °C to 95 °C to confirm gene-specific
amplification. The number of parasites per 50 ng of tissue DNA was calculated from a
standard curve, which was established from serially diluted DNA extracted from purified
tachyzoites (0.01 to 10,000 parasites per reaction).

2.6. Histological Analysis

Formalin-fixed brain tissue was embedded in paraffin and sectioned at 4 pm. Six
levels of brains (frontal lobe, thalamus, striatum, occipital lobe, brain stem, and cerebellum)
were examined. The sections were subjected to hematoxylin—eosin staining or immunohis-
tochemical staining using rabbit polyclonal antibodies against Toxoplasma gondii (Quartett
Immunodiagnostica, Berlin, Germany), glial fibrillary acidic protein (GFAP) (Thermo Fisher
Scientific, Waltham, MA, USA), IBA1 (FUJIFILM Wako Pure Chemical Corporation) and
CD4 (Bioss Antibodies Inc., Woburn, MA, USA) after antigen retrieval at 98 °C for 45
min with immunosaver (Nisshin EM Co., Ltd, Tokyo, Japan) and using a rat monoclonal
antibody against CD8a (Thermo Fisher Scientific, clone: 45M15) after antigen retrieval
at 98 °C for 15 min in citrate buffer (pH 6.0) with microwave oven. For quantification
analysis of astrocytes and microglia activation, area positive for GFAP and IBA1 were
assessed because astrocytes and microglia were increased in the number, thickness, and
length of the main cellular processes not only the numbers of the cells by the activation.
For quantification analysis of T cell population, the numbers of cells positive for CD8a
and CD4 were assessed. In detail, 10 images of the cerebral cortex were randomly taken at
%100 magnification in each mouse. Areas positive for GFAP or IBA1 were quantified using
Adobe Photoshop (Adobe Systems Co., Ltd., Tokyo, Japan) and Image] [34]. The number of
cells positive for CD8a and CD4 were counted in the 10 images. T. gondii tissue cysts were
counted in 10 images (<100 magnification) of the cortex, hippocampus, caudoputamen,
amygdala, thalamus, hypothalamus, midbrain, and cerebellum.

2.7. In Vitro Preparation of Primary Murine Cells
2.7.1. Astrocytes

Astrocytes were obtained from the brain cortex of fetal mice (age, E17-18) according
to a previously described procedure [35,36], with some modifications. After removal of
the meninges from the fetal brain, the cortex was mechanically dissociated in Dulbecco’s
modified Eagle medium (DMEM; Sigma—-Aldrich) containing 0.25% trypsin and 0.01%
DNase to obtain a single-cell suspension and was incubated at 37 °C for 10 min. The
dissociated cells were washed and suspended in DMEM /F-12 (Gibco-BRL, Grand Island,
NY) supplemented with 10% FBS, 1x PS, and 1x G-5 Supplement (Gibco-BRL). The cells
were plated in 75-cm? flasks (density, 2 x 10° cells/flask) and were then incubated at 37 °C.
The culture medium was changed every 3 days until the culture reached confluence. After
7-8 days of incubation, the astrocyte monolayers were washed with medium and were
dissociated with 0.25% trypsin-EDTA solution. The dissociated astrocytes were centrifuged
at 500x g for 5 min at 4 °C and were washed in DMEM /F-12 supplemented with FBS, PS
and G-5 Supplement. Then, 2 x 10° cells in 500 uL medium were reseeded in each well of
24-well plates and were allowed to grow for 16 h before being infected.
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2.7.2. Microglia

Microglial cells were obtained using a procedure similar to that used for astro-
cytes, with some modifications [35]. Dissociated brain cells were washed and suspended
in DMEM/F-12 supplemented with 10% FBS, 1x PS and 10 ng/mL of granulocyte-
macrophage colony-stimulating factor (R&D Systems, Minneapolis, MN, USA). The cells
were plated in 75-cm? flasks (density, 4 x 10° cells/flask) and the culture medium was
changed every 3 days. After 10-11 days of incubation, the microglial cells were detached
from the astrocyte monolayer by pipetting and were centrifuged at 500 g for 5 min at
4 °C. Then, 2 x 10° cells in 500 uL medium were reseeded in each well of 24-well plates
and were allowed to grow for 16 h before being infected.

2.7.3. Peritoneal Macrophages

Peritoneal macrophages were isolated from peritoneal cavities 4 days after injection of
1 mL of 4.05% thioglycollate medium according to a previously described procedure [35].
Peritoneal exudate cells were harvested by lavage with 5 mL of cold phosphate-buffered
saline (PBS) and filtered through a 40-pum cell strainer to remove cell aggregates and debris.
After centrifugation at 1000x g for 5 min, pelleted cells were resuspended in DMEM
supplemented with 10% FBS and 1x PS, and 5 x 10° cells in 500 pL. medium were seeded
in each well of 24-well plates and were allowed to attach for 20 h. The macrophages were
then washed twice with DMEM to remove the non-adherent cells.

2.8. RNA-Seq Analysis

Astrocytes and microglia were infected with T. gondii tachyzoites for 24 h at a mul-
tiplicity of infection (MOI) of 1.0. Infected and uninfected groups of cells were prepared
in triplicate wells for each mouse genotype and each cell type. Total RNA was extracted
with TRI Reagent® (Sigma-Aldrich), according to the manufacturer’s protocol. The ex-
tracted RNA was individually subjected to RNA-seq, according to the protocol used in
our previous study [20,35,37]. Briefly, 1 ug of total RNA was subjected to poly-A selec-
tion. Sequencing libraries were constructed using the TruSeq RNA sample preparation kit
(IIumina, San Diego, CA), while 36-bp single-end sequencing was performed using the
Illumina Genome Analyzer IIx and TruSeq SBS Kit v5-GA (36-cycle) (Illumina), according
to the manufacturer’s instructions. All treatments and subsequent analyses were per-
formed on individual transcripts. The data of WT samples has been used in our previously
published articles [35,37] because all the samples in these articles and the present study
were prepared simultaneously. Raw sequence reads were subjected to quality control,
and the cleaned reads were mapped to the reference mouse genome (mm?10) with CLC
Genomics Workbench version 10 (CLC bio, Aarhus, Denmark) (read mapping parameters:
minimum fraction length of read overlap = 0.95, minimum sequence similarity = 0.95).

2.9. Identification of Differentially Expressed Genes (DEGs) in Which Upregulation during T.
Gondii Infection Was Impaired by CXCR3-Deficiency

Based on the mapping results, differential expression analysis was performed for
pairwise comparisons of the expression data using the R packages DESeq2 [38] and
edgeR [39,40]. In this study, only genes that appeared differentially expressed in both
DESeq?2 and edgeR were considered as DEGs. DEGs in which upregulation during infec-
tion was impaired by CXCR3-deficiency were defined as follows: (1) log2 fold-change >1
and false discovery rate (FDR) < 0.05 between the infected and uninfected WT mice; (2)
FDR < 0.05 between the infected WT and the infected CXCR3KO mice; (3) the fold-change
was higher in “uninfected WT vs. infected WT” than in “uninfected KO vs. infected
KO”. We also identified genes up/downregulated just by CXCR3-deficiency regardless
of T. gondii infection (Table S1). For comparison among four groups (i.e., uninfected WT,
infected WT, uninfected CXCR3KO, and infected CXCR3KO), the raw-read counts for each
gene were normalized by the iDEGES method implemented in the TCC package [41].
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2.10. Functional Enrichment Analyses of DEGs in Which Upregulation during T. gondii Infection
Was Impaired by CXCR3-Deficiency

The DEGs in which upregulation during T. gondii infection was impaired by CXCR3-
deficiency were functionally categorized by gene ontology (GO) term enrichment analysis.
Statistical overrepresentation of GO terms for selected genes was compared with the refer-
ence genes (all genes; 37,315 genes) using the goseq package in the R [42]. Genome-wide
annotation for the mouse was obtained using the org.Mm.eg.db package [43]. Functional
annotation charts for the enriched GO terms were generated using the GO terms associated
with biological processes. Only GO terms with FDRs of <0.05 and the number of DEGs >
10 were considered to represent functional enrichment.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database is a bioinformatics
tool that assembles large-scale molecular datasets, such as gene lists, into biological path-
way maps [44]. We performed KEGG pathway enrichment analysis on the DEG list using
the clusterProfiler package [45] in the R to assess the overarching functions of the DEGs in
which upregulation during T. gondii infection was impaired by CXCR3-deficiency.

2.11. Cytokine ELISA

Using cell populations different from those used for RNA-seq, astrocytes, microglia,
and macrophages were infected with T. gondii tachyzoites for 24 h. The MOIs were 1.0 for
astrocytes and microglia and 0.2 for macrophages. We used a lower MOI for macrophages
because many macrophages infected at MOI of 1.0 were detached from the well surface and
seemed to be dying in our preliminary experiment. Infected and uninfected groups of cells
were prepared in 4 replicate wells for each mouse genotype. The culture supernatant was
collected and subjected to cytokine ELISA for IL-6 and IL-12p40 using corresponding BD
OptEIA™ ELISA kits (BD Bioscience, San Jose, CA) according to the manufacturer’s proto-
col. The supernatants were also subjected to a nitrite/nitrate assay using a nitrite/nitrate
assay kit (Cayman Chemical Co., Ann Arbor, MI), according to the manufacturer’s in-
struction. The nitrite and nitrate levels were calculated with a standard absorbance curve
constructed from samples run on the same plate.

2.12. Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-gPCR)

After the collection of the culture supernatant for cytokine ELISA, total RNA was
extracted from astrocytes and microglia with TRI Reagent®. cDNA was synthesized from
400 ng of each RNA sample using PrimeScript™ RT Master Mix (Perfect Real Time) (Takara
Bio Inc., Shiga, Japan) following the manufacturer’s instruction. PCR parameters used were
the same as described above. Primers used were listed in Table S2. The cycle threshold (Cy)
values were normalized to the expression levels using the 2=t method [37,46]. Gapdh
was used as the internal control gene after comparison with Actb using RefFinder [47]. The
calibrator sample was the uninfected WT group.

2.13. Statistical Analysis

Survival curves were compared with the log-rank test. Changes in body weight were
compared with repeated-measures two-way ANOVA. The number of parasites in the
brain was compared by two-tailed unpaired Student’s t-test. Areas positive for astrocyte
and microglia markers in the brain sections were compared between genotypes by two-
tailed unpaired Student’s t-test. The numbers of cells positive for CD8a and CD4 were
compared between genotypes by two-tailed unpaired Student’s t-test. The results of
cytokine ELISA and RT-qPCR were compared by two-way ANOVA with post-hoc Tukey’s
test among groups.

3. Results
3.1. In Vivo Effects of CXCR3-Deficiency during T. gondii Infection

We first investigated the effect of CXCR3-deficiency using in vivo challenge experi-
ments. WT and CXCR3KO mice (n = 6 per group) were intraperitoneally injected with
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1000 or 10,000 tachyzoites (PLK strain, type II) and monitored daily. No significant dif-
ferences were observed for the survival of the infected mice between the two genotypes
(log-rank test, p > 0.05) (Figure 1A,B). However, body weight changes in the mice showed a
significant interaction between mouse genotype and dpi for both infection doses (two-way
ANOVA, p < 0.001) (Figure 1C,D). Poor condition of the hair coat continued for a longer
period in CXCR3KO mice than in WT mice although difference in the other clinical signs
was not as clear between genotypes (Figure S1). Two other experiments repeated under
similar conditions showed the same relative body weight trends. We also investigated the
parasite burden in the brain tissues from the surviving mice at 60 dpi. For mice injected
with 1000 tachyzoites, the parasite burden was significantly higher in the CXCR3KO mice
than in the WT mice (two-tailed unpaired Student’s t-test, p < 0.01), while there was no
significant difference (p > 0.05) for mice injected with 10,000 tachyzoites (Figure 1E,F).
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Figure 1. Survival, body weight changes and brain parasite burden in WT and CXCR3KO mice infected with T. gondii. WT
and CXCR3KO mice (n = 6 per group) were intraperitoneally injected with 1000 (A,C,E) or 10,000 (B,D,F) tachyzoites per
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mouse. (A,B) Survival rate. (C,D) Relative body weights based on the weights at the beginning of the experiment. Lines

and error bars represent mean =+ SD. *** p < 0.001 for the interaction between mouse genotype and days post infection
(two-way ANOVA). (E,F) Number of parasites per 50 ng of DNA extracted from brain tissue from each surviving mouse at
60 dpi. Horizontal bars represent the mean value. ns, p > 0.05; ** p < 0.01, two-tailed unpaired Student’s t-test.

To further analyze brain inflammation in the mice, the brains from WT and CXCR3KO
mice surviving at 60 dpi were subjected to histopathological analysis. Nonsuppurative
meningoencephalitis, perivascular cuffing, and glial cell proliferation were diffusely ob-
served in all groups (Figure S2A-C). Parasite cells were immunohistochemically identified
with an anti-T. gondii antibody. The parasite had encysted itself in all regions of the exam-
ined brains, and few tachyzoites were observed in inflammatory lesions (Figure S2D-F).
Although some cysts were distributed in the cortex, their numbers were too low and insuf-
ficient to allow a comparison to be made between the WT and CXCR3KO mice (Figure S3).
Cell-type specific immunohistochemistry was also performed, and the two genotypes were
compared. While the astrocyte populations showed no significant differences in the areas
positive for GFAP (two-tailed unpaired Student’s t-test, p > 0.05), microglia populations
(IBA1 positive) in the brains of mice injected with 1000 tachyzoites were significantly higher
in the CXCR3KO mice than in the WT mice (p < 0.01) (Figure 2). While the number of
CD4" T cell showed no significant differences, the number of CD8a™ T cell in the brains of
mice injected with 10,000 tachyzoites were significantly higher in the WT mice than in the
CXCRBKO mice (p < 0.05, two-tailed unpaired Student’s t-test) (Figure S4).
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Figure 2. Astrocyte and microglia populations in the frontal lobes of T. gondii-infected mice. The brains from WT and

CXCR3KO mice surviving at 60 dpi were subjected to histopathological processing. Astrocyte and microglia populations

were identified using immunohistochemical staining against glial fibrillary acidic protein (GFAP) and ionized calcium-

binding adapter molecule 1 (IBA1), respectively. (A,B) Positive areas were compared between WT and CXCR3KO. Horizontal

bars represent the mean value. ns, p > 0.05; ** p < 0.01, two-tailed unpaired Student’s ¢-test. (C,D) Representative

immunohistochemical images were taken from serial tissue sections containing both astrocytes and microglia. (A,C) 1000

tachyzoites per mouse (1 = 6 per group). (B,D) 10,000 tachyzoites per mouse (n = 5 per group). Magnified images were

shown in the top right of each picture of astrocytes and microglia. Scale bars, 20 um.
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3.2. Effects of CXCR3-Deficiency on Gene Expression in Primary Glial Cells during T. gondii Infection

We next investigated the gene expression patterns in primary glial cells using RNA-seq
approaches. RNA-seq and differential expression analysis were carried out on primary
astrocytes and microglia infected with T. gondii for 24 h at a MOI of 1.0.

Our differential expression analysis on astrocytes identified 79 genes whose upregulation
during T. gondii infection was impaired by CXCR3-deficiency (Table S3). The functions of these
DEGs were assessed by GO term enrichment analysis (Table 1 and Table S4). Among the genes
whose upregulation during infection was impaired by CXCR3-deficiency, overrepresented GO
terms were associated with immune responses and categories associated with stress responses.
Our KEGG pathway enrichment analysis also showed that infectious disease-related pathways
were activated via CXCR3 during T. gondii infection (Table S5). To investigate in detail how the
absence of CXCR3 affects astrocytes, DEGs, whose upregulation during infection was impaired
by CXCR3-deficiency, were ranked according to the FDR between T. gondii-infected cells from
WT and CXCR3KO mice (Figure 3A). Most of the top 20 genes were IFN-y inducible genes
(i.e., Nos2, Tlr2, Gbp10, Gbp6, Gadd45b, Gbp5, Reanl, H2-123, Tnfaip2, Ptges, Oas2, Tap2, Slc13a3,
Fam129a, and Fas). NF-«B target genes (i.e., Nos2, Tlr2, Gadd458, Tnfaip2, Ptges, and Fas) were
also abundant in the top-ranking genes.

Table 1. Top five GO terms overrepresented in DEGs whose upregulation during T. gondii infection was impaired by
CXCR3-deficiency. DEGs, differentially expressed genes; GO, gene ontology; FDR, false discovery rate.

Cell Type Accession NO. #DEGs # Reference Genes GO Term FDR
Astrocyte GO:0019882 10 96 antigen processing and presentation 0
GO:0002376 42 2306 immune system process 1.8 x 107V
GO:0006952 32 1432 defense response 7.0 x 1071
GO:0006955 31 1316 immune response 85 x 1071°
GO:0045087 24 714 innate immune response 41x 101
Microglia GO:0006954 18 647 inflammatory response 3.6 x 1077
GO0:0001819 14 402 positive regulation of cytokine production 35x10°°
GO:0006955 22 1316 immune response 1.0 x 1075
GO0:0001817 16 635 regulation of cytokine production 1.0 x 1075
GO0:0001816 16 707 cytokine production 41x107°
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Figure 3. Expression patterns of the top 20 DEGs whose upregulation during T. gondii infection was impaired by
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CXCR3-deficiency. DEGs were ranked according to the fold changes between the infected WT vs. infected CXCR3KO mice.
(A) Astrocytes. (B) Microglia. Each bar represents the fold change between uninfected vs. infected mice. Red, uninfected
WT vs. infected WT; green, uninfected CXCR3KO vs. infected CXCR3KO. Each value under a gene symbol represents the
ratio of the fold-change between uninfected KO vs. infected KO to that between uninfected WT vs. infected WT. The area of
low fold-change is enlarged in each panel.

Our differential expression analysis on microglia identified 86 genes that were upreg-
ulated during T. gondii infection but were impaired by CXCR3-deficiency (Table S3). The
functions of these DEGs were assessed by GO term enrichment analysis (Tables 1 and 54).
Among the genes whose upregulation during infection was impaired by CXCR3-deficiency,
overrepresented GO terms were associated with inflammatory responses and cytokine
production. In the KEGG pathway enrichment analysis, cytokine—cytokine receptor in-
teractions were overrepresented, as were infectious disease-related pathways (Table S5).
The identified DEGs were ranked in the same way as described above, and the expression
levels of the top 20 genes were compared (Figure 3B). Most of the top 20 genes were IFN-y
inducible genes (i.e., 1112b, 116, Ptgs2, Cxcll, Tnfsf15, Olrl, Cd83, Slc43a3, Ampd3, Satbl,
Rassf4, Osm, Stapl, and Rel) and NF-«B target genes (i.e., 1112b, 116, Ptgs2, Cxcll, Tnfsf15,
Olr1, Cd83, Rel, and Cd80).

In this study, as we aimed to investigate the effect of CXCR3 on the expression
characteristics of genes during T. gondii infection, we focused on DEGs whose upregulation
during T. gondii infection was impaired by CXCR3-deficiency. Some genes were regulated
upwards or downwards simply because of CXCR3-deficiency, regardless of an active
T. gondii infection (Table S1). Among these, Ft/1 and Ft/1-ps1 were ranked as the most
upregulated and downregulated, respectively, in both astrocytes and microglia. However,
this finding is likely related to a limitation in the software algorithm because these two
genes are >99.3% homologous within their overlaps.

To confirm the expression patterns shown by RNA-seq, seven and nine genes were selected
from the top-ranking genes shown in Figure 3 for astrocytes (Dusp15, Gadd45b, Gbp5, Nos2,
Tlr2, Spib, and Ube2ql1) and microglia (Cd83, Cybbr1, Cxcll, 116, 1112b, Ptgs2, Ppfibp2, Tnfs15, and
Vnn3), respectively, along with genes encoding CXCR3 ligands (Cxcl9, Cxcl10, and Cxcl11). The
expression profiles of these genes were examined by RT-qPCR analysis. The two-way ANOVA
and post-hoc Tukey’s test showed that the lack of CXCR3 impaired the upregulation of II12b,
Nos2, Tlr2, Cxcll, Gbp5 and Spib in astrocytes (Figure 4A) and 116, IL12b, Nos2, Ptgs2, Cxcll,
Cxcl11, Gbp5, Vnn3 and Ppfibp2 in microglia (Figure 4B). No interactions were observed between
mouse genotype and T. gondii infection for the expression of other genes (Figure S5).

3.3. In Vitro Cytokine Production from Primary Glial Cells and Macrophages

IL-6 and IL-12 are well-known inflammatory cytokines. As shown above, their mRNA
expression was affected by CXCR3-deficiency during T. gondii infection. To confirm the
effect on their protein expression, cytokine productions from CXCR3-deficient glial cells
were also examined using a cytokine ELISA against IL-6 and IL-12p40. IL-12p40 production
from the infected astrocytes was significantly lower (by 40%) in the CXCR3KO mice than
in the WT mice, whereas IL-6 production did not significantly differ between the two
genotypes (Figure 5A,B). However, the concentrations of both of these cytokines during the
infection were much lower in astrocytes than in microglia. IL-6 and IL-12p40 production
from microglia were both highly upregulated during infection with T. gondii, but CXCR3
deficiency significantly decreased the concentrations of these cytokines by 54% and 42%,
respectively (Figure 5C,D). Additionally, we examined thioglycollate-elicited peritoneal
macrophages because these cells have important roles in peripheral immune responses.
Peritoneal macrophages, which we infected with T. gondii in vitro at a MOI of 0.2, were
subjected to cytokine ELISA. IL-6 and IL-12p40 production markedly increased in both WT
and CXCR3KO mice (Figure 5E,F). IL-6 and IL-12p40 productions were significantly lower
(by 30% and 14%, respectively) in CXCR3KO mice than in WT mice. We also examined NO
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production from astrocytes and microglia during T. gondii infection, but no NO production
was observed in these cells (data not shown).
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Figure 4. Expression patterns of DEGs in primary astrocytes and microglia during T. gondii infection.

Primary astrocytes (A) and microglia (B) were infected with T. gondii tachyzoites for 24 h at a MOI of

1.0. Genes with a significant interaction between genotype and infection (p < 0.05, two-way ANOVA)

are shown. Horizontal bars represent the mean values of four replicate samples in each group.
*p <0.05,** p <0.01, ™ p < 0.001, *** p < 0.0001 (two-way ANOVA with post-hoc Tukey’s test).
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Figure 5. Cytokine production from primary astrocytes, microglia and macrophages during T. gondii infections. Primary

astrocytes (A,B), microglia (C,D), macrophages (E F) were infected with T. gondii tachyzoites for 24 h at MOIs of 1.0, 1.0, and

0.2, respectively. Cells were prepared in four replicate wells for each group. Bars and error bars represent the mean + SD.

ns, p > 0.05, * p < 0.05, **** p < 0.0001 (two-way ANOVA with post-hoc Tukey’s test). These experiments were repeated twice

and the representative data were presented.

4. Discussion

The CNS is the primary site of latent infection for T. gondii. Recent studies have
reported that chemokine—chemokine receptor signaling plays roles in immune responses
against T. gondii infection, not only in the peripheral immune system, but also in the
CNS [35,37,48]. CXCRS3 is known to perform important roles in the peripheral immune
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system. CXCR3 is associated with the recruitment of both CD4* and CD8" T cells to the site
of infection, IFN-y secretion from the T cells, and the resultant activation of inflammatory
monocytes [26,49]. For example, CXCR3 activation can affect the proliferation and immune
responses of macrophages and dendritic cells during infection with Leishmania amazonen-
sis [50,51]. CXCR3 also controls the recruitment of microglia to the infection sites [52]
and enhances proliferation of epithelial cells [53]. CXCR3 is constitutively expressed on
neurons and neuronal processes, along with markedly elevated CXCL10 in astrocytes in
the brains of people with Alzheimer’s disease [31]. However, the detailed role played by
CXCRS3 during T. gondii infection in the brain remains unclear.

Through our in vivo challenge experiments, we initially found that CXCR3 deficiency
resulted in delayed body weight recovery and higher brain parasite burden in the mice,
implying that this deficiency exacerbated clinical disease during the sub-acute (15-30 dpi)
to chronic phases (30-60 dpi) of infection. We speculated that a high infection dose
might result in a saturated immune response controlled by different pathways (e.g., Toll-
like receptor (TLR) 2/MyD88 pathway) and this would hinder the effect of CXCR3 loss.
Therefore, we utilized two different doses of parasites in the present study. This may
explain why the difference in parasite burden and microglia frequency appeared to be more
significant when the mice were infected with the lower dose of parasites. Survival rates did
not differ between WT and CXCR3KO mice after intraperitoneal injection with type II T.
gondii (PLK strain) tachyzoites. In contrast, in a previous study, CXCR3 deficiency resulted
in lower mouse survival after oral inoculation of type II T. gondii ME49 strain cysts [26].
This difference is probably related to the different routes by which the experimental
infections were initiated. In our present study, the infection should have spread more
rapidly throughout its body, including to the brain, because T. gondii tachyzoites were
directly injected into the host’s peritoneal cavity, as compared with the observations of
our previous study. This might explain why we observed an exacerbation in the clinical
signs of disease during the chronic infection phase. The immunohistochemical assay
results suggest that the proliferation and/or migration of microglia in response to T. gondii
infection might have been affected by the CXCR3 deficiency. Transcriptome analysis of the
primary microglia revealed impaired expression of immune response-associated genes in
the absence of CXCR3. Collectively, these results suggest that the lack of CXCR3 resulted
in an impaired immune response in the brain at the earlier sub-acute stage and led to
higher parasite burdens. This higher parasite burden might have triggered the increased
population of microglia in the brain that we observed at 60 dpi. To learn more about the
effect of CXCR3-deficiency on T cell recruitment to the brain during T. gondii infection, we
examined the T cell population in the brain tissues from the surviving mice. We found a
significant decrease in the number of CD8a* T cells in CXCR3KO mice injected with 10,000
tachyzoites while no significant difference was observed in CD4* T cells. This suggests
that under our experimental conditions, the increased parasite burden in the brain might
be associated with impaired CD8* T cell recruitment. To further investigate brain cell
populations during the infection, we turned our attention to brain glial cells and their gene
expression profiles.

Using RNA-seq approaches, we profiled the gene expression patterns in primary brain
glial cells exposed to T. gondii tachyzoites. Our differential expression analysis identified
genes whose upregulation during T. gondii infection was impaired by CXCR3-deficiency.
Functional enrichment analyses showed that in both astrocytes and microglia many of the
genes were associated with immune and stress responses. RT-qPCR assays confirmed the
expression patterns of the DEGs identified by RNA-seq, and the genes that showed the
same patterns in both RNA-seq and RT-qPCR were Nos2, Tlr2, Gbp5 and Spib for astrocytes
and 116, I112b, Ptgs2, Cxcll, Vnn3 and Ppfibp2 for microglia. Our mRNA-level observations
were confirmed at the protein level using cytokine ELISAs. Production of IL-6 and IL-12p40
was lowered by CXCR3 deficiency, especially in microglia. We consider that the results of
these in vitro experiments reflect the in vivo situation that occurred during the sub-acute
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phase of the infection, when T. gondii tachyzoites started their invasion from the peripheral
body to occupy a more central position before they transformed into tissue cysts.

Nitric oxide (NO) production, which occurs through inducible nitric oxide synthase
(iNOS) induction via the gene encoding Nos2, is an important microbicidal factor against T.
gondii [54,55]. NO production was not found in astrocytes and microglia during T. gondii
infection in the absence of IFN-y, under the same conditions that we used for obtaining the
transcriptome samples (data not shown). Although we have no data on NO production
from these cells in the presence of IFN-y, and it is not known whether CXCR3 affects
NO production, NO production from astrocytes and microglia in the presence of IFN-y
reportedly decreases during type I T. gondii infection [56]. As well as the cytotoxic effects
of NO, guanylate binding protein (GBP) genes, including Gbp5, are known to be impor-
tant for controlling infection with T. gondii. GBPs play a critical role in destroying the
parasitophorous vacuole membrane, along with interferon-inducible immunity-related
GTPases [10,57]. Gbp5, an IFN-y inducible gene in astrocytes, participates in activating the
nucleotide-binding oligomerization domain-like receptor protein 3 inflammasome [16,58].
Because GBP5 has also been reported to be a marker for interferon-y-induced classically
activated macrophages [59], perhaps GBP5 is more susceptible to CXCR3 deficiency than
other GBPs, although the detailed mechanism and function underlying its potential sus-
ceptibility is not known and therefore needs further investigation. A recent study reported
that type III parasite clearage by naive murine macrophages depends on the enhanced
activity of NADPH oxidase-generated reactive oxygen species and induction of Gbp5 [60].
Toll-like receptor 2, encoded by TIr2, is an important pattern recognition receptor for
pathogen-associated molecular patterns and plays a critical role in mammalian innate
immune responses [61,62]. Our previous study showed that TLR2 has a large impact on
the expression of immune-related genes in murine brain cells [35]. Spib encodes the Spi-B
transcription factor, which performs critical roles in plasmacytoid dendritic cell function
and development [63]. However, the function of Spi-B in immune responses against T.
gondii is unknown. Considering the functions of these genes, CXCR3 signaling plays a role
in regulating anti-Toxoplasma activity in astrocytes.

IL-6 is known to have a protective role during early infection with T. gondii and it
mediates susceptibility to the parasite [64,65], and IL-12, a well-known proinflammatory
cytokine, stimulates IFN-y synthesis by natural killer cells and T lymphocytes, and plays a
critical role in resistance against T. gondii [66,67]. Another IFN-y inducible gene, Ptgs2, en-
codes cyclooxygenase (COX)-2 and T. gondii is known to induce prostaglandin E2 synthesis
in macrophages by inducing COX-2 [68]. A recent study showed that COX-2 inhibitors
dampen down T. gondii infections and upregulate pro-inflammatory immune responses
in rodent and human monocyte cell lines [69]. Microglia cells are also possibly involved
in such interactions with T. gondii via this type of signaling. VNNS3, also called vascular
non-inflammatory molecule 3, is reportedly a potential prognostic biomarker for clear cell
renal cell carcinoma [70], but no relationship with T. gondii infection has been reported thus
far. Interestingly, Ppfibp2, another top-ranking gene, currently has an unknown function
and unknown relationship with T. gondii infection. The DEGs listed above include many
IFN-y inducible genes despite the cultures not being supplemented with IFN-y; hence,
these genes should have been induced by infection alone. Low-level IFN-y expression
was observed in our transcriptome data (mean normalized counts were 0, 0, 0, and 0.41 in
astrocytes and 0, 2.32, 0, and 3.41 in microglia for uninfected WT, infected WT, uninfected
CXCRBKO, and infected CXCR3KO, respectively). The situation for IFN-f was that it
was expressed to some extent although its expression level was still low and lacking any
significant difference between the WT and KO mice (mean normalized counts were 0,
5.91, 0 and 3.63 in astrocytes, and 0.31, 11.1, 2.84, and 13.8 in microglia for the uninfected
WT, infected WT, uninfected CXCR3KO, and infected CXCR3KO mice). IFN-{ possibly
impacted the expression of IFN inducible genes because the genes induced by these IFNs
overlapped with each other [71-73].
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The functions of the above-mentioned genes include both anti-Toxoplasma activity in
host cells and host-regulating activity of the parasite, suggesting that microglia play a con-
flicted role during T. gondii infections. The expression of CXCR3 ligands was upregulated
after T. gondii infection in vitro. After CXCR3 and its ligands interact, CXCR3 regulates
downstream gene expression via p38 mitogen-activated protein kinase and PI3K signal-
ing pathways [74-77]. These pathways possibly affect the production of inflammatory
cytokines. Researchers have reported that TLR2/MyD88 activation has strong effects on
the control of T. gondii infection and gene expression in brain cells [35,78]. The effect of
CXCRS3 deficiency was probably compensated for by the strong response occurring via
the TLR2/MyD88 pathway. This may explain why no survival difference was observed
between our WT and KO mice. However, the body weight difference that we saw during
the chronic infection phase suggests that the lack of CXCR3 in the KO mice impaired their
recovery from the damage inflicted by the acute infection.

Taken together, our data support a role for CXCR3 in both astrocytes and microglia that
involves immune response triggering against T. gondii. The findings from this study will
help to further current understanding of the mechanism controlling T. gondii infection via
the chemokine—chemokine receptor signaling pathway in the brain. Further understanding
could lead to future development of treatment and prevention of brain toxoplasmosis,
for example, by activation of immune pathways against T. gondii through CXCR3 and its
related genes.
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cells infected by T. gondii, Table S1: Genes up/downregulated just by CXCR3-deficiency regardless
of T. gondii infection, Table S2: Primer sequences used in RT-qPCR, Table S3: Detailed expression
data for DEGs whose upregulation during T. gondii infection was impaired by CXCR3-deficiency,
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