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CXCR3 and its ligands are important for the traffick-
ing of activated CD4* Tyl T cells, CD8" T cells, and
natural killer cells during inflammation. Recent func-
tional studies demonstrate a more diverse role of
CXCR3 in inflammatory diseases of the central ner-
vous system (CNS). We examined the impact of
CXCR3 on a less complex interferon-y—dependent,
type 1 cell-mediated immune response in the CNS,
induced in mice by the transgenic production of glial
fibrillary acidic protein IL-12 (GF-IL12) by astrocytes
and retinal Miller cells. GF-IL12 mice develop ataxia
because of severe cerebellar inflammation but have
little overt ocular disease. Surprisingly, CXCR3-defi-
cient GF-IL12 mice (GF-IL12/CXCR3KO) have drasti-
cally reduced ataxia but developed cataracts, severe
ocular inflammation, and eye atrophy. Most GF-IL12/
CXCR3KO mice had minimal cerebellar inflammation
but severe retinal disorganization, loss of photorecep-
tors, and lens destruction in the eye. The number of
CD3*, CD11b*, and natural killer 1.1* cells were re-
duced in the CNS but highly increased in the eyes of
GF-IL12/CXCR3KO compared with GF-IL12 mice. High
levels of interferon-vy, IL-1, tumor necrosis factor «,
CXCL9, CXCL10, and CCL5 were found in GF-IL12 cer-
ebelli and GF-IL12/CXCR3KO eyes. Our findings dem-
onstrate key but paradoxical functions for CXCR3 in
IL-12-induced immune disease in the CNS, promoting
inflammation in the brain yet restricting it in the eye.
We conclude that the function of CXCR3 in cellular
immune disease is driven by a common trigger and is
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controlled by tissue-specific factors. (4mJ Pathol 2011,
179:2346-2359; DOI: 10.1016/j.ajpath.2011.07.041)

Innate and adaptive immune responses play a crucial
role in protecting the nervous system from dangerous
pathogens. However, this is a two-edged sword because
an excessive host immune response can cause more
harm than good." The understanding of the pathogenetic
mechanisms leading to immune-mediated tissue dam-
age during pathogen-driven diseases, such as bacterial
meningitis and herpes encephalitis,® or autoimmune dis-
ease, such as multiple sclerosis, is important to develop
novel treatment strategies to prevent detrimental effects
of the immune response.

Chemokines, which are chemotactic cytokines, are key
molecules in orchestrating innate and adaptive immune
responses.® The expression of chemokines is greatly in-
creased in nearly all neuroinflammatory disorders exam-
ined; however, the precise functional properties of these
multifunctional and promiscuous molecules remain
somewhat unclear.® The chemokines CXCL9, CXCL11,
and in particular CXCL10 are highly induced in various
neuroinflammatory disorders.® They share a common
chemokine receptor, which is CXCR3. CXCRS3 is mainly
found on activated CD4* and CD8™" T cells but also on
natural killer (NK) cells, monocytes, and dendritic
cells.”'° CXCR3 is differentially activated by CXCLS9,
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CXCL10, and CXCL11.""'2 The ligands and the receptor
itself are mainly induced and regulated by interferon
(IFN)-v."*7"® T,1 but not T2 cells express CXCR3 in
great amounts’®; therefore, CXCR3 is a typical marker of
Tyl cells.”

Descriptive studies initially pointed toward a key role of
CXCR3 and its ligands in promoting the influx of activated
T cells into the central nervous system (CNS)."82° How-
ever, functional studies using gene-deficient mice or
blocking antibodies revealed a much more complex
functional profile of this chemokine system,2'"2% which
strongly depends on the pathogenesis of the disease
model examined. In experimental autoimmune encepha-
lomyelitis (EAE), CXCR3 surprisingly has a protective ef-
fect, which is demonstrated by a more severe and
chronic disease in CXCR3-deficient mice.?*

However, EAE has a complex pathogenesis, which is
not, as previously assumed, a mainly T, 1-driven autoim-
mune reaction. Different T-cell subsets—T1, T417, and
Tregs—have an impact during different stages of the
disease, and to understand these functions is currently
an important issue in neuroimmunology.

To further clarify the functional relevance of CXCR3 in
neuroinflammation, we examined the type 1 cell-medi-
ated CNS inflammation in mice with CNS-restricted trans-
genic expression of the IL-12 gene.®® IL-12 is an impor-
tant regulator of cellular immunity in both innate and
adaptive immune responses. IL-12 activates NK cells,
and in CD8" and CD4™" T cells, IL-12 induces differenti-
ation from a T,,0 to a T,;1 phenotype.'®?° Furthermore,
IL-12 increases the proliferation of T cells and NK cells
and stimulates the production of numerous immune ef-
fector molecules, in particular IFN-y. As IFN-y induces
the production of IL-12, the IL-12/IFN-y cytokine system
serves as a positive feedback mechanism, which initiates
and maintains immune responses.

Glial fibrillary acidic protein (GFAP) IL-12 (GF-IL12)
mice express the /L-712 gene under the control of an
astrocyte-specific (GFAP) promoter and develop a se-
vere neuroinflammatory response via induction of IFN-vy.
In this transgenic mouse model, activated T cells and
their production of IFN-y are critical to the development
IL-12—driven CNS inflammation,?® and the high expres-
sion of IFN-y—-inducible chemokines, such as CXCL9 or
CXCL10, suggests an additional important role for these
molecules. In this study, we examined whether CXCR3 is
a critical molecule for the induction and course of IL-12-
induced neuroinflammation. To address this question, we
studied the impact of CXCR3 deficiency in transgenic
mice with chronic CNS-restricted production of IL-12.

Materials and Methods

Animals

CXCRB3-deficient (CXCR3KO) mice (originally provided
by Drs. Bao Lu and Craig Gerard, Children’s Hospital and
Harvard Medical School, Boston, MA) have been de-
scribed previously.?” The mice were backcrossed at
least eight generations onto the C57BL/6 strain. CXCR3-
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deficient mice displayed no clinical or histologic abnor-
malities when compared with wild-type (WT) mice.

Transgenic mice expressing both subunits of the IL-12
heterodimer (p35/p40) under the transcriptional control of
the astrocyte-specific GFAP promoter (GF-IL12 mice)
were described previously.?® To obtain CXCR3-deficient
GF-IL12 mice (GF-IL12/CXCR3KO), heterozygous GF-
IL12 mice on a C57BL/6 background were successively
crossed with CXCR3KO mice. Animals were kept under
pathogen-free conditions in the Zentrale Tierexperimen-
telle Einrichtung animal facility of the University Hospital
Munster (MUnster, Germany) and in the Blackburn facility
of the University of Sydney (Sydney, Australia). All pro-
cedures were approved by the veterinary office of the
Bezirksregierung Munster (Mlnster, Germany) and of the
Sydney Animal Care and Ethics Committee (Sydney,
Australia).

Clinical Assessment of Mice

The GF-IL12/CXCR3KO, GF-IL12, CXCR3KO, and WT
mice were clinically evaluated for 36 weeks at least twice
a week. The clinical scores for ataxia were assessed for
each animal according to a previously established pro-
tocol.?® Ataxia signs were scored using a cumulative scale
of four points, giving one point to each of these four physical
signs: splayed legs, dragging weight on the trunk rather
than on the legs, wobbling, and falling from side to side. A
second score was applied to assess the severity of the
ocular phenotype: 1 indicating monocular cataract; 2, bin-
ocular cataract; 3, monocular cataract and monocular
phthisis bulbi; and 4, binocular phthisis bulbi.

Tissue Processing for Histologic Analysis

The tissue for analysis (histology, immunohistochemistry,
and molecular biology) was obtained from 8- and 24-
week-old mice of each genotype (WT, CXCR3KO, GF-
IL12/CXCR3KO, and GF-IL12). Immediately after eutha-
nasia, the brain and eyes were removed and half of the
brain (cut along the sagittal midline) and an eye were
fixed overnight in PBS-buffered 4% paraformaldehyde at
4°C, washed in PBS, and subsequently embedded in
paraffin. Sections (8 wm) were prepared from paraffin-
embedded tissue.

For immunohistochemical analysis of cryosections, tis-
sue was embedded with Tissue Tek (Sakura Finetek,
Staufen, Germany). Sections (8 um) were prepared and
five cerebelli and eyes of each genotype were analyzed.

Routine Histologic Analysis and (Fluorescence)
Immunohistochemistry

Paraffin-embedded sections were stained with H&E and
Luxol fast blue (LFB) for routine histologic analysis and
myelin evaluation. For immunohistochemistry, sections
were rehydrated in graded ethanol series after deparaf-
fination in xylene and some were pretreated with protei-
nase K digestion. Slides were then incubated for 1 hour at
room temperature with primary antibodies (primary anti-
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Table 1. Antibody and Lectin Reagents Used for Immunohistochemistry

Paraffin sections Cryosections
Antibody or lectin (source) Specificity (dilution) (dilution)

Polyclonal rabbit anti-human CD3 (Dako, Hamburg, Germany) T cell 1:200 1:200
Biotin-conjugated tomato lectin, Lycopersicon esculentum Microglia and macrophages, 1:50

(Axxora, Lorrach, Germany) endothelial cells
Monoclonal mouse antihuman GFAP (Dako) GFAP 1:200
Polyclonal rabbit antilaminin reactive with human and mouse Basal lamina 1:50

laminin (Sigma-Aldrich, Munich, Germany)
Polyclonal rabbit anti-lbal reactive with human, mouse, and Microglia and macrophages 1:500

rat Iba1 (Wako Chemicals, Neuss, Germany)

bodies and corresponding protocols for immunohisto-
chemistry are summarized in Table 1). After washing in
PBS, a biotinylated secondary antibody (Axxora, Lérrach,
Germany; 1/200) and horseradish peroxidase-coupled
streptavidin (Axxora; 1/200) were used. The signal was
visualized by NovaRED color reagent (Axxora), accord-
ing to the manufacturer’s instructions. Conventional and
immunofluorescence-stained sections were examined
under a DM4000B bright field and fluorescence micro-
scope (Leica, Wetzlar, Germany). Bright field images and
monochrome fluorescent images were acquired using a
Leica DFC480 camera and Leica Firecam 1.7.1 software
(Leica). The acquired monochrome fluorescence signals
were merged using SPOT Advanced 4.5 software (Diag-
nostic Instruments, Sterling, MI) or “cell P” imaging software
(Olympus Soft Imaging Solutions, Mdnster, Germany).

To allow clear discrimination of IHC signal and the pig-
ment layer of the eye and to detect epitopes that are not
preserved in paraffin-embedded tissue, fluorescent immu-
nohistochemistry on cryoembedded sections was per-
formed (Table 1). After washing in PBS, ODgg, and OD g
fluorescence-conjugated secondary antibody (Invitrogen,
Darmstadt, Germany; 1/200) was used to visualize the pri-
mary antibody. Sections were mounted and counterstained
with DAPI (Sigma-Aldrich, Munich, Germany).

RNase Protection Assays

The brain and eyes were collected as described above
and snap frozen in liquid nitrogen. Total RNA was iso-
lated using Trizol (Sigma-Aldrich). RNase protection as-
says (RPAs) were performed as described previously.?®
Five micrograms of total RNA were used for each sample
and hybridized with the following probes: CXCL9, trans-
forming growth factor (TGF)-B, IL-1«, IFN- v, IL-12p40,
CCL5, and the RPL32-4A gene®° that served as an in-
ternal loading control. For autoradiography, Biomax films
(Eastman-Kodak, Rochester, NY) were exposed for vari-
ous periods and scanned using a Scandet 4C (Hewlett-
Packard Co., Palo Alto, CA).

Cytokine and Chemokine mRNA Determination
by Real-Time Quantitative PCR
Total RNA (3 ug) was reverse transcribed into cDNA using

SuperScript lll Reverse Transcriptase (Invitrogen). Real-time
quantitative PCR assays were performed using SYBR Green.

The composition of the reaction mixture was as follows: 1 uL of
cDNA corresponding to 300 ng of total RNA, 100 nmol/L of
each primer, and 2Xx SYBR Green PCR Master Mix (Applied
Biosystems, Darmstadt, Germany) in a total volume of 25 ulL.
Samples were analyzed simultaneously for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA as the internal
control. The mRNA levels for each target were normalized to
mRNA levels of GAPDH and expressed relative to that of
nontransgenic C57BL/6J mice. Each sample was assayed in
duplicate. Primer sequences used to amplify the
GAPDH, IFN-y, IL-17, CXCL10, tumor necrosis factor
(TNF)-a, vascular endothelial growth factor (VEGF)-A,
lymphatic vessel endothelial hyaluronan receptor 1
(LYVE1), and IL-10 cDNA were as follows: GAPDH sense
5’-TCACCAGGGCTGCCATTTGC-3' and GAPDH anti-
sense 5'-GACTCCACGACATACTCAGC-3', IFN-y sense
5’-CAGCAACAGCAAGGCGAAA-3’ and IFN-vy antisense
5'-GCTGGATTCCGGCAACAG-3’, IL-17 sense 5'-AAG
GCAGCAGCGATCATCC-3" and IL-17 antisense 5'-GG
AACGGTTGAGGTAGTCTGAG-3', CXCL10 sense 5'-GA
CGGTCCGCTGTTCT-3" and CXCL10 antisense 5'-GCT
TCCCTATGGCCCTCATT-3’, TNF-a sense 5-ATGAGA
AGTTCCCAAATGGCC-3" and TNF-«a antisense 5'-ACG
TGGGCTACAGGCTTGTC-3’, VEGF-A sense 5'-TTACT
GCTGTACCTCCACC-3" and VEGF-A antisense 5'-
ACAGGACGGCTTGAAGATG-3’, LYVE1 sense 5'-TC
CAACACGGGGTAAAATGT-3" and LYVE1 antisense 5'-
CCTCCAGCCAAAAGTTCAAA-3’, and IL-10 sense 5'-
TGTCAAATTCATTCATGGCCT-3’ and IL-10 antisense 5'-
ATCGATTTCTCCCCTGTGAA-3'.

Flow Cytometry Analyses of Cerebellar and
Ocular Leukocytes

Cerebelli and eyes from WT, CXCR3KO, GF-IL12, and
GF-IL12/CXCR3KO (n = 3) animals were excised and
placed into ice-cold PBS buffer solution. The tissue was
cut into small pieces and digested for 30 minutes in PBS
with collagenase | (0.05 g/mL; Roche Diagnostics, Mann-
heim, Germany) first and after DNase | (100 pg/mL;
Sigma-Aldrich) digestion for 30 minutes at 37°C in a
humidified atmosphere of 5% CO,. The eye homoge-
nates were differentially digested by a combination of
collagenase D (1 mg/mL; Roche) and DNase | (100 ug/
mL, Sigma-Aldrich) for 30 minutes. Digestion was
stopped with 10% fetal calf serum. A pellet was obtained
after 10-minute centrifugation at 340 X g. Digested sam-



ples were resuspended in PBS and disrupted or homog-
enized using a needle (0.6 X 25) and a syringe (5 mL)
before passing through a 70-um cell strainer (BD Biosci-
ences, Heidelberg, Germany). After pelleting, homoge-
nates were dissolved in 30% Percoll (Amersham Pharma-
cia Biotech, Braunschweig, Germany). Subsequently, the
30% Percoll homogenate mix was layered over 70% Per-
coll. Leukocytes were collected from the 30%/70% inter-
face after a 800 X g centrifugation step for 25 minutes
at room temperature. The collected cells were washed
in PBS and blocked with CD16/CD32 (Fc block; BD Bio-
sciences) antibody. Isolated leukocytes were incubated
with fluorochrome-conjugated antibodies (eBioscience,
Frankfurt/Main, Germany) to detect CD3e (clone 145-
2C11, PerCP-Cy5.5), CD4 (clone RM4-5, fluorescein iso-
thiocyanate), CD8a (clone 53-6.7, APC-eFluor 780),
CD11b (clone M1/70, APC), CD11c (clone N418, PE-
Cy7), CD25 (clone PC61.5, APC), CD45 (clone 30-F11,
fluorescein isothiocyanate), Ly6G (clone RB6-8C5,
PerCP-Cy5.5), B220 (clone RA3-6B2, APC-eFluor 780)
and NK-1/1 (clone PK136, PE-Cy7). Intracellular staining
for FoxP3 (phycoerythrin) was performed using the
Mouse Regulatory T Cell Staining Kit (with phycoeryth-
rin Foxp3, clone FJK-16s, fluorescein isothiocyanate
CD4, APC CD25; eBioscience) according to the manu-
facturer’s instructions. After washing, bound antibody
was detected with fluorescence activated cell sorting
(FACS) (BD FACSCanto II; BD Biosciences), and the
acquired data were analyzed using flow cytometry soft-
ware (Flowdo; TreeStar, San Carlos, CA).

Protein Lysates and Western Blot

Tissue was homogenized using a Precellys 24 tissue
homogenizer (Bertin Technologies, Saint-Quentin-en-
Yvelines Cedex, France) in lysis buffer [256 mmol/L Tris
HCI (pH 7.4), 150 mmol/L NaCl, 1% NP-40, 1 mmol/L
EDTA, 1 mmol/L EGTA, 1% Na Deoxycholate 0.1% SDS,
2 mmol/L ortho-vanadate, 30 mmol/L NaF, 50 mmol/L
sodium pyrophosphate, and 2 mmol/L phenylmethylsul-
fonyl fluoride] modified with freshly supplemented pro-
tease inhibitor mix (Sigma-Aldrich). Samples were centri-
fuged at 14,000 X g for 15 minutes and supernatants
were taken. The protein concentrations were determined
using the BCA Protein Assay Kit (Pierce, Rockford, IL).
Protein lysates (50 ug) were separated by 10% SDS-
PAGE gel using NuPage MES SDS running buffer (Invit-
rogen) at 150 V. PageRuler Prestained Protein Ladder
(Fermentas, St. Leon-Rot, Germany) was used as stan-
dard. Proteins were transferred to 0.2-um nitrocellulose
membranes (Whatman, Dassel, Germany). Membranes
were blocked for 30 minutes in Tris-buffered saline with
Tween 30 containing 5% skim milk. Immunoblotting was
performed using antiphosphorylated (Y693) STAT4 anti-
body (Invitrogen), anti-STAT4 (Santa Cruz, Heidelberg,
Germany) antibody, and antibody CP06 (Oncogene Sci-
ence, Cambridge, MA) detecting a-tubulin followed by
incubation with the appropriate horseradish peroxidase—
conjugated secondary antibodies (Jackson ImmunoRe-
search, Newmarket, UK). Immunoreactivity was detected
by chemiluminescence reaction (Millipore, Schwalbach,

CXCRS in IL-12—Mediated CNS Immunity = 2349
AJP November 2011, Vol. 179, No. 5

Germany), and luminescence intensities were analyzed us-
ing the Chemidoc XRS imaging system (BioRad, Munich,
Germany). With the Quantity One (BioRad) program, band
density was determined for each lane and the intensity ratio
for the detected proteins was calculated to a-tubulin.

Results

CXCR3-Deficient GF-IL12 Mice Only Rarely
Develop Ataxia but Always Develop a
Destructive Ocular Phenotype

To determine whether the clinical course of IL-12—driven
CNS inflammation was altered in the absence of CXCR3
signaling, the physical status of a cohort of 13 GF-IL12
and 23 GF-IL12/CXCR3KO mice was observed for 36
weeks (Figure 1A). As described previously,?®2® GF-IL12
mice developed a progressive ataxia at the age of 9to 12
weeks. First clinical signs at that time point were belly
dragging and the splaying of legs, resulting in 85% of
GF-IL12 mice with an ataxia score of 1. At the same time
point, only 9% of GF-IL12/CXCR3KO mice displayed any
signs of ataxia. Progression of the ataxia in GF-IL12 mice
could be observed, resulting in an ataxia score of 3 or 4 in
92% of the animals at 36 weeks. In contrast, only the GF-
IL12/CXCR3KO mice (9%, 2/23) that displayed signs of
ataxia at 12 weeks further progressed and developed se-
vere ataxia at 36 weeks (GF-IL12/CXCR3KO®°K). The re-
maining 91% of GF-IL12/CXCR3KO mice developed no
signs of ataxia, demonstrating a strongly reduced inci-
dence of the atactic phenotype in GF-IL12/CXCR3KO mice
compared with GF-IL12 mice (P < 0.005).

Unexpectedly, all GF-IL12/CXCR3KO mice (n = 23)
developed mono-ocular or binocular cataracts during the
first 4 weeks of life (ocular scores of 1 to 2, Figure 1B). In
contrast, only 15% (2/13) of the GF-IL12 mice developed
a very mild opacity of the lens (ocular score 1), which we
did not observe in either WT or CXCR3KO controls. After
24 weeks all GF-IL12/CXCR3KO mice developed a bul-
bar atrophy (phthisis bulbi) and severe cataracts (ocular
score of 3 to 4, Figure 1B), ultimately leading to blindness
in these mice. None of the GF-IL12 mice developed these
severe symptoms. The early lens opacity observed in
some GF-IL12 animals (6/13) resolved in 66% of these
animals, and in the remaining animals the ocular pheno-
type did not progress any further.

Less Severe Cerebellar Histopathologic
Findings Correlate with the Attenuated Clinical
Phenotype of CXCR3-Deficient GF-IL12 Mice

To correlate the clinical differences observed in GF-IL12
versus GF-IL12/CXCR3KO mice with histopathologic
findings, we used routine histologic analysis and immu-
nohistochemistry to examine WT, CXCR3KO, GF-IL12,
nonatactic GF-IL12/CXCR3KO, and atactic GF-IL12/
CXCR3KO®™®* mice at the age of 24 weeks. None of the
WT or CXCR3KO animals showed any histopathologic
changes in routine histologic findings. However, exten-
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Figure 1. Progression of clinical ataxia (A) and the severity of ocular phenotype (B) in GF-IL12 (72 = 13) and GF-IL12/CXCR3KO (7 = 23) mice during 36 weeks.
Ataxic signs were scored using an accumulative scale of four points, giving one point to each of these four physical signs: splayed legs, dragging weight on the
trunk rather than on the legs, wobbling, and falling from side to side. The ocular score was applied to assess the severity of the ocular phenotype: 1 indicating
monocular cataract; 2, binocular cataract; 3, monocular cataract and monocular phthisis bulbi; and 4, binocular phthisis bulbi. Although GF-IL12 mice developed
severe ataxia during 24 weeks (black dots), most of the GF-IL12/CXCR3KO mice did not display signs of ataxia (circled dots). A few of the GF-IL12/CXCR3KO
animals (GF-IL12/CXCR3KO®*K; red dots) developed scores of ataxia comparable to GF-IL12 mice until 24 weeks. Surprisingly, during the first 4 weeks all
GF-IL12/CXCR3KO mice developed a progressive disease of the eyes, ultimately leading to binocular bulbar atrophy after 36 weeks. The ocular phenotype of
GF-IL12 mice at that age reached a maximum ocular score of 1. *P < 0.05; **P < 0.005, mean * SEM.

sive tissue destruction, calcifications, and mononuclear
cell accumulation in the parenchyma and meninges were
observed in the brain of GF-IL12 mice and were consis-
tent with previous reports.2%2® Furthermore, widespread
demyelination and spongiosis predominantly of the cer-
ebellar white matter were observed (Figure 2A; GF-IL12,
LFB).252% In contrast, nonatactic GF-IL12/CXCR3KO
mice had only minimal histologic alterations without de-
myelination and calcifications (Figure 2A; GF-IL12/
CXCR3KO, LFB). Only the few GF-IL12/CXCR3KOS!*
mice with signs of ataxia (9% of all GF-IL12/CXCR3KO
mice) displayed perivascular cell clustering and demy-
elination, without calcifications. However, these patho-
logic changes did not reach the level of severity ob-
served in CXCR3-competent GF-IL12 mice (Figure 2A;
GF-IL12, LFB). To further characterize the histopatho-
logic differences, we examined accumulation and distri-
bution of T cells (CD3) and microglia and macrophages
(lectin) by immunohistochemistry. In CXCR3-competent
GF-IL12 mice, T cells were found in a perivascular posi-
tion and throughout the parenchyma (Figure 2A; GF-IL12,
CD8). Activated microglia and macrophages were found
in the parenchyma and correlated well with tissue de-
struction and demyelination after 24 weeks (Figure 2A;
GF-IL12, lectin). In contrast, at this time point 91% of
GF-IL12/CXCR3KO mice had only slightly increased
numbers of CD3* T cells, which were most often local-
ized in a parenchymal perivascular position and not in the
subarachnoidal space (Figure 2A; GF-IL12/CXCR3KO,
CD3). T-cell-accompanying activated microglia and mac-
rophages were drastically reduced in nonatactic CXCR3-
deficient GF-IL12 mice (Figure 2A; GF-IL12/CXCR3KO, lec-
tin). Only clinically affected GF-IL12/CXCR3KOS* mice
showed perivascular infiltrates consisting of T cells sur-
rounded by activated microglia and macrophages local-
ized to the white matter of the cerebellum (Figure 2A;

GF-IL12/CXCR3KOs*°k CD3, lectin). Overall, these find-
ings demonstrate that the less severe phenotype in GF-
IL12/CXCR3KO mice is associated with a marked de-
crease in cerebellar inflammation.

Cerebellar Cytokine Profile Correlates with the
Histopathologic Findings and the Clinical
Qutcome in GF-IL12 and GF-IL12/CXCR3KO
Mice

We wanted to determine whether the different cerebral
disease phenotypes in GF-IL12/CXCR3KO and GF-IL12
were linked with a specific cytokine RNA pattern. There-
fore, the mRNA transcripts of key inflammatory cytokine
and chemokine genes in the cerebellum of GF-IL12 ver-
sus GF-IL12/CXCR3KO mice were determined by RPA
(Figure 2B).

In the cerebellum of WT and CXCR3KO mice, only
TGF-B could be detected unequivocally. Consistent with
the clinical ataxia and the described histopathologic fea-
tures, induction of all examined cytokine and chemokine
genes was prominent in GF-IL12 mice at 24 weeks (Fig-
ure 2B; GF-IL12). In GF-IL12/CXCR3KO mice with a clin-
ical score of 0 to 1 only and without prominent histologic
damage, only low levels of CXCL9, IL-1, CXCL10, and
CCL5 could be detected. In the GF-IL12/CXCR3KOS!o*
mice, we observed a similar pattern to GF-IL12 mice with
an induction of CXCL9, IL-1, CXCL10, and CCL5. How-
ever, the RNA level for IFN-y and for CXCL9 and CXCL10
were considerably lower. Because IFN-vy is a key cytokine
in this model, we additionally measured RNA levels of
IFN-v by quantitative PCR and found significantly higher
levels in GF-IL12 mice (P = 0.0015, 4397-fold + 804-fold
increase) compared with GF-IL12/CXCR3KO mice (782-
fold = 227-fold increase) (Figure 2C). Within the GF-IL12/
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Figure 2. Histologic and molecular phenotype of CXCR3-deficient and CXCR3-competent cerebelli of GF-IL12 mice. A: Histologic alterations in the cerebelli of
GF-IL12 and GF-IL12/CXCR3KO mice at 24 weeks of age. Colocalization of LFB routine histologic analysis, T cells (CD3), and microglia and macrophages (tomato
lectin). Extensive cell loss in the granule layer (GF-IL12, LFB), white matter calcifications (GF-IL12, LFB, arrowhead), and demyelination were detectable in all
GF-IL12 animals. In contrast, most GF-IL12/CXCR3KO mice had none or only minimal histopathologic alterations (GF-IL12/CXCR3KO, LFB). A few GF-IL12/
CXCR3KO mice with moderate signs of ataxia displayed histopathologic alterations (GF-IL12/CXCR3KO®'*, LFB), which did not reach the level of tissue disruption
in GF-IL12 mice. Meningeal and perivascular (GF-IL12, GF-IL12/CXCR3KO, GF-IL12/CXCR3KO®* LFB) infiltrates were drastically reduced in GF-IL12/CXCR3KO
mice compared with GF-IL12 mice. Widespread distribution and perivascular accumulation of T cells (GF-IL12, GF-IL12/CXCR3KO®k | CD3) are accompanied by
diffuse microglia and macrophage activation in the white matter (GF-IL12, GF-IL12/CXCR3KO®¥, lectin) of GF-IL12 mice. Most GF-IL12/CXCR3KO displayed only
minor T-cell infiltration and less activated microglia and macrophages (GF-IL12/CXCR3KO, CD3). Original magnification, X20. Scale bars: 250 um (overview of
cerebellum) and 100 wm (meningeal/vascular focus). B: The mRNA expression pattern of selected cytokine and chemokines in the cerebellum of GF-IL12,
GF-IL12/CXCR3KO, and control mice detected by RPA. Total RNA was isolated from the cerebelli of mice and 5 ug was used for analysis by RPA. The level of
132 was used as the loading control. An overall increase of proinflammatory cytokine and chemokine transcripts was found in GF-IL12 and GF-IL12/CXCR3KO®“*
mice with the exception of a low IFN-y level in GE-IL12/CXCR3KO®*“* mice. C: Real-time quantitative PCR was performed to further determine the level of IFN-y
mRNA in the cerebelli of aged GF-IL12 (1 = 6) and GF-IL12/CXCR3KO (1 = 6) mice (left). Compared with GF-IL12 mice, the GF-IL12/CXCR3KO mice had
significantly lower levels of IFN-y RNA transcripts at 24 weeks of age. D: Further RNA analysis revealed high levels of cerebellar CXCR3 and CCRS5 transcripts in
GF-IL12 animals after 24 weeks (right). In contrast only the diseased GF-IL12/CXCR3KO™“* mice (red dots) revealed elevated levels of CCR3 receptor transcripts
in the cerebellum. For statistical significance, **£ < 0.01, mean = SEM.

CXCR3KO group, the animals with clinical symptoms
(GF-IL12/CXCR3KO®°" red dots) had the highest levels
of IFN-y RNA. To evaluate a possible induction of T,;17
subset effector cells in parallel to the predominant T,,1-
driven immune response observed in this model, we ex-
amined the level of IL-17 transcripts in both GF-IL12 and
GF-IL12/CXCRBKO cerebelli (Figure 2C). The IL-17 tran-
script levels in GF-IL12, GF-IL12/CXCR3KO, and CXCR3
in IL-12-Mediated CNS Immunity IL12/CXCR3KO®°* mice
were unaltered compared with WT animals. In summary,
the RNA levels of various inflammatory cytokines corre-
lated well with the clinical and histopathologic observa-

tions. The IFN-y RNA level was markedly reduced, even
in GF-IL12/CXCR3KO®"°* mice with clinical symptoms.

CXCR3 and CCR5 mRNA Expression in
GF-IL12-Mediated Cerebellar Inflammation

CCL5 and CCR5 are, like CXCR3 and its ligands, in-
volved in the trafficking of type 1 immune cells. 3132
The RPA results revealed a prominent up-regulation of
CCL5 in clinically affected GF-IL12/CXCR3KOS*k but not
in unaffected GF-IL12/CXCR3KO mice. To determine
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whether CCL5 might compensate for the lack of CXCR3,
we further examined and compared cerebellar CXCR3
and CCR5 RNA levels by real-time quantitative PCR in
GF-IL12, unaffected GF-IL12/CXCR3KO, and clinically
affected GF-IL12/CXCR3KO®S°* mice. The mRNA levels
for each transcript were normalized to the mRNA levels of
GAPDH and correlated with the level of control mice. We
found increased levels of CXCR3 (10.7-fold = 2.5-fold
increase) and CCR5 (7.7-fold = 1.3-fold increase) tran-
scripts, suggesting a functional role of both CXCR3™ and
CCR5™ cells. Significantly lower levels of CCR5 tran-
scripts were found in unaffected GF-IL12/CXCR3KO an-
imals (P < 0.01, 2.5-fold #+ 0.8-fold increase). In clinically
affected GF-IL12/CXCR3KOS"°* mice, we found CCR5
RNA at a level (8.6-fold = 1.3-fold increase) comparable
to the findings in GF-IL12 mice (Figure 2D, right). The
high level of CCL5 and CCR5 in GF-IL12/CXCR3KOs*ek
mice but not in clinically unaffected GF-IL12/CXCR3KO
mice could argue for a compensation of the CXCR3 de-
ficiency by CCR5 in GF-IL12/CXCR3KO®"°* mice.

Cerebellar Leukocyte Recruitment in GF-IL12/
CXCR3KO Mice Is Reduced Early and Is
Associated with Lower Levels of IFN-y mRNA

To further examine the clinical and histopathologic differ-
ences observed at a late time point, we performed flow
cytofluorometric analysis from cerebellar cell suspen-
sions at the age of 8 weeks when both GF-IL12 versus
GF-IL12/CXCR3KO mice did not show any clinical symp-
toms (Figure 3A). At that time point, the total number of
CD45™ leukocytes were already increased in GF-1L12 mice
compared with GF-IL12/CXCR3KO animals (243,250 =+
62,268 cells in GF-IL12 mice versus 102,067 = 20,972 cells
in GF-IL12/CXCR3KO mice) (Figure 3A). However, the rel-
ative proportion of T-cell subsets (CD4™ versus CD8" T
cells) remained similar between the two strains of trans-
genic mice (66.4% = 13.3% versus 21.7% = 0.4% in
GF-IL12 mice and 59.1% = 9.2% versus 29.2% = 6.5% in
GF-IL12/CXCR3KO mice). Further characterization of the
CD45™ cells revealed an increase of CD45"/NK-1.1*

° GF-IL12
¢ GF-IL12/CXCR3KO

Figure 3. Specific leukocyte subsets and IFN-y
RNA are reduced in the cerebelli of GF-IL12/
CXCR3KO mice at an early time point. A: Flow
cytometric analysis of leukocyte subsets in the
cerebelli of GF-IL12 and GF-IL12/CXCR3KO
mice at the age of 8 weeks. Cerebellar tissue
leukocytes were isolated and analyzed as de-
scribed in Materials and Methods. A strong de-
crease of CD4™, Nk-1/1*, and CD45*/CD11b™
cells was found in GF-IL12/CXCR3KO mice
compared with GF-IL12 animals. B: Low levels
of IFN-vy transcripts (real-time quantitative PCR
detection) at this early time point correlated
with FACS analysis findings of diminished
counts of NK and T cells found in cerebellar
tissue of GF-IL12/CXCR3KO compared with
it GF-IL12 animals.
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cells in GF-IL12 compared with GF-IL12/CXCR3KO mice
(15.2% = 4.9% in GF-IL12 mice versus 6.7% * 4.0% in
GF-IL12/CXCR3KO mice), resulting in a more than five-
fold increase in the absolute cell counts in GF-IL12 cer-
ebelli. An approximate fourfold increase in CD45%/
CD11b™ macrophages isolated from GF-IL12 transgenic
animals could be observed over that found in GF-1L12/
CXCR3KO mice but with similar frequency of CD45%/
CD11b™ cells (21.8% = 12.5% in GF-IL12 versus
13.4% = 2.5% in GF-IL12/CXCR3KO). Furthermore,
real-time quantitative PCR revealed significantly higher
IFN-vy transcript levels in the cerebelli of GF-IL12 mice
than in GF-IL12/CXCR3KO animals (Figure 3B). In
summary, cellular infiltrates and IFN-y RNA level are
increased early in GF-IL12 mice compared with GF-
IL12/CXCR3KO animals, arguing for an early role of
CXCRS in cerebellar leukocyte accumulation and IFN-y
induction in the GF-IL12 mice.

CXCR3KO Mice Develop a Progressive and
Destructive Inflammation of the Eyes, Ultimately
Leading to Bulbar Atrophy and Blindness

Macroscopic examination of the eyes of GF-IL12/
CXCRBKO mice revealed a severe ocular atrophy (phthi-
sis bulbi) at 24 weeks (Figure 4M). None of the GF-IL12
mice developed this ocular phenotype (Figure 41); eyes
from GF-IL12 mice were indistinguishable from WT or
CXCR3KO mice at that time point (Figure 4, A and E).
Next, we performed routine histologic staining on mice at
4, 8, and 24 weeks of age and immunohistochemistry at
8 weeks to further examine the histopathologic findings of
the eye phenotype. The eyes of all genotypes were ex-
amined (each n = 6). Routine H&E staining at 4 weeks
revealed that none of the genotypes displayed any path-
ological alterations, which ruled out developmental ab-
normalities (Figure 4, B, F, J, and N). At the age of 8
weeks, lens damage and changes in the retinal architec-
ture with injury or elimination of photoreceptors inner and
outer segments were found in GF-IL12/CXCR3KO mice
(Figure 40). At 24 weeks, GF-IL12/CXCR3KO mice dis-
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Figure 4. Progressive postnatal ocular inflammation of GF-IL12/CXCR3KO mice, ultimately leading to bulbar atrophy and destruction. Macroscopic ocular
phenotype from WT, CXCR3KO, GF-IL12, and GF-IL12/CXCR3KO mice at the age 24 weeks (A, E, I, and M) and H&E-stained ocular sections at the age of 4, 8,
and 24 weeks (B—D, F-H, J-L, and N-P). Sections of the eyes at the age of 4 weeks appeared normal (B, F, J, and N) in all genotypes, thereby ruling out
developmental abnormalities in the mutant strains. At 8 weeks of age disorganization and loss of photoreceptors in the retina of CXCR3-deficient GF-IL12 mice
and with cellular infiltrates in the peripheral cornea, iris, and ciliary body and pigment loaded cells in the anterior chamber (0). After 24 weeks of age the whole
structure of the retinal layers and the lens were disrupted or destroyed in the eyes of GF-IL12/CXCR3KO mice (P). WT, CXCR3KO, and GF-IL12 mouse eyes or
retinas without alterations observable in the overview of all ages (B-D, F-H, and J-L).

played a severe retinopathy, a disrupted pigment epithe-
lium, and destruction of the lens architecture (Figure 4P).
In contrast, GF-IL12 animals did not display any major
histopathologic alterations of the eye at 8 or 24 weeks
(Figure 4, K and L) and neither did the WT or CXCR3
control mice (Figure 4, C, D, G, and H).

Using immunofluorescence staining of sagittal horizon-
tal sections of eyes, we further characterized the histo-
pathologic features of the ocular destruction in GF-1L12/
CXCR3KO mice at 8 weeks of age. We found high counts
of CD3™ T cells throughout the eye (204 + 23 per section
of the eye; n = 5 sections) but in particular an accumu-
lation in the ganglion cell layer of the retina (Figure 5M).
At this stage T-cell accumulation was closely associated
with lba1™ microglial and macrophage infiltration of the
retinal ganglion cell layer, widely found in proximity to the
retinal pigment epithelium (Figure 50) and anterior cham-
ber (data not shown). GF-IL12 mice had only minor ocular

CD3* T-cell accumulation (Figure 51; <10 = 6 per sec-
tion of the eye; n = 8 sections). At 8 weeks we found
Iba1™* microglia and macrophages in the GF-IL12 gan-
glion cell layer and between the inner and outer nuclear
layer of retina (Figure 5K). No Iba1™ cells were observ-
able in the intact layer, where one can find the inner and
outer segments of rod and cone photoreceptors. Staining
of the vasculature with laminin revealed an increased
amount of vessels in the inner plexiform and the granule
layers of GF-IL12/CXCR3KO mice but not GF-IL12 mice
(Figure 5, L and P). In addition, Mdller cells, the retinal
astrocytes, were found highly activated in terms of mor-
phology and GFAP levels in GF-IL12/CXCR3KO mice
(Figure 5N). None of the examined WT and CXCR3KO
eyes showed any histopathologic features in respect to
CDS3 (Figure 5, A and E), GFAP (Figure 5, B and F), Iba
(Figure 5, C and G), or laminin (Figure 5, D and H)
immunohistochemistry.
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Figure 5. T-cell infiltration, glial activation, and vessel formation characterize the early ocular histopathologic findings in GF-IL12/CXCR3KO mice. Combined
immunofluorescence staining for T cells (CD3)/phase contrast microscopy (A, E, I, M) and single immunofluorescence staining of the retina of examined
genotypes (B-D, F-H, J-L, N-P); GFAP to detect Miiller cells; Iba-1 to detect microglia and macrophages; and laminin to detect blood vessels on serial sections.
GF-IL12/CXCR3KO but not GF-IL12 mice at 8 weeks revealed massive CD3" T-cell accumulation and destruction of the retinal architecture (V, vitreous; GC,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; R, rod & cones outer segments) with loss of the photoreceptors inner and outer segments
(I and M. In contrast to only minor changes in the eyes from GF-IL12 mice, pathological neovascularization in the inner plexiform layer and the granule layer
(L and P; Lam) was observed in the retina of GF-IL12/CXCR3KO mice. Retinal microglia and macrophages were detectable in GF-IL12 and GF-IL12/CXCR3KO
genotypes, but Iba-1 positive cells within the photoreceptor layer were only detected in the GF-IL12/CXCR3KO genotype (K and O; Iba-1). In addition, Muller
cells in GF-IL12/CXCR3KO mice were highly activated in terms of morphology and GFAP level (J and N). Nuclear counterstaining with DAPI (blue signal). Scale

bars: 50 um (A, C-E, G-I, K-M, O, and P) and 25 um (B, F, J, and N).

Increase of Specific Leukocyte Subsets in the
Eyes of GF-IL12/CXCR3KO Mice

To characterize the composition and numbers of immune
cells infiltrating the eyes of GF-IL12/CXCR3KO and GF-
IL12 animals at 8 weeks, flow cytometric analysis was
performed (Figure 6A). Corresponding with the histologic
findings of high numbers of CD3" cells in the eyes of
GF-IL12/CXCR3KO mice, an increase in CD3*CD4™* and
CD3*CD8* T cells was observed by FACS compared
with the GF-IL12 genotype (5299 = 93 CD4™" T cells and
1606 = 319 CD8™ T cells in GF-IL12/CXCR3KO versus
1224 = 232 CD4™ T cells and 257 = 176 CD8™ T cells in

GF-IL12). Furthermore, the number and relative propor-
tion of Ly6G™ neutrophil granulocytes were found to be
markedly elevated in the GF-IL12/CXR3KO compared
with the GF-IL12 eyes (4.6% * 0.3% in GF-IL12 mice
versus 20.7% * 3.2% in GF-IL12/CXCR3KO mice). How-
ever, the percentage of CD4™ (79.0% * 15.0% in GF-
IL12 mice versus 74.5% = 1.3% in GF-IL12/CXCR3KO
mice), CD8" (16.6% = 11.3% in GF-IL12 mice versus
22.6% * 45% in GF-IL12/CXCR3KO mice), NK-1.1"
(6.6% = 3.0% in GF-IL12 mice versus 9.2% = 0.8% in
GF-IL12/CXCR3KO mice), and CD11b™ (13.6% = 0.0%
in GF-IL12 mice versus 14.2% = 4.7% in GF-l112/
CXCR3KO mice) cells remained similar between the two
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Figure 6. Ocular leukocyte infiltration is related to the induction of various inflammatory gene transcripts in GF-IL12/CXCR3KO mice. A: Markedly increased
accumulation of various leukocyte subsets in the eyes of GF-IL12/CXCRKO mice at the age of 8 weeks. Ocular leukocytes were isolated and analyzed by cytometry
as described in Materials and Methods. Ocular cell counts of CD4™, CD8*, CD45% CD11b™, CD45™ Ly6G™, CD4" FoxP3™, and CD19* B220™ cell populations
in GF-IL12 and GF-IL12/CXCR3KO mice. B: Increased levels of cytokine and chemokine gene transcripts in the eyes of GF-IL12/CXCR3KO compared with GF-IL12
mice. C: Real-time quantitative PCR was performed to determine the ocular gene expression level of various proinflammatory transcripts in GF-IL12 and
GF-IL12/CXCR3KO mice. D: IFN-vy transcript analysis in the eyes and cerebelli of individual animals (each symbol represents eyes or cerebelli of one analyzed

animal). For statistical significance, *P < 0.05; *P < 0.01, mean * SEM.

strains. These findings further demonstrate the inflamma-
tory response in the ocular phenotype observed in GF-
IL12/CXCR3KO mice. When comparing the cerebellar
leukocyte subsets (Figure 3A) with the ocular leukocyte
subsets (Figure 6A) of individual mice, we could not
detect any relation between the amount of specific in-
flammatory cell population in these organs (data not
shown).

Induction of Inflammation-Related Genes in the
Eyes of GF-IL12/CXCR3KO Mice

To examine the RNA levels of key inflammatory cytokines
in the eye of GF-IL12 vs GF-IL12/CXCR3KO mice, we
performed RPA with total RNA from all analyzed geno-
types (Figure 6B). Correlating with the histopathologic
changes and inflammatory cells accumulated in the eye
at 8 weeks, we found highly increased RNA levels of all
examined cytokines, including IFN-y, CXCL9, CXCL10,
and CCL5 (Figure 6B).

To further characterize the ocular inflammatory re-
sponse in GF-IL12/CXCR3KO mice, we used real-time
quantitative PCR to confirm the RPA results and to com-

pare RNA levels from selected key cytokines, chemo-
kines (IL-12p40/35, IFN-y, CXCL10, IL-17, TNF-a, and
IL-10), or angiogenesis and lymphangiogenesis markers
(VEGF-A and LYVE1) from the eyes of 8-week-old ani-
mals (Figure 6C). Fold increase was calculated with re-
spect to expression of the respective target in the
CXCR3KO and WT mice. No significant differences were
detected between CXCR3KO and WT mice.

We found significantly higher IFN-y mRNA levels in the
eyes of GF-IL12/CXCR3KO (P < 0.01; 59.0 * 8.3) versus
GF-IL12 (14.0 = 2.7) mice (Figure 6C). However, analysis
of the cerebelli and eyes of individual mice at 8 weeks
revealed no correlation between cerebellar and ocular
IFN-y mRNA levels (Figure 6D). The IFN-y-inducible
chemokine CXCL10 mRNA was induced in eyes of GF-
IL12/CXCR3KO (24.2 = 14.9) versus GF-IL12 (5.0 + 3.1)
mice. However, similar to the cerebellum (see above) no
significant induction of IL-17 mRNA was found in the eyes
of any genotypes. Next, the mRNA level in the eyes for
the proinflammatory cytokine TNF-a was found to be sig-
nificantly increased in GF-IL12/CXCR3KO mice (P <
0.05; 6.3 = 2.0) versus GF-IL12 (1.1 = 0.6) mice. Be-
cause of the extensive vascularization observed in the
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Figure 7. Increased levels of STAT4, phosphorylated STAT4, and IL12rb1 transcripts in GF-IL12GF cerebelli and GF-IL12/CXCR3KO eyes (72 = 3). Immunoblot

(A and D) and densitometric analysis (B and E) of the cerebellar and ocular STAT4 and phospho-STAT4 level in GF-IL12 and GF-IL12/CXCR3KO mice were
performed as described in Materials and Methods. mRNA levels (C and F) of IL12rb1 in cerebellum and eyes of GF-IL12 mice compared with GF-IL12/CXCR3KO
mice were assessed by quantitative PCR. For statistical significance, **P < 0.01, mean * SEM.

eyes of GF-IL12/CXCR3KO mice, we examined the ex-
pression of the VEGFA gene. VEGF induces microvascu-
lar permeability and plays a central role in both angio-
genesis and vasculogenesis.®® VEGF-A RNA was found
at significantly higher levels in the eye of GF-IL12/
CXCR3KO (P < 0.05; 2.3 + 0.3) versus GF-IL12 (1.0 =
0.2) (n = 3, mean = SEM; Figure 6C) mice. To further
evaluate whether increased vessel formation was also
accompanied by an increase in lymphangiogenesis in
the eye, we examined LYVE1 transcripts as a lymphatic
endothelial cell marker but did not find any significant
difference between GF-IL12/CXCR3KO and GF-IL12
mice. In summary, the expression of inflammatory genes
is highly up-regulated in the eyes of GF-IL12/CXCR3KO
mice compared with GF-IL12 mice, which further pro-
vides evidence for an inflammatory-driven pathogenesis,
leading to the severe destruction of eyes in GF-IL12/
CXCR3KO mice.

IL12rb7 mRNA Levels and STAT4 Phosphorylation
Is Increased in the Cerebellum of GF-IL12 Mice
and Eyes of GF-IL12/CXCR3KO Mice

To evaluate possible differences in the cerebellar and
ocular tissue response to IL-12, we examined the RNA
levels of IL12rb1 by quantitative PCR and STAT4 phos-
phorylation using immunoblot detection. Corresponding
with the described inflammatory response, we observed
higher RNA levels of IL12rb1 in cerebelli of GF-IL12 mice
compared with GF-IL12/CXCR3KO mice. Conversely, oc-
ular IL12rb1 was higher in GF-IL12/CXCR3KO mice com-
pared with GF-IL12 mice (Figure 7, C and F). Densito-
metric analysis of immunoblots (Figure 7, A, B, D, and E)
revealed significantly higher protein levels of total and
phosphorylated STAT4 protein levels in the cerebelli of
GF-IL12 mice versus GF-1112/CXCR3KO mice (total

STAT4, 1.65 = 0.08 versus 0.96 = 0.06; phosphorylated
STAT4, 0.81 = 0.07 versus 0.27 + 0.02; Figure 7, A and
B). The opposite was observed in the examined eyes:
lower levels of total and phosphorylated STAT4 were
found in the eyes of GF-1112 mice compared with GF-
IL12/CXCR3KO mice (total STAT4, 1.94 = 0.14 versus
2.76 = 0.06; phosphorylated STAT4, 0.91 * 0.09 versus
1.97 = 0.02; Figure 7, D and E).

Discussion

CXCRS3 and its ligands CXCL9, CXCL10, and CXCL11
are implicated in the pathogenesis of many neuroinflam-
matory diseases.'®3%3% However, functional studies ex-
amining the role of CXCR3 and its ligands in neuroinflam-
matory disease models have led to conflicting results
without clearly defining the role of the CXCR3 chemokine
system in inflammatory CNS diseases.® In particular,
studies of EAE did not reveal the expected disease-
promoting effect of CXCR3 but rather protective and dis-
ease-limiting functions.?2*3” We examined the role of
CXCR3 in a less complex T, 1-mediated model of sponta-
neous CNS inflammation in transgenic mice with astrocyte-
targeted production of IL-12. Within the CNS of these mice
with CXCR3 deficiency, we observed a markedly attenu-
ated inflammatory response, which corresponded with the
well-characterized impact of the CXCR3 chemokine system
on the migration and attraction of type 1 immune cells.®83°
Unexpectedly, these same animals developed a very se-
vere inflammatory disease of the eyes, demonstrating that
the effect of CXCR3 in neuroinflammation is not only depen-
dent on the underlying cause but also strongly influenced
by the site of the inflammation.

Neuroinflammation in GF-IL12 transgenic mice is well
characterized. Astrocytic IL-12 activates CD4* and
CD8™ T cells and NK cells, all of which produce proin-



flammatory cytokines, including IFN-y and the CXCR3
ligands CXCL9 and CXCL10.#° An IFN-y—dependent im-
mune response further increases the local accumulation
of activated immune cells and mediates the tissue dam-
age of the CNS.*'""%* Phenotypically, these GF-IL12
transgenic mice develop a severe cerebellitis and, cor-
respondingly, progressive ataxia.®®> However, most GF-
IL12/CXCR3KO mice did not develop a clinical pheno-
type and had only minor histopathologic alterations of the
cerebellum. This finding argues for a strong disease-
promoting function of the CXCR3 chemokine system in
IL-12—induced neuroinflammation in the GFAP-IL12
model and is in contrast to previous findings in EAE,
where CXCR3 has a disease-limiting function indepen-
dent of the recruitment of effector T cells to the CNS.2437

The gross reduction of leukocytes in the parenchyma
and subarachnoid space of GF-IL12/CXCR3KO mice
provides evidence of a functional role of CXCR3 in me-
diating the leukocyte accumulation in the CNS as a result
of IL-12 overproduction. However, CXCR3 deficiency did
not completely prevent cerebellar inflammation in all GF-
IL12/CXCR3KO mice. A low percentage of GF-IL12/
CXCR3KO mice developed clinical signs of ataxia and
histopathologic alterations, which still were less promi-
nent than observed in CXCR3 competent GF-IL12 mice.
Because CCL5 and CCR5 are highly up-regulated in
GF-IL12/CXCR3KOs*°* mice, this chemokine system may
possibly have compensated for the CXCR3 deficiency in
GF-IL12/CXCR3KO mice that develop clinical signs.

To define early differences between GF-IL12 and GF-
IL12/CXCR3KO mice in the inflammatory response, we
examined animals of each genotype at the age of 8
weeks, where clinical signs were not yet observable.
FACS analysis revealed substantial differences in the
amount and composition of immune cells in cerebelli from
GF-IL12 and GF-IL12/CXCR3KO mice at that early time
point. We observed not only a difference in T-cell subsets
but also a marked reduction of CD11b™ microglia and
macrophages and NK cells in GF-IL12/CXCR3KO mice.
This finding demonstrates that CXCRS3 is involved not
only in the accumulation of T cells in this model but also,
directly or indirectly, in the accumulation of macrophages
and NK cells at an early time point. The observation that
CXCRS3 and its ligands modulate the CNS accumulation
of a variety of immune cells, and not only T cells, is further
supported by previous observations in transgenic mice
with long-term astrocyte-targeted production of the
CXCR3 ligand CXCL10. These mice develop subarach-
noidal cellular infiltrates consisting not only of T cells but
also of macrophages and neutrophils.*®

Surprisingly, all GF-IL12/CXCR3KO mice developed a
severe and progressive ocular phenotype with severe
chorioretinitis. In GF-IL12 mice, only mild lens opacities
were observed in 50% of the animals. As judged from
histologic analysis, prominent T-cell and neutrophil accu-
mulation in the eyes of GF-IL12/CXCR3KO mice resulted
in a severe disruption of the internal structures of the eye
and the loss of the photoreceptor outer segments. FACS
analysis revealed a substantial accumulation of both
CD4* and CD8™ T cells, in particular CD4™ T cells, NK
cells, CD11b™, and neutrophils. Although the total num-
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ber of T cells was drastically increased, we did not detect
an increase of FoxP3™ regulatory T cells, suggesting a
role for CXCRS in directing and accumulating regulatory
T cells into the eye. Proinflammatory cytokines, such as
IFN-vy, TNF-a, and VEGF, were highly up-regulated in the
eyes of GF-IL12/CXCR3KO mice, which further under-
lines the inflammatory nature of the ocular phenotype. A
similar ocular condition was observed in a previous study
examining a transgenic mouse line using the rhodopsin
promoter to direct the expression of IFN-y to photorecep-
tor cells (rhoy mice).*® It is therefore likely that the ocular
condition is driven by the production of IFN-y from IL-12
activated T cells or NK cells. This assumption is sup-
ported by the increased levels of phosphorylated STAT4
in the eyes of GF-IL12/CXCR3KO mice. Because GF-IL12
animals do not develop a severe ocular phenotype and
have only slightly increased levels of IFN-v, it is likely that
CXCRS is, indirectly or directly, restricting the activation
of immune cells by IL-12, which in turn prevents the
inflammatory cascade, ultimately leading to the accumu-
lation of leukocytes and the ocular destruction observed
in GF-IL12/CXCR3KO mice.

This finding is contrary to other experimental studies,
which suggest that CXCR3 increases the production of
IFN-y by T cells in the CNS.374” An approach to explain
the different impact of CXCR3 deficiency for the brain and
the eye could be differences in the local immune milieu. It is
known that the eye has an immune-suppressive milieu in
which factors such as high constitutional levels of TGF-3
and the induction of high levels of IL-10 during an immune
response are able to prevent a potentially harmful T,,1 re-
sponse.*® Although the brain also displays properties of a
so-called immune privileged micromilieu, milieu differences
between the brain and eye could contribute to the different
functional properties of CXCR3, leading to enhanced ocular
but attenuated cerebellar inflammation in our model.*® Fu-
ture in vitro studies examining the functional properties of
CXCR3™ immune cells in the presence or absence of a
specific cytokine milieu, including TGF-B8 and IL-10, could
further help to clarify our observations.

The ocular inflammation in GF-IL12/CXCR3KO mice
was accompanied by increased vessel formation in the
retina. The finding of neovascularization in the retina
points toward an angiostatic role of CXCR3 and its li-
gands in ocular inflammation, which has been described
for CXCR3 in many other models of inflammation.>® Ret-
inal neovascularization is not a feature commonly ob-
served in animal models of ocular inflammation.*®¢ We
therefore suggest that the observed neovascularization is
likely linked to the CXCRS3 deficiency in our model.

Our data delineate that CXCR3 is important to initiate and
maintain an IL-12—driven inflammation in the brain. CXCR3
deficiency drastically reduces the incidence of IL-12—in-
duced inflammation of the cerebellum. However, the pro-
tective effect of CXCR3 deficiency in IL-12—driven inflam-
mation is not as complete as previously observed for IFN-y
deficiency.?® Some GF-IL12 animals developed cerebral
inflammation despite CXCR3 deficiency. This observation
suggests that other molecules may compensate for the loss
of CXCR3 and mediate the IL-12-induced inflammation
even in the absence of CXCR3. Our data suggest that CCL5
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and the corresponding receptor CCR5 might be candidates
in this role because we found high levels of both CCL5 and
CCR5 RNA in affected GF-IL12/CXCR3KO mice.
However, in contrast to the cerebellar effects, CXCR3
deficiency led to a destructive inflammatory phenotype of
the eyes, arguing for a protective role of CXCR3 in IL-12—
induced ocular inflammation and for micromilieu-depen-
dent functional properties of CXCR3, which remain to be
further defined by future studies. Our data support the
perspective that CXCR3 can have both striking protective
and harmful functions in CNS and ocular inflammation
and that this effect does not only depend on the trigger as
suggested by previous studies but likely also on the
micromilieu of the affected organ. CXCRS3 is a potential
therapeutic target, but our data further underline the func-
tional complexity of this chemokine system, which has to
be better defined in future studies. Until then, our findings
caution against the therapeutic targeting of CXCR3.°
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