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to Control Parasite Replication during Chronic Ocular
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Purrose. Toxoplasma gondii is a major cause of ocular
disease, which can lead to permanent vision loss in humans.
T cells are critically involved in parasite control, but little is
known about the molecules that promote T-cell trafficking
and migration in the retina. Thus, the aim of this study was
to image and dissect the T-cell response during chronic
toxoplasmic retinochoroiditis.

MEerHODS. C57BL/6 mice were infected with the Me49 strain of
T. gondii, and T cells that infiltrated the eye were analyzed by
flow cytometry and imaged using multiphoton microscopy.
IFN-y, CXCL9, CXCL10, and CXCR3 mRNA levels were mea-
sured by real-time PCR. To investigate the role of CXCL10,
mice were treated with anti-CXCL10 antibodies, and histopa-
thology and immunohistochemistry were performed to moni-
tor changes in pathology, cellular infiltration, and parasite
burden in the eye.

Resurts. Infection with 7. gondii leads to the infiltration of
highly activated motile T cells into the eye. These cells express
CXCR3 and are capable of producing IFN-y and TNF-«, and
CD8™ T cells express granzyme B. The expression of CXCL9
and CXCL10 in the retina was significantly upregulated during
chronic infection. Treatment of chronically infected mice with
anti-CXCL10 antibodies led to decreases in the numbers of
CD3™, CD4™, and CD8" T cells and the amount of IFN-y
mRNA expression in the retina and an increase in replicating
parasites and ocular pathology.

Concrusions. The maintenance of the T-cell response and the
control of T. gondii in the eye during chronic infection is
dependent on CXCL10. (Invest Ophthalmol Vis Sci. 2011;52:
389-398) DOI:10.1167/i0vs.10-5819
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he intracellular, protozoan parasite, Toxoplasma gondii, is

the most common cause of infectious posterior uveitis
worldwide."* Since approximately one-quarter of the Ameri-
can population and one-third of the world population is chron-
ically infected with T. gondii, a significant proportion of the
population is at risk for this disease.>* The parasite can be
acquired congenitally or, in adults, through the ingestion of
food or water contaminated with oocysts or tissue cysts.*>
Congenital infections lead to ocular disease in approximately
30% of cases and are associated with active lesions, scarring,
and vision loss.>® In adults, the vast majority of acquired
infections are asymptomatic, but the suppression of T-cell
function associated with long-term corticosteroid treatment,
chemotherapy, certain types of cancer, AIDS, and organ trans-
plantation can lead to severe toxoplasmic retinochoroidi-
tis.>>7~1% These patient groups highlight the critical role of T
cells in controlling this parasite. However, the development of
ocular disease in immunocompetent patients is becoming
more prevalent, as illustrated by recent outbreaks in British
Columbia and in regions of Brazil.'"'?

Although treatments are available to limit the replication of 7.
gondii in the eye, parasites are never fully eliminated from this
site.'®> As breakdown in the T-cell response can lead to the re-
emergence of the parasite and the subsequent induction of tox-
oplasmic retinochoroiditis,>*” ' it is critical to understand the
mechanisms necessary to maintain protective immunity within
the eye. Resistance to acute 7. gondii infection is dependent
on the induction of a Thl-polarized immune response that is
critically dependent on interferon JFN)-y and T cells. Similarly,
these factors are necessary for controlling parasite replication
in the eye.'*~'® Even though the previous studies highlight the
importance of T cells at this local site, the molecules that
influence their migration to and within the eye have not been
addressed.

One unique facet of T-cell responses in the eye is that
immune cell entry is limited under normal conditions be-
cause of the blood-retina barrier (BRB). In the presence of
local inflammation, lymphocytes cross the BRB in a multi-
step process that is predicted to be dependent on several
molecules, including chemokines.'”'® Chemokines are a
class of molecules that promote the migration of immune
cells and, thus, are critically involved in the trafficking of T
cells to inflamed tissues. Once T cells enter tissues, it is
predicted that chemokines promote T-cell interactions with
other immune cells and infected cells.'® Of particular im-
portance to T. gondii infection, CXCL10/IP-10 is an IFN-y-
induced chemokine with potent chemoattractant properties
that acts on activated T cells, NK cells, monocytes, and
neutrophils.?® CXCL10 has been reported to play an impor-
tant role in recruiting activated Th1 cells expressing CXCR3,
the receptor for CXCL10, in response to a variety of patho-
gens.?' %> Previous work demonstrated that the blockade of
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CXCL10 during acute toxoplasmosis prevents T-cell traffick-
ing to liver and spleen, leads to high parasite burdens in the
CNS, and causes mice to succumb to infection.?® Although
this work demonstrated the importance of CXCL10 during
acute infection, it is unknown whether this chemokine is
required to maintain T cell-mediated resistance during
chronic ocular toxoplasmosis.

Technical advances in microscopy have allowed for T-cell
responses to be visualized in real time in a variety of experi-
mental settings.'®?” Recently, multiphoton (MP) microscopy
studies were performed to characterize T-cell responses during
toxoplasmosis, where velocities, trajectories, behavior near
parasite-infected cells, and interactions with antigen-present-
ing cells were observed.”®™3' Intravital microscopy has also
been used to identity the molecules necessary for T-cell recruit-
ment to the retina during autoimmune disease,**~>® but MP
microscopy of the T-cell response to I. gondii in the eye has
not been performed and will allow for further understanding of
T-cell responses in this immune-privileged organ.

In this study we investigated the activation status, effector
molecule production, and behavior of T cells in the eye during
toxoplasmic retinochoroiditis. In addition, a critical role for
CXCL10 was identified in the maintenance of T-cell popula-
tions and control of T. gondii in the eye.

MATERIALS AND METHODS

Mice, Parasites, and Antibodies

CBA and Swiss Webster mice were obtained from Taconic Farms Inc.
(Germantown, NY), and C57BL/6 mice were obtained from Jackson
Laboratories (Bar Harbor, ME). DPEC"" transgenic mice that express
green fluorescent protein (GFP) in T cells were originally obtained
from Ulrich H. von Andrian (CBR, Harvard, Boston MA).>” GFP expres-
sion in DPES"™ mice is driven by the proximal and distal CD4 enhanc-
ers and CD4 promoter and lacks the silencer that prevents CD4 ex-
pression in mature CD8" T cells, leading to GFP expression by the
majority of T cells. Mice were used between 6 and 8 weeks of age and
were housed and bred in specific pathogen-free facilities at the Uni-
versity of Pennsylvania. Mice were handled in accordance with the
guidelines of the Institutional Animal Care and Use Committee of the
University of Pennsylvania and the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. The Me49 strain of 7.
gondii was maintained in Swiss Webster mice and passaged into CBA
mice to prepare cysts for infection. Age- and sex-matched mice were
infected by intraperitoneal injection of 20 cysts in 200 uL PBS. Infec-
tion with Me49 strain parasites leads to a disseminated acute infection
followed by the establishment of a chronic infection of the eye and
brain by days 21 to 28 after inoculation. On days 28, 30, 32, and 34
after infection, 100 ug anti-CXCL10 antibody (1F11)*® in 300 uL PBS
was injected intraperitoneally.

FACS Analysis

Single-cell suspensions were obtained from eyes (six pooled) and
spleen by macerating the tissues through 70-um nylon mesh filters (BD
Falcon, Bedford, MA). Spleen samples were subjected to hypotonic red
blood cell lysis. The cells were enumerated, and 2 X 10° splenocytes
and 2 X 10’ cells purified from the eye were resuspended in FACS
buffer (1X phosphate-buffered saline, 0.2% bovine serum albumin
fraction V, 1 mM EDTA), incubated with F. block (1 pg/mL 24G2
antibody in FACS buffer), and stained with fixable viability stain (Live/
Dead Aqua; Invitrogen, Carlsbad, CA) and conjugated antibodies: CD3-
Pacific Blue (BioLegend, San Diego, CA), CD4-eFluor 450, CD8-PerCp
Cy5.5, CD45-eFluor 780, CD44-PE-Cy7, CD62L-PE, or CDGY9-FITC (eBio-
science, San Diego, CA) or CXCR3-APC (R&D Systems, Minneapolis,
MN). For intracellular cytokine staining, 5 X 10° splenocytes and 2 X
10° cells from the eye were plated in RPMI 1640 (Life Technologies,
Gaithersburg, MD) supplemented with 10% fetal calf serum, 1% sodium
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pyruvate, 1% nonessential amino acids, 0.1% (-mercaptoethanol, 100 U
penicillin/mL and 100 ug/mL streptomycin (Gibco, Invitrogen, Grand
Island, NY). Cultures were incubated with phorbol myristate acetate
(PMA; 100 ng/mL) plus ionomycin (500 ng/mL; Sigma, St. Louis, MO)
in the presence of brefeldin A (10 ug/mL; Sigma) for 4 hours at 37°C.
After stimulation, cells were surface stained with antibodies specific
for CD4 and CDS8, fixed with 2% paraformaldehyde (Electron Micros-
copy Sciences, Hatfield, PA) for 10 minutes, washed, and permeabil-
ized with 0.1% saponin (Sigma) in FACS buffer. Anti-IFN-y-PerCp
Cy5.5, anti- granzyme B-APC, or anti-TNF-a-PE-Cy7 (eBioscience) was
added to the cells. Flow cytometry was performed using a flow cytom-
eter (FACSCanto; Becton Dickinson, San Jose, CA), and results were
analyzed using FlowJo software (TreeStar Inc., Ashland, OR).

Multiphoton Microscopy

Mice were killed by CO, asphyxiation, and the eyes were removed
immediately, with minimal mechanical disruption. Whole eye was
embedded in 1% agarose (in PBS) in an imaging chamber (Warner
Instruments, Hamden, CT). The retina was removed, and retinal whole
flat mounts were prepared as described elsewhere.*® The flat mount
retina was placed on a nitrocellulose membrane (Bio-Rad, Hercules,
CA) and covered with nylon mesh (Warner Instruments). Specimens
were constantly perfused with warm (37°C) oxygenated media (phe-
nolred free RPMI 1640 supplemented with 10% FBS; Gibco). The
temperature in the imaging chamber was maintained at 37°C using
heating elements and a temperature control probe. Live ex vivo imag-
ing was performed using a multi-photon microscopy system (SP5; Leica
Microsystems, Mannheim, Germany) equipped with a picosecond laser
(Coherent Inc., Santa Clara, CA) and external non-descan detectors that
allow simultaneous detection of emissions of different wavelengths
and second harmonic signals (~460 nm). Enhanced GFP was excited
using laser light of 920 nm. Images were obtained using a 20X water-
dipping lens. Four-dimensional imaging data were collected by obtain-
ing images from the x-, )-, and z-planes, with a z- thickness of approx-
imately 30 uwm and a step size of 4 to 5 um to allow for the capture of
a complete z-series every 30 seconds for period of 20 minutes. The
resultant images were analyzed (Volocity software; PerkinElmer,
Waltham, MA). Movies of T-cell migration, mean migratory velocity,
and meandering index were calculated using the software.

Real-Time PCR Analysis

Total RNA was extracted from retina using a RNA purification reagent
(Trizol; Invitrogen) according to the manufacturer’s protocol. Purified
RNA was treated with DNase I to eliminate any contamination with
genomic DNA (Promega, Madison, WI). cDNA was generated using
reverse transcriptase (Superscript II; Invitrogen), and real-time PCR
was performed using primers for murine CXCL9/MIG, CXCL10/IP-10,
and CXCR3 and normalized to B-actin (QuantiTect; Qiagen, German-
town, MD). IFN-y expression was measured as previously described.>®
Real-time PCR was performed using a 2X master mix (Power SYBR
Green PCR; Applied Biosystems, Warrington, UK) with a PCR system
(7500 Fast Real-Time; Applied Bioystems). No template controls were
included, and dissociation curve analysis was performed to confirm the
specificity of the PCR reactions.

Histopathology and Immunohistochemistry

Sections from formalin-fixed, paraffin-embedded eyes were stained
with hematoxylin and eosin and evaluated for inflaimmatory
changes. Each pathologic change was scored on a scale of O to 4 as
follows: for cellular infiltration in the anterior chamber, vitreous,
retina and choroid, scoring system was as follows: 0, no infiltrating
cells; 1, <30 inflammatory cells; 2, 30 to 100 inflammatory cells; 3,
100 to 200 inflaimmatory cells; 4, >200 inflammatory cells. The
disorganization of the retinal architecture was scored as follows: 0,
normal histology; 1, mild edema; 2, obvious inflammatory reaction
and one focal lesion of the retina; 3, few focal lesions with folding
of the retinal layers; 4, intensive necrotic retinitis with retinal
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destruction or endophthalmitis. Vasculitis was scored as follows: 0,
normal histology; 1, vessel dilation; 2, <10 inflammatory cells
around the vessels; 3, 10 to 30 inflammatory cells; 4, >30 inflam-
matory cells. Retinal pigment migration or proliferation was scored
as followed: 0, no pigment cells in the retina; 1, <3 pigment cells
in the retina; 2, 3 to 10 pigment cells in the retina; 3, 10 to 20
pigment cells in the retina; 4, >20 pigment cells in the retina.

For visualization of GFP" cells, eyes were fixed in 10% buffered
formalin for 24 hours and then for 24 hours in 30% sucrose, embedded
in OCT, and flash frozen. Sections were stained with rabbit anti-GFP
(eBiosciences) and rhodamine labeled Dolichos biflorus agglutinin
(Vector Laboratories, Burlingame, CA) to visualize parasites. For immu-
nohistochemical analysis of infiltrating cells in the retina, eyes were
embedded directly in OCT and flash frozen, and 5-um sagittal sections
were cut on a cryostat (CM3050S; Leica). Sections were fixed in 75%
acetone and 25% EtOH and were stained using 5 ug/mL rabbit anti-
CD3 (Abcam, Cambridge, MA), 5 ug/mL rat anti-mouse CD4, 5 pug/mL
rat anti-mouse CDS8, 2.5 ug/mL rat anti-mouse CD11b, 12.5 ug/mL
hamster anti-mouse CD11c (eBioscience), 2 ug/mL rat-anti-mouse
Grl, 2 pg/mL rat anti-mouse B220, and 2 pug/mL rat anti-mouse I-A/I-E
(BD PharMingen). Goat anti-rat Cy3, anti- hamster Cy3 (Jackson Im-
munoResearch, West Grove, PA), and anti-rabbit Alexa 488 (Invitro-
gen) were used as secondary antibodies. Polyclonal rabbit anti-7.
gondii antibody was generous gift from Fausto G. Araujo (Palo Alto
Medical Foundation, Palo Alto, CA). All sections were stained with
DAPI (0.5 mg/mL; Invitrogen) to highlight cell nuclei. To control for
nonspecific reactions, incubations with an isotype control antibody
and reactions without a primary antibody were performed. All images
were acquired on a microscope (E600; Nikon, Melville, NY) equipped
with a charge-coupled device camera (CoolSNAP; Photometrics, Tuc-
son, AZ) for fluorescence microscopy and a digital camera (DS-
FilNikon) for light microscopy. Images were processed with imaging
software (NIS Elements; Nikon). For parasite enumeration by immuno-
histochemistry, sections of retina with a total depth of 180 to 200 wm
were examined from each mouse.

Statistical Analysis

Results of experimental studies are reported as mean * SE. Differences
were analyzed using the Student’s #-test or Mann-Whitney U test. P <
0.05 was regarded as significant.

RESULTS

T-Cell Responses in the Eye during Chronic
Ocular Toxoplasmosis

Although it has been demonstrated that T cells are required
for optimal control of ocular toxoplasmosis,'* ¢ relatively
little is known about the characteristics of the T cells at this
site. Therefore, C57BL/6 mice were infected for 35 days
with the Me49 strain 7. gondii, and flow cytometry was
performed on cells isolated from the eye and compared to
cells from the spleen. T cells were identified from live cells
isolated from the eye by CD45 (Fig. 1A) and CD3 expression
(Fig. 1B). Of the CD3™ cells in the eye, most were CD4"
(Fig. 1C). Fewer than 10 T cells were isolated from an
uninfected eye (data not shown), whereas CD4" and CD8™"
T cells were approximately 33% of the live cells isolated
from infected eyes (Fig. 1D). The T cells in the eye were
highly activated, as assessed by high expression of CD44 and
low levels of CD62L (Fig. 1E). CD4™ T cells were uniformly
CDG62L'°, and only 2% of the CD8™ T cells expressed CD62L. In
addition, approximately 80% of the cells expressed CDG9, a
marker of recent activation (Fig. 1F). In comparison, 50% of the
CD4" and CD8™ T cells in the spleen were CD44™ CD62' and
<20% were CD69 " during chronic infection (data not shown).
These results are consistent with previous observations that
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FiGure 1. T cells isolated from the eye during ocular toxoplasmosis
are highly activated. Cells were isolated from infected eyes and ana-
lyzed by flow cytometry. CD45 expression was analyzed on live cells
isolated from the eye (A). CD45™ cells were analyzed for CD3 expres-
sion (B) and subsequently gated on CD4 and CD8 expression (C). The
total number of live cells (total) and CD4" and CD8" T cells are
presented as mean * SE from four independent experiments (D).
CD44 and CDG2L (E) and CD69 expression (F) on T cells isolated from
infected eyes are shown. Shaded histogram represents fluorescence
minus one control. All plots are representative of three independent
experiments with a minimum of three mice per group.

cells that infiltrate the eye during autoimmune uveoretinitis
display a highly activated phenotype.>>4°

To determine whether these T cells acquire effector func-
tions in response to I. gondii, intracellular cytokine staining
was performed to assess levels of TNF-«, IFN-y, and granzyme
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FIGURE 2. T cells isolated from the eye during ocular toxoplasmosis
produce effector cytokines and lytic granules. Ex vivo cytokine pro-
duction by T cells from the spleen and eye was assessed by flow
cytometry. TNF-a and IFN-y production was assessed in CD4 " cells (A)
and CD8" cells (B). Granzyme and IFN-y production was measured in
CD8" T cells (C). Graphs are representative of three independent
experiments with a minimum of three mice per group.

production. In the eyes of infected mice, a higher percentage
of CD4" T and CD8™ T cells were making effector cytokines in
comparison to the spleen (Figs. 2A, 2B). Although a higher
percentage of CD8" T cells were making IFN-y at this time
point, CD4™ T cells tended to be double producers of TNF-a
and IFN-y more often than CD8™ T cells (Figs. 2A, 2B). Inter-
estingly, every TNF-a-producing cell was also making IFN-vy.
CDS8™ T cells in the eye were making far more granzyme B than
cells in the spleen and cells were making granzyme B alone,
IFN-y alone, or both molecules, suggesting that not all cyto-
kine-producing cells are also cytolytic (Fig. 2C). Together,
these data reveal that chronic infection of the eye with T
gondii is characterized by the presence of highly activated
CD4" and CD8™" T cells that express cytokines and effector
molecules, consistent with the presence of an ongoing local
T-cell response.

Visualizing T-Cell Behavior during Ocular
Toxoplasmosis

The behavior of CD8" T cells in the lymph node and brain
during T. gondii infection has been visualized by MP micros-
copy. To assess whether T-cell behavior during toxoplasmic
retinochoroiditis could be visualized by MP microscopy, trans-
genic mice expressing GFP in all T cells (DPES™) were in-
fected with 7. gondii. In uninfected mice, no GFP™ T cells
were observed in the eyes. On day 32 after infection, flow
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cytometric analysis showed that GFP™ T cells were present in
the eyes of infected mice (Fig. 3A) and the percentage of GFP™"
CD4 ™" T cells was much higher than that of GFP* CD8" T cells
(Fig. 3B), though the percentage of GFP™ CD4" and CDS8" T
cells in the spleen was equal (data not shown). Histologic
analysis revealed that the GFP" T cells were found near 7.
gondii cysts in the retina (Fig. 30).

Next, MP microscopy was used to visualize the behavior of
endogenous GFP™ T lymphocyte populations in the retina and iris
of DPE®™ mice chronically infected with 7. gondii. This ap-
proach revealed a large GFP™ population in both of these sites
(Fig. 3D and Supplementary Movies S1 and S2, http://www.iovs.
org/lookup/suppl/doi:10.1167/iovs.10-5819/-/DCSupplemental).
Tracking of individual T cells was performed to determine the cell
velocity (distance/time) and meandering index (displacement
from origin [um]/track length [um]). Sample cell tracks of
GFP™ T cells during an imaging session are shown in Figure
3D. Individual cell analysis revealed an average velocity of
4.08 pum/min in the retina and iris, but these cells moved at
a wide range of speeds, and cells in the iris moved with the
highest velocity (>20 wm/min; Fig. 3E). Immobile T cells
that were round—a morphology consistent with T-cell en-
gagement with cells presenting cognate antigen—were also
observed. This observation suggests that T cells within the
eye interacted with other immune cells, such as antigen-
presenting cells, or infected cells presenting 7. gondii anti-
gen. The average meandering index, a ratio of the distance
traveled to the overall displacement of the cell, showed that
GFP" T cells in the iris migrated in straighter paths than
those in the retina (0.368 * 0.28 vs. 0.28 = 0.21; P = 0.02; Fig.
3F). Together, these analyses demonstrate that T cells display a
variety of migratory behaviors in the infected retina and that MP
microscopy is a tool that can be used to dissect the biology of the
T-cell response to parasite infection of the retina.

Chemokine and Chemokine Receptor Expression
during Ocular Toxoplasmosis

To identify factors that may influence T-cell recruitment and
migration in the eye during chronic 7. gondii infection,
chemokine expression in the infected retina was assessed by
real-time PCR. CXCL9 and CXCL10 are IFN-y-induced che-
mokines that are the ligands for CXCR3, a receptor associ-
ated with the trafficking of Th1l cells in response to infec-
tion. The levels of IFN-y, CXCL9, CXCL10, and CXCR3
mRNA in the retina was measured by real-time PCR and
compared with uninfected controls. These genes were
highly expressed after infection, with approximately 500-
fold induction of IFN-y mRNA, 8000-fold increase in CXCL9
mRNA, 800-fold increase in CXCL10 mRNA, and 800-fold
increase in CXCR3 mRNA (Fig. 4A). Flow cytometric analysis
also revealed that greater than 50% of the CD4" and CD8™
T cells in the spleen and eye express CXCR3, with more
CD4™" cells expressing CXCR3 than CD8™ cells (Fig. 4B).
Thus, these data suggest that these chemokines and chemo-
kine receptor likely influence the T cell response to T.
gondii in the retina.

CXCL10 Neutralization Leads to Increased Ocular
Pathology and Decreased T-Cell Numbers in the
Retina

To determine the role of CXCL10 during chronic ocular toxoplas-
mosis, mice were infected for 28 days to allow for the develop-
ment of ocular infection and were subsequently treated with
anti-CXCL10 antibodies for 7 days. After anti-CXCL10 treat-
ment, a histologic assessment (as described in Materials and
Methods) of the eye was performed. Thirteen eyes from the
control groups and 11 eyes from the antibody-treated groups
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FIGURE 3. MP imaging of T cells in
the eye reveals heterogeneity in be-
havior. (A) GFP expression in the eye
was evaluated by flow cytometry. (B)
GFP-expressing cells were analyzed
for CD4 and CD8 expression. (C) Im-
munohistochemistry revealed that

GFP™ T cells (green) were found in 20+
proximity to a 7. gondii cyst (red).

Scale bar, 10 um. GFP" T-cell behav-

ior in the eye was imaged using MP "
microscopy. (D) GFP™ cells (green), 151 by

secondary harmonic emitting struc-
tures (blue), and example cells tracks
(multicolored lines) are shown from
the retina (left) and iris (right). Im-
ages were collected to generate four-
dimensional (x-, -, and z- planes over
time) analysis of T-cell migration.
Scale bars, 100 wm. Individual cells
were analyzed for (E) mean velocity
and (F) meandering index. Retina,
n = 192 cells; iris, n = 60 cells.
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Graphs are representative of three .
independent experiments. retina
from three independent experiments were examined. In
mice treated with control antibodies, cellular infiltration
into the anterior chamber, vitreous, retina, and the syn-
echiae of the iris and lens was observed (Fig. 5A2-4). After
anti-CXCL10 treatment, there were increases in inflamma-
tory cell infiltration in the retinal perivascular region, neu-
roretina, and choroid and significantly more disorganization
of the normal architecture in the comparison to the control
(Fig. 5A5-7, 5B). The disorganization of the retinal structure
in the treated mice was more severe than that in the control
mice.
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To determine whether CXCL10 neutralization affected
immune cell populations in the retina, we analyzed the
retina by immunohistochemistry on day 35 after infection.
Immune cells were not detected in the retina of naive mice
(data not shown). After infection, CD3", CD4", and CD8"
lymphocyte populations were observed in the retina (Fig. 6A).
In addition to T cells, CD11b*", CD11c™, major histocom-
patibility complex class 11", and Gr1™ cells were detected,
highlighting the marked changes in the retina induced by T.
gondii infection. Anti-CXCL10 treatment led to significant
decreases in CD4" T cells (Fig. 6B; P = 0.041), but no
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FIGURE 4. IFN-y-dependent, T cell-associated chemokines and che-

mokine receptors are expressed in the retina during chronic 7. gondii
infection. Retinas were isolated from chronically infected mice, and
gene expression was analyzed by real-time PCR. (A) IFN-y, CXCL9,
CXCL10, and CXCR3 expression was measured by realtime PCR.
Levels were normalized to (-actin, and the results are depicted as fold
increase over retinas from uninfected mice. *P < 0.01. (B) CXCR3
expression on T cells isolated from the spleen and eye was determined
by flow cytometry. Shaded histograms represent fluorescence minus
one control. Plots are representative of three independent experi-
ments.

changes were detected in other infiltrating cell populations.
Together these results suggest that the maintenance of
CD4™ T cell populations in the eye requires CXCL10.

Anti-CXCL10 Treatment Causes Decreases in IFN-y
mRNA Expression and Increases in Parasite
Replication

Because T cells are a source of IFN-vy in the eye, the effect of
anti-CXCL10 treatment on IFN-y mRNA expression in the
retina was measured by real-time PCR. Levels of IFN-y mes-
sage were reduced after chemokine blockade (Fig. 6C; P =
0.063), suggesting that CXCL10 is necessary to maintain
local IFN-y production in the eye. Given the critical role of

IOVS, January 2011, Vol. 52, No. 1

IFN-y in the control of T. gondii replication, the effect of
anti-CXCL10 treatment on parasite burden was assessed
using immunohistochemistry. Analysis revealed that para-
sites in the eyes of control mice were entirely in cyst form
(Fig. 6D1). Parasites in the retinas of anti-CXCL10-treated
mice were found in cyst form (Fig. 6D2), and the replicative
tachyzoite form parasites (negative for Dolichos-binding lec-
tin) were observed, consistent with reactivation (Fig. 6D3).
To enumerate changes in parasite burden within the retina,
sections were scored for the presence of parasites. A focal
region of parasite infection, such as an intact cyst or a group
of tachyzoites, was considered a region of T. gondjii. Signif-
icantly more regions of parasites were present in anti-
CXCL10-treated mice than in control mice (Fig. 6E), suggest-
ing that decreases in T cell- derived IFN-y after anti-CXCL10
treatment leads to the reactivation of latent parasite cysts.
Moreover, it is likely that the observed parasite reactivation
may underlie the increase in ocular pathology observed in
anti-CXCL10 treated mice.

DIScUSSION

The importance of T cells in maintaining resistance to
chronic T. gondii infection, including ocular infection, has
been highlighted in several studies.’~'®%' Despite their
importance as a critical component of resistance to ocular
disease, current understanding of the effector functions of T
cells in the eye and the molecules required to support this
response remain limited.®*? In the present study, the phe-
notypic analysis of infiltrating T cells indicated that these
cells were highly activated effector cells, consistent with the
idea that a local T-cell response is required to control T.
gondii in the eye. Previous studies have also demonstrated
the importance of TNF-o and IFN-y during chronic ocular
toxoplasmosis.'® This study confirms that T cells are pro-
ducers of these key cytokines. In addition, approximately
50% of CD8" T cells in the eye produced high levels of
granzyme B, indicating that they are likely cytolytic effector
cells. Given that many studies on chronic 7. gondii infection
have focused on the brain, it would be of interest to revisit
studies using perforin- or granzyme-deficient mice to ex-
plore the role of CD8" T cell-mediated cytolysis during
chronic ocular toxoplasmosis.

MP microscopy has been used to image the behavior of
CDS8™ T cells in the brain and lymph nodes during 7. gondii
infection.”®3%3! In the present study, polyclonal CD4" and
CD8™ T cells were imaged in the retina and iris of chronically
infected mice. The GFP-expressing T cells had equivalent mean
velocities in the retina and the iris, although the fastest migrat-
ing cells were observed in the iris. Additionally, T cells in the
iris migrated along straighter paths than did cells in the retina.
Several factors likely influence T-cell migration in the eye
during chronic 7. gondii infection and may explain any differ-
ences in behavior observed between the iris and the retina. For
example T. gondii parasites have not been detected in the iris
in this study or others.*® Given that cognate antigen presenta-
tion to T cells provides a “stop signal,”**4> a low level or an
absence of antigen may lead to enhanced T-cell speeds. Al-
though the current analysis of T-cell behavior did not distin-
guish between CD4" and CD8™ T cells, these studies demon-
strated the feasibility of imaging the T-cell response to T.
gondii in the eye. The application and refinement of this
approach will help address the fundamental questions of how
T cells are recruited and retained within the tissues, how T
cells interact with antigen-presenting cells, and whether CD8™
T cells directly limit parasite replication by the lysis of infected
cells.'®>7
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FIGURE 5. CXCL10 neutralization during chronic ocular toxoplasmosis causes increased pathology in the eye. (A) Representative images from
hematoxylin and eosin-stained retinas from naive, (1) infected control mice, (2-4) and infected mice treated with anti-CXCL10 antibodies. (5-7)
Magnified regions from image (5) are indicated by black boxes and are shown in images (6) and (7). Examples of vasculitis (arrows),
disorganization of the normal retinal structure (asterisks), inflammatory cell infiltration in the vitreous (arrowbead), and retinal pigment
epithelium (#) were noted. Scale bars: 50 um (1, 3, 6); 500 um (2, 5); 10 um (4, 7). (B) A pathology score was determined for control and
anti-CXCL10-treated mice with the following parameters: cell infiltration in retinal perivascular region (vasculitis), disorganization of the retinal
architecture (disorganization), retinal pigment epithelium migration or proliferation (pigment), and cell infiltration in the choroid (choroiditis),
vitreous (vitreous cells), anterior chamber (AC cells), and retina (retinal cells). *P < 0.05. Mean pathology score * SE from three independent

experiments is shown (n = 13 for control and n = 11 for anti-CXCL10 treated mice).

In this study, neutralization of CXCL10 during the
chronic stage resulted in the disorganization of the retinal
architecture and a significant decrease in CD4" T cells.
Because a higher percentage of CD4" T cells than CD8" T
cells isolated from the eye express CXCR3, they may be
more sensitive to CXCL10 blockade than CD8™ T cells. As
CD4" T cells produce TNF-a and IFN-v, the effects of neu-
tralizing CXCL10 might lead to the reactivation of parasite
cysts, leading to increased pathology. In addition to CXCR3
expression on cytokine-producing effector cells, it has been
demonstrated that CXCR3 is required for CD4™ regulatory T
cells (Tregs) to traffic to specific regions of the brain and to
limit pathology during experimental autoimmune encepha-
lomyelitis.*® Thus, a decrease in CD4 " Tregs may be caused
by CXCL10 blockade, leading to increased immune pathol-
ogy. Although it is tempting to conclude that anti-CXCL10
treatment prevents the recruitment of CD4™ T cells into the
retina, these studies do not distinguish between CXCL10-
dependent recruitment and retention in the retina. Never-
theless, the maintenance of the CD4" T-cell population in
the retina during chronic infection is CXCL10 dependent.
Future MP imaging experiments will be required to distin-
guish between these possibilities.

Although this study focused on the role of CXCL10, it is of
interest whether CXCL9, a CXCR3 ligand, also affects the T-cell
response in the eye. In a study focused on chemokine expression
in the brain during chronic toxoplasmosis, CXCL9 and CXCL10,
respectively, were produced by infiltrating macrophages and as-
trocytes, supporting the hypothesis that the differential expres-
sion of CXCR3 ligands may lead to a unique function of each
chemokine.*”*® Future studies will be carried out to address the
cellular source of these chemokines in the retina. In addition,
specific blocking reagents for CXCL9 and CXCR3 could be used
to differentiate the role of individual and additive roles of these
chemokines. It is likely that chemokines other than CXCR3 li-
gands—such as CCR5, which has also been reported to be re-
quired for optimal control of T. gondii—are necessary to support
the T-cell response to ocular toxoplasmosis.*”

Recruitment of T lymphocytes into the eye during autoim-
mune reactions can lead to severe pathology.'®>° Thus, it has
been proposed that targeting the molecules that promote T-cell
responses in the eye, including chemokines, may provide thera-
peutic approaches to manage T cell-mediated inflammatory con-
ditions such as multiple sclerosis.>' > One possible adverse affect
is that inhibition of chemokines would likely antagonize T-cell
responses during chronic toxoplasmosis. Recently, a patient with
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FIGURE 6. CXCL10 is required to maintain T-cell populations, IFN-y mRNA expression, and parasite control in the retina during chronic 7.
gondii infection. (A) Images from immunohistochemical analysis of retinas from control treated 7. gondii-infected mice (A1-3) and
anti-CXCL10 treatment (A4-6) are shown. Sections were stained for CD3" (green) and B220" (red; A1, A4) cells, CD4 " cells (red; A2, A5),
and CD8™ cells (red; A3, A6), and nuclei were stained with DAPI (blue). Scale bars, 10 um. Numbers of various cell types in the retina in
control and anti-CXCL10 treated mice were compiled from the immunohistochemical analysis, and the data are presented as the mean =
SE (n = 5) from three independent experiments. N.D., not detected (B). IFN-y expression was measured by real-time PCR from the retinas
of control and anti-CXCL10-treated mice (C). T. gondii parasites in the retina were examined by immunohistochemistry using anti-7. gondii
antibodies (green) and Dolichos-binding lectin (red; D). All parasites in control mice were found in intact cysts (D1). Parasites in
anti-CXCL10-treated mice were found in cyst form (D2) and tachyzoite form (arrows; D3). Scale bars, 10 um. (E) Regions of T. gondii
parasites (cysts or free parasites) in the retinas of control and anti-CXCL10-treated mice were enumerated from sections totaling 180 to 200
pm in depth. Data are expressed as the average number of parasite regions per tissue depth (um) from eight control and six anti-CXCL10-
treated mice. Data are presented as mean * SE. *P < 0.05.

multiple sclerosis undergoing natalizumab treatment to block
a-integrin-mediated T-cell recruitment developed severe ocular
toxoplasmosis.” Taken together, further understanding of the
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