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Spontaneous Development of Autoimmune Uveitis Is CCR2
Dependent
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Accepted for publication

February 27, 2014. Development of novel strategies to treat noninfectious posterior uveitis is an ongoing challenge, in part

because of limited availability of animal models that mimic the naturally occurring disease in humans.
Mice deficient in the autoimmune regulatory gene Aire develop a spontaneous T-cell and macrophage-
mediated autoimmune uveitis that closely recapitulates human endogenous uveitis and thus provide a
useful model for mechanistic and therapeutic investigations. Lymphocytic and mononuclear infiltration
Francisco, CA 94143-0412. of the retina in Aire knockout (KO) mice triggers the onset of uveitis from initial retinal inflammation to
E-mail: nancy.mcnamara@ucsf. eventual destruction of the neuroretina with loss of photoreceptors. The C-C chemokine receptor type 2
edu. protein (CCR2) functions in directing monocyte and macrophage migration to inflamed tissues via
interaction with monocyte chemotactic proteins. Using the Aire KO mouse model, we demonstrated an
essential role for CCR2 in the pathogenesis of autoimmune-mediated uveitis. Loss of functional CCR2
effectively reduced immune cell infiltration and rescued the retina from destruction. CCR2-dependent
migration of bone marrow—derived cells provided the driving force for retinal inflammation, with
CCR2-expressing mononuclear cells contributing to retinal damage via recruitment of CD4™ T cells.
These studies identify the CCR2 pathway as a promising therapeutic target that may prove an effective
approach to treat uveitis associated with autoimmunity. (Am J Pathol 2014, 184: 1695—1705; http://
dx.doi.org/10.1016/].ajpath.2014.02.024)
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Uveitis ranks third among causes of blindness in the United
States; however, the mechanisms of pathogenesis are largely
unknown. Clinically, the most common form of sight-
threatening uveitis is posterior uveitis associated with sys-
temic autoimmune disease, in which noninfectious intraocular
inflammation is characterized by severe infiltration by T cells
and macrophages.' Because current approaches for treating
posterior uveitis rely on general suppression of the immune
system, there is urgent need for more specific treatments with
fewer adverse effects. Identifying therapeutic targets (ie, spe-
cific immune mediators involved in the pathogenesis of
autoimmune uveitis) is key to discovering effective treatments.

Monocyte recruitment to the inflamed tissue is a common
manifestation and essential cause of many inflammatory
diseases. The C-C chemokine receptor type 2 protein (CCR2)
plays a critical role in regulation of monocyte trafficking into
inflamed tissues, through interactions with ligands belonging
to the family of proinflammatory monocyte chemotactic

Copyright © 2014 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ajpath.2014.02.024

proteins (MCPs).” CCR?2 is reported to be critical in the effi-
cient recruitment of monocytes in experimental autoimmune
encephalomyelitis,” thioglycollate-induced peritonitis,”® and
atherosclerosis.” CCR2 has also been implicated in neuro-
inflammatory processes of degenerative central nervous system
diseases such as Alzheimer disease,” ischemic neuropathy,” and
multiple sclerosis.'” In the eye, macrophage infiltration has
been reported to contribute to the pathogenesis of choroidal
neovascularization,'' retinitis pigmentosa,'” and dry eye asso-
ciated with autoimmune disease.'” Blockade of macrophage
recruitment using the CCR2 antagonist INCB3344 effectively
inhibited the formation of choroidal neovascularization in
mice,'* and CCR2 knockdown alleviated photoreceptor death
in a mouse model of inherited retinal degeneration.'”

Supported by NIH grants NEI EY016203 (N.A.M.) and EY02162
(UCSF Ophthalmology Core).
Disclosures: None declared.
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We investigated the contribution and functional signifi-
cance of CCR2 in directing monocyte and T-cell recruit-
ment to provoke retinal inflammation in a spontaneous
mouse model of autoimmune-mediated uveitis. Current
murine models used to mimic immune-mediated uveitis in
humans involve experimental induction by immunization
with retinal autoantigens, such as interphotoreceptor
retinoid-binding protein (IRBP), S-arrestin (retinal S-anti-
gen), or endotoxin lipopolysaccharide. The IRBP-induced
experimental autoimmune uveitis (EAU) model in mice is a
recognized and extensively studied model of human posterior
uveitis.'”'® Dagkalis et al'” found that CCR2 knockdown did
not reduce the severity of disease or the percentage of
monocytes recruited to the site of retinal inflammation.
Despite a significant number of infiltrating macrophages in
the retinal tissues of EAU mice, the authors concluded that
CCR2 does not have a primary role in the recruitment of
monocytes to the inflammatory site across the blood—retina
barrier in well-developed EAU.

In the present study, we revisited the role of CCR2-
expressing cells in the pathogenesis of noninfectious poste-
rior uveitis, using an alternative model of ocular autoimmune
disease. Mice deficient in the autoimmune regulator gene
Aire provide a model of spontaneous, organ-specific, CD4 "
T-cell-mediated autoimmune uveitis that closely mimics
human endogenous uveitis. Aire knockout (Aire KO) mice
develop immune infiltrates in the posterior chamber of the
eye that are reminiscent of those seen in the induced rodent
model of EAU.'® Aire-deficient mice develop uveitis as a
result of loss of thymic expression of a single eye antigen,
IRBP. Lack of IRBP expression solely in the thymus, even in
the presence of Aire expression, is sufficient to trigger
spontaneous eye-specific autoimmunity. Autoantibodies
specific to IRBP are found within the photoreceptor layer of
the retina,'* where they initiate or trigger retinal inflammation
and photoreceptor destruction. Alongside the equine recurrent
uveitis model’” and the recently developed IRBP T-cell re-
ceptor transgenic mouse (R161H),21 Aire KO mice represent
a unique, spontaneous animal model of autoimmune uveitis
and thereby provide an efficient model to recapitulate clinical
and immunopathological aspects of the human disease.

In the present study, we demonstrate monocytic and lym-
phocytic infiltration of the neuroretina in the eyes of Aire KO
mice. Our findings from genetic knockdown and bone-marrow
chimera models suggest that the recruitment of monocytes and
T cells to the inflamed retina of Aire KO mice is CCR2
dependent. Accordingly, CCR2-deficient bone marrow cells
effectively rescue the neuroretina from destruction in Aire KO
chimeras. These results provide evidence that CCR2-
expressing bone marrow—derived mononuclear cells induce
uveitis through the recruitment of autoreactive CD4" T cells.
Delineating the underlying immune events that provoke uve-
itis in the setting of autoimmune disease is an essential step
toward developing novel treatments. Our findings point to
CCR2-expressing cells as promising therapeutic targets in the
management of autoimmune uveitis.
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Materials and Methods

Mice and Reagents

Mouse strains with targeted disruption of Ccr2 gene® [CS7BL/
6 x J129 (C57/1129) back-crossed eight times onto a BALB/c
background] were provided by Dr. John Osterholzer of the
University of Michigan. Mouse strains with targeted mutation in
the Aire genelg [BALB/c background (Aire KO)] were crossed
with BALB/c mice deficient in functional Ccr2 (Ccr2 KO) to
generate BALB/c Aire ' Ccr2™'~ [Aire—Ccr2 double KO
(DKO)] mice. Mice were housed in a pathogen-free barrier fa-
cility at the University of California, San Francisco. Genomic
DNA isolated from tail clippings was genotyped for the Aire and
Ccr2 mutations by PCR. Primers for Aire were forward 5'-
AGACTAGGTGTTCCCTCCCAACCTCAG-3' and reverse
5'-GTCATGTTGACGGATCCAGGGTAGAAAGT-3'. PCR
products in WT and Aire KO mice were 1150 bp and 690 bp,
respectively. Primers used for detecting WT Ccr2 were WAK
0 forward 5'-TGGGGATACTGCTTAAATGGCGCAA-3
and WAK 134 reverse 5'-TCAGAGATGGCCAAGTTG-
AGCAGA-3’; primers used for detecting mutant Ccr2 were
WAK 134 forward 5'-TCAGAGATGGCCAAGTTGAG-
CAGA-3’ and WAK 121 reverse 5'-TTCCATTGCTCAG-
CGGTGCT-3'. PCR products in WT and CCR2 KO mice were
400 bp and 450 bp, respectively. The PCR reaction was per-
formed for 5 minutes at 94°C, followed by 35 cycles of 30
seconds at 94°C, 75 seconds at 60°C, and 1 minute at 72°C for
amplification, with 5 minutes at 72°C to finish. Representative
genotyping results are presented in Supplemental Figure S1. All
experimental procedures adhered to the Association for
Research in Vision and Ophthalmology Statement for the Use
of Animals in Ophthalmic and Visual Research and were
approved by the Institutional Animal Care and Use Committee
of the University of California, San Francisco.

DAPI was obtained from Life Technologies, (Carlsbad, CA).
F4/80 antibody was from AbD Serotec (Raleigh, NC). MC-21
(anti-CCR2)”* antibody was gift from Dr. Matthias Mack
(Regensburg, Germany). Antibody to ionized calcium-binding
adapter molecule 1 (Ibal) [recommended name: allograft in-
flammatory factor 1 (AIF-1)] was from WAKO Chemicals
(Richmond, VA). CD4 antibody was from BD Pharmingen (San
Diego, CA). A 3,3'-diaminobenzidine staining kit was from
Vector Laboratories (Burlingame, CA). Horseradish peroxidase
(HRP)-conjugated donkey anti-rat secondary antibody was from
Jackson ImmunoResearch Laboratories (West Grove, PA).
Alexa Fluor 488—conjugated donkey anti-rat IgG and Alexa
Fluor 594 donkey anti-rabbit IgG were from Life Technologies.

Bone-Marrow Chimeras

Bone marrow was harvested from the femur, humerus, and
tibia of donor mice and CD4" or CD8™ T cells were removed
by complement depletion. In brief, cells were incubated with
anti-CD4 (clone GK1.5) and anti-CD8 (clone YTS-169), fol-
lowed by rabbit complement (Sigma-Aldrich, St. Louis, MO).

ajp.amjpathol.org m The American Journal of Pathology
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Efficiency for complement depletion of CD4" and CD8* T
cells was confirmed by flow cytometry (Supplemental
Figure S2). Recipients were irradiated in two doses with 550
rads (5.5 Gy) per dose, delivered at least 3 hours apart. Bone
marrow (5 x 10° CD4" depleted, CD8" depleted) was
injected via the tail vein into BALB/c Aire KO and Aire—Ccr2
DKO mice. Animals were sacrificed at 7 weeks after bone
marrow transplantation.

Immunohistochemistry and Immunofluorescence
Quantification

Immune cell subtypes were visualized by immunohisto-
chemistry using an antibody specific for CD4 (BD Pharmin-
gen), a donkey anti-rat secondary antibody conjugated to HRP,
and a 3,3'-diaminobenzidine staining kit. In brief, enucleated
eyes were embedded in Tissue-Tek optimal cutting tempera-
ture (OCT) compound (Sakura Finetek, Torrance, CA) for
freezing. Sections (7 um thick) were prepared from these tis-
sues using a cryostat (Leica Microsystems, Wetzlar, Germany)
and were mounted on SuperFrost Plus slides (Fisher Scientific,
Pittsburgh, PA). Sections were fixed for 10 minutes in acetone
at —20°C, washed in PBS for 5 minutes, and then blocked with
5% normal goat serum for 1 hour at room temperature. After
blocking, slides were incubated in 3% hydrogen peroxide to
inactivate endogenous peroxidases, then incubated with pri-
mary CD4 antibody diluted 1:50 in blocking agent overnight at
4°C, washed three times with PBS for 5 minutes each, and
incubated with secondary antibody diluted 1:100 in blocking
agent for 30 minutes at room temperature. After three addi-
tional 5-minute washes in PBS, slides were developed with
substrate. For immunofluorescence detection of cells
expressing F4/80 and Ibal, sections were incubated with pri-
mary antibodies (1:25 and 1:500 dilution, respectively) at 4°C
overnight. After a wash, the appropriate secondary antibody
(1:400 dilution) was added, and nuclei were stained with
DAPIL Immunofluorescent staining of cells was photographed
with a Nikon (Tokyo, Japan) Eclipse Ti-E microscope. The
images were analyzed with NIS Elements Advanced Research
software version 3.10 (Nikon) to estimate the number of
nucleus-associated Ibal ™ cells across the entire retina. Ibal™
cells and CD4 " cells were manually counted with their asso-
ciated nuclei. Data are reported as the total number of nucleus-
associated Ibal ™ and CD4™" cells.

Histology and Scoring

Eyes were enucleated from mice, snap-frozen in Tissue-Tek
OCT compound (Sakura Finetek), cryosectioned (7 pm),
and stained with H&E. Retina histology was scored on a
four-point scale, in which O indicates no histological infil-
trate, normal retinal architecture, clear separation between
the inner and outer nuclear layer, and intact photoreceptors;
1 indicates narrowing or loss of the outer plexiform layer
and intact photoreceptors; 2 indicates narrowing or loss of
the OPL and photoreceptor loss; and 3 indicates retinal
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atrophy, including photoreceptor loss, thinning of the nerve
fiber layer, loss of ganglion cells, and decreased cell
numbers in the inner and outer nuclear layers.

Retina Examination and Retinal Fluorescein
Angiography

For mice in the autoimmune uveitis experiments, fundus
examination was performed using a Micron III retinal im-
aging microscope (Phoenix Research Labs, Pleasanton, CA).
All mice had their whiskers trimmed using curved, blunt-
tipped scissors; this was followed by application of one to
two drops of cyclopentolate to the eye to dilate the pupils and
application of proparacaine to anesthetize the cornea. The
animals were anesthetized with ketamine—xylazine, to sta-
bilize the animal for imaging. Each retina was analyzed with
fluorescein angiography immediately after fundus examina-
tion, while pupils were still dilated. A single intraperitoneal
injection of sodium fluorescein at 2 pl/g body weight
(approximately 50 pL for an adult mouse) was administered
with a 30-gauge needle to each mouse.”” After approximately
30 seconds, the animal was gently restrained, and the retinas
were imaged approximately 5 times per minute for 3 minutes.

Transcriptional Profiling of MCP-1 in the Retina Using
TagMan PCR

Total RNA was extracted from retinal tissues using an RNeasy
RNA isolation mini kit (Qiagen, Valencia, CA). Total RNA
was eluted from minicolumns with 30 uL. of RNase-free water.
cDNA (120 ng) was synthesized using TagMan reverse tran-
scription reagent containing random hexamer, RNase inhibi-
tor, dNTP mixture, and MultiScribe Reverse Transcriptase
(Life Technologies). The reaction was performed for 10 mi-
nutes at 25°C, 15 minutes at 42°C, and 5 minutes at 95°C. To
compare the relative abundance of MCP-1 transcripts, a Tag-
Man probe gene expression assay with exon boundary-
crossing primers was used. Real-time quantitative PCR was
performed with an ABI Prism 7500 PCR system (Life Tech-
nologies), with thermal cycling conditions of 95°C for 10
minutes, followed by 40 cycles of 15 seconds at 95°C and 1
minute at 60°C for amplification. All assays were performed in
three technical replicates and were normalized to GAPDH as a
housekeeping gene. Ct values were derived from three mice in
each of the two groups of mice. After normalization, the fold
change derived from AACr of each experimental group versus
control was examined by analysis of variance. Positive and
negative quality controls for reproducibility, reverse tran-
scription, and genomic DNA contamination were assessed and
found to be acceptable.

ELISA

MCP-1 levels were measured using a mouse enzyme-linked
immunosorbent assay (ELISA) kit (ELM-MCP1-001C;
RayBiotech, Norcross, GA). Retinas were removed from
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8-week-old WT and Aire KO mice. Each test sample was
made up of two whole retinas. The retinas were homoge-
nized in lysis buffer containing 150 mmol/L. NaCl, 100
mmol/L Tris (pH 7.4), 1 mmol/L EGTA, 1 mmol/L EDTA,
0.5% sodium deoxycholate, 1% Triton X-100, and protease
inhibitors. Total protein concentration was determined with
a Bradford assay. Individual mouse retinal lysates (300 pg)
were assayed using ELISA, according to the manufacturer’s
guidelines. The assay sensitivity for MCP-1 is 3 pg/mL.

Radioligand Binding Assay

Full-length mouse IRBP cDNA (MMMI1013; Thermo
Fisher Scientific) was in vitro transcribed and translated
with [*>S]methionine using a TNT transcription and trans-
lation system kit (Promega, Madison, WI). The 358 radio-
labeled proteins immunoprecipitated with serum or positive
control antibodies to mouse IRBP (sc-25787; Santa Cruz
Biotechnology, Dallas, TX) were aliquoted in triplicate in
96-well polyvinylidene difluoride filtration plates (Milli-
pore, Billerica, MA). In each well, 358-radiolabeled proteins
[20,000 counts per minute (cpm)] were used for immuno-
precipitation. The radioactivity of the immunoprecipitated
material was evaluated with the use of a liquid scintillation
counter (Beckman Coulter, Brea, CA). The autoantibody
index was calculated as (cpMmgmpie — CPMpegative control)’
(Cpmposilive standard — Cpmnegative standard)~

Statistical Analysis

We used r-test (two-tailed) or nonparametric Kruskal—
Wallis test, depending on data distribution, to compare
macrophage and CD4" T-cell infiltration, mouse MCP-1
protein concentration, retinal histology score, mIRBP
autoantibody index, and qPCR. We used analysis of vari-
ance to perform comparisons among the three chimera
groups while adjusting for multiple comparisons using the
Bonferroni correction. All analyses were performed using
Stata software version 9.0 (Stata Corp, College Station, TX)
for MacIntosh. P < 0.05 was considered statistically sig-
nificant. Data are expressed as means = SEM.

Results

Histological Alteration of the Retina during
Autoimmune-Mediated Uveitis

Aire KO mice developed a spontaneous, CD4" T cell—
mediated autoimmune uveitis characterized by destruction of
retinal tissue. By 7 weeks of age, Aire KO mice demonstrated
immunopathological signs of uveitis, as evidenced by infil-
tration of inflammatory cells throughout the retina and
choroid. By 8 weeks, retinal pathology was well established
and reflected a full spectrum of disease development, from
initial inflammation of the retina to eventual destruction of the
neuroretina (Figure 1A).
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Aire KO mice exhibited a striking retinal pathology that
included thinning of the plexiform layers, loss of cell bodies in
the inner and outer nuclear layers, and progressive destruction
of the photoreceptors. This retinal phenotype was character-
istic of the target organ—specific autoimmune destruction that
occurs in Aire-deficient mice in which loss of Aire gene
expression in medullary epithelial cells of the thymus prevents
the proper removal of autoreactive lymphocytes directed
against numerous tissue-specific self-antigens, including
IRBP."®'? In previous studies of Aire KO mice, our research
group found a large number of mononuclear cells infiltrating
the anterior segment of the eye, where they played an essential
role in mediating inflammatory ocular surface disease.'” In the
present study, we noted a similar significant infiltration of F4/
80" mononuclear cells throughout the posterior segment, with
a substantial number populating the neuroretina and choroid
(Figure 1B). We also observed an increased presence of Ibal™
cells within the Aire KO retina (Figure 1C). Ibal is a micro-
glia- and macrophage-specific marker whose expression is up-
regulated in microglia after activation with macrophage
colony-stimulating factor.”" Interestingly, a substantial num-
ber of F4/80™ cells in the Aire KO retina were colocalized with
Ibal™ cells (Figure 1D). The monocyte receptor CCR2 func-
tions in monocyte chemotaxis to provoke recruitment of
monocytes and macrophages to inflamed tissues, where they
function in antigen presentation and phagocytosis. In Aire KO
mice, CCR2" cells were found throughout the retina
(Figure 1E). In accord, monocyte chemoattractant protein 1
(MCP-1; alias CCL2), a principal ligand of CCR2, was
significantly increased in retinas of Aire KO mice relative to
WT controls at both the protein level (179 £ 7.928 versus
144 + 7.862 pg/mL; P < 0.05) (Figure 1F) and the transcript
level [28.069 £ 1.296 versus 0.331 &£ 0.199 relative quanti-
tation units (RQ); P < 0.01] (Figure 1G).

Mononuclear and CD4™ T-Cell Infiltration of the Retina
Is Attenuated in the Absence of CCR2

MCP-1—CCR?2 signaling is crucial to monocyte recruitment
during inflammation. In a previous study, our research
group discovered an essential role for macrophages in
linking CD4™ T cells to ocular surface inflammation in mice
with CD4" T cell—mediated, aqueous-deficient, dry eye
disease."” To examine the functional role of CCR2 in
recruiting monocytes to the retina in Aire KO mice, we
crossed Aire and Ccr2 KO mice to generate Aire—Ccr2
DKO mice. Interestingly, genetic knockdown of Ccr2 in
Aire KO mice failed to attenuate immune cell infiltration of
the lacrimal gland and cornea, and severe aqueous-deficient
dry eye and lacrimal gland exocrinopathy persisted in Aire—
Ccr2 DKO mice (Supplemental Figure S1, B and C). In
contrast, immune cell infiltration of the posterior uveal tract
in DKO mice was significantly reduced, with a corre-
sponding rescue of the neuroretina. This retina-specific ef-
fect of CCR2 depletion clearly demonstrated the tissue
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specificity of Aire-mediated autoimmunity and directed our
further investigations.

First, we compared the retinal histopathology of Aire KO
mice with and without functional Ccr2 (Figure 2A), using an-
tibodies directed against CD4™ T cells and Ibal™ macrophages
and microglia. Retinal CD4" T cells and Ibal " mononuclear
cells were counted in WT, Aire KO, and Aire—Ccr2 DKO mice
(Figure 2B). Severe destruction of retinal tissues was accom-
panied by persistent mononuclear and CD4 " T-cell infiltration
in Aire KO, relative to WT mice (236.2 + 21.84 versus
8 + 1.62 Ibal™ cells, P < 0.01; 154 + 26.99 versus no infil-
trating CD4" cells, P < 0.05), with Ibal-expressing cells
largely distributed throughout the retina, along with a notable
accumulation in the subretinal space. By contrast, mononuclear
and CD4 " T-cell infiltrates were significantly reduced in retinas
of Aire—Ccr2 DKO mice, relative to Aire KO mice
(108.5 & 20.04 versus 236.2 + 21.84 Ibal™ cells, P < 0.01;
16.67 & 7.37 versus 154 + 26.99 CD4™ cells, P < 0.05).

The American Journal of Pathology m ajp.amjpathol.org
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Figure 1  Autoimmune-mediated inflammation of the
neuroretina in Aire KO mice. A: H&E-stained sections of ret-
inas obtained from 8- to 10-week-old BALB/c WT and Aire KO
mice. Normal retina consists of the ganglion cell layer (GCL),
inner plexiform (IPL), inner nuclear (INL), outer plexiform
(OPL), outer nuclear layer (ONL), photoreceptors (PR), retinal
pigment epithelium (not labeled) and choroid (CH). B:
Mononuclear infiltration of the retina was assessed by
immunofluorescence using antibody directed against F4/80.
C: Retina-specific macrophages and microglia were detected
using antibody directed against Ibal. D: Colocalization (ar-
rowheads) of F4/80" and Ibal™ macrophages was detected in
the Aire KO retina. E: Immunohistochemistry using the
monoclonal antibody MC-21 delineated CCR2™ cells (brown) in
the retina. F and G: MCP-1 protein was evaluated by ELISA (F),
and MCP-1 mRNA expression was evaluated by quantitative
real-time PCR (G) in WT and Aire KO retina. For RQ values, MCP-
1 transcript in WT retina was set as the onefold reference value.
Data are expressed as means + SEM and are representative of at
least four independent tests. n = 4 per group. *P < 0.05;
**P < 0.01. Scale bar = 100 pm.

WT Aire KO

In vivo imaging was used to visualize and compare
intraocular inflammation and retinal vasculature in Aire
KO mice with and without the Ccr2 gene (Figure 2C).
Fundoscopy and fluorescein angiography together re-
vealed intraretinal hemorrhage, perivascular leakage, and
retinal vessel disruption in Aire KO mice, but not in WT
or Aire—Ccr2 DKO mice. Retinal histology scores were
derived by grading structural damage and loss of photo-
receptors on a scale of 0 to 3 (Figure 2D). Notably, the
retina of Aire—Ccr2 DKO mice retained the structural
details of a healthy retina with a histology score signifi-
cantly less than that of Aire KO mice (0.077 £ 0.077 DKO
score versus 2.27 + 0.30 Aire KO score; P < 0.0001).
Decreased immune cell infiltration and maintenance of
normal retinal architecture in Aire—Ccr2 DKO mice
suggested that CCR2 signaling was essential in recruiting
the macrophages and CD4" T cells that ultimately pro-
voke retinal tissue damage.
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Figure 2  Histological rescue and reduced immune cell infiltration of the retina in Aire—Ccr2 DKO mice. H&E staining (top row) of retinal cross sections
reveals histological destruction of the retina in Aire KO mice, but not in WT or Aire—Ccr2 DKO mice; the damage is confirmed by immunostaining of CD4™ T cells
(middLle row) and Ibal™ microglia (bottom row). B: Quantitative analysis of CD4™ T cells and Ibal™ microglia across the entire length of the retina of WT, Aire
KO, and Aire—Ccr2 DKO mice. C: In vivo imaging of the retina in WT, Aire KO, and Aire—Ccr2 DKO using fundoscopy (top row) reveals inflammation of the uveal
tract and vascular hemorrhage (arrows), and fluorescein angiography (bottom row) reveals retinal vessel damage, perivascular leakage, and intraretinal
hemorrhage. D: Retinal histology score (on a scale of 0 to 3, as described under Materials and Methods) was used to quantify retinal tissue damage. Retinal
scores of WT and Aire—Ccr2 DKO mice were significantly lower than those of Aire KO mice. Data are expressed as means & SEM. n = 3to 5 (B), n = 3 (C), and
n = 9 to 13 (D) mice per group. Individual data points (D) represent the mean of at least two retinal sections from a single animal. *P < 0.05, **P < 0.01,

and ****P < 0.0001. Scale bar = 100 pm.

Transfer of CCR2" Bone Marrow Cells Promotes Retinal
Autoimmunity

Bone-marrow chimeric mice were generated to elucidate the
contribution and functional significance of CCR2 in pro-
voking intraocular inflammation and destruction of the
neuroretina. Bone marrow cells from two different donor
phenotypes, WT (Aire™ " Ccr2™") and Cer2 KO (Aire™"
Cer2™"™), were depleted of CD4" and CD8" lymphocytes
(Supplemental Figure S2) and were transferred to Aire KO
(Aire "~ Ccr2™") or Aire—Cer2 DKO (Aire™” Cer2™7)
recipients, yielding three chimera groups: WT — Aire KO,
WT—=Aire—Ccr2 DKO, and Ccr2 KO—Aire KO
(Figure 3A). After 7 weeks of reconstitution, chimeras were
screened for development of uveitis as evidenced by the
presence of IRBP autoantibody in the serum. Our research
group has previously identified IRBP as the dominant
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antigen in the eye that induces uveitis in Aire KO mice.
Absence of IRBP within the thymus was sufficient to induce
spontaneous autoimmune uveitis regardless of functional
Aire.'"® Furthermore, autoantibody-targeted organs corre-
lated well with those targeted by infiltrates,"” and thus
autoantibody reactivity against IRBP provided a reasonable
disease index. The mIRBP autoantibody index was
computed relative to positive control Aire KO serum and
was compared among the chimera groups (Figure 3B). Mice
that received WT bone marrow developed uveitis and
exhibited strong autoantibody reactivity against mIRBP. In
contrast, Aire KO mice that received Ccr2 KO bone marrow
cells failed to develop uveitis, and demonstrated a low
mIRBP autoantibody index (2.508 £ 0.335 WT — Aire KO
index versus 0.473 £ 0.341 Ccr2 KO —Aire KO index;
P < 0.01). Interestingly, we did not observe this difference
in the WT bone marrow to Aire—Ccr2 DKO condition,
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Figure 3  Development of CD4™ T cell—mediated retinitis
in Aire KO mice is CCR2 dependent. A: Cells obtained from
bone marrow of adult WT and Ccr2 KO mice were transferred to
4- to 6-week-old Aire KO and Aire—Ccr2 DKO recipients to
generate bone-marrow chimeras. B: Serum from individual
chimeric mice was analyzed for the presence of IRBP and
autoantibody reactivity by radioimmunoassay at 49 days after
transfer. Serum from adult Aire KO mice was used as a positive
control and was assigned an mIRBP autoantibody index of 1.
C: Retinal histology scores for each animal in the three
chimera groups. Data are expressed as means & SEM and as
individual data points. n = 4 to 7 animals per group. Indi-
vidual data points represent the average index of multiple
measurements on a single animal (B) or the average score of
an animal’s two eyes with a minimum of three retinal sections
graded per eye (C).
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suggesting a pathogenic role for CCR2" bone marrow—
derived cells in the development of autoimmune uveitis. A
study in equine recurrent uveitis revealed significantly
increased autoantigen IRBP levels in the uveitic retinas,
which was believed to be responsible for initiating or
inducing recurrent uveitis.”> The absence of IRBP autoan-
tibodies in the serum of Aire KO recipients of Ccr2 KO
bone marrow thus suggests that intolerance to the retinal
autoantigen is CCR2 dependent.

CCR2-Expressing Bone Marrow—Derived Cells Promote
Uveitis

Retinal histopathology was evaluated by scoring on a dis-
ease severity scale from O to 3. Scores of individual chi-
meras from each of the three groups were plotted, and score
distribution was compared across groups (Figure 3C). The
retinal structure of Aire KO recipients reconstituted with
Ccr2 KO bone marrow remained intact, as indicated by
lower histology scores than for Aire KO recipients recon-
stituted in WT bone marrow (0.4 £ 0.24 versus 2 + 0.41;
P = 0.0096, r-test) (Figure 3C). Changes in retinal histol-
ogy closely paralleled immune cell infiltration (Figure 4A).
Retinas of Aire KO recipients reconstituted with Ccr2 KO
bone marrow were nearly free of infiltrating CD4" T cells,
unlike those of Aire KO recipients of WT bone marrow
(14.143 + 13.094 versus 150.25 + 45.728 CD4* cells;
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P = 0.01). Similarly, retinal macrophage Ibal ™ microglial
cells were significantly reduced in Aire KO recipients of
Ccr2 KO bone marrow, compared with Aire KO recipients
of WT bone marrow (46 + 6.913 versus 192.75 + 45.885
Ibal™ cells; P < 0.01) (Figure 4B). The transfer of WT bone
marrow cells to Aire—Ccr2 DKO recipients led to retinal
disease reminiscent of that in untreated Aire KO mice, with
significant accumulation of Ibal® microglia and CD4™"
T cells (Figure 4A). Taken together, our results strongly
suggest that CCR2" bone marrow—derived cells are key
immune mediators triggering the immunopathological
response associated with autoimmune-mediated uveitis.

Discussion

Uveitis is a leading cause of blindness in the United States,
but the specific immune events that provoke uveitis in the
setting of autoimmune disease are largely unknown, and
treatment options are limited. This is due, in part, to the lack
of animal models for studying disease mechanisms and
evaluating new therapies. It has become clear over recent
years that existing models (eg, EAU) do not closely reca-
pitulate the clinical features of uveitis in patients. The unmet
clinical need and the high potential for significant vision-
threatening consequences highlight the importance of
research efforts aimed at understanding the molecular
mechanisms of uveitis pathogenesis.
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CCR2-expressing bone marrow—derived cells participate in recruitment of microglia and CD4" T cells to the retinas of Aire KO mice. A:

Representative images of H&E-stained retinal sections from the three bone-marrow chimera groups (top row). Immunostaining of retinal cross sections using
antibodies directed against CD4™ T cells (middle row) and Ibal* microglia (bottom row). B: Quantitative analysis of CD4" T cells and Ibal™ microglia in the
retina of the three bone-marrow chimera groups. Data are expressed as means &+ SEM. n = 4 to 6 mice per group. *P < 0.05, **P < 0.01. Scale bar = 100 pm.

Macrophages play dynamic roles in the pathogenesis of
autoimmune-mediated inflammatory diseases, serving as
scavengers monitoring the local microenvironment in tissues
under steady state or amplifying inflammation in a patho-
logical state. Because of their heterogeneity and multifunc-
tional capacity, macrophages are classified into two distinct
subsets: M1 proinflammatory macrophages and M2 anti-
inflammatory macrophages. Evidence suggests that macro-
phages of the proinflammatory M1 subset participate in
various chronic inflammatory and autoimmune diseases,
causing extensive collateral tissue damage to the host,” and it
has been reported that activation of macrophages is essential
for coordinating T cell-mediated autoimmune disease in
experimental uveitis.”’ In the present study, we used the Aire
KO mouse model to explore the functional contribution of
CCR2-expressing cells as a driving force in the immunopa-
thology of spontaneous autoimmune uveitis. Our results
suggest that CCR2-expressing bone marrow—derived cells
provoke the infiltration and activation of macrophages and
autoreactive CD4™ T cells, which together trigger inflam-
mation and progressive destruction of the neuroretina.

Studies of chemokine-induced monocyte recruitment in
various inflammatory and autoimmune processes revealed
the pathogenic role of CCR2 in disease development. In the
present study, Aire KO mice with a nonfunctional Ccr2
gene (Aire—Ccr2 DKO mice) had significantly reduced
infiltration of mononuclear cells into the retina, despite
persistent choroidal infiltration. These findings suggest an
essential role for CCR2 in the pathogenesis of organ-
specific T cell-mediated and monocyte-mediated inflam-
matory disease, which is consistent with previous reports
that CCR2 is required for efficient recruitment of peripheral
monocytes to the inflamed tissues in peritonitis,” autoim-
mune encephalitis,4 tuberculosis,”® and atherosclerosis.’
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To decipher the mechanism whereby CCR2 elicits its
pathogenic effects in autoimmune uveitis, we sought to
identify the origin of CCR2-expressing cells that provoke
retinal destruction in Aire KO mice. CCR2-expressing
monocytes from the bone marrow are linked to inflamma-
tion and can be selectively recruited and rapidly migrate to
sites of inflammation.””~" To elucidate the functional
contribution of CCR2-expressing bone marrow—derived
cells in the recruitment of macrophage and CD4" T-cell to
the inflamed retina, we adoptively transferred WT or Ccr2
KO bone marrow to Aire KO mice. Reconstitution with
Ccr2 KO bone marrow resulted in reduced macrophage
and CD4" T-cell infiltration of the retina and effectively
rescued the retinal phenotype. Alternatively, reconstitu-
tion with WT bone marrow resulted in severe uveitis,
evidenced by cellular infiltration and destruction of the
retina. These results suggest that CCR2 signaling in bone
marrow—derived cells directs migration of immune cells
to the inflamed Aire KO retina. The role of CCR2 has
recently been implicated in monocyte egress from the
bone marrow, where Ccr2 knockdown inhibits the exit of
monocytes from the bone marrow to the blood.”' The
marked reduction of mononuclear infiltrates in the retinas
of Aire KO mice reconstituted with Ccr2 KO bone marrow
supports the probable theory that the vast majority of
monocytes failed to exit the bone marrow compartment. It
cannot be ruled out, however, that knockdown of Ccr2 in
Aire KO mice reduced monocyte trafficking to the retina
by suppressing their migration from the bloodstream to the
inflamed tissue.

It is important to note that the CCR2-dependent migration
of bone marrow—derived cells was retina specific, with
disruption of CCR2 alone in the Aire KO model rescuing the
retina from immune-mediated destruction. Inflammation of
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the ocular surface was unaltered, in that both mononuclear
and CD4™" T-cell infiltration of the anterior eye remained
unchanged. This was surprising, in light of a previous study
in which we discovered reduced ocular surface disease in
Aire KO mice after macrophage depletion with clodronate
liposome; although macrophage infiltration was effectively
reduced after clodronate injection, infiltrating CD4" T cells
persisted at the ocular surface.'” By contrast, in the present
study we observed a compelling reduction in both mono-
nuclear and T-cell infiltration in the Aire KO retina after the
genetic disruption of CCR2 expression. The absence of
infiltrating CD4 ™ T cells was restricted to the retinas of Aire
KO mice reconstituted with Ccr2 KO bone marrow, in accord
with the absence of photoreceptor-specific autoantibodies
reacting against IRBP in serum collected from the same mice.
DeVoss et al'® established IRBP as the primary antigen and
autoreactive CD4" T cells as the principal effector cells
driving uveitis in Aire KO mice. Nonetheless, it is unclear
how IRBP peptide is presented to autoreactive T cells and
where the priming of IRBP-specific T cells occurs. Our
present results provide essential evidence supporting the role
of CCR2 in promoting autoimmunity and driving the
immune-mediated processes that provoke posterior uveitis in
Aire KO mice. Our findings strongly suggest the importance
of CCR2-expressing bone marrow—derived cells in pro-
voking retinal infiltration with autoreactive T cells that set off
the destructive cycle of autoimmunity. Although further
investigation is needed, our results support a potential func-
tional role for CCR2 in promoting monocyte access to the
retina through the blood—retina barrier.

Another immunopathological feature of autoimmune uve-
itis in the Aire KO model is the increased presence of Ibal™
mononuclear cells in the retina. Microglia, the mononuclear
phagocytes of the retina most closely related to bone marrow—
derived macrophages, are key players in inflammatory pro-
cesses of the central nervous system.’” Although we could not
differentiate retinal microglia from infiltrating macrophages
using Ibal and F4/80 markers, we cannot exclude the
increased presence of microglia in the setting of retinal in-
flammatory diseases and their potential contribution to retinal
tissue damage. Microglia represent the primary type of
antigen-presenting cell in the retina and can become efficient
antigen-presenting cells to T cells when they become activated
and acquire MHC class II proteins.”***

In vitro studies have demonstrated an essential role for
MCP-1—CCR?2 signaling in the recruitment of microglia to
inflammatory sites in the central nervous system, including
the retina.”~® We therefore hypothesize that the rescue or
attenuation of retinal infiltration in Aire KO recipients of
Ccr2 KO bone marrow resulted from the failure of CCR2-
deficient bone marrow cells to produce a pool of CCR2-
expressing monocytes capable of crossing the blood—retina
barrier and differentiating into proinflammatory macrophages
that subsequently facilitate CD4" T-cell recruitment. Alter-
natively, it is possible that, after infiltrating the retina, CCR2-
expressing bone marrow—derived monocytes act as potent
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antigen-presenting cells that direct the presentation of IRBP.
In either scenario, the autoreactive CD4" T cells can, once
presented with antigen, extravasate the retina and coordinate
with macrophages or resident microglia to mediate tissue
damage.

Precedent for the functional role of activated microglia as
antigen-presenting cells capable of T-cell activation is found in
multiple sclerosis.”’ Moreover, activated microglia have been
shown to influence the adaptive immune response through
activation of naive T cells and the production of proin-
flammatory cytokines that induce differentiation of effector T
cells.”> Recruitment of activated microglia has also been
shown to trigger photoreceptor cell death even in the absence
of CD4" T cells in models of light-induced retinal degenera-
tion.”” Finally, another important consequence of activated
resident microglia is their capacity to proliferate locally and
give rise to populations of mature proinflammatory macro-
phages that provoke host-tissue damage.”® Although the spe-
cific identity of mononuclear cells in the Aire KO retina and
whether they are infiltrating macrophages or activated micro-
glia are topics of ongoing investigation, one could speculate
that the infiltration of CCR2" bone marrow—derived cells
(most likely macrophages) triggers the activation of retinal
microglia to promote retinal inflammation.

The beneficial effect of Ccr2 knockdown in preserving
the neuroretina of Aire KO mice was in contrast to findings
from similar studies in the EAU model, in which Ccr2
knockdown failed to attenuate retinal inflammation. The
immunological events that induce disease and regulate the
immune response differ considerably between the sponta-
neous (Aire KO) and experimentally induced (EAU) auto-
immune models. For example, an interesting aspect of the
EAU model is self-limiting disease that resolves with
resistance to relapse. This is believed to result from the re-
establishment of ocular immune privilege, which is a topic
of great interest and intense investigation. Although un-
derstanding the protective regulatory immunity that occurs
in EAU mice may provide important insight for deciphering
the pathogenesis of immune-mediated processes, this model
does not closely recapitulate the human condition of
autoimmune-mediated uveitis, in which the disease is often
chronic and/or recurrent.

As an alternative, Aire KO mice provide a model that
mimics the clinical development of human autoimmune
disease, in which the release of immune mediators, infil-
tration of macrophages, and the effector function of CD4™"
T cells have been established in the pathogenesis of uveitis.
Aire KO mice also share prominent histopathological find-
ings noted in the retinas of patients, including inflammatory
cellular infiltration, vasculitis, and loss of photoreceptors. It
is worth considering that differences observed between the
Aire KO and EAU models of uveitis could be, in part,
background dependent, because genetic variation influences
the overall penetrance of immune phenotype. Unlike the
EAU model, Aire KO mice on the BALB/c background are
more susceptible to autoimmune disease, compared with the
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C57BL/6 background,” although both strains are suscepti-
ble to autoimmune uveitis.'® Another distinguishing feature
of Aire KO mice is their development of spontaneous,
tissue-specific autoimmune disease, rather than a general-
ized systemic immune response characteristic of some
induced models. Although the specific mechanism or
mechanisms whereby CCR2 governs macrophage and
microglia activation, retinal inflammation, and neuroretinal
damage is a topic of ongoing investigation, we believe that
the use of a CCR2 antagonist to specifically target CCR2*
bone marrow—derived cells or activated microglial cells in
the retina could provide a promising and directed approach
to manage uveitis in patients with autoimmune disease.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2014.02.024.
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