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This study was initiated to induce experimental autoimmune
anterior uveitis (EAAU) in Lewis rats by melanin-associated
antigen (MAA; 22-kDa fragment of type I collagen �2 chain)
derived from rat iris and ciliary body (CB), to localize MAA
within the eye, and to investigate the possible mechanism of
MAAgeneration in vivo. The EAAUmodel replicates idiopathic
human anterior uveitis. Lewis rats sensitized to rat MAA devel-
oped anterior uveitis, and EAAU induced by rat MAA can be
adoptively transferred to naive syngenic rats byMAA-primed T
cells. Animals immunized with rat MAA developed cellular
immunity to the antigen. MAAwas detected only in the iris and
CB of the eye. Iris and CB were the major source of matrix met-
alloproteinase-1 (MMP-1) in the naive eye, and ocular expres-
sion of MMP-1 was up-regulated, whereas expression of tissue
inhibitor of metalloproteinase 1 decreased before the onset of
EAAU. These results demonstrated that EAAU can be induced
by autologous MAA. Uveitogenic antigen is present only in the
iris and CB of the eye, and the imbalance between MMP-1 and
tissue inhibitor of metalloproteinase 1 may play a role in the
generation ofMAA in vivo. Collectively, the evidence presented
here suggests that MAA is an autoantigen in EAAU. These
observations may extend to idiopathic human anterior uveitis
and facilitate the development of antigen-specific therapy.

Uveitis is broadly defined as the inflammation of the uvea
(iris, ciliary body, and choroid). It is responsible for over 2.8% of
blindness in the United States with a higher disease rate for the
older population (1–3). Anterior uveitis (AU)2 of unknown eti-
ology is the most common form of intraocular inflammation in
humans. In a nonreferral clinic, �52% of patients may present
with idiopathic AU (1–3). It has been considered an autoim-
mune disease and presents with the inflammation of the iris
and/or ciliary body (CB) with no involvement of retina (1–3).

The recurrent nature of idiopathic AU results in visual compli-
cations that lead to the permanent loss of vision (1–3). Experi-
mental autoimmune anterior uveitis (EAAU) is an autoimmune
ocular inflammatory disease that serves as amodel of idiopathic
human AU (4–12). In this experimental model, inbred Lewis
rats are subcutaneously immunized in the foot pad with mela-
nin-associated antigen (MAA) isolated frombovine iris andCB,
and EAAU is induced in these animals by an antigen-specific
CD4� T cell response to MAA (5–12). EAAU is characterized
histologically by a lymphocytic infiltration in the iris and CB
(4–12), and antigen-specific CD4�Tcells can adoptively trans-
fer disease into naive syngenic recipients (7, 8, 12). EAAU can-
not be induced by the adoptive transfer of primed CD8� T cells
or immune sera (6–8). MAA has been purified to homogeneity
in our laboratory, and our published results have shown that a
22-kDa fragment of type I collagen �2 chain (CI-�2 (22 kDa))
derived from bovine iris and CB contains the antigenic deter-
minant(s) necessary to induce EAAU in Lewis rats (8).
We have previously reported that in animals immunized

with bovine MAA, no inflammation was observed in the retina
aswell as in other parts of the eye, including cornea and choroid
(5–10). Other organs, such as pineal gland, liver, and kidney,
were not affected in these animals (5–10). We have further
demonstrated that MAA was only found in the autoantigenic
form in the iris andCBbecause the antigen isolated frombovine
skin, bovine Achilles tendon, bovine conjunctiva, bovine gut,
and rat tail was not uveitogenic (8). However, to our knowledge,
induction of EAAU by rat MAA, the precise expression/local-
ization of this uveitogenic antigen, and the possible mecha-
nism(s) of MAA generation in vivo have not been investigated.
We initiated this study to investigate if EAAUcanbe induced by
MAA (CI-�2 (22 kDa)) purified from rat iris and CB and to
analyze the expression/localization of MAA within the rat eye.
Our study was also designed to investigate the possible role of
matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs) in the generation of MAA in the
anterior segment of the eye.MMPs are a family of zinc-contain-
ing endoproteases that degradematrix proteins, andTIMPs are
endogenous (natural) inhibitors of MMPs (13). The results
reported here provide evidence that MAA is the target autoan-
tigen in EAAU, and the imbalance between the expression of
MMP-1 and TIMP-1 may play a role in the generation of MAA
in vivo and in the pathogenesis of EAAU.

EXPERIMENTAL PROCEDURES

Animals—Pathogen-free male Lewis rats (5–6 weeks old)
were obtained fromHarlan Sprague-Dawley (Indianapolis, IN).
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This study was approved by the Institutional Animal Care and
Use Committee, University of Arkansas for Medical Sciences
(Little Rock, AR).
Preparation of Melanin-associated Antigen—Melanin-asso-

ciated antigen, CI-�2 (22 kDa), was separately isolated from
bovine iris and CB as well as the iris and CB of naive Lewis rats
as described previously by us (8). Fifty bovine and 500 rat eyes
were used. Briefly, bovine iris and CB and rat iris and CB were
homogenized and extracted with 0.5 M acetic acid at 45 °C for
48 h separately. The �2 chain of type I collagen was purified
separately from rat and bovine iris and CB using the method
described before (8). Purified�2 chain was treated with proteo-
lytic enzyme, Staphylococcus aureus V8 protease (Sigma), and
the 22-kDa antigen was purified using preparative SDS-PAGE
and preparative isoelectric focusing (8). The NH2-terminal
sequence of purified rat protein was determined as described
previously (8).
Induction and Evaluation of EAAU—Lewis rats were immu-

nized with 50 �l of stable emulsion containing 50 �g of protein
(bovine or rat MAA) emulsified (1:1) in complete Freund’s
adjuvant (Sigma) in the hind foot pad (5–12). Animals were
graded for the clinical signs of EAAU as described previously by
us (5). Eyes were harvested at various time points for histolog-
ical analysis to assess the course and severity of inflammation
(5). The intensity of uveitis was histologically scored in a
masked fashion on an arbitrary scale of 0–4 as follows: 0, nor-
mal; 1, dilated iris vessels plus thickened iris stroma exudates in
the anterior chamber with protein or a few scattered inflamma-
tory cells or both; 2, moderate infiltration of inflammatory cells
in the stroma of the iris or CB or both and a moderate number
of inflammatory cells within the anterior chamber; 3, heavy
infiltration of inflammatory cells within the iris stroma and the
CB and heavy infiltration of inflammatory cells within the ante-
rior chamber; 4, heavy exudation of cells with dense protein
aggregation in the anterior chamber and inflammatory cell
deposits on the corneal endothelium.
Adoptive Transfer of EAAU—Lewis rats were divided into

two groups (n � 5 animals/group). Animals in group 1 were
immunized with rat MAA, and the animals in group 2 were
immunizedwith bovineMAA. Popliteal lymphnodeswere har-
vested separately from donor rats in each group at day 14
postimmunization (7, 8). A single-cell suspension of popliteal
lymph node cells (LNCs) was made in Dulbecco’s modified
minimum essential medium, and LNCs (20 � 106) harvested
from animals in group 1 and group 2 were cultured separately
with the rat and bovine antigen (20 �g/ml), respectively, for 3
days. After this, T cells were purified by using Cellect immuno-
columns (Cytovax Biotechnologies, Inc.) and were separately
injected into naive Lewis rats via the tail vein. These experi-
ments were repeated three times with similar results.
T Cell Proliferation Assay—At day 14 postimmunization,

popliteal lymph nodes were harvested from Lewis rats immu-
nized with rat antigen, and a single-cell suspension was pre-
pared (8). LNCs (2� 105/well) were stimulatedwith rat antigen
(20 �g/ml) in 96-well flat bottom plates (BD Biosciences). LNC
obtained from Lewis rats immunized with bovine antigen and
cultured in vitrowith bovine antigen served as the positive con-
trol. Negative control consisted of cells cultured without anti-

gen. Plates were cultured for 72 h at 37 °C and incubated with
[3H]thymidine (1 �Ci/well) (GE Healthcare) for an additional
18 h. The stimulation index (the ratio between the cpm of a
culture in the presence of the antigen and the proliferation of
the same cells in the absence of the antigen) was determined,
and a value of 3.0 and above was considered positive. These
experiments were repeated three times with similar results.
Preparation of Polyclonal Antibodies—Purified bovine MAA

(200 ng) mixed with complete Freund’s adjuvant (Sigma) was
injected into New Zealand White rabbits (Charles River Labo-
ratories, Wilmington, MA) every 10 days. Three days after the
sixth injection, blood was withdrawn, serumwas collected, and
the specificity of the antibody was determined byWestern blot
analysis.
Western Blot Analysis—Cornea, retina, iris and CB, and cho-

roid and retinal pigment epithelium (RPE) harvested from 30
eyes of naive Lewis rats were pooled separately to detect the
expression of MAA. Iris and CB were collected in one tube;
similarly, RPE and choroid were collected together in another
tube. In a separate set of experiments, intraocular tissue was
prepared from the eyes harvested from naive Lewis rats as well
as Lewis rats sacrificed at different time points during EAAU.
Intraocular tissues, which consisted of uvea, retina, lens, aque-
ous humor, and vitreous, were prepared using a previously
describedmethod (14) and were used to detect protein levels of
�-actin, TIMP-1, TIMP-2, and TIMP-3. Tissues prepared as
described above were homogenized in 500 �l of ice-cold PBS
containing protease inhibitors and 1% Nonidet P-40. The
homogenate was centrifuged at 14,000 � g at 4 °C for 15 min,
and the supernatant was subjected to SDS-PAGE. After SDS-
PAGE on a 14% linear slab gel, separated proteins were trans-
ferred to polyvinylidene difluoride membranes using a Trans-
Blot semidry electrophoretic transfer cell (Bio-Rad). Western
blot analysis (14) was performed using polyclonal antibodies
against bovineMAA (1:1000 dilution), TIMP-1 (1:500 dilution,
R&D Systems, Minneapolis, MN), TIMP-2, and TIMP-3
(Abbiotech, San Diego, CA). Blots were also incubated with the
monoclonal �-actin (mouse IgG1, Sigma) housekeeping gene.
Control blots were reacted with equivalent concentrations of
normal rabbit serum or isotype-matched nonspecific control
antibody. After washing and incubation with horseradish per-
oxidase-conjugated appropriate secondary antibody (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), blots were devel-
oped using the ECL Plus Western blotting detection system
(GE Healthcare). Quantification of proteins was accomplished
by analyzing the intensity of the bands usingQuantityOne 4.2.0
(Bio-Rad). These experiments were repeated three times with
similar results.
Immunohistochemistry—For frozen sections, eyes harvested

from naive Lewis rats were placed in optimal cutting tempera-
ture compound (Electron Microscopy Sciences, Hatfield, PA)
and were snap frozen. Eyes were sectioned by cryostat, and the
tissue (5 �m thick) was air-dried overnight (18 h), fixed in cold
acetone for 10 min, and rehydrated in phosphate-buffered
saline (pH7.2). Sectionswere stained forMAAusing polyclonal
antibody against bovine MAA (1:200 dilution) and an immu-
noperoxidase staining kit from Vector Laboratories (Burl-
ingame, CA) as described before (6). Slides were thenwashed in
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tapwater, counterstained for 10minwithMayer’s hematoxylin,
washed thoroughly in cold tap water, and coverslipped with an
aqueous mounting medium for viewing by light microscopy.
Control stains were performed with normal rabbit serum at a
concentration similar to that of the primary antibody. Addi-
tional controls consisted of staining by omission of the primary
and secondary antibody. This experiment was repeated three
times with similar results.
Flow Cytometry—Cornea, iris, CB, choroid, RPE, and retina

harvested from 18 eyes of naive Lewis rats were pooled sepa-
rately. Iris and CB were collected in one tube; similarly, RPE,
choroid, and retina were collected together in another tube.
Total cells isolated from these tissues as well as from the whole
rat eyes were used in flow cytometry for MMP-1, MMP-8, and
MMP-13. In a parallel experiment, total cells isolated from the
whole eyes of Lewis rats sacrificed at different time points (n �
3 rats/time point) during EAAU were used in flow cytometry
for MMP-1.
A single-cell suspension was prepared by mashing the above

mentioned tissues with frosted slides, followed by filtration
through the cell strainer. Cells were incubated with anti-rat
CD32 antibody (BD Biosciences) for 15 min at 4 °C. This was
followed by the intracellular stain using the BD Cytoperm/
Cytofix kit (BD Biosciences) according to the manufacturer’s
instructions. The cells were stained using primary antibodies
for MMP-1 (Lifespan Biosciences, Seattle, WA), MMP-8, and
MMP-13 (Santa Cruz Biotechnology, Inc.), followed by appro-
priate fluorescein isothiocyanate or phosphatidylethanolamine
secondary antibodies. The stained cells were analyzed using a
BD FACSCalibur (BD Biosciences). These experiments were
repeated three times with similar results.
Semiquantitative RT-PCR—Cornea, iris, CB, choroid, RPE,

and retina harvested from 18 eyes of naive Lewis rats were
pooled separately. Iris and CB were collected in one tube; sim-
ilarly, RPE, choroid, and retina were collected together in
another tube. Total RNA extracted from these tissues was used
to detect mRNA levels of �-actin,MMP-1,MMP-8, andMMP-
13. In a separate set of experiments, Lewis ratswere sacrificed at
different time points (n� 3 rats/time point) during EAAU, and
intraocular tissues, which consisted of uvea, retina, lens, aque-
ous humor, and vitreous, were prepared using a previously
described method (14). Total RNA extracted from pooled
intraocular tissues was used to detect the mRNA levels of �-ac-
tin, MMP-1, TIMP-1, TIMP-2, and TIMP-3. Total RNA was
prepared using Qiagen total RNA isolation kit (Qiagen, Valen-
cia, CA) according to the manufacturer’s specifications. Semi-
quantitative RT-PCR was performed using the reagents pur-
chased from Bio-Rad. The oligonucleotide primers were
synthesized at Integrated DNA Technologies (Coralville, IA).
The primer sequences as well as the predicted sizes of amplified
cDNA were as follows: �-actin, 5�-GCGCTCGTCGTCGA-
CAACGG-3� (forward) and 5�-GTGTGGTGCCAAATCTTC-
TCC-3� (reverse) (335 bp); MMP-1, 5�-TTGTTGCTGCCCA-
TGAGCTT-3� (forward) and 5�-ACTTTGTCGCCAATTCC-
AGG-3� (reverse) (639 bp); MMP-8, 5�-AGTGCCCGACTCT-
GGTGATTTCTT-3� (forward) and 5�-AGGTGCTGGGTTC-
TCTGTAAGCAT-3� (reverse) (464 bp); MMP-13, 5�-AGGA-
TCACCTGATTCTTGGGTGCT-3� (forward) and 5�-AGGA-

GCATGAAAGGGTGGTCTCAA-3� (reverse) (782 bp); TIMP-
1, 5�-GCTAGAGCAGATACCACGATGGCG-3� (forward)
and 5�-TGCAAGGGATGGCTGAACAGGG-3� (reverse) (499
bp), TIMP-2, 5�-GTGAGCGAGAAGGAGGTGGATTCC-3�
(forward) and 5�-CTTGATGCAGGCAAAGAACTTGGC-3�
(reverse) (438 bp);, TIMP-3, 5�-CGTGCACATGCTCGCCC-
AGC-3� (forward) and 5�-GGCCCTTGCGCTGGGACAG-3�
(reverse) (335 bp).
Four different cycles, 25, 28, 30, and 35 were used for PCR,

and all four cycles gave similar results. All reactions were nor-
malized for�-actin expression. The negative controls consisted
of the omission of RNA template or reverse transcriptase from
the reactionmixture. PCR products were analyzed on a 2% aga-
rose gel and quantitated by densitometry using Quantity One
4.2.0 (Bio-Rad). These experiments were repeated three times
with similar results.
Quantitative Real-time RT-PCR—Total RNA was extracted

using the RNeasy kit (Qiagen, Valencia, CA). Quantitative real-
time RT-PCR was performed using iQTM SYBR� Green Super-
mix and the iQTM5 quantitative real-time RT-PCR unit (both
purchased from Bio-Rad). The primers were designed and
ordered from Integrated DNA Technologies, using the criteria
provided in the Bio-Rad users’ manual. Primer sequences,
including the predicted sizes of amplified cDNA, are as follows:
�-actin (103 bp), 5�-AACCCTAAGGCCAACCGTGAAA-3�
(forward) and 5�-AGGCATACAGGGACAACACA-3� (reverse);
MMP-1 (133 bp), 5�-TTGCTTCTCTTGGCTACCAGCTCA-
3� (forward) and 5�-TAGCTTGGACGTCTTCACCCAAGT-3�
(reverse); TIMP-1 (124 bp), 5�-AGCTTCCTGGTTCCCTGGC-
ATAAT-3� (forward) and 5�-CAGTTTGCAAGGGATGGCT-
GAACA-3� (reverse); MMP-8 (101 bp), 5�-CGTGGCTGC-
TCATGAATTTGGACA-3� (forward) and 5�-AGGTGCTG-
GGTTCTCTGTAAGCAT-3� (reverse); MMP-13 (82 bp), 5�-
TCTTTGGCTTAGAGGTGACTGGCA-3� (forward) and 5�-
ACATCAGGCACTCCACATCTTGGT-3� (reverse). Pilot quan-
titative real-time RT-PCR experiments were performed to
determine the optimal condition for each primer. All quantitative
real-time RT-PCR experiments were performed in duplicate. The
primer specificity of the amplification product was confirmed by
melting curve analysis of the reaction products using SYBRGreen
as well as by visualization on ethidium bromide-stained agarose
(1.5%)gels.Thehousekeepinggene�-actinwasusedas an internal
control, and gene-specific mRNA expression was normalized
against�-actin expression. iQTM5optical system software version
2.0 (Bio-Rad) was used to analyze quantitative real-time RT-PCR
data and derive threshold cycle (CT) values according to theman-
ufacturer’s instructions.TheDDCTmethodwasused to transform
CT values into relative quantities with S.D. values. The same soft-
ware was used to calculate the normalized expression of the gene
of interest, using �-actin as a reference gene, and the results were
expressed as normalized -fold expression.
Cleavage of Rat Type I Collagen byMMP-1—HumanMMP-1

(Millipore, Billerica, CA) was activated with trypsin for 10 min
at 25 °C, and the trypsin was inactivatedwith a 10-fold excess of
soybean trypsin inhibitor. Rat type I collagen was incubated
with activated human MMP-1 for 26 h at 25 °C, and the reac-
tion was stopped by the addition of EDTA to a final concentra-
tion of 50 mM. Digestion products were resolved on 12% SDS-
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PAGE, and the gel was stained with Coomassie Blue to assess
the cleavage of rat type I collagen by activated MMP-1.
Statistical Analysis—The data are expressed as the mean �

S.D. Data were analyzed and compared using the Student’s t
test, and differences were considered statistically significant
with p � 0.05.

RESULTS

Induction of EAAU by rat MAA (CI-�2 (22 kDa))

In this study, the�2 chain of type I collagenwas purified from
the iris and the CB harvested from the eyes of naive Lewis rats.
Purified �2 chain of type I collagen was then digested with V8
protease, and the 22-kDa fragment of type I collagen �2 chain
(CI-�2 (22 kDa) MAA) was purified as previously described by
us (8). The NH2-terminal composition of the purified rat anti-
gen is given in Table 1. Amino acid sequence alignment
revealed 97.3% homology with the 22-kDa fragment of type I
collagen �2 chain isolated from bovine iris and CB (Table 1).
Further analysis of the primary structure of rat type I collagen
�2 chain (ProteinData Bank code 1y0f) demonstrated the local-
ization of MAA in rat type I collagen �2 chain (Fig. 1A). This
structural analysis was performed using the UCSF Chimera
software for molecular modeling (15).
Next we examined the ability of rat CI-�2 (22 kDa) to induce

EAAU in Lewis rats. Animals were divided into two groups, and
animals in group 1 (n � 20 animals) were immunized with
bovine antigen (22-kDa protein), whereas animals in group 2
(n � 10 animals) were immunized with 22-kDa rat antigen. In
agreement with our previous report (8), immunization with
pure bovine antigen (22-kDa protein) induced severe uveitis in
both eyes of all 20 Lewis rats in group 1 (Table 2 andFig. 1,B and
D). Interestingly, the disease induced in Lewis rats by rat anti-
gen was similar to the EAAU induced in Lewis rats by bovine
antigen (Table 2). All 10 animals immunized with pure 22-kDa
protein isolated from rat iris and CB developed EAAU in both
eyes (Table 2 and Fig. 1, B and C). However, the clinical and
histopathologic examination revealed that the pathogenic anti-
gen isolated from rat iris and CB (Fig. 1, B and C) was less
uveitogenic than bovine antigen (Fig. 1, B–D). The cornea (Fig.
1, C and D), retina, and choroid (data not shown) were not
affected in these animals. EAAU did not develop in control
animals injected with adjuvant alone (Table 2 and Fig. 1E).
Intact �2 chain of type I collagen purified from rat iris and
ciliary body (emulsified in complete Freund’s adjuvant) did not
induce EAAU (Table 2). None of the animals immunized with
purified rat or bovine MAA (CI-�2 (22 kDa)) manifested clini-
cal signs of arthritis (data not shown).

Adoptive Transfer of Rat MAA (CI-�2 (22 kDa))-induced EAAU

Adoptive transfer experiments with in vitro primed antigen-
specific T cells were used to test the ability of ratMAA to trans-
fer EAAU to naive syngenic rats. A single-cell suspension of
popliteal LNCs harvested fromLewis rats that were immunized
with rat antigen was cultured with the rat antigen for 3 days. In
parallel, a single-cell suspension of popliteal LNCs harvested
from Lewis rats immunized with bovine antigen was cultured
with bovine antigen and served as the positive control. Our data
show that 10 million T cells isolated from the draining lymph
nodes of Lewis rats immunized with purified rat antigen trans-
ferred EAAU to naive syngenic rats (Table 3 and Fig. 2). The
disease started at day 9 after cell transfer and remained active
for 4 days. However, the disease activity of EAAU in these ani-
mals was less severe (Fig. 2A) than EAAU observed in the ani-
mals receiving the same number of T cells from donor rats
immunized with bovine antigen (Fig. 2B), and these differences
were statistically significant (Table 3). Thus, by adoptive trans-
fer experiments, we demonstrated that EAAU induced by rat
MAA is also a T cell-mediated autoimmune disease.

Immunogenecity of Rat MAA (CI-�2 (22 kDa))

We have previously reported that EAAU induced by bovine
MAA could not be adoptively transferred by immune sera (7).
Furthermore, animals immunizedwith bovineMAAdeveloped
antibodies to this antigen, but therewas no correlation between
humoral immune response and disease activity in EAAU (8).
Therefore, in the current study, cellular response to rat MAA
was investigated using an in vitro lymphocyte proliferation
assay. Popliteal lymph nodes were harvested from Lewis rats
that were immunized with rat MAA or bovine MAA, and a
single-cell suspension of LNCswas cultured separately for 72 h.
LNCs from rat MAA-immunized animals were cultured in the
presence or absence of rat MAA. Similarly, the LNCs from
bovine MAA-immunized animals were cultured in the pres-
ence or absence of bovine MAA. Our data presented in Fig. 3
demonstrated that LNCs from rats challenged with rat
antigen elicited a proliferative lymphocyte response (stimu-
lation index� 28.6� 3.2). However, this proliferative response
(Fig. 3) was significantly (p � 0.05) less than the proliferative
response observed when LNCs harvested from Lewis rats
immunized with bovine antigen were treated in vitro with the
bovine antigen (stimulation index � 39.2 � 2.9). LNCs from
animals sensitized with rat MAA or bovine MAA failed to pro-
liferate in vitro in the absence of the antigen (Fig. 3).

Localization of MAA (CI-�2 (22 kDa)) in the Rat Eye

Because in animals with EAAU the inflammation is observed
only in the iris and CB of the eye (5–12), we next asked if MAA
was only present within the iris and CB or if it is expressed in
other parts of the eye also. Extraction of MAA from Lewis rat
eye is time-consuming and cost-intensive. Five hundred rat ver-
sus 50 bovine eyes were required for similar recovery (�1.0mg)
of the purified protein (MAA). Therefore, polyclonal antibodies
used for MAA localization studies were raised against bovine
antigen only.
Western Blot Analysis—A representative immunoblot for

MAA localization (Fig. 4A) demonstrates that polyclonal anti-

TABLE 1
Comparison of amino terminal amino acid sequences of rat and
bovine MAA (CI-�2 (22 kDa))
Standard one letter amino acid symbols are used, and the difference in amino acid
residue is indicated by boldface type.

Protein Amino acid
number Amino acid sequence

Rat MAA 1 IGPAGPPGPPGLRGNPGSRGLPGADGVAGVMGPAGSR
Bovine MAA 1 IGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSR
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body againstMAA specifically iden-
tified MAA in the iris and CB har-
vested from the eyes of naive Lewis
rats as a single protein band with an
apparent molecular mass of 22 kDa
(lane 3). In contrast, MAA was not
detected in the cornea (lane 1), ret-
ina (lane 2), and choroid and RPE
(lane 4). Pure bovineMAAwas used
as the positive control (Fig. 4A, lane
5). Control blots stained with nor-
mal rabbit serum did not show any
reactivity (data not shown).
Immunohistochemical Analysis—

Immunohistochemistry using fro-
zen sections of the eye harvested
from naive Lewis rats was per-
formed to confirm that MAA
(CI-�2 (22 kDa)) is present within
the iris and CB of the rat eye. Stain-
ing was observed on the iris and CB
when anti-MAA antibody was used
(Fig. 4B). MAA was not detected on
the cornea (Fig. 4B), lens, retina,
RPE, and choroid (data not shown).
No staining was detected in the
sections stained with an equiva-
lent dilution of normal rabbit
serum (Fig. 4C). Taken together,
these results established that MAA
(CI-�2 (22 kDa)) was only present
and constitutively expressed in the
iris andCBof the eyes of naive Lewis
rats.

Mechanism of MAA Generation in
Vivo

To investigate how the ocular
microenvironment possibly may
mediate the generation and/or ex-
posure of MAA in vivo, we analyzed
the local expression of MMPs and
TIMPs in the eyes of naive Lewis
rats as well as in the eyes during
EAAU.
MMP-1,MMP-8, andMMP-13 in

the Eyes of Naive Lewis Rats—Be-
cause MAA is a 22-kDa fragment of
type I collagen �2 chain, ocular
expression of MMP-1 (collagenase
1), MMP-8 (collagenase 2), and
MMP-13 (collagenase 3) was inves-
tigated at the mRNA level using
semiquantitative RT-PCR and
quantitative real-time RT-PCR and
at the protein level by flow cytom-
etry. RT-PCR analysis detected a
band of 639 bp, representing

FIGURE 1. Rat MAA (CI-�2 (22 kDa)) and EAAU. A, localization of MAA (CI-�2 (22 kDa)) and MMP-1 cleavage
site on rat type I collagen �2 chain (Protein Data Bank code 1y0f) using UCSF Chimera software for molecular
modeling. B, clinical course of EAAU induced by rat and bovine antigen. Data are presented as mean disease
activity � S.D. Histopathologic changes in the eyes of Lewis rats immunized with rat (C) and bovine (D) antigen.
Note the heavy infiltration of inflammatory cells within the iris (I), the ciliary body (CB), and the anterior cham-
ber (AC) at the peak of EAAU (day 19 postimmunization); however, cornea (Co) was not affected. E, EAAU did not
develop in animals injected with adjuvant alone. Objective magnification was �10.

Autoantigen in Autoimmune Uveitis

NOVEMBER 6, 2009 • VOLUME 284 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31405



MMP-1 transcripts in the iris andCB (Fig. 5A, lane 1) and in the
whole rat eye (Fig. 5A, lane 4). MMP-1 mRNA was barely
detected in the cornea (Fig. 5A, lane 2) and RPE-retina-choroid
(Fig. 5A, lane 3) of the naive rat eye. The quantitative real-time
RT-PCR analysis further confirmed the higher expression of
MMP-1 mRNA in iris and CB of naive rat eye compared with
extremely low levels of MMP-1 in cornea and RPE-retina-cho-
roid (Fig. 5B).Wewere not able to detectMMP-8 andMMP-13

transcripts in these samples by quantitative real-time RT-PCR.
A similar pattern was observed for MMP-1 protein (present
intracellularly), as determined by flow cytometric analysis (Fig.
5C). Interestingly, MMP-8 and MMP-13 transcripts (Fig. 5A)
and protein (Fig. 5, D and E) could not be detected in these
samples. Taken together, our results established thatMMP-1 is
constitutively expressed in the iris and CB of the naive rat eye.
Since the MMP-1 cleavage site is present on the �2 chain of

rat type I collagen (Fig. 1A), we investigated if rat type I collagen
can be cleaved by activatedMMP-1 in vitro. Our data presented
in Fig. 5F demonstrate thatMMP-1 cleaved�1 and�2 chains of
rat type I collagen efficiently into classical three-quarters and
one-quarter fragments along with several other collagen pep-
tides of different sizes (lane 2). It is of interest to note that some
of these collagen peptides were present between 20 and 25 kDa
(Fig. 5F, lane 2) and that the molecular mass of MAA is 22 kDa.
No cleavage of �1 and �2 chains of rat type I collagen was
observed in the absence of activated MMP-1 (Fig. 5F, lane 1).
Ocular Expression of MMP-1 during EAAU—Because only

MMP-1 could be detected in the iris and CB of the normal rat
eye,we investigated the expressionprofile ofMMP-1 in the eyes
of Lewis rats during the course of EAAU. Lewis rats immunized

FIGURE 2. Adoptive transfer of EAAU by rat MAA (CI-�2 (22 kDa)). EAAU was induced after adoptive transfer of rat MAA-primed T cells (A). Recipient animals
were sacrificed at the peak of adoptive transfer EAAU. B, histopathologic changes in the eyes of recipient Lewis rats sacrificed at the peak of adoptive transfer
EAAU induced by transfer of bovine MAA-primed T cells. I, iris; CB, ciliary body; CO, cornea. Objective magnification was �10.

FIGURE 3. Proliferation of lymph node cells in vitro. Data from three inde-
pendent experiments are shown as a bar graph. Results are expressed as
mean stimulation index � S.D. BMAA, bovine CI-�2 (22 kDa); RMAA, rat CI-�2
(22 kDa). *, p � 0.05.

TABLE 2
Pathogenicity of MAA (CI-�2 (22kDa)) isolated from rat iris and ciliary body

Antigen Antigen
dose Adjuvant

EAAUa

Day of onsetb
Incidence Moderate Severe

�g
Rat MAA (CI-�2 (22 kDa)) 50 CFAc 20/20 20/20 0 14 � 0.5d
Bovine MAA (CI-�2 (22 kDa)) 50 CFA 40/40 0 40/40 13 � 1.0d

0 CFA 0/20 0 0
Intact �2 chain (rat iris/CB) 50 CFA 0/20 0 0

a The incidence of EAAU is given as positive/total eyes following clinical examination.
b Mean � S.D. Severity of inflammation upon histopathologic examination was grouped as mild (1�), moderate (2� to 3�), or severe (4�).
c CFA, complete Freund’s adjuvant.
dp � 0.05.

TABLE 3
Adoptive transfer of EAAU induced by rat MAA (CI-�2 (22 kDa))

Donor
immunization

Cells transferred to recipients EAAU in recipientsa
Day of onsetb

Stimulus in culture Number of cells (�106) Cell population Incidence Score

Rat MAA Rat MAA 10 T cells 18/18 Moderate 9 � 0.5c

Bovine MAA Bovine MAA 10 T cells 18/18 Severe 7 � 1.0c
a The incidence of EAAU is given as positive/total eyes following clinical examination. Cells were transferred intravenously via the tail vein.
b Mean � S.D. Severity of inflammation on histopathologic examination was grouped as mild (1�), moderate (2� to 3�), or severe (4�).
c p � 0.05.
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with bovine MAA were sacrificed at days 11, 14, 19, 23, and 30
postimmunization, and the expression of MMP-1 transcripts
and protein was assessed by semiquantitative RT-PCR and flow
cytometric analysis, respectively.
InMAA-sensitized animals, a substantial increase inMMP-1

mRNA was observed at day 11 postimmunization (before the
onset of EAAU) compared with naive animals (Fig. 6, A and B).
MMP-1 transcripts were further up-regulated at day 14 (the
onset of EAAU) but declined at day 19 (the peak of EAAU). As
shown in Fig. 6, A and B, the expression of MMP-1 transcripts
further decreased during the resolution (day 23) and after the
resolution of EAAU (day 30). These results were further con-
firmed by including day 12 postimmunization as an additional
day and using quantitative real-timeRT-PCR. Similar to day 11,
low levels of MMP-1 transcripts were detected at day 12 also
(Fig. 6C). The pattern of MMP-1 mRNA expression during
EAAUdetected by quantitative real-time RT-PCR (Fig. 6C) was

similar to that observed with semiquantitative RT-PCR (Fig. 6,
A and B).
A similar pattern for MMP-1� cells in the eye was observed

by flow cytometric analysis during the course of EAAU (Fig.
6F). MMP-1� cells increased significantly on days 11 and 14
postimmunization in the eyes of rats with EAAU compared
with naive rats (p � 0.05; Fig. 6F). The levels of MMP-1-ex-
pressing cells declined on days 19–30 (Fig. 6F).
Ocular Expression of TIMPs during EAAU—Compared with

naive rats, a dramatic decrease in TIMP-1mRNA (Fig. 6,A and
D) and protein (Fig. 6, G and H) was observed in the eyes
of Lewis rats immunized with bovine MAA before the onset of
EAAU (day 11 postimmunization). Increased expression of
TIMP-1 (bothmRNA and protein) was observed on day 14 (the
onset of EAAU), followed by decreased levels of TIMP-1 on
days 19, 23, and 30 (Fig. 6,A,D, E,G, andH) in these animals. In
contrast, both mRNA and protein levels of TIMP-2 and
TIMP-3 did not change during the course of EAAU and were
similar to those observed in the eyes of naive Lewis rats (data
not shown). Since TIMP-1 mRNA expression decreased dras-
tically at day 11, we confirmed these results by performing
quantitative real-time RT-PCR for TIMP-1 transcripts at dif-
ferent time points, including an additional time point of day 12
postimmunization. Our results revealed that, similar to day 11,
TIMP-1 mRNA expression was down-regulated at day 12
postimmunization also (Fig. 6E).

DISCUSSION

EAAU is an organ-specific inflammatory disease that affects
the iris and the CB of the eye and serves as an animal model of
human idiopathic anterior uveitis (4–12). In the present study,
we have purified a 22-kDa fragment of type I collagen �2 chain
(CI-�2 (22 kDa)) from the iris and CB of Lewis rats and have
demonstrated that this protein can induce EAAU in Lewis rats.
We have determined that the uveitogenic antigen is solely
localized to the iris and the CB of the rat eye and have
addressed a possible mechanism of autoantigen generation
in vivo. Our previous work has shown that the pathogenic
antigen in EAAU is a 22-kDa fragment of type I collagen �2
chain associated with bovine uveal melanin (8) and referred
it to as MAA (5–12). Melanin pigment is synthesized within
the melanocytes and deposited on a proteinaceous matrix
structure, called melanosomes (16). Biologic melanin con-
tains several matrix proteins, which are bound to the chro-
mophoric backbone during polymer formation (16, 17).
Although the Lewis rat is an amelanotic (i.e. no melanin is
present) animal, the melanocytes with premelanosomes and
matrix proteins are present within the eyes of this animal
(18). Results from the present study demonstrated that the
uveitogenic antigen purified from Lewis rat iris and CB is
also a 22-kDa fragment of type I collagen �2 chain. There-
fore, in order to be consistent with our previous publications
(5–12), EAAU-causing antigen (CI-�2 (22 kDa)) purified
from Lewis rat eye is also referred as MAA in the current
paper.
Our results have shown that the clinical and histopathologic

patterns of EAAU induced by rat MAA are similar to those
induced by bovine MAA. However, the severity of disease with

FIGURE 4. Localization of MAA [CI-�2 (22 kDa)) in the eye. A, Western blot
analysis using polyclonal antibody against bovine MAA (CI-�2 (22 kDa)) to
detect MAA in different rat ocular tissues. Samples were analyzed on 14%
SDS-PAGE. Total protein (40 �g) from cornea (lane 1), retina (lane 2), iris and
CB (lane 3), and RPE and choroid (lane 4) were used. Purified bovine MAA
(CI-�2 (22 kDa)) loaded (5 �g) in lane 5 was used as the positive control. B and
C, MAA (CI-�2 (22 kDa)) in the rat eye (frozen sections). Naive rat eye was
examined immunohistochemically for MAA using polyclonal antibody
against bovine MAA. B, MAA is constitutively expressed on the iris (I) and
ciliary body (CB); MAA was not detected on the cornea (Co). No staining was
observed in the control section stained with normal rabbit serum (C). The data
shown are representative of three separate experiments. AC, anterior cham-
ber. Objective magnification was �10.
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rat antigen was less than that observed with the bovine antigen
when EAAU was induced by active immunization or by adop-
tive transfer of antigen-specific T cells. Furthermore, lymph
node cells from rat MAA-sensitized Lewis rats demonstrated a
proliferative response that was less than the proliferative
response observed with lymph node cells harvested from
bovine MAA-sensitized animals. These differences in the
pathogenecity may arise from the differences in the primary
structures (i.e. amino acids) as well as the glycosylation patterns
of rat and bovine MAA. The present study revealed a 97.3%
sequence homology at the amino acid level between the amino-

terminal regions of purified rat and bovineMAA. Additionally,
we have previously reported that bovineMAA (CI-�2 (22 kDa))
was pathogenic only if bound carbohydrates were intact and
carbohydrate moieties bound to the antigen were crucial to the
pathogenecity (8). Type I collagen contains covalently attached
carbohydrate units; the nature and the number of carbohydrate
units per collagen molecule varies among different species (19,
20). Previous studies using an EAU model have shown that
heterologous antigen ismore potent than the homologous anti-
gen, with a higher level of T cell responsiveness to the heterol-
ogous antigens (21, 22).

FIGURE 5. Distribution of MMP-1, MMP-8, and MMP-13 in the normal rat eye. A, representative RT-PCR (using 25 cycles) profile of MMP-1, MMP-8, and
MMP-13 mRNA in the iris and the CB (lane 1), cornea (lane 2), RPE-choroid-retina (lane 3), and intraocular tissue (lane 4). A single band of 335 bp for
�-actin demonstrated an equal amount of PCR product in each lane. MMP-1 transcripts (639 bp) were detected in the iris and the CB (lane 1) and
intraocular tissue (lane 4). MMP-1 mRNA was barely detected in cornea (lane 2) and RPE-choroid-retina (lane 3). In contrast, MMP-8 and MMP-13 mRNA
were not detected in these samples. B, representative quantitative real-time RT-PCR profile of MMP-1 mRNA in the cornea, iris-ciliary body (ICB), and
RPE-choroid-retina (RCR). MMP-1 was barely detected in cornea and RPE-choroid-retina (RCR). C, flow cytometric analysis showing MMP-1�-positive
cells in the whole eye (blue) and in the iris and the CB (red). Few MMP-1� cells were detected in the cornea (green) and RPE-choroid-retina (black).
MMP-8� (D) and MMP-13� (E) cells were not detected in these samples. Purple color in C–E, negative control (without primary antibody). The data shown
are representative of three different experiments. F, Coomassie-stained SDS-PAGE (12%) showing the cleavage of rat type I collagen by activated
MMP-1. Treatment of rat type I collagen with MMP-1 in vitro generated several collagen peptides of different sizes (lane 2). Type I collagen incubated
with the reaction mixture but without MMP-1 was loaded in lane 1.
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FIGURE 6. Expression of MMP-1 and TIMP-1 during EAAU. A, RT-PCR products for MMP-1 (639 bp) and TIMP1 (499 bp) in the rat eye at different time points
during EAAU. A strong band at 335 bp for �-actin indicated an equal amount of RNA in each lane. B, densitometric analysis of PCR products of MMP-1. The
intensity of PCR products was quantitated using an image analyzer, and the relative intensity was expressed as the ratio of the intensity of MMP-1 transcripts
to the intensity of �-actin transcripts. C, quantitative real-time RT-PCR profile of MMP-1 transcripts in the rat eye during EAAU. D, densitometric analysis of PCR
products of TIMP-1. The intensity of PCR products was quantitated using an image analyzer, and the relative intensity was expressed as the ratio of the intensity
of TIMP-1 transcripts to the intensity of �-actin transcripts. E, quantitative real-time RT-PCR profile of TIMP-1 during EAAU. F, flow cytometric analysis of MMP-1�

cells in the eyes of Lewis rats during the course of EAAU. The percentage of MMP-1� cells during EAAU was determined by flow cytometry, and cumulative data
are shown as a bar graph. Semiquantitative Western blot (G) and densitometric (H) analysis of TIMP-1 protein in MAA-sensitized animals is shown. The results
of densitometric analysis are expressed as the ratio of the intensity of the TIMP-1 protein to the intensity of �-actin protein bands (H). N, naive animals. The data
shown are representative of three separate experiments. *, p � 0.05.
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The data presented in the current paper provide a direct
correlation between the site of inflammation in EAAU and
constitutive expression of MAA in Lewis rat eye. Results
from our study demonstrated that the 22-kDaMAAwas spe-
cifically present in the iris and CB of the naive Lewis rat eye.
Since MAA is endogenously expressed only on the iris and
CB of the rat eye, its recognition by T cells is most likely
responsible for inflammation of these ocular tissues during
EAAU.
Type I collagen is a major component of the anterior uveal

tract (i.e. the iris andCB) (23).Wehave previously reported that
intact �1 and �2 chains of bovine iris- and CB-derived type I
collagen are not uveitogenic (8). Interestingly, our published
data (8) and the results presented in this paper clearly demon-
strate that Lewis rats developed EAAU only if the �2 chain of
type I collagen (purified frombovine and rat iris andCB) under-
went proteolysis. These observations suggest that the proteo-
lytic degradation of the �2 chain led to the exposure of an anti-
genic epitope(s) that is necessary to induce uveitis in Lewis rats.
To explore this possibility, we focused our attention ondefining
an ocular microenvironment in which MAAmay be generated
and/or exposed in vivo and hypothesized that tissue-specific
MMPs may mediate the fragmentation of type I collagen pres-
ent in the iris and CB of the eye. Generation of an autoantigen
by MMPs has been reported in the literature (24, 25).
We specifically analyzed the expression ofMMP-1 (collagen-

ase 1), MMP-8 (collagenase 2), and MMP-13 (collagenase 3) in
the naive rat eyes as well as in the eyes during EAAU. Our
results clearly demonstrated that iris and CB were the major
source of MMP-1 in the naive rat eye. It has been reported that
in the human eye, MMP-1 is present in significantly higher
amounts in iris and CB compared with other ocular tissues and
may play an important role in the normal turnover of matrix
proteins (26).
We were unable to detect MMP-8 and MMP-13 in the rat

eye. Together, these results suggested that MMP-1 constitu-
tively expressed in the iris and CB of the naive rat eye may
participate in the generation and/or exposure of MAA,
which may otherwise be masked in the triple helix of type I
collagen. It is known thatMMP-1 exhibits specificity for type
I collagen. MMP-1 first unwinds the helical collagen mole-
cule before preferentially binding to and cleaving the �2
chain of type I collagen (27). Importantly, our present and
past (8) studies demonstrated that MAA is a 22-kDa frag-
ment of type I collagen �2 chain, and molecular modeling
using the UCSF Chimera software (15) revealed the presence
of MMP-1 cleavage on the �2 chain of type I collagen. Addi-
tionally, in the present study, we observed that MMP-1 can
cleave rat type I collagen in vitro, into classical three-quar-
ters and one-quarter fragments along with several collagen
peptides of different sizes, including collagen fragments
between 20 and 25 kDa. These results are in agreement with
those reported in the literature (28–30).
The presence of MMP-1 in the iris and CB may have

pathologic significance in EAAU. Up-regulation of MMP-1
simultaneous with decreased expression of its natural inhib-
itor, TIMP-1, before the onset of EAAU as observed in our
study will lead to accelerated generation of MAA in vivo.

This may be needed for the propagation of the autoimmune
response that drives EAAU. On the other hand, up-regula-
tion of TIMP-1 at the onset of autoimmune uveitis may have
a protective effect in EAAU because it will counteract the
activity of up-regulated MMP-1 and prevent further gener-
ation of MAA. Increased levels of MMP-1 and TIMP-1
observed at the onset of EAAU may be in part due to tumor
necrosis factor-�. Our published study (12) has shown that
the levels of tumor necrosis factor-� increased at the onset of
EAAU. Inflammatory cytokines, such as tumor necrosis fac-
tor-�, have been reported to augment the expression of
MMPs and TIMPs (31, 32). Our results indicating that the
levels of MMP-1 were up-regulated before the onset of
EAAU when no inflammatory cells could be detected in the
eye (5–12) and decreased moderately at the peak of EAAU
when there is a massive infiltration of the inflammatory cells
in the anterior segment of the eye (5–12) suggest that the
expression of MMP-1 originated mainly from the iris and CB
of the eye. However, invading inflammatory cells will also
have some contribution towardMMP-1 expression observed
during EAAU, becauseMMP-1 is expressed on a wide variety
of cell types, including T cells (12).
In conclusion, we report three novel observations in this

paper. First, EAAU can be induced by a fragment of rat type I
collagen; second, the pathogenic antigen is present only in the
iris and CB of the eye; third, the generation and/or exposure of
MAA (CI-�2 (22 kDa)) by MMP-1 is a possible mechanism of
autoantigen generation in vivo. Furthermore, our results sug-
gest that regulation of MMP-1 by TIMP-1 may play an impor-
tant role in the pathogenesis of autoimmune uveitis. A tight
balance has been reported to exist between the levels of MMPs
and TIMPs under normal conditions (13), and alteration of the
balance between MMPs and TIMPs has been implicated in the
pathogenesis of various diseases (33–35). Many autoantigens
are not generated from rare molecules but from common and
abundant proteins. In organ-specific autoimmune diseases,
autoreactivity against ubiquitous antigen develops, but the dis-
ease is restricted to a particular organ, presumably due to
greater accessibility and/or amount of the autoantigen in the
target organ (36–38). Type I collagen is the most abundant
protein in mammals (39).
Collectively, the findings reported in the current manuscript

establish an etiologic role for MAA (CI-�2 (22 kDa)) in EAAU
with broader implications to human idiopathic AU. It is possi-
ble that idiopathic humanAUmay also be the result of an auto-
immune response to fragment(s) of type I collagen confined to
the anterior segment of the eye. Human AU has been histori-
cally characterized as a collagen disease (40). Idiopathic human
AU and its complications lead to permanent loss of vision, and
due to unknown etiology, the disease can only be treated symp-
tomatically. Precise identification of MAA (CI-�2 (22 kDa)) as
the autoantigen and understanding of the possible mechanism
by which uveitogenic antigen is generated in vivo are crucial to
elucidate the etiopathogenesis of idiopathicAUandmay lead to
the development of effective and safe antigen specific therapies.
Currently, nonspecific therapies, such as steroid and immuno-
suppressive agents, are used to treat patients with idiopathic
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AU, and these treatment modalities are associated with serious
side effects (1–3).
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