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Development of Experimental Autoimmune
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PURPOSE. The role of complement in ocular autoimmunity was
explored in a experimental autoimmune anterior uveitis
(EAAU) animal model.
METHODS. EAAU was induced in Lewis rats by immunization
with bovine melanin-associated antigen. Complement activation in the eye was monitored by Western blot for iC3b. The
importance of complement to the development of EAAU was
studied by comparing the course of intraocular inflammation in
normal Lewis rats (complement-sufficient) with cobra venom
factor–treated rats (complement-depleted). Eyes were harvested from both complement-sufficient and complement-depleted rats for mRNA and protein analysis for IFN-␥, IL-10, and
interferon-inducible protein (IP)-10. Intracellular adhesion molecule (ICAM)-1 and leukocyte– endothelial cell adhesion molecule (LECAM)-1 were detected by immunofluorescent staining.
OX-42 was used to investigate the importance of iC3b and CR3
interaction in EAAU.
RESULTS. There was a correlation between ocular complement
activation and disease progression in EAAU. The incidence,
duration, and severity of disease were dramatically reduced
after active immunization in complement-depleted rats. Complement depletion also completely suppressed adoptive transfer EAAU. The presence of complement was critical for local
production of cytokines (IFN-␥ and IL-10), chemokines (IP-10),
and adhesion molecules (ICAM-1 and LECAM-1) during EAAU.
Furthermore, intraocular complement activation, specifically
iC3b production and engagement of complement receptor 3
(CR3), had a significant impact on disease activity in EAAU.
CONCLUSIONS. The study provided the novel finding that complement activation plays a central role in the pathogenesis of
ocular autoimmunity and may serve as a potential target for
therapeutic intervention. (Invest Ophthalmol Vis Sci. 2006;47:
1030 –1038) DOI:10.1167/iovs.05-1062
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omplement is a major component of innate immunity.1 In
recent years, it has become increasingly evident that complement is also involved in the antigen-specific immune responses with an identified role in antigen processing and presentation, T-cell proliferation and differentiation, B-cell
activation,2–3 and systemic tolerance induced by the introduction of antigen into an immune-privileged site such as the
anterior chamber of the eye.4 Inappropriate activation of complement has been implicated in various diseases, such as Alzheimer’s disease, ischemia–reperfusion injury, Huntington’s
and prion disease, and multiple sclerosis (MS).5–9 However, the
role of complement in ocular autoimmune disease is not well
understood.
Experimental autoimmune anterior uveitis (EAAU) is an
organ-specific autoimmune disease of the eye that serves as an
animal model of idiopathic human anterior uveitis.10 –14 We
have previously shown that in this model, severe inflammation
occurs in the anterior segment of the eye of Lewis rats after the
footpad injection of melanin-associated antigen (MAA).11–14
Antigen-specific CD4⫹ T cells can adoptively transfer disease
into naı̈ve syngeneic recipients and are the predominant inflammatory cells within the uvea.12–14 The purpose of the
present study was to investigate the role of complement in the
pathogenesis of EAAU.

C

MATERIALS

AND

METHODS

Animals
Male Lewis rats (5– 6 weeks old) were obtained from Harlan SpragueDawley (Indianapolis, IN). All animals were treated in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Antibodies and Reagents
The IgG fraction of goat antiserum to rat C3 was from ICN Biochemicals Inc. (Aurora, OH) and purified IgG fraction of rabbit anti-rat
interferon-inducible protein (IP)-10 was from Torrey Pines Biolabs, Inc.
(Houston, TX). Purified rabbit IgG (polyclonal) immunoglobulin isotype standard, FITC-labeled mouse anti-rat CD54 (ICAM-1, IgG1),
FITC-labeled hamster anti-rat CD62L (L-selectin, leukocyte– endothelial
cell adhesion molecule [LECAM-1], IgG2) monoclonal antibodies, and
respective isotype controls were purchased from BD Biosciences (San
Diego, CA). Mouse anti-rat CD11b (MRC OX-42, IgG2a), FITC-labeled
goat anti-mouse IgG2a (rat adsorbed) and isotype control antibodies
were from Serotec (Raleigh, NC). Purified cobra venom factor (CVF)
was from Quidel Corp. (San Diego, CA). Bovine serum albumin (BSA)
and ITS⫹1 liquid medium supplement were from Sigma-Aldrich (St.
Louis, MO).

Induction and Evaluation of EAAU
Lewis rats were immunized with 100 L of stable emulsion containing
75 g MAA emulsified (1:1) in complete Freund’s adjuvant (CFA; Difco
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TABLE 1. Primer Sequences Used in RT-PCR
Protein

Primer

Sequence

␤-Actin

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GCG-CTC-GTC-GTC-GAC-AAC-GG
GTG-TGG-TGC-CAA-ATC-TTC-TCC
AAG-GAC-CAG-CTG-GAC-AAC-AT
AGA-CAC-CTT-TGT-CTT-GGA-GCT-TA
ATC-TGG-AGG-AAC-TGG-CAA-AAG-GAC-G
CCT-TAG-GCT-AGA-TTC-TGG-TGA-CAG-C
TTC-CTG-CAA-GTC-TAT-CCT-GTC-CGC
TTT-GCC-ATC-TCA-CCT-GGA-CTG

IL-10
IFN-␥
IP-10

Amplified cDNA
(bp)
335
292
288
560

The sequences of all oligonucleotides are shown in the 5⬘ to 3⬘ direction.
Laboratories, Inc., Detroit, MI) using a single-dose induction protocol
in the hind footpad, as previously described by us.11–14 Purified pertussis toxin (PTX; 1 g/animal) was used as an additional adjuvant. In
some experiments Lewis rats were injected in the hind footpad with 75
g of BSA along with CFA and purified PTX. Animals were examined
daily between days 7 and 30 after injection for clinical signs of uveitis
using slit lamp biomicroscopy and EAAU was graded in a masked
fashion.11 Eyes were harvested from MAA-injected rats at various time
points for histologic analysis to assess the course and severity of
inflammation. The intensity of uveitis was histologically scored in a
masked fashion on an arbitrary scale of 0 to 4.11

Adoptive Transfer of EAAU
Adoptive transfer of EAAU was performed as previously described by
us.13–14 MAA-injected animals were divided into three groups, each
containing five animals. Donor Lewis rats in group 3 received CVF at
day 9 after immunization. Donor animals in groups 1 and 2 received a
similar injection of sterile phosphate-buffered saline (PBS). Donor rats
from each group were killed at day 11 after immunization and popliteal
lymph nodes (LNs) were harvested separately. A single cell suspension
of LN cells was prepared in Dulbecco’s modified minimum essential
medium (DMEM) and T cells were purified on immunocolumns (Cellect; Millenium Biologix Corp., Kingston, Ontario, Canada) according
to the manufacturer’s recommendations. Purified T cells obtained from
donor animals in group 1 were cultured in vitro with antigen for 3 days
in DMEM supplemented with 10% FCS before transfer to naı̈ve syngeneic host. However, purified T cells obtained from the donor animals

in groups 2 and 3 were cultured in vitro with antigen for 3 days in
serum-free DMEM supplemented with ITS⫹1 culture supplement before transfer to naı̈ve syngeneic host. Recipient animals in group 2
received CVF 24 hours before the cell transfer. Animals in groups 1 and
3 received a similar injection of sterile PBS. Ten million cells were
transferred by intraperitoneal injection. These experiments were repeated three times with similar results.

Sample Collection and Total Hemolytic
Complement Activity
The intraocular tissues were prepared as described elsewhere.15 They
comprised uvea, retina, aqueous humor, and vitreous and were used
for total RNA extraction, ELISA, and Western blot analysis. Blood was
collected by cardiac puncture, and total hemolytic complement activity in serum was determined using sensitized sheep erythrocytes (Diamedix, Miami, FL) according to the manufacturer’s directions. Serum
obtained from naı̈ve Lewis rat was used to determine the 100% value
for complement-dependent serum hemolytic activity.

Complement Depletion
To deplete complement in vivo, animals were divided into five groups.
Lewis rats in each group received a single intraperitoneal injection of
purified CVF (35 units, 500 L) 24 hours before immunization or at day
4, 9, 14, or 19 after immunization with MAA. Control animals received
500 L of sterile PBS. Total hemolytic complement activity in serum
was determined as described earlier.

FIGURE 1. Relationship between ocular complement activation and disease activity in EAAU. Semiquantitative Western blot and densitometric
analyses of polypeptide chains corresponding to iC3b was used to measure intraocular complement activation after immunization of Lewis rats with
MAA and BSA. The intensity of the iC3b protein bands was quantitated, and the relative intensity was expressed as ratio of the intensity of the bands
from the experimental (MAA- or BSA-injected) animals to those of the naı̈ve rats (experimental/naı̈ve). In animals immunized with MAA, the levels
of iC3b within the eye paralleled the course of disease in EAAU (A). In these rats there was a significant increase in the levels of iC3b at days 12
to 16 compared with days 8, 10, 23, and 30. Low levels (similar to naı̈ve rats) of iC3b were detected in the eyes of BSA-injected animals at all time
points (B). The bar charts represent the relative intensity of iC3b bands and the line chart shows the disease activity in MAA- (A) and BSA-injected
(B) rats. Data are presented as the mean ⫾ SD and are representative of six independent experiments. *P ⬍ 0.05.
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TABLE 2. Effect of Complement Depletion on EAAU
Eyes with EAAU

Control
CVF (day
CVF (day
CVF (day
CVF (day
CVF (day

⫺1)
4)
9)
14)
19)

MAA
(g)

Incidence

Mild

Moderate

Severe

Day of Onset

Duration of Disease
(d)

100
100
100
100
100
100

30/30
30/30
30/30
2/30
30/30
30/30

0
0
0
2
1
0

0
0
0
0
0
0

30
30
30
0
29
30

14.0 ⫾ 2.0
14.5 ⫾ 1
14.0 ⫾ 1
19.5 ⫾ 1.0
15.5 ⫾ 2.0
14.0 ⫾ 1

13.0 ⫾ 1
13.0 ⫾ 2
12.0 ⫾ 1
2–3*
12.0 ⫾ 2
13.0 ⫾ 1

Incidence of EAAU given as positive/total eyes following clinical examination. Data are presented as the mean ⫾ SD. Severity of inflammation
on histopathologic examination was grouped as mild (1⫹), moderate (2⫹ to 3⫹) or severe (4⫹). This experiment was repeated three times (n ⫽
5 rats/experiment) with similar results.
* P ⬍ 0.05.

Immunohistochemistry
Five-m paraffin-embedded sections were immunostained with FITClabeled monoclonal antibodies (1:100) directed against ICAM-1 and
LECAM-1. Mouse anti-rat CD11b (1:200) and FITC-labeled goat antimouse IgG2a was used to stain complement receptor 3 (CR3) on the
infiltrating cells. Control stains were performed with nonrelevant antibodies of the same immunoglobulin subclass at concentrations similar to those of the primary antibodies. Sections were examined under
a fluorescence microscope (Carl Zeiss Meditec, Inc., Thornwood, NY).

Reverse Transcription–Polymerase
Chain Reaction
Eyes were harvested from Lewis rats killed at different time points
during EAAU. Intraocular tissue prepared as described earlier was
pooled separately for each time point (n ⫽ 6 eyes/time point). Total
RNA (0.1 g) isolated from pooled intraocular tissue using SV total
RNA isolation kit (Promega, Madison, WI) was used to detect the

mRNA levels of ␤-actin, IFN-␥, IL-10, and IP-10 by semiquantitative
RT-PCR, using reagents purchased from Applied Biosystems (Foster
City, CA). The sense and antisense oligonucleotide primers (Table 1)
were synthesized at Integrated DNA Technologies (Coralville, IA).
Polymerase chain reaction was preformed for 25 cycles. All reactions
were normalized for ␤-actin expression. The negative controls consisted of omission of RNA template or reverse transcriptase from the
reaction mixture.

Enzyme-Linked Immunosorbent Assay
Eyes were harvested from Lewis rats killed at different time points
during EAAU. Intraocular tissue prepared as described earlier was
pooled separately for each time point (n ⫽ 6 eyes/time point) and
homogenized in 500 L of ice-cold PBS containing protease inhibitors.15 After centrifugation, the supernatant was assayed (in triplicate)
for rat IL-10 protein using rat ELISA kits from Biosource International
(Camarillo, CA). Rat IFN-␥ was assayed with a rat ELISA kit from R&D

FIGURE 2. Effect of CVF on EAAU.
Lewis rats immunized with MAA received a single intraperitoneal injection of PBS (A) or CVF (B) at day 9
and were killed at the peak of EAAU
(day 19 after immunization) to study
the effect of complement depletion
on histopathological changes within
the eye. Severe EAAU was observed
in the MAA-injected complement-sufficient (PBS-treated) animals (A). The
anterior chamber, the iris (arrow),
and the ciliary body (arrowhead)
were infiltrated by inflammatory
cells. EAAU did not develop in complement-depleted (CVF-treated) Lewis
rats immunized with MAA (B). Magnification, ⫻20. A single intraperitoneal injection of CVF in MAA-injected
(C) rats resulted in almost complete
complement depletion for 5 days. In
these animals, serum complement
activity returned to the basal levels
on day 16 and remained at this level
on days 19 to 30. Disease activity in
these animals was zero. The bar
charts represent serum complement
activity and the line chart shows the
disease activity (C). C3 split products
in the eye of naı̈ve (lane 1) and MAAinjected, CVF-treated (lane 2) rats at
day 19 after immunization (D). The
data shown are representative results
in three different experiments.
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TABLE 3. Effect of Complement on the Adoptive Transfer EAAU
Cells Transferred to Recipients

Group

Donor
Treatment

Recipient
Treatment

Number of
Cells (106)

1
2
3

None
None
CVF

None
CVF
None

10
10
10

Cell Population
T lymphocytes
T lymphocytes
T lymphocytes

EAAU in Recipients

Incidence

Score

Day of
Onset

30/30
0/30
0/30

Severe
—
—

7⫾1
—
—

Donors were treated with CVF at day 9 after immunization. Cells were transferred intraperitoneally. Incidence of EAAU given as positive/total
eyes after clinical examination. Data are presented as the mean ⫾ SD. Severity of inflammation on histopathologic examination was grouped as mild
(1⫹), moderate (2⫹ to 3⫹) or severe (4⫹). These experiments were repeated three times (n ⫽ 5 rats/experiment) with similar results.
systems, Inc. (Minneapolis, MN). Cytokine concentrations in the test
samples were calculated by comparison with a corresponding standard
curve, and all results were expressed as the mean concentration
(picograms per milligram protein) of cytokine ⫾ SD. These experiments were repeated three times with similar results.

Western Blot Analysis
The sample was prepared as described for the ELISA. After SDS-PAGE
on a 12% linear slab gel (10 g total protein/lane), under reducing
conditions, separated proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane.15 Blots were incubated with the IgG
fraction of goat anti-rat C3 or the IgG fraction of rabbit anti-rat IP-10.
Control blots were treated with the same dilution of goat or rabbit IgG
isotype control, respectively. After washing and incubation with horseradish peroxidase (HRP)-conjugated secondary antibody, blots were
developed with an enhanced chemiluminescence Western blot analy-

sis detection system (ECL Plus; GE Healthcare, Piscataway, NJ). Quantification of iC3b was accomplished by analyzing the intensity of the
bands on computer (Quantity One 4.2.0; Bio-Rad Laboratories, Richmond, CA).

In Vivo Antibody Treatment
MAA injected Lewis rats (group 1, n ⫽ 5) received a single injection of
0.5 mg of mouse anti-rat CR3 (OX42) intraperitoneally daily, from day
9 to 14 after immunization. Control animals in groups 2 (n ⫽ 5) and 3
(n ⫽ 5) received a similar treatment with isotype matched monoclonal
antibody and PBS alone, respectively.

Statistical Analysis
Differences between groups were evaluated by Student’s t-test. P ⬍
0.05 was considered significant.

FIGURE 3. Effect of systemic complement depletion on intraocular IFN-␥, IL-10, and IP-10 mRNA expression during EAAU. Eyes (n ⫽ 6/time point) were harvested from MAA-injected, complement-sufficient
(PBS-treated) and -depleted (CVF-treated) Lewis rats killed at different time points for semiquantitative
RT-PCR analysis. PCR products were analyzed on a 2% agarose gel. (A) mRNA expression of IFN-␥ and IL-10
in complement-sufficient, MAA-injected rats, and (B) represents mRNA expression of these cytokines in
complement-depleted, MAA-injected rats. (C) shows IP-10 mRNA expression in both CVF- and PBS-treated,
MAA-injected rats. There was decreased production of IFN-␥ and IL-10 mRNA in complement-depleted
animals (B) compared with complement-sufficient rats (A). IP-10 mRNA expression was abolished by CVF
treatment (C). A strong band at 335 bp for ␤-actin indicated an equal amount of RNA in each lane (A, B).
Shown are ethidium-bromide–stained bands for PCR products after UV exposure. Images are representative of results in three independent experiments.
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FIGURE 4. Effect of complement on intraocular IFN-␥, IL-10, and IP-10 protein production during EAAU. Eyes (n ⫽ 6/time point) were harvested
from MAA-injected, complement-sufficient (f) and complement-depleted (o) rats killed at different time points, and cytokine production was
assessed by protein-specific ELISA. Compared with complement-sufficient rats, IFN-␥ (A) and IL-10 (B) protein levels in complement-depleted rats
were significantly reduced on days 12 to 19 and days 14 to 19, respectively. Results shown are the mean ⫾ SD of results in triplicate independent
analyses. *P ⬍ 0.05. (C). On Western Blot analysis, IP-10 was barely detected in complement-depleted Lewis rats compared with complementsufficient animals. Control blot incubated with equivalent concentration of irrelevant antibody (rabbit IgG isotype control) did not show any
reactivity (D). (C, D) Representative of results in three separate experiments.

RESULTS
Ocular Complement Activation and EAAU
MAA injected Lewis rats were killed at different time points
(n ⫽ 6/each time point): days 8, 10, 12, 14, 16, 19, 23, and
30. The presence of the C3 activation product iC3b within
the eye at these time points was investigated by semiquantitative Western blot analysis and was used as the measure of
ocular complement activation. The 68- and 43-kDa ␣-chains
of iC3b were identified on Western blot in normal eyes and
in the eyes of MAA-injected animals killed at different time
points. The blot incubated with goat IgG isotype control
antibody did not show any immunoreactivity (data not
shown).
Densitometric analysis of these polypeptide chains indicated that the levels of iC3b within the eye paralleled the
course of the disease. On days 8 to 10, low levels of iC3b
were detected in the eyes of MAA-injected rats, similar to
naı̈ve animals. Levels of iC3b increased markedly in MAAimmunized animals on days 12 to 16 after immunization and
returned to baseline during the resolution of EAAU (Fig. 1A).
On days 12 to 16, the intraocular levels of iC3b in MAAimmunized rats were significantly higher (P ⬍ 0.05) than
other time points—specifically, days 8, 10, 19, 23, and 30
(Fig. 1A). In contrast, with a nonrelevant antigen, BSA, only
low levels (similar to those in naı̈ve rats) of iC3b were
detected in the eyes of BSA-injected animals at all time
points (Fig. 1B). Intraocular inflammation was not observed
in BSA-injected rats (Fig. 1B).
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Effect of Systemic Complement Depletion
on EAAU
A single injection of CVF was given at five different time points
as described in the Materials and Methods section. Complement depletion 24 hours before immunization or at day 4 after
immunization did not alter the course of EAAU (Table 2). Of
note, the incidence, duration, and severity of disease (determined both clinically and histologically) was dramatically reduced in rats treated with CVF on day 9 after immunization
compared with that in control rats (Table 2; Figs. 2A, 2B). In
these animals a single injection of CVF on day 9 after immunization resulted in complete depletion of complement for 5
days (Fig. 2C). Low levels of iC3b were detected within the eye
of MAA-injected, CVF-treated animals on days 16 (data not
shown), 19 (Fig. 2D), 23, and 30 (data not shown). In contrast,
complement depletion after the onset of inflammation (day 14
or 19) did not affect EAAU (Table 2).

Effect of Systemic Complement Depletion on
Adoptive Transfer EAAU
Ten million in vitro–primed T cells isolated from the draining
lymph nodes of Lewis rats killed at day 11 after immunization
transferred EAAU to naı̈ve syngeneic rats (group 1, Table 3).
These cells were cultured in the presence of complement. In
contrast, EAAU was completely suppressed when in vitro–
primed-T cells cultured in the absence of complement were
transferred to a CVF-treated, complement-depleted host (group
2, Table 3). Furthermore, T cells obtained from MAA-sensitized
Lewis rats treated with CVF on day 9 after immunization and

IOVS, March 2006, Vol. 47, No. 3
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FIGURE 5. Effect of complement depletion on the ocular expression of
ICAM-1 and LECAM-1 at the peak of
EAAU. Paraffin-embedded sections
were prepared from eyes harvested
from MAA-injected, complement-sufficient (A, D) and complement-depleted (B, E) Lewis rats at day 19
after immunization (the peak of
EAAU). (C, F) Images from naı̈ve animals. Sections were stained with
FITC-labeled monoclonal antibodies
against ICAM-1 (A–C) and LECAM-1
(D–F). At the peak of EAAU, strong
expression of ICAM-1 (A) and
LECAM-1 (D) was observed on the
iris (arrow) and the ciliary body (arrowhead). Expression of these adhesion molecules was suppressed in
complement-depleted rats (B, E).
Weak staining for ICAM-1 (C) and
LECAM-1 (F) was detected in naı̈ve
rat eye. Each micrograph is representative of imaging in three separate
experiments. Magnification, ⫻40.

cultured for three days in the absence of complement did not
transfer EAAU to naı̈ve syngeneic rats (group 3, Table 3).
These results suggest that complement is critical for the
development of EAAU induced by either active immunizations
or the transfer of in vitro–primed antigen-specific T cells.

Effect of Systemic Complement Depletion on
Intraocular Cytokine and Chemokine Production
Lewis rats immunized with MAA were divided in two groups:
One group received a single injection of CVF on day 9; the
control group received PBS on the same day. Animals (n ⫽
6/time point in each group) were killed at days 8, 10, 12, 14,
16, 19, 23, and 30 after immunization, and the eyes were
harvested.
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Using semiquantitative RT-PCR, we detected low levels of
IFN-␥ transcripts in the eyes of naı̈ve animals, as well as on days
8 and 10 in complement-sufficient MAA immunized rats (Fig.
3A). In the presence of complement, IFN-␥ transcripts within
the eye increased on day 12, peaked on days 16 to 19 (Fig. 3A),
returned to basal levels by day 23, and remained at this level on
day 30 (data not shown). In contrast, IFN-␥ mRNA remained at
low levels at all time points in complement-depleted rats (Fig.
3B). IL-10 mRNA (Fig. 3A) increased modestly on day 10,
reached maximum levels on days 12 to 19, and returned to
basal levels by day 30 (data not shown) in complement-sufficient rats. In contrast, complement depletion resulted in decreased IL-10 mRNA levels within the eye at each time point
(Fig. 3B).
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FIGURE 6. CR3 staining during EAAU
(A). Eyes harvested from complement-sufficient Lewis rats killed at
the peak of EAAU (day 19 after immunization) were stained with OX-42
(anti-CR3). Strong expression of CR3
by infiltrating cells at the peak of
disease was observed (A). No fluorescence was detected in the sections
stained with isotype control antibody
(B). CR3-positive cells in the spleen
of naı̈ve Lewis rat injected with PBS
(C) and OX-42 (D). Magnification:
(A, B) ⫻40; (C, D) ⫻100.

In the presence of complement, low levels of IP-10 transcripts were observed on day 10 (Fig. 3C). mRNA levels of
IP-10 increased on day 12, peaked on days 14 to 19 (Fig. 3C),
and returned to basal levels on day 23 (data not shown). In
contrast, in the absence of complement, mRNA for IP-10 was
not detected at all time points studied (Fig. 3C). No bands were
detected in the control experiments without RNA or reverse
transcriptase (data not shown).
ELISA results (Fig. 4) demonstrated that IFN-␥ protein levels
increased dramatically on day 12, peaked on day 14, and returned
to basal levels by day 30 in MAA-immunized, complement-sufficient rats (Fig. 4A). Complement depletion resulted in undetectable levels of IFN-␥ protein on day 10, significantly reduced levels
on days 12 to 19 (P ⬍ 0.05), and undetectable levels on day 30
(Fig. 4A). In complement-sufficient, MAA-immunized rats, the
maximum increase of IL-10 protein was observed on days 14 to
16, with a gradual decline during the resolution of EAAU (Fig. 4B).
A time course study showed that, in complement-depleted rats,
the levels of IL-10 protein on days 14 to 19 were significantly
lower (P ⬍ 0.05) than those in complement-sufficient animals
(Fig. 4B). IL-10 protein was not detected in complement-depleted
animals on day 8 but was higher than complement-sufficient rats
on days 10 and 23 (P ⬍ 0.05).
Western blot analysis revealed low constitutive levels of
IP-10 protein on day 10 after immunization in MAA-immunized,
complement-sufficient rats (data not shown). IP-10 protein
levels increased on day 12, peaked on days 14 to 19 (Fig. 4C),
and were very low on days 23 to 30 in these rats (data not
shown). In contrast IP-10 protein was barely detectable in
complement-depleted rats at all time points (Fig. 4C). Control
blots incubated with the rabbit IgG isotype control did not
show any reactivity (Fig. 4D).
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Expression of Cell Adhesion Molecules in
Complement-Depleted Animals
We also studied the effect of complement depletion on the
intraocular expression of ICAM-1 and LECAM -1 at the peak of
EAAU, with immunofluorescence microscopy. MAA-immunized Lewis rats, with and without CVF treatment, were killed
on day 19. Both ICAM-1 and LECAM-1 were very strongly
expressed on the iris and ciliary body of complement-sufficient
rats on day 19 (Figs. 5A, 5D). However, both the adhesion
molecules were markedly suppressed in CVF-treated animals at
this time point (Figs. 5B, 5E). Low constitutive levels of ICAM-1
(Fig. 5C) and LECAM-1 (Fig. 5F) were observed in naı̈ve rat eye.
The sections in which isotype control antibodies were substituted for the primary antibodies were negative (data not
shown).

Role of iC3b and CR3 Interaction in EAAU
The eyes of MAA immunized animals killed at various time
points (days 14, 16, 18, and 19) were stained with anti-rat
CD11b (OX-42). This antibody is specific for the ligand binding
site of CR3 (type 3 complement receptor) and inhibits the
binding of iC3b to CR3.4,16 We observed the infiltration of
CR3-positive cells within the iris, ciliary body, and anterior
chamber on days 14 and 16 (data not shown) with massive
infiltration on days 18 to 19 (Fig. 6A). No fluorescence was
detected in the eyes of naı̈ve rats (data not shown) and the
sections stained with isotype control antibodies (Fig. 6B).
The in vivo effect OX-42 on EAAU was investigated and
MAA-immunized rats were given intraperitoneal injections of
this monoclonal antibody. We observed that anti-CR3 treat-
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TABLE 4. Effect of Antibodies against Complement Receptor 3 (OX-42) on EAAU
Eyes with EAAU
Host
Treatment

MAA
(g)

Incidence

Mild

Moderate

Severe

Day of Onset

Duration of Disease
(d)

PBS
Isotype control
OX-42

100
100
100

10/10
10/10
10/10

0
0
10

0
0
0

10
10
0

14.0 ⫾ 2.0
14.0 ⫾ 1.0
15.0 ⫾ 1.0

13.0 ⫾ 1.0
13.0 ⫾ 0.5
5.0 ⫾ 0.0*

Incidence of EAAU given as positive/total eyes after clinical examination. Data are presented as the mean ⫾ SD. Severity of inflammation on
histopathologic examination was grouped as mild (1⫹), moderate (2⫹ to 3⫹) or severe (4⫹).
* P ⬍ 0.05.

ment before the onset of inflammation (day 9, group 1) significantly (P ⬍ 0.05) reduced the severity of EAAU compared
with isotype-matched, PBS-treated control subjects (Table 4).
The duration of the disease was also significantly (P ⬍ 0.05)
reduced in OX-42-treated animals compared with the control
subjects (Table 4). This effect of OX-42 on EAAU was not due
to the cytotoxic activity of the antibody and/or immune complexes, because the number of CR3-positive cells in the liver,
kidney (data not shown), and spleen (Fig. 6) of rats after daily
intraperitoneal injection of OX-42 for 6 days were similar to
those injected with PBS (Figs. 6C, 6D).

DISCUSSION
Experimental autoimmune anterior uveitis (EAAU) is an autoimmune disease of the eye10 –14 that closely resembles human
idiopathic anterior uveitis. We used this model to explore the
role of complement in the pathogenesis of ocular autoimmune
disease. The data presented herein demonstrate a strong relationship between the presence–activation of complement with
disease activity, as well as the expression of cytokines, chemokines and adhesion molecules during EAAU. To the best of our
knowledge this relationship has not been established previously in any type of ocular autoimmune disease.
We identified significantly increased levels of iC3b, a cleavage product of C3, within the eye during the peak of EAAU.
Because activation of the complement system is necessary for
the generation of C3 split products,1,17 their increased levels
within the eye of MAA-immunized rats provided indisputable
evidence of local complement activation during EAAU. The
antigen specificity of this observation was investigated with an
irrelevant antigen (BSA). The animals immunized with BSA had
low levels of ocular iC3b which was similar to those in naı̈ve
rat eye. We have shown that low levels of iC3b are present in
normal rat eye.15 Taken together these results support the
hypothesis that the local complement activation contributes to
intraocular inflammation in EAAU.
Decomplementation of MAA-immunized Lewis rats before
the onset of clinical inflammation suppressed EAAU. Of interest, complement activity in these complement-depleted rats on
days 10 to 14 (i.e., during induction of EAAU) was undetectable. Complement depletion also resulted in the suppression of
uveitis in adoptive transfer EAAU. These results support a
central role for complement in the development of EAAU.
Complement deficiency has been reported to ameliorate
various experimental autoimmune diseases.18 –23 We have recently shown that activation of complement, specifically the
formation of MAC, is essential for the development of laserinduced choroidal angiogenesis in mice.24
We next sought to determine how complement depletion
suppressed EAAU and compared the expression of cytokines,
chemokines, and adhesion molecules within the eye of both
complement-sufficient and complement-depleted animals during EAAU. We studied the expression of IFN-␥, IL-10, IP-10,
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ICAM-1, and LECAM-1 because of their important role in the
pathogenesis of various autoimmune diseases including uveitis.12,25–31 Furthermore, several studies have suggested that
the expression of these cytokines, chemokines, and adhesion
molecules is affected by the presence and activation of the
complement system.32– 41
A time course analysis of the expression of cytokines and
chemokines within the eye of both complement-sufficient and
-depleted rats revealed that there was a decreased production
of IFN-␥, IL-10, and IP-10 in complement-depleted animals.
These results imply that the release of these inflammatory
mediators during EAAU was complement dependent. It has
been reported by us4 and others42– 44 that complement is
essential for the production of cytokines such as IL-10 by
antigen-presenting cells and monocytes. Analysis of cell adhesion molecule expression revealed that ICAM-1 and LECAM-1
were significantly decreased after complement depletion, indicating that these molecules are regulated by complement.
We then focused our attention on iC3b, because we noticed
that the levels of iC3b were elevated in the rat eye during
EAAU. The systemic injection of anti-CR3 (MRC OX-42) had a
significant protective effect on EAAU, thus suggesting that the
interaction of iC3b with CR3 was involved in the development
of EAAU. Similar to our observations, several studies with
different animal models have reported that treatment with
anti-CR3 antibodies diminishes the severity of various experimental diseases.45– 47 In our experiments, EAAU was not completely inhibited by anti-CR3 treatment. This may be due to the
possible role of other complement activation products and
receptors19 –21,24,32 in EAAU.
In summary, we have demonstrated that the expression of
cytokines, chemokines, and adhesion molecules necessary for
the development of EAAU requires availability and activation of
complement. Interference in the availability of complement by
systemic depletion leads to the suppression of disease. Furthermore, the interaction between iC3b and CR3 plays an important role in EAAU. Thus, complement inhibition and/or treatment with anti-CR3 antibodies may be a novel therapy for
autoimmune uveitis.
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