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The objective of the current study was to delineate the path-
way of complement activation that is crucial for the induction of
experimental autoimmune anterior uveitis (EAAU).We studied
the development of EAAU in melanin-associated antigen
(MAA)-sensitizedLewis rats treatedwith antibody againstC4or
factor B. Control animals received isotype IgG control. Anti-
body against C4 had no effect on EAAU, and all of the animals
developed EAAU similar to those injected with control IgG. In
contrast, EAAUwas completely inhibited in allMAA-sensitized
Lewis rats injected with factor B antibody. Treatment with anti-
factor B antibody resulted in suppression of ocular complement
activation. Adoptive transfer of T lymphocytes harvested from
draining lymph nodes of donor animals treated with anti-factor
B did not transfer EAAU to naïve syngenic rats. Anti-factor B
antibody inhibited the ability of MAA-specific CD4� T cells to
proliferate (in vitro) in response to MAA in a dose-dependent
manner. Level of TNF-� and IFN-� decreased in the presence of
anti-factor B. Collectively, our results provide the novel finding
that complement activation via the alternative pathway contrib-
utes to intraocular inflammation in EAAU, and anti-factor
B-mediated inhibition of EAAU is due to diminished antigen-
specific CD4� T cell responses to MAA. Our findings explain
the interactions between the complement system and T cells
that are critical for the induction of EAAU and may lead to the
development of therapy for idiopathic anterior uveitis based on
selective blockade of the alternative pathway.

Uveitis, a vision-threatening intraocular inflammatory dis-
ease is one of the leading causes of vision loss worldwide. Ante-
rior uveitis (AU)2 refers to the inflammation of the anterior
segment of the eye, which includes the iris and the ciliary body
(CB). Idiopathic AU is the most common form of intraocular
inflammation in humans (1–3). Experimental autoimmune

anterior uveitis (EAAU) is an organ-specific autoimmune dis-
ease of the eye that serves as an animal model of noninfectious
autoimmune idiopathicAU (4–15). The EAAUmodel has been
extensively used in our laboratory to understand the underlying
mechanisms involved in the pathogenesis of idiopathic AU
(5–15). In this experimental model, inbred Lewis rats are subcu-
taneously immunized in the footpadwithmelanin-associatedanti-
gen (MAA) isolated fromthe iris and theCB,andEAAUis induced
in these animals by an antigen-specific CD4� T cell response to
MAA (5–15). The hallmark pathologic features of EAAU include
lymphocytic infiltration in the iris, the CB, and the anterior seg-
ment of the eye with no inflammation of the retina (5–15). Anti-
gen-specific CD4� T cells can adoptively transfer disease into
naïve syngenic recipients (7, 8, 13) and are the predominant
inflammatory cells within the uvea (5–15).
Previous reports from our laboratory have established a critical

role of complement in EAAU (9, 10). Complement has been rec-
ognized as a key innate immune defense system that plays an
important role in fighting infections and modulating various
immune and inflammatory responses by bridging the innate
immunitywith adaptive immune responses (16–21).Thecomple-
ment systemsconsist ofmore than35proteins circulating inblood
and expressed on cell membranes. These proteins interact with
one another in three distinctive activation cascades: the classical,
the lectin, and the alternative, which can be triggered by different
stimuli. Complement component 4 (C4) is a component of both
the classical and lectin pathways, whereas factor B is the integral
componentof thealternativepathway (19–21).Complement acti-
vation via these pathways is under strict control of complement
regulatory proteins; disruption of the balance between comple-
ment activation and regulation can result in deleterious effects on
the host and contributes to several diseases (22–36). Recently we
have reported that suppression of complement activation by
recombinant complement regulatory protein inhibits EAAU (15).
However, the contribution of each complement activation path-
way in EAAUhas not yet been described. In this studywe focused
on identifying which complement activation pathway is involved
in the induction of EAAU. Furthermore, we investigated the pos-
sible mechanisms by which EAAU is modulated in the animals
where complement activation pathways are blocked in vivo.

EXPERIMENTAL PROCEDURES

Animals

Pathogen-free male Lewis rats (5–6 weeks old) were
obtained from Harlan Sprague-Dawley. This study was
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approved by the Institutional Animal Care andUseCommittee of
the University of Arkansas forMedical Sciences (Little Rock, AR).

Induction and Evaluation of EAAU

MAA was purified from bovine iris and CB as previously
described by us (5, 8). Male Lewis rats were immunized with
100 �l of stable emulsion containing 75 �g of MAA emulsified
(1:1) in complete Freund’s adjuvant (Sigma-Aldrich) using a
single-dose induction protocol in the hind footpad as previ-
ously described (5, 8). The animals were examined daily
between days 7 and 30 post-injection for the clinical signs of
uveitis using slit lamp biomicroscopy. EAAU was scored by an
observer unaware of the experimental design, and the intensity
of uveitis was scored on the arbitrary scale of 0 to 4 (5, 8). Eyes
were also harvested at various time points for histological anal-
ysis to assess the course and severity of inflammation using the
criteria previously reported (5, 8).

Antibodies

Purified IgG fractions of goat anti-human C4 (Immunology
Consultants Laboratory, Newberg, OR) and goat anti-human
factor B (R & D Systems Inc., Minneapolis, MN) were used.
Purified normal goat IgG purchased from R & D Systems Inc.
served as isotype control.

Histology

Freshly enucleated rat eyes were fixed in neutral buffered
10% formalin solution (Sigma-Aldrich) for 24 h at room tem-
perature, dehydrated in ethanol through ascending series of
ethanol concentrations, and embedded in paraffin. Five-mi-
cron-thick sections were stained with hematoxylin and eosin
purchased from Fisher. The sections were examined using a
light microscope (Olympus, Center Valley, PA).

Sample Collection

The rats were perfused through the heart using sterile pyro-
gen-free saline after being anesthetized, and the eyes were
immediately enucleated. Intraocular tissue, which consisted of
uvea, retina, lens, aqueous humor, and vitreous was prepared as
previously described (10, 11, 37) and was used for RNA and
protein extraction for RT-PCR and Western blot analysis,
respectively. Rat blood (anti-coagulant-free) was collected by
cardiac puncture, and the serum was isolated.

RT-PCR Analysis

TotalRNAwas extractedusing theRNeasykit (Qiagen), and0.1
�gof totalRNAwasused todetect themRNAlevelsof�-actin,C4,
and factor B by RT-PCR. The primers for rat proteins were syn-
thesized at Integrated DNATechnologies (Coralville, IA). Primer
sequences and the predicted sizes of the amplified cDNA are as
follows: �-actin, 5�-GTTTGAGACCTTCAACACC-3� (forward)
and 5�-GTGGCCATCTCTTGCTCGAAGTC-3� (reverse) (318
bp); C4, 5�-AGGCTGCCCTGGGTAAAGTGAATA-3� (for-
ward) and 5�-TTTCGAGTCGGACCCAGACAACAA-3�
(reverse) (290 bp); and factor B, 5�-TCCGAGACTTGCTGGAT-
ATTGGCA-3� (forward) and 5�-TCCACGACCTTGATGGAG-
TGT-3� (reverse) (412 bp). Polymerase chain reaction was per-
formedusing 25, 30, and 35 cycles, and all three cycles gave similar

results. The negative controls consisted of the omission of RNA
template or reverse transcriptase from the reaction mixture. PCR
products were analyzed on a 2% agarose gel and visualized using
GelDocXR and Quantity One 4.2.0 program (Bio-Rad). The
experiment was repeated three times.

Western Blot Analysis

Pooled intraocular tissue was homogenized in 500 �l of ice-
cold PBS containing 1% protease inhibitors and 1% Nonidet
P-40 (37). The homogenate was centrifuged at 14,000 � g at
4 °C for 15min, the supernatantwas subjected to SDS-PAGEon
12% linear slab gel, and the separated proteins were transferred
to a polyvinylidene fluoride membrane. Human complement
serum (Sigma) was also used in the Western blot analysis. The
blots were blocked in 5% BSA for 1 h at room temperature and
were probedwith purified IgG fraction of antibodies against C4
or factor B for 1 h at room temperature or at 4 °C overnight. The
blots were also probedwithmonoclonal�-actin antibody. Con-
trol blots were treated with the same dilution of isotype IgG
control. After washing and incubation with HRP-conjugated
secondary antibody (1:5000 dilution), the blots were developed
using the ECL Western blot analysis detection system (ECL
Plus; Amersham Biosciences). The experiment was repeated
three times.

Effect of Anti-human C4 and Anti-human factor B Antibody on
Rat Serum Complement Activity

MAA-sensitized Lewis rats were sacrificed at day 19 post-
immunization (peak of EAAU), and blood was collected. Rat
serum (n� 10 rats/antibody) was incubatedwith different con-
centrations (0, 0.5, 1, and 2 �g) of isotype IgG control, anti-C4,
or anti-factor B antibody at 37 °C for 30 min. Antibody-treated
serum samples were used in the classical pathway hemolytic
assay and the alternative pathway activity assay (both described
below) to confirm inhibition of the classical pathway and the
alternative pathway activity, respectively. The experiments
were repeated three times.
Classical Pathway Hemolytic Assay—Total hemolytic com-

plement activity in serum was determined using sensitized
sheep erythrocytes (Diamedix, Miami, FL) according to the
manufacturer’s directions with some modifications. Briefly,
150 �l of antibody-sensitized sheep erythrocytes were incu-
bated with sequentially diluted rat serum (treated with anti-C4
or anti-factor B antibody) to give a total volume of 200 �l at
37 °C for 60min. Serum treatedwith PBSwas used to determine
the 100% value for complement-dependent serum hemolytic
activity.
Alternative Pathway Activity Assay—Alternative pathway

activity in rat serum was measured using a modification of the
zymosan assay that measures C3 deposition on zymosan parti-
cles (38, 39). Briefly, 10 �l of anti-factor B-treated or isotype
IgG control-treated rat serum was incubated with 106 (5 �l)
activated zymosan particles (Complement Technology, Tyler,
Texas) at 37 °C for 20 min in PBS containing 1% BSA, 10 mM

EGTA, and 5 mM MgCl2. The reaction was stopped by adding
EDTA to the final concentration of 10 mM. The particles were
then washed with cold PBS containing 1% BSA. The washed
particles were treated with FITC-conjugated goat anti-rat C3
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antibody (MP Biomedicals, Solon, OH) at 4 °C for 20 min, and
surface C3 was analyzed by flow cytometry. Flow cytometric
analysis was performed on FACSCalibur (BD Biosciences, San
Jose, CA), and data were analyzed in cytometry software (Win
MDI 2.8; Windows Multiple Document Interface for Flow
Cytometry). Alternative pathway activity was calculated as the
percentage of C3 deposition � (mean percentage of particle
fluorescence of the sample reaction) � (mean percentage of
particle fluorescence of the background).

In Vivo Antibody Administration

MAA-sensitized Lewis rats received eight injections (0.5
mg/kg) at 24-h intervals of polyclonal anti-human C4 (n � 3
rats) or anti-human factor B (n � 3 rats) antibody via the intra-
peritoneal route at days 4–11 post-immunization. Control ani-
mals (n � 3 rats) received a similar treatment with appropriate
isotype IgG control. The onset of clinical disease, as well as its
daily progression, in these animals was monitored from day 7
following immunization until day 30. The animals were sacri-
ficed on various days post-immunization, and the severity of
ocular inflammation was determined by histology. The experi-
ment was repeated three times.

Adoptive Transfer of EAAU

MAA-sensitized Lewis rats injected with anti-factor B anti-
body (group 1) or isotype IgG control (group 2) described above
were sacrificed at day 12 post-immunization, and popliteal
lymph nodes (LNs) were harvested separately from donor rats
in each group (7, 8, 13). A single-cell suspension of popliteal
lymph node cells (LNCs) was made in complete RPMI 1640
culturemedium containing 10%FBS, and LNCs harvested from
animals in groups 1 and 2 were cultured with MAA (20 �g/ml)
for 3 days. Nonadherent cells were collected, and the lympho-
cytes were purified by Histopaque gradient (Sigma-Aldrich).
Lymphocytes (10 � 106) were separately injected into naïve
Lewis rats via the tail vein. In some experiments T lymphocytes
were purified as described previously (7, 8, 13). These experi-
ments were repeated three times.

Immunohistochemistry

Five-micron-thick paraffin-embedded tissue sections of eyes
were immunostained for membrane attack complex (MAC)
and C3 using polyclonal antibody (raised in rabbit) reactive
with rat/mouse C9 (1:1000) and IgG fraction of goat antiserum
to rat C3 (1:500; MP Biomedicals), respectively. Rabbit poly-
clonal antibody reactivewith rat/mouseC9was kindly provided
by Prof. B. P.Morgan (University ofWales College ofMedicine,
Cardiff, UK). Cy3-labeled goat anti-rabbit IgG (Sigma) and
Cy3-labeled rabbit anti-goat IgG (Zymed Laboratories Inc., San
Francisco, CA) were used as the secondary antibodies forMAC
and C3 staining, respectively. Paraffin sections of rat eye were
also immunostained for C4 and factor B using goat anti-human
C4 (Immunology Consultants Laboratory) and goat anti-hu-
man factor B (R & D Systems Inc.) respectively. Cy3-labeled
rabbit anti-goat (Sigma) was used as the secondary antibody for
both C4 and factor B staining. Control stains were performed
with irrelevant antibodies of the same Ig subclass at concentra-
tions similar to those of the primary antibodies. Additional con-

trols consisted of staining by omission of the primary or sec-
ondary antibody. The sections were covered with mounting
medium with DAPI (ProLong Gold Mounting Medium; Invit-
rogen) and were examined under fluorescence microscope
(Olympus, Center Valley, PA). The experiment was repeated
three times.

T Cell Proliferation Assay

At day 7 post-immunization, popliteal LNs were harvested
fromMAA-immunized Lewis rats (n � 3 rats), and a single cell
suspension of LNCs (purified by Histopaque gradient) was pre-
pared in complete RPMI 1640 culture medium. The culture
medium did not contain fetal bovine serum. Non-heat-inacti-
vated normal rat serum (5%) was added to themedium and was
used as the source of factor B and complement system. LNCs
were stimulated with MAA (20 �g/ml) in 96-well plates (BD
Biosciences). LNCs were cultured in the presence of different
concentration (0.5, 1.0 and 2.0 �g/ml) of anti-factor B antibody
or isotype IgGcontrol (2.0�g/ml). Proliferationwas assessed by
dilution of carboxyfluorescein diacetate succinimidyl ester
(CFSE) using a Cell Trace CFSE cell proliferation kit according
to the manufacturer’s protocol (Molecular Probes and Invitro-
gen). For flow analysis CFSE-labeled nonadherent cells were
collected and labeled with anti-CD3-APC and anti-CD4-PE
(both from BD Biosciences). The percentage of proliferating
cells in response to MAA was assessed by the dilution of CFSE
using the ModFit Proliferation Wizard program (Verity Soft-
ware, Topsham, ME). The experiment was repeated three
times.

Cytokine ELISA

Total lymphocytes (purified by Histopaque gradient) har-
vested from popliteal LNs of MAA-sensitized Lewis rats (n � 3
rats) sacrificed at day 7 post-immunization were cultured with
MAA (20 �g/ml) in the presence of anti-factor B antibody (2.0
�g/ml) or isotype IgG control (2.0 �g/ml) for 48 h. The cells
were cultured in complete RPMI 1640 culture medium con-
taining non-heat-inactivated normal rat serum (5%) instead of
fetal bovine serum (described above). Supernatants were col-
lected after 48 h for quantitative ELISA for TNF-� and IFN-�
(both from BD PharMingen, San Diego, CA). ELISA was per-
formed according to the manufacturer’s recommendations.
The concentration of each cytokine was calculated by com-
puter software using the standard curves obtained from known
concentrations (ELISA kit). The experimentwas repeated three
times.

Statistical Analysis

The data are expressed as the means � S.D. The data were
analyzed and compared using Student’s t test, and the differ-
ences were considered statistically significant at p � 0.05.

RESULTS

Presence of C4 and Factor B in the Naïve Rat Eye

Intraocular tissue harvested from naïve rat eye was used to
detect the mRNA (n � 9 eyes) and protein (n � 9 eyes) for C4
and factor B by RT-PCR and Western blot analysis, respec-
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tively. RT-PCR analysis revealed the presence of C4 (290 bp)
and factor B (412 bp) transcripts in the naive rat eye (Fig. 1A).
Intraocular tissue and serum samples were used in Western
blot analysis. Human complement serum was used as the pos-
itive control and was purchased from Sigma. Under reducing
conditions, polyclonal anti-human C4 identified three protein
bands at 97, 75, and 33 kDa in human complement serum (Fig.
1B, lane 1) and naïve rat eye (Fig. 1B, lane 2). Factor B was
detected at a molecular mass of 93 kDa in human complement
serum (Fig. 1C, lane 1) or naive rat eye (Fig. 1C, lane 2) under
nonreducing conditions. Immunohistochemistry using anti-
human C4 and anti-human factor B antibody and paraffin sec-
tions of normal rat eye (n � 9 eyes) was utilized to localize C4
and factor B within the eye. The iris, the CB, and the anterior
chamber strongly stained for C4 (Fig. 1D) and factor B (Fig. 1E).
Weak staining was observed in the cornea and retina using
anti-C4 and anti-factor B antibody (data not shown). Control
sections treated with an irrelevant antibody showed no staining
(Fig. 1F).
These results of Western blot analysis and immunohisto-

chemistry demonstrate that C4 and factor B proteins are pres-
ent in the eye of naïve Lewis rats and revealed the reactivity of
polyclonal antibodies against human C4 and against human
factor B with rat proteins. Furthermore, our results that both
mRNA and protein for C4 and factor B are present in the eye of
naïve Lewis rats suggest that these proteins are produced locally
in the eye.

Effect of Anti-human C4 and Anti-human Factor B Antibody on
Rat Serum Complement Activity

After establishing that anti-human C4 and anti-human fac-
tor B can be used to detect corresponding proteins in rat eyes,
we determined the inhibitory activity of these antibodies
against rat complement using in vitro methods. The ability of

anti-human C4 to inhibit rat serum complement was tested
using the classical pathway hemolytic assay. Inhibition of alter-
native pathway activity in rat serum by anti-human factor B
antibody was measured using the in vitro zymosan-dependent
alternative pathway activity assay. Our results presented in Fig.
2A demonstrated inhibition of the classical pathway activity in
vitro by anti-human C4 antibody relative to control IgG. The
percentage of inhibition of rat serum classical pathway activity
was �25, 29, and 32% with 0.5, 1.0, and 2.0 �g of anti-human
C4, respectively. Anti-human factor B inhibited the functional
activity of the alternative pathway, and the percentage of inhi-
bition was dependent on the dose of the antibody (Fig. 2B). The
percentage of inhibition of rat serum alternative pathway activ-
ity was�18, 31, and 41%with 0.5, 1.0, and 2.0�g of anti-human
factor B, respectively. Importantly, anti-factor B antibody had
no effect on the functional activity of the classical pathway (Fig.
2C). Taken together, our abovementioned data clearly demon-
strate that polyclonal antibodies against human C4 and human
factor B identify corresponding rat proteins and inhibit the
functional activity of complement system in rat serum.

Complement Activation Pathways in the Induction of EAAU

To determine that activation of the classical and/or the alter-
native and/or the lectin pathway of the complement system is
critical for the development of EAAU, we studied the develop-
ment of EAAU in Lewis rats treated with polyclonal antibodies
against C4 (n � 9 rats) or factor B (n � 9 rats) or isotype IgG
control (n � 9 rats). C4 is the component of both the classical
and lectin pathways; thus anti-C4 antibody will block the acti-
vation of the complement system via both the classical and
lectin pathways. Factor B is the key component of the alterna-
tive pathway, and anti-factor B antibody will specifically block
the alternative pathway.

FIGURE 1. Expression of complement components C4 and factor B in naïve rat eye. A, C4 and factor B mRNA were analyzed by RT-PCR. Representative
ethidium bromide-stained agarose gel (2%) shows C4 (290 bp, lane 1) and factor B (412 bp, lane 2) transcripts in the eye of naïve Lewis rats. �-Actin (318 bp, lane
3) was used as the positive control. B and C, total protein from serum and rat intraocular tissue was separated on 12% SDS-PAGE. B and C, representative
Western blots shown were probed with polyclonal antibody against human C4 (B) and human factor B (C). B, Western blot probed with anti-human C4 antibody
revealed three bands with molecular masses of 97, 75, and 33 kDa in human serum (lane 1, positive control) and naive rat eye (lane 2) under reducing condition.
C, under nonreducing conditions, factor B is visualized at the expected molecular mass of 93 kDa in human serum (lane 1, positive control) and naïve rat eye
(lane 2). D and E, immunofluorescence micrographs show staining for C4 (D) and factor B (E) within the eyes of naïve Lewis rats. F, no staining was observed in
the control sections. Co, cornea; I, iris; AC, anterior chamber. Objective magnification, �40. The results shown are representative of three independent
experiments.
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Effect of Anti-C4 on EAAU—We first explored whether the
induction of EAAU required activation via the classical and/or
the lectin pathway. MAA-sensitized animals received poly-
clonal antibody directed against C4 (n � 9 rats) or isotype IgG
control (n � 9 rats) separately via intraperitoneal route on days
4–11 post-immunization. Our data demonstrate that anti-C4-
treated animals developed severe disease that followed the nor-
mal pattern of EAAU both clinically and histologically (Table 1
and Fig. 3A). All nine MAA-sensitized animals treated with
control IgG also developed EAAU in both eyes (Table 1 and Fig.
3B). Clinical and histopathological examination revealed that
the disease observed in control IgG-treated rats was similar
to that in animals treated with anti-C4. These results demon-
strate that treatment with anti-C4 antibody had no effect on
EAAU, thus suggesting that the classical and/or lectin pathways
are not critical for the development of EAAU.
Effect of Anti-factor B on EAAU—MAA-sensitized Lewis rats

were treated with polyclonal antibody against human factor B
to explore the contribution of the alternative pathway in the
development of EAAU. EAAU was completely inhibited in all
MAA-injected Lewis rats (n � 9 rats) by treatment with anti-
factor B antibody (Table 1 andFig. 3C). Clinical andhistopatho-
logical examination revealed that EAAU did not develop in

MAA-sensitized animals injected with anti-factor B antibody
(Table 1 and Fig. 3C). In contrast, treatment with isotype IgG
control had no effect on EAAU, and all of the animals (n � 9
rats) developed EAAU in both eyes (Table 1 and Fig. 3D).
Next we determined whether the ocular complement system

is affected by systemic administration of anti-factor B antibody
in MAA-sensitized Lewis rats. Formation of C3 split products
andMAC in the eye was used as ameasure of local complement
activation. The effect of anti-factor B treatment on the forma-
tion of C3 split products and MAC was investigated by im-
munofluorescent staining of paraffin sections of the rat eyes.
MAA-sensitized Lewis rats received intraperitoneal injections
of anti-factor B or isotype IgG control separately on days 4–11
post-immunization (described above). The rats were sacrificed
at day 19 post-immunization, and the harvested eyes were
stained for C3 andMAC using goat anti-rat C3 and rabbit anti-
rat C9 respectively. Goat anti-rat C3 recognizes C3 split prod-
ucts (C3b and iC3b) as well as intact C3 (9, 37). Immunofluores-
cence analysis of the eyes revealed intense deposition of both C3
(including C3 split products) and MAC in control IgG-injected
animals sacrificed at day 19 post-immunization (Fig. 4, B and D,
respectively). In contrast, C3 (Fig. 4A) andMAC (Fig. 4C) deposi-
tion was markedly reduced in anti-factor B-injected rats at this

FIGURE 2. Assessment of inhibitory activity of anti-human C4 and anti-human factor B on rat serum complement activity in vitro. MAA-sensitized Lewis
rats were sacrificed at day 19 post-immunization (peak of EAAU), and blood was collected. Rat serum was treated with different concentrations (0, 0.5, 1, and
2 �g) of anti-C4 (A) or anti-factor B antibody (B and C). Anti-C4-treated (f) serum samples were used in the classical pathway hemolytic assay (A). Anti-factor
B-treated (f) serum samples were used in the alternative pathway activity assay (B) and the classical pathway hemolytic assay (C). The rat serum treated with
the same concentrations (0, 0.5, 1, and 2 �g) of isotype IgG (�) was used as control in all of the experiments. *, p � 0.05.

TABLE 1
Effect of anti-C4 and anti-factor B antibodies on EAAU
The incidence of EAAU is given as positive/total eyes following clinical examination.

Treatment in vivo
Eyes with EAAU

Day of onseta Duration of diseaseaIncidence Mild Moderate Severe

days
Anti-C4 18/18 – – 18/18 13.8 � 0.5 12.8 � 0.5
Anti-factor B 0/18 – – – – –
Isotype IgG control 18/18 – – 18/18 14.2 � 0.7 12.0 � 2

a The values are the means � standard deviation. The severity of inflammation on histopathologic examination was grouped as mild (1�), moderate (2� to 3�), or severe
(4�).
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time point. Collectively, our results suggest that complement acti-
vation via the alternative pathway is necessary for the induction of
EAAU because the inhibition of factor B, a key component of the
alternative pathway, significantly inhibited EAAU.

Effect of Factor B on MAA-specific T cells

Because EAAU is a T cell-mediated autoimmune disease
(5–15), experiments were carried out to determine whether the

inhibition of the alternative pathway affects the activity of
MAA-specific T cells. To address this question, the effect of
anti-factor B antibody on adoptive transfer EAAU, T cell pro-
liferation, and cytokine profile was explored.
Adoptive Transfer EAAU—Total cells from the popliteal

lymph nodes of anti-factor B and isotype IgG control-treated
animals were cultured separately in the presence of MAA (20
�g/ml) for 3 days. Nonadherent cells were collected, and lym-
phocytes purified by Histopaque gradient were transferred to
naïve Lewis rats via the tail vein. Adoptive transfer of 10million
in vitro primed lymphocytes isolated from the popliteal lymph
nodes of anti-factor B-treated MAA-sensitized Lewis rats did
not induce EAAU (both clinically and histologically) in naïve
syngenic rats (Table 2). In contrast, 10 million lymphocytes
from the popliteal lymph nodes of MAA-sensitized Lewis rats
treated with isotype IgG control transferred EAAU to naive
syngenic rats (Table 2). Similar results were obtained when
purified T lymphocytes from anti-factor B-treated and isotype
IgG control animalswere used in adoptive transfer experiments
(Table 2).
T Cell Proliferation—We next investigated whether the pro-

liferation of MAA-specific T cells requires the presence of
intact alternative pathway.We compared the proliferation of T
cells in the presence and absence of factor B using anti-factor B
antibody and an in vitro T cells proliferation assay. Total lym-
phocytes purified from popliteal LNs of MAA-sensitized ani-
mals sacrificed at day 7 post-immunization were labeled with
CFSE using the cell trace CFSE cell proliferation kit and were
cultured with MAA (20 �g/ml) for 6 days. Non-heat-inacti-
vated normal rat serum (5%) was added to the culture wells and
was used as the source of factor B. LNCs were cultured in the
presence of different concentration (0.5, 1.0, and 2.0 �g/ml) of
anti-factor B antibody or control IgG (2.0 �g/ml). On day 6,
these in vitro cultured CFSE-labeled lymphocytes were labeled
with anti-rat CD3-APC and anti-rat CD4-PE and analyzed for
in vitro proliferation using flow cytometry to investigate the
effect of anti-factor B antibody on T cell proliferation. Our data
show that the presence of anti-factor B antibody in the cell
culture significantly (p � 0.05) inhibited the proliferation of
MAA-specific CD3�T cells in vitro comparedwith control IgG
isotype in a dose-dependent manner (Fig. 5, A–E). Similarly,
CD4� T cells cultured in the presence of anti-factor B antibody
proliferated at a significantly (p � 0.05) lower rate compared
with the CD4� T cells cultured in the presence of control IgG
(Fig. 5, F–J). Inhibition of CD4� T cell proliferation was also
dependent on the dose of anti-factor B antibody (Fig. 5, F–J).
Cytokine Levels—ELISA was used to determine whether

there is a difference in cytokine expression by LNCs in the pres-
ence and the absence of an intact alternative pathway. We ana-
lyzed the expression of TNF-� and IFN-�. MAA-immunized
animals were sacrificed at day 7 post-immunization, and pop-
liteal LNCs were harvested. Total lymphocytes were cultured
with MAA (20 �g/ml) for 48 h in the presence of anti-factor B
or isotype IgG control, and the supernatant was collected for
ELISA. ELISA results revealed that the expression of TNF-�
(Fig. 6A) and IFN-� (Fig. 6B) proteins was significantly (p �
0.05) decreased in the presence of anti-factor B compared with
cells cultured in the presence of control IgG. Together, our data

FIGURE 3. Effect of anti-C4 and anti-factor B on EAAU. MAA-sensitized
Lewis rats treated intraperitoneally with anti-human C4 (A), anti-human fac-
tor B (C), or isotype IgG control (B and D) were sacrificed at day 19 post-
immunization (peak of EAAU), and the eyes were subjected to histopatholog-
ical examination after hematoxylin and eosin staining. Representative
histologic sections of rat eyes from different experimental groups stained
with hematoxylin and eosin are shown. Severe EAAU developed in animals
injected intraperitoneally with anti-C4 antibody (A). The iris (I), the CB, and the
anterior chamber (AC) were infiltrated with inflammatory cells. In contrast, no
inflammation was observed in the eyes of Lewis rats treated similarly with
anti-factor B antibody (C). B and D represent histopathology of eyes from
MAA-sensitized Lewis rats treated with isotype IgG control. Objective magni-
fication, �10.

FIGURE 4. Effect of alternative pathway inhibition on ocular complement
activation. MAA-sensitized Lewis rats treated intraperitoneally with anti-fac-
tor B (A and C) or isotype IgG control (B and D) were sacrificed 19 days after
EAAU induction. Paraffin sections of rat eyes were subjected to immunohis-
tochemical staining with antibodies to rat C3 (A and B) and rat C9 (C and D).
Immunofluorescence analysis revealed very faint staining for C3 (A) and MAC
(C) in the eye of animals treated with anti-factor B antibody. At this time point,
high levels of C3 (B) and MAC (D) were detected in the eyes of Lewis rats
injected with isotype IgG control.
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demonstrate that the presence of fully intact alternative path-
way is critical for MAA-specific T cell responses in EAAU.

DISCUSSION

EAAU, a model of human idiopathic autoimmune anterior
uveitis, is a CD4� T cell-mediated organ-specific autoimmune
disease of the eye (4–15).We have previously reported that the
complement system is central for the induction of EAAU in
Lewis rats (9). We have further shown a direct in vivo role for
endogenous ocular complement regulatory proteins in down-
regulating complement activation during EAAU (10). A recent

report from our laboratory demonstrated that the suppression
of complement activation by the recombinant complement
regulatory protein Crry-Ig inhibited the induction of EAAU
(15). We further demonstrated that Crry-Ig was effective in
suppressing EAAU in Lewis rats after the disease had already
developed (15). Overall, our findings provide strong evidence
that the presence as well as activation of complement system is
critical for the development of EAAU. However, the studies on
the role of complement activation pathways in the pathogenesis
of EAAU have not been performed. The current study exam-
ined which pathway of complement activation influences auto-

TABLE 2
Effect of anti-factor B antibody on adoptive transfer EAAU
The incidence of EAAU given as positive/total eyes following clinical examination. The cells were transferred intravenously via the tail vein.

Donor treatment (in vivo)
Cells transferred to recipients EAAU in recipients

Number of cells (106) Cell population Incidence Score Day of onseta

Anti-factor B 10 Lymphocytes 0/18 – –
Isotype IgG control 10 Lymphocytes 18/18 Severe 6.5 � 0.5
Anti-factor B 10 T Lymphocytes 0/12 – –
Isotype IgG control 10 T Lymphocytes 12/12 Severe 7 � 0

a The values are the means � standard deviation. The severity of inflammation on histopathologic examination was grouped as mild (1�), moderate (2� to 3�), or severe
(4�).

FIGURE 5. Effect of anti-factor B antibody on the proliferation of MAA-specific T cells. Cells from lymph nodes at day 7 post-immunization were used.
Density plots (A–D and F–I) show representative flow cytometric data, and E and J represent cumulative data from three separate experiments. Treatment with
0.5 �g/ml (B and E), 1 �g/ml (C and E), and 2 �g/ml (D and E) anti-factor B antibody inhibited the proliferation of CD3� T cells compared with the treatment with
isotype control (2 �g/ml; A and E) in a dose-dependent manner. A similar effect was observed on CD4� T cells when treated with 0.5 �g/ml (G and J), 1 �g/ml
(H and J), and 2 �g/ml (I and J) anti-factor B antibody compared with isotype control (2 �g/ml; F and J). *, p � 0.05.
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immune uveitis.We believe that this is the first study to link the
alternative pathway of complement activation toMAA-specific
T cell responses that are critical to the development of pathol-
ogy associated with EAAU.
We first determined the expression of complement compo-

nents C4 and factor B mRNA and proteins in naïve rat eye and
observed that C4 and factor B were constitutively expressed in
the eyes of naïve Lewis rats. Polyclonal antibodies against
human C4 and factor B were utilized to investigate the contri-
bution of complement activation pathways in the induction of
EAAU. The ability of these antibodies to recognize rat proteins
and to inhibit complement activity in rat serum was proven by
immunohistochemistry, byWestern blot analysis, and by show-
ing that polyclonal antibodies against human C4 and human
factor B inhibit the functional activity of rat complement. We
observed that EAAU was completely inhibited by intraperito-
neal injections of polyclonal antibodies against factor B but not
when anti-human C4 was administered similarly. Treatment
with anti-factor B antibody inhibited ocular complement acti-
vation as well. Thus, the results of our present study suggest
that alternative pathway of complement activation is crucial for
the induction of EAAU, because in the current study we estab-
lished that treatment with anti-factor B specifically inhibits the
alternative pathway activity. Complement activation via the
alternative pathway has been shown to be critical in various
human and animal models of human diseases (34, 40–43).
A combination of both in vivo and in vitromethods was used

to dissect the molecular mechanism(s) accounting for the role
of the alternative pathway in EAAU. Specific experiments were
carried out to determine whether the presence of factor B, an
essential element of the alternative pathway, is crucial for the
stimulation and/or function of T cells that are present in the
draining (popliteal) LNs of MAA-sensitized Lewis rats. EAAU
is a T cell-mediated autoimmune disease of the eye where a
CD4�Tcell-mediated immune response is initiated in the pop-
liteal LNs of Lewis rats after footpad injection of MAA (5–15).
First, our results of adoptive transfer experiments outlined

here demonstrated that T lymphocytes harvested from donor
animals in which the alternative pathway was blocked did not
transfer EAAU to naïve syngenic rats when administered intra-
venously. These results suggest thatMAA-specific T cells in the
animals in which the alternative pathway was blocked were
functionally impaired.Wehave established that EAAU isCD4�

T cell-mediated disease and cannot be induced by the adoptive
transfer of primed CD8� T cells or immune sera (6–8). Next,

the proliferative capacity ofMAA-specific popliteal LN derived
T cells in the presence or absence of anti-factor B antibody was
compared. We found that the ability of MAA-specific CD3�

and CD4� T cells to proliferate in response to the antigen was
significantly reduced by blocking factor B. Finally, the experi-
ments were carried out to determine the effect of factor B on
cytokine expression. Our data suggest that the lack of factor B
had an inhibitory effect on the secretion/production of TNF-�
and IFN-� by draining LNCs. These cytokines are produced by
activated T cells (44, 45).
It is worthwhile to note that in the current study lymphocytes

were purified from the draining lymph nodes of MAA-sensi-
tized Lewis rats on the seventh day after immunization for the
experiments exploring the effect of alternative pathway on T
cell proliferation and cytokine profile. Thus, it is possible that in
EAAU, complement affects MAA-specific T cell responses
through a combination of twomechanisms: 1) through a direct
effect on T cells and 2) through alteration of APC function,
which will modulate the ability of APCs to prime T cells. The
specific contribution of complement to these mechanisms in
EAAU is under investigation in our laboratory. It has become
apparent that the stimulation and activation of T cells depend
not only on the presentation of the peptide-MHC complex by
APCs in lymph nodes or secondary lymphoid organs but also
include various other factors (46). Studies in the literature sug-
gest that the complement plays an important role in antigen
presentation by APCs as well as antigen-specific T cell
responses (20, 21, 47–49).
In conclusion, we report a novel finding that the alternative

pathway plays a key role in the immunopathology of autoim-
mune uveitis and explain how blocking the alternative pathway
inhibits EAAU. Our results provide evidence that blocking of
the alternative pathway affects the function of MAA-specific T
cells, which results in diminished autoimmune responses in
EAAU. Thus, our study provides new insights into the under-
lying pathogenic mechanisms in autoimmune uveitis. Under-
standing thesemechanisms is critical so that effective therapies
based on selective blockade of the alternative pathway could be
developed for the treatment of human idiopathic AU. This
approachmay represent a better strategy because inhibiting the
alternative pathway will not affect the classical and lectin path-
ways of complement activation, which will continue to protect
the host from pathogens.
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