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Abstract

Inthe normal eye, the complement system is continuously activated at low levels and both membrane-
bound and soluble intraocular complement regulatory proteins tightly regulate this spontaneous
complement activation. This allows protection against pathogens without causing any damage to
self-tissue and vision loss. The complement system and complement regulatory proteins control the
intraocular inflammation in autoimmune uveitis and play an important role in the development of
corneal inflammation, age-related macular degeneration and diabetic retinopathy. The evidence
derived from both animal models and patient studies support the concept that complement inhibition
is a relevant therapeutic target in the treatment of various ocular diseases. Currently, several clinical
trials using complement inhibitors are going on. It is possible that, in the near future, complement
inhibitors might be used as therapeutic agents in eye clinics.
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1. Introduction

The complement system is a key component of innate immunity. It consists of a large group
of plasma and membrane bound proteins that play a central role in the defense against infection
and in the modulation of immune and inflammatory responses (Atkinson and Frank, 1998;
Ross, 1986;Muller-Eberhard, 1988;Frank and Fries, 1991). The complement system can be
activated via three distinct pathways namely, the classical, the alternative and the lectin
pathways and complement activation triggers a sequence of biological reactions (Atkinson and
Frank, 1998; Ross, 1986;Muller-Eberhard, 1988;Frank and Fries, 1991;Reid, et al.,
1986;Morgan and Harris, 1999;Thiel, et al., 1997). The classical pathway can be activated by
immune complexes or by substances such as C-reactive protein, and the complement
components involved include C1, C2, C4 and C3 (Muller-Eberhard, 1988;Frank and Fries,
1991). The alternative pathway provides a rapid, antibody-independent route of complement
activation and amplification. The alternative pathway directly activates C3 when it interacts
with certain activating surfaces (e.g. zymosan, lipopolysaccharides) and involves C3, Factor
B, Factor D and properdin (Reid, et al., 1986;Morgan and Harris, 1999). The activation of the
lectin pathway is also independent of immune complex generation and can be achieved by
interaction of certain serum lectins, such as mannose binding lectin (MBL), with mannose and
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N-acetyl glucosamine residues present in abundance in bacterial cell walls (Thiel, et al.,
1997).

Activated complement is a double-edged sword that not only helps defend the host against
pathogens, but also has the potential to inflict damage to self-tissues (Liszewski, et al.,
1996;Atkinson, 1987). Thus, it is critical for the body to maintain a balance between
complement activation and complement inhibition (Atkinson, 1987). To protect the host from
destructive effects of complement-mediated damage, complement activation is tightly
regulated by the complement regulatory proteins - CRegs (Morgan and Harris, 1999). CRegs
can be categorized into two classes-membrane bound and soluble proteins. Decay Accelerating
Factor (DAF, CD55), Membrane Cofactor Protein (MCP, CD46), Complement Receptor 1
(CR1, CD35), and Membrane Inhibitor of Reactive Lysis (MIRL, CD59) are important
membrane bound CRegs. DAF regulates the activation of C3 and C5 by preventing the
formation of C3 and C5 convertases and by accelerating the decay of these convertases (Lublin,
et al., 1987;Nicholson-Weller 1992). MCP down regulates the complement cascade by acting
as a cofactor for factor I-mediated cleavage of C3b (Liszewski, et al., 1991,1992,1996). CR1
has both DAF and MCP functions (Krych-Goldberg and Atkinson, 2001). CD59 regulates the
assembly and function of membrane attack complex - MAC (Holguin, et al., 1992;Watts, et
al., 1990). Crry (512 antigen) is a membrane bound CReg that is present in rodents only and
has both decay accelerating and cofactor activities. It controls complement activation at the
critical step of C3 convertase formation (Kim et al., 1995a; Takizawa, et al., 1994;Molina, et
al., 1992). Tissue distribution studies have shown that both Crry and CD59 are widely
distributed proteins in rodents (L1, et al., 1993;Powell, et al., 1997;Qian, et al., 2000). DAF
and MCP have also been identified in rodents (Spicer, et al., 1995;Miwa, et al., 1998). C1
inhibitor (C1INH), C4 binding protein (C4bp), complement factor H (CFH), and complement
factor | (CFI), are some of the important soluble CRegs. C1INH regulates C1 whereas C4bp
catalyses the cleavage of C4b by CFI. CFH acts as a cofactor for CFI-mediated cleavage of
C3b and also has decay accelerating activity against the alternative pathway C3 convertase,
C3bBb. Soluble forms of MCP, DAF, CR1, CD59 and Crry have been reported to be present
in various biological fluids. These soluble forms may be the products resulting from
proteolysis, alternative splicing of mMRNA, or post-translational modification (Wheeler et al.,
2002., Nonaka 1995., Nickells et al., 1994).

2. Complement and ocular protection

Several reports in the literature have suggested the presence of functionally active classical
and alternative complement pathways in the cornea, aqueous humor, tears and retina (Mondino
and Brady., 1981;Mondino et al., 1983;Boraetal., 1993;Willcox et al., 1997). VVarious proteins
which regulate the activation of the complement system, such as C1 inhibitor, DAF, MCP,
CD59, factor | and factor H, have been reported to be present in various ocular tissues, tears,
aqueous and vitreous humor (Willcox et al., 1997;Bora et al., 1993). We have reported that a
functionally active complement system is present in normal rodent eye (Sohn et al., 2000a). It
was further demonstrated in this report that the complement system is continuously active at
a low level in the normal rodent eye, and intraocular CRegs present in the intraocular fluid as
well as on the cell membrane tightly regulate this spontaneous complement activation (Sohn
et al., 2000a, 2000b). Control of complement activation at the level of C3 convertase was
sufficient to prevent complement-mediated intraocular inflammation (Sohn et al., 2000a).

3. Complement and ocular diseases

The presence and activation of complement has been suggested to play a crucial role in the
pathogenesis of a large number of diseases, including ocular diseases (Thurman et al., 2006).

Mol Immunol. Author manuscript; available in PMC 2008 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

3.1 Complement and corneal disease

The ocular surface that consists of the cornea and the conjunctiva, is constantly exposed to the
external environment, therefore is in contact with a variety of pathogenic microorganisms and
inflammatory antigens. The complement system plays an important role in protection of the
cornea from these insults. Components of both the classical and alternative pathways of
complement (C1, C4, C2, C3, C5, C6, C7, properdin and factor B) are present in normal cornea.
It has been suggested that the cornea has the capability to activate the complement cascades
in response to bacterial infection (Mondino and Sumner, 1990;Mondino etal., 1996). Cleveland
and associates demonstrated that depletion of C3 by cobra venom factor (CVF) renders the
normally resistant DBA/2 mice susceptible to corneal infection with Pseudomonas
aeruginosa (Cleveland et al 1983;Hazlett et al., 1984). However C5 deficient mice are still
resistant to corneal P. aeruginosa infection indicating that the complete Iytic pathway of
complement is not essential for host resistance towards this gram-negative bacterium. These
findings suggest that the functions associated with C3 such as opsonization and regulation of
phagocytosis, may be critical in protection of the cornea from bacterial infection (Cleveland
et al 1983;Hazlett et al., 1984).

Although the complement system is critical for the protection of the cornea from infection,
spontaneous complement activation can cause damage to the corneal tissue after the infection
is cleared. To protect from this complement-mediated damage, the cornea expresses membrane
bound CRegs such as MCP, DAF, Crry and CD59 (Bora et al., 1993;Bardenstein et al.,
1994; Sohn et al., 2000a). These CRegs are heavily expressed in the corneal epithelium at the
limbus, as well as in the central cornea. High expression of CRegs is crucial for the protection
of cornea because the cornea is constantly being challenged by a variety of substances,
including infectious organisms that produce phospholipase and other enzymes, which can
remove CRegs from ocular cell surface (Cocuzzi et al., 2000). This bacterially induced loss of
CRegs on the cornea could lead to the damage of ocular tissue by autologous complement
activation during the course of complement attack on pathogens.

3.2 Complement and autoimmune uveitis

Uveitis is broadly defined as inflammation of the uvea (comprising choroids, iris and ciliary
body), and is responsible for almost 3% of blindness in the United States. Each year, 17.6%
of active uveitis patients experience a transient or permanent loss of vision. The study of uveitis
is complicated by the fact that it encompasses a wide range of underlying etiologies. It may be
idiopathic, associated with systemic diseases, or resulting from a variety of infectious agents.
Anatomically, uveitis is classified as anterior (iritis, iridocyclitis), intermediate, posterior
(vitritis, retinitis, choroiditis) or pan. Anterior uveitis (AU) is the most common form of uveitis
and accounts for approximately 75% of cases. The most common form of anterior uveitis is of
unknown (i.e. idiopathic) etiology (Bora et al., 2007a). In a non-referral clinic, 52% of patients
may present with idiopathic AU.

Complement activation products such as C3b and C4b have been demonstrated to be present
in the eyes of patients with AU (Mondino et al., 1984;1986). Recently, we have shown that
the presence and activation of complement is central to the development of experimental
autoimmune AU (EAAU) (Jhaetal., 2006). EAAU is an autoimmune disease of the eye, which
serves as an animal model of idiopathic human AU (Broekhuyse, et al., 1991;Bora et al.,
1995;Bora et al., 1997;Simpson et al., 1997; Kim et al., 1995b; Woon 1998;Bora et al.,
2004). EAAU isinduced in Lewis rats by an antigen specific CD4* T cell response to an antigen
derived from the iris and ciliary body (Bora et al., 1995,1997). We demonstrated that the
presence and activation of complement is critical for the development of EAAU induced by
either active immunizations or the transfer of in vitro primed antigen-specific CD4+ T cells
(Jha et al., 2006a). These results suggested that complement plays an important role in the
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induction of antigen specific T-cell responses in AU. A central role of complement in the
immunopathogenesis of EAAU was further supported by several observations, such as
decreased production of IFN-y, IL-10, IP-10, ICAM-1 and LECAM-1 in complement-depleted
animals during the course of EAAU. Levels of iC3b, a cleavage product of C3, increased within
the eye during the peak of EAAU. Since activation of the complement system is necessary for
the generation of C3 split products (Thomilson 1993), their increased levels within the eye of
rats with EAAU provided indisputable evidence of local complement activation during
autoimmune intraocular inflammation. The number of CR3 expressing cells also increased
during the peak of the disease. The systemic injection of anti-CR3, which specifically blocks
the interaction between iC3b and its receptor CR3, had a significant protective effect on EAAU
thus suggesting that the interaction of iC3b with CR3 was involved in the generation and
progression of uveitis in EAAU (Jha et al., 2006a).

The eye is under threat from homologous complement attack during EAAU, and unregulated
complement activation can be detrimental to ocular structures that are vital for vision. Recently,
we have demonstrated that various ocular tissues up-regulate Crry and CD59 during EAAU,
to avoid self-injury from complement-mediated tissue damage and down-regulate intraocular
inflammation (Jha et al., 2006b). It was observed that the suppression of function and/or
expression of these CRegs by neutralizing monoclonal antibodies, anti-sense oligonucleotides,
or small interfering RNA (siRNA) resulted in more severe disease with early onset and delayed
resolution. The eyes from theses animals stained very strongly for C3, C3 activation products,
and MAC compared with control animals (Jha et al., 2006b). There was no apparent histologic
damage to ocular tissue after the inflammation cleared in these animals. These results
demonstrated that the suppression of Crry and CD59 leads to increased intraocular complement
activation as evidenced by the increased deposition of C3 activation products and MAC. Taken
together, our data demonstrated that the direct interference with the function and/or cell surface
expression of Crry and CD59 in vivo resulted in a significant reduction in Crry and CD59,
increased complement activation and the exacerbation of EAAU (Jha et al., 2006b).

Complement system has also been reported to play an important role in the
immunopathogenesis of experimental autoimmune uveoretinitis (EAU). EAU is an animal
model of posterior uveitis (Schalken et al., 1988;Fox et al., 1987). In this model, complement
depletion by cobra venom factor has been shown to decrease the inflammatory response (Marak
etal., 1979). A recent report demonstrated that C3-deficient (C3-/-) mice had reduced severity
and incidence of EAU (Read et al., 2006). In the same study it was demonstrated that the local
expression of Crry resulted in decreased incidence and severity of EAU.

Taken together these studies indicate that complement plays an important role in the
pathogenesis of autoimmune uveitis. However, the role of specific complement pathway(s) in
the pathogenesis of EAAU or EAU remains to be established.

3.3 Complement and age-related macular degeneration

There is a substantial body of evidence implicating complement in age-related macular
degeneration (AMD) both in humans and in experimental animals (Sivaprasad and Chong,
2006). AMD is the major cause of irreversible central vision loss in the elderly world wide
(Tezel et al., 2004). Two major clinical phenotypes of AMD are recognized - non-exudative
(dry type), and exudative (wet type).

Complement C3adesArg concentration has been found to increase in the plasma of patients
with AMD compared to the age-matched controls (Sivaprasad et al., 2007). The presence of
C3adesArg is an indicator of complement activation. One of the early signs of nonexudative
AMD is the accumulation of abnormal extracellular deposits, called drusen, adjacent to the
basal surface of the retinal-pigmented epithelium (RPE) (Johnson et al., 2000,2001). Drusens
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are located between the basal lamina of RPE and the inner layer of Bruch’s membrane. Various
studies in the literature have indicated a potential role for complement in drusen formation in
the non-exudative form of AMD in humans (Johnson et al., 2000,2001;Mullins 2001).
Complement components, complement activation products (C3a, C5a, MAC) and complement
regulatory proteins (CD46, Vitronectin) have been localized in drusens in patients with AMD
(Mullins et al., 2000;Johnson et al., 2001;Anderson et al., 2002). One study reported that
antibody-dependent complement activation may not be responsible for drusen formation
(Johnson et al., 2001) and suggested that complement activation via the alternative pathway
may be involved in this process. In the same study many complement regulators including -
vitronectin, CR1 and MCP were detected in drusens. Also factor H and FHL-1 protein has been
shown to be present in macular region in the eyes of patients with early AMD (Skerka et al.,
2007).

Recently, variation in the factor H gene (HF1) that encodes a key regulatory protein of the
alternative pathway has been associated with significantly increased attributable risk (50%) of
AMD in humans (Rivera et al., 2005;Klein et al., 2005;Edwards et al., 2005;Haines et al.,
2005;Hageman et al., 2005). The human gene locus for CFH encodes two proteins- CFH
(composed of 20 SCR domains) and factor H-like protein (FHL-1; composed of 7 N-terminal
domains). Both CFH and FHL-1 regulate the complement system by acting as a cofactor for
factor | mediated inactivation of C3b and have decay accelerating activities. Both CFH and
FHL-1 are present in vitreous fluid of eye and expressed by RPE cells (Skerka et al., 2007). A
tyrosine to histidine mutation at codon 402 (Y402H) within CFH is strongly associated with
AMD pathology (Rivera et al., 2005;Klein et al., 2005;Edwards et al., 2005;Haines et al.,
2005;Hageman et al., 2005) and has been suggested to be a global marker for AMD (Kaur et
al., 2006). The tyrosine residue at position (CFHyvy402) is considered as protective variant
whereas the histidine residue at this position (CFHyHag2 and CFHpHa402) a risk variant for
AMD. Recently FHL-1 402H risk variant protein has also been reported to be associated with
pathology of AMD (Skerka et al., 2007). Due to the coding polymorphism at position 402, risk
variants of both CFH and FHL-1 have reduced cell-binding activity that leads to reduced
complement regulation at the cell surface (Skerka et al., 2007). Also, the risk variants of these
two regulators have decreased cofactor activity and are less efficient in degrading C3 (Skerka
et al., 2007). Defective function of CFH and FHL-1 due to the polymorphism leads to
unregulated complement activation at the cell surface. This results in induction of the
inflammatory cascade leading to the tissue damage and ultimately drusen formation in AMD
(Skerka et al., 2007). Recent findings have demonstrated that polymorphisms in two other
complement proteins, factor B (BF) and C2, are also associated with AMD (Gold et al,
2006). The results from these studies suggest that a defect in a component of the alternative
pathway provides protection whereas a defect in a regulator of alternative pathway like CFH
increases the risk of AMD (Gold et al, 2006).

Choroidal neovascularization (CNV), the hallmark lesion of wet AMD, causes the sudden loss
of central vision and thus, has a profound impact on the quality of life. One of the ways to
induce CNV in animals is to rupture Bruch’s membrane with laser photocoagulation (Ryan,
1982;Miller et al., 1990;Kimura et al., 1995). We have used the murine model of laser-induced
CNV to explore the role of complement in choroidal angiogenesis (Bora et al., 2005). The
requirement of complement in the development of CNV was demonstrated by the inability to
induce CNV in C3-/- mice after laser treatment. Furthermore, in vivo complement depletion
by CVF and inhibition of C6 with anti-C6 polyclonal antibody, markedly reduced the incidence
and development of CNV in C57BL/6 mice. There was an increased deposition of MAC in the
CNV complex of complement sufficient animals. The absence of MAC in the laser spots also
coincided with low/basal levels of various growth factors such as VEGF, TGF-B2 and B-FGF
(Bora et al., 2005).
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In a separate study, we confirmed the role of MAC in CNV by using C5-deficient mice
(C57") (Bora et al., 2006). These mice are unable to form MAC and laser-induced CNV was
significantly inhibited (Bora et al., 2006). In the same study, siRNA and mice deficient in key
components of the complement cascade were used to define the relative contributions of the
classical, lectin, and alternative pathways in laser-induced CNV in C57BL/6 mice. The absence
of Clq as a result of C1q siRNA treatment had no effect on laser-induced CNV. Furthermore,
mice with targeted deletion of C4 gene also developed CNV following laser. Thus, by using
C47- mice and inhibiting C1q by siRNA, involvement of the classical and lectin pathways in
the development of CNV was ruled out. Inhibition of Factor B using siRNA targeted against
factor B, completely inhibited CNV. Factor B is a key component of the alternative pathway.
Thus the inhibition of CNV in factor B siRNA treated mice implicated the alternative pathway
as a key player in the development of laser-induced CNV in mouse. The role of the alternative
pathway in laser-induced CNV was further supported by the observation that expression of
factor B was up-regulated, while expression of factor H was down-regulated during the
development of CNV in complement-sufficient animals.

Recently, we explored the expression and role of the CReg CD59a in laser-induced CNV (Bora
et al., 2007b). CD59a is the primary regulator of MAC in mice (Baalasubramanian et al.,
2004). In this study we observed that the levels of CD59a were down-regulated during laser-
induced CNV, indicating that this may facilitate complement activation leading to increased
MAC deposition and release of angiogenic factors, thus inducing choroidal angiogenesis.
Furthermore, deficiency of the CD59a gene exacerbated laser-induced CNV by allowing
unregulated MAC deposition. Interestingly, inhibition of MAC formation following intra-
peritoneal injection of recombinant soluble CD59a inhibited the development of choroidal
angiogenesis in the mouse model of laser-induced CNV.

Taken together, our studies demonstrate that the formation of MAC as a result of complement
activation via the alternative pathway in the posterior segment of the eye is crucial for the
release of angiogenic growth factors that drive the development of laser-induced CNV in mice.
The alternative pathway activation during CNV is due to increased production of a key
component, factor B, as well as reduced expression of regulatory proteins, factor H and CD59.
Specific blockade of the complement pathway using recombinant CRegs such as CFH and
CD59 may represent a novel therapeutic strategy for AMD in future. We have summarized our
results in Figure 1.

Recently, one study demonstrated the importance of the anaphylotoxins C3a and C5a that are
also found in drusens (Nozaki et al., 2006). Mice deficient in C3aR and CbaR, the receptors
for these inflammatory peptides, developed significantly reduced CNV after laser treatment.
The reduction in CNV was attributed to reduced leukocyte recruitment and VEGF expression
due to the absence of C3aR and C5aR (Nozaki et al., 2006).

3.4 Complement and diabetic retinopathy

Diabetic retinopathy is one of the leading causes of vision loss in middle-aged individuals
(Moss et al., 1998). It is characterized by the loss of pericytes, hypertrophy of basement
membrane, endothelial leakage, neovascularization and fibrovascular proliferation. Usually,
loss of vision is caused by proliferative diabetic retinopathy (caused by proliferation of retinal
vessels) and diabetic macular edema (caused by increase in permeability of vessels in retina;
Aiello, 2005). It is now well established that the immune system is involved in the pathogenesis
of diabetic retinopathy (Kastelan et al., 2007). Several studies have shown that activation of
the complement system plays an important role in the pathogenesis of diabetic retinopathy.
Gerl et al., (2002) reported the evidence for extensive complement activation in the
choriocapillaries of eyes with diabetic retinopathy. Using immunohistochemistry, these
investigators found dense staining for MAC and C3d, implicating complement activation in
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eyes with diabetic retinopathy. However, in the same study no positive staining was observed
for C1q, C4 or MBL eliminating the involvement of classical and lectin pathways of
complement activation (Gerl et al., 2002). Similar results were also reported by Zhang et al.
(2002), who have shown that, although MAC staining co-localized with C3 in the retinal
sections of the eyes obtained from diabetic patients; these sections did not stain for C1q and
C4. Therefore the observed deposition of MAC may be the result of complement activation
via the alternative pathway. Retinal samples from diabetic donors showed a significant
reduction in CD55 and CD59, indicating the loss of regulatory mechanism may be the cause
of increased complement activation (Zhang et al., 2002). Similarly, increased complement
activation and decrease in CD59 and CD55 levels were also observed in rats with
streptozotocin-induced diabetes (Zhang et al., 2002). In a separate study, the involvement of
alternative pathway was confirmed by detection of factor B in the vitreous fluid of patients
with proliferative diabetic retinopathy (Garcia-Ramirez et al., 2007). In addition to factor B,
other complement proteins like C3, C4b and C9 were also detected at higher levels in vitreous
fluid from patients with proliferative diabetic retinopathy compared to those from non-diabetic
patients. These results indicate that, although alternative pathway is important during early
phase of diabetic retinopathy, classical pathway may also be involved during the later stages
of the disease. Activation of complement system has been implicated in other retinal diseases,
including vitreoretinopathy (Grisanti et al., 1991) and glaucoma (Ahmed et al., 2004).

In conclusion, complement activation and subsequent generation of inflammatory molecules
contributes to the pathology of ocular diseases such as uveitis, age-related macular
degeneration, corneal diseases and diabetic retinopathy. Therefore, continued efforts are
necessary to fully understand the role of complement in the pathogenesis of these ocular
diseases so that efficient and safe therapies for future use could be developed.
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Figure 1. Complement activation in the development of CNV

Laser photocoagulation results in up-regulation of factor B (1) expression and decrease in ()
factor H levels. This causes the activation and amplification of alternative pathway leading to
increased deposition of MAC on the cell surface. After laser treatment the expression of CD59
is also down-regulated (|) causing further loss of regulation (shown with X) and increased
formation of MAC. Deposition of MAC results in release of growth factors such as VEGF,
TGF-B2 and B-FGF, which leads to the formation of new blood vessels (shown within red
circles). Administration of recombinant soluble CD59 (rs CD59) blocks (o) the formation of
MAC and this results in inhibition of choroidal angiogenesis
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