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Blockage of complement regulators in the conjunctiva and within the eye leads
to massive inflammation and iritis
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SUMMARY

The open environment of the eye is continuously subject to an influx of foreign agents that can
activate complement. Decay-accelerating factor (DAF), membrane cofactor protein (MCP) and
CD59 are regulators that protect self-cells from autologous complement activation on their sur-
faces. They are expressed in the eye at unusually high levels but their physiological importance in
this site is unstudied. In the rat, a structural analogue termed 512 antigen (512 Ag) has actions
overlapping DAF and MCP. In this investigation, we injected F(ab’), fragments of 512 mAb into
the conjunctiva and aqueous humor, in the latter case with and without concomitant blockage of
CD59. Massive neutrophilic infiltration of the stroma and iris resulted upon blocking 512 Ag
activity. Frank necrosis of the iris occurred upon concomitant intraocular blockage of CD59. C3b
was identified immunohistochemically, and minimal effects were seen in complement-depleted
animals and in those treated with non-relevant antibody. The finding that blockage of 512 Ag
function in periocular tissues and within the eye causes intense conjunctival inflammation and iritis
demonstrates the importance of intrinsic complement regulators in protecting ocular tissues from
spontaneous or bystander attack by autologous complement.

INTRODUCTION

Intrinsic membrane regulators of complement are species-
specific proteins that protect self-cells from activation of auto-
logous complement on their surfaces (reviewed in refs 1 and 2).
In humans, these proteins consist of the decay-accelerating
factor (DAF or CD55),** the membrane cofactor protein
(MCP or CD46)* and CD59 (homologous restriction factor
20 [HRF20] or the membrane inhibitor of reactive lysis
[MIRL]).>® DAF and MCP act early in the activation sequence
to disable the classical and alternative pathway C3 conver-
tases,>’ the central amplification enzymes of the cascade.
CD59 functions later in the cascade to prevent binding of C9
to C5b-8>° and consequent formation of membranolytic poly
C9 channels that bring about cell lysis.

These three critical regulatory proteins were initially
described on blood elements and on the vascular endothelium,?
i.e. cells that are in constant contact with high concentrations

Received 6 October 2000; revised 13 August 2001; accepted 13
August 2001.

Correspondence: M. Edward Medof, Institute of Pathology, Room
301, Case Western Reserve University School of Medicine, Cleveland
OH 44106 USA. E-mail: mxm16@po.cwru.edu

© 2001 Blackwell Science Ltd

of serum complement proteins. Subsequently they were identi-
fied on ocular cells,” 2 specifically on epithelium and fibroblasts
of the cornea and conjunctiva, as well as on multiple other cell
types within the eye and in periocular tissues. Surprisingly, the
levels of the proteins on some ocular cell types were found to
be among the highest in the body.’

In blood, where complement is at functionally optimal
levels, the essential protective activities of these three regulators
are well understood.®>”” They prevent complement activation on
self-cells initiated by autologous C3b fragments that sponta-
neously deposit as a result of the natural tickover of C3 (see the
Discussion), or deposit in a bystander fashion during focused
complement activation on targets. This is because nascent C3b-
activation fragments condense with free hydroxyl and amino
groups wherever present and consequently bind indiscrimi-
nately to host tissues as well as to foreign agents. In the absence
of DAF, MCP and CD59, these bound fragments would initi-
ate amplification of complement activation, eventuating in host
cell injury. Their physiological importance has been docu-
mented in that loss of the activities of DAF and CD59 results in
blood cell destruction.'®!* In contrast, in the eye, where com-
plement levels are much lower than those in blood,'*!'> what
roles they play in limiting autologous complement-mediated
injury to ocular tissues is unstudied. The fact that the eye is a
site which is continuously exposed to exogenous agents that
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can potentially activate complement, and the finding that these
regulators are expressed at high levels, argue that their activities
in this site should be physiologically important.

In view of the inability to study the functions of these
regulators in humans, an animal model has been developed.'®
In the rat, a 44 000-molecular weight (MW) protein designated
512 antigen (512 Ag)'” (Crry/p65 in the mouse), with potent
complement regulatory activity, has been shown to be a func-
tional analogue of MCP, possessing overlapping activity with
that of DAF. Similarly, a 19000-MW protein (initially termed
rat inhibitory protein, or RIP), recognized by the antibody TH9,
has been shown to be the rat homologue of human CD59.'%
Previous studies by ourselves'® and others'” have shown that
in the rat, expression of 512 Ag and CD59'° on ocular surface
cells, the iris and choroid, eyelid, and orbital tissues, in general
parallels that of DAF, MCP and CD59 in humans.

In order to understand the role of the regulators in
ocular homeostasis, i.e. whether the eye is at risk for damage
from complement activation by the tickover phenomenon, we
examined the effect of blocking 512 Ag function with specific
monoclonal antibodies (mAb) or F(ab’), fragments in the
absence of disease. Because other defence mechanisms, includ-
ing blinking, tear flow and the overlying mucin layer, compli-
cate direct access to the ocular surface, we blocked 512 Ag
function in the conjunctival substantia propria immediately
below the epithelium and in the aqueous humor, where
antibody has access to the iris.

MATERIALS AND METHODS

Antibodies

Mouse 512 mAb (IgGl) was prepared as described pre-
viously."” Murine OX-18 mAb (IgG1) was purchased from
Pharmingen Inc. (La Jolla, CA), anti-ciliary neurotrophic
factor mAb (IgG2b) from R & D Systems (Minneapolis, MN)
and non-relevant murine RPC 5 (IgG2a) from Sigma Chemical
Co. (St. Louis, MO). Murine anti-rat TH9'® mAb (IgG1) was
kindly provided by Dr Paul Morgan (University of Wales
College of Medicine, Cardiff, UK). 512 and OX-18 F(ab’),
fragments were prepared as described previously.'”

Antibody injections
For all injections, adult rats underwent xylazine/ketamine
anaesthesia and topical proparacaine anaesthesia. For con-
junctival injections, each rat had the lower lid distracted
outward and was subepithelially injected using a 30-gauge
needle attached to a Hamilton syringe. In initial blocking
studies using intact mAbs, rats underwent injection with 25 ul
of a 1 ug/ul solution of murine 512 mAb, OX-18 anti-major
histocompatibility complex (MHC) class I mAb, non-relevant
control mAbs, or saline solution. Subsequent titrations showed
similar inflammatory effects with the use of 10 ul (10 pug) of
antibody while causing less tissue distortion, whereas with
further dilution the response tapered. Therefore, to work at
saturating conditions, 10 pg was employed for all subsequent
conjunctival studies, including those with F(ab’), fragments.
For analysis of the effects of intraocular regulator blockage,
10 pl of intact mADb or F(ab’), fragments of 512 or OX-18 were
injected into the aqueous humor. To allow analysis of the effects
of combined blockage of complement regulation at the C3
and C8 steps in the cascade, F(ab’), fragments of 512, in

combination with either anti-CD59 mAb or OX-18 mAb, were
injected. To keep the total amount of injected protein constant,
the injection volume was decreased to 5 ul for each antibody.

Tissue processing and analysis
Twenty-four hours after antibody administration, the rats were
killed and orbital tissues excised. The excised tissues were either
immediately snap-frozen in liquid nitrogen for immunohisto-
chemical analysis or fixed in 10% formalin for morphological
and cytological analyses. Formalin-fixed tissues were embedded
in paraffin, sectioned and stained with haematoxylin and eosin.
Sections were examined histologically by two of the authors in
a blinded fashion. Within the area injected, sections with the
greatest amount of inflammation were analysed.
Immunohistochemical analyses of C3b deposition were
performed on frozen sections following fixation in cold acetone
for 10 min. Tissues were incubated with fluorescein isothio-
cyanate (FITC)-conjugated goat mAb to rat C3 (Cappel
Laboratories, Cochranville, PA; 1:500 and 1:1000 dilutions)
at room temperature for 30 min. Sections were examined using
either an Olympus BHT (Tokyo, Japan) or a Nikon Optiphot-2
(Tokyo, Japan) fluorescence microscope and a Chroma
Technologies (Brattleboro, VT) FITC HYQ filter with an
excitation wavelength of 480 nm.

Complement depletion

Systemic complement depletion was performed by administer-
ing 0-5 ml of cobra venom factor (CoVF; Quidel, Inc., La Jolla,
CA) intraperitoneally 48 and 24 hr prior to injection of 512
F(ab’),. Two injections were given based on preliminary studies
showing a 90% reduction of complement 24 hr after a single
injection of CoVF. Tail vein blood specimens were obtained
prior to and after CoVF treatment to quantify the extent of
complement depletion. After subconjunctival injection of either
512 F(ab’), or control F(ab’), fragments, orbits were
exenterated at either 24 hr, for analysis of inflammation, or
at 3 hr (see the Results) for analysis of C3b deposition.

The total haemolytic complement activity was determined
by incubating 100 ul of antibody-sensitized sheep erythrocytes
(E*PA) (1-10%/ml) with 1-4 ml of rat serum sequentially diluted
in dextrose gelatin veronal buffer (DGVB™™" 2-:47 mm sodium
veronal buffer, pH 7-3, 72-7mm NaCl, 2-5% dextrose,
0-1% gelatin, 0-15 mm CaCl, and 0-5 mm MgCl,) at 37°
for 30 min.?’ Following centrifugation, the percentage hacmo-
lysis was determined by assaying the supernatant absorbance
at 412 nm.

RESULTS

In the first series of experiments, the effects of administering
intact antibodies were assessed. The results are shown in Fig. 1.
All animals injected with 512 antibody demonstrated intense
inflammatory cell infiltration, thickening and oedema (Fig. 1a).
The infiltrate consisted primarily of neutrophils (Fig. 1b). No
mast cells retaining intact granules were seen. In contrast,
animals injected with OX-18 antibody against class I MHC
protein, which is expressed at high levels, showed less intense
changes than those induced by 512 antibody (Fig. 1c). Animals
injected with non-relevant RPC 5 or anti-ciliary neurotrophic
factor antibody (control mAbs of isotypes that are inherently
more efficient complement activators)*'** showed only mild

© 2001 Blackwell Science Ltd, Immunology, 104, 423-430
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Figure 1. (a) Rat conjunctival tissue injected with 512 monoclonal antibody (mAb). Extensive inflammation is present with muscle
displacement (m—). (b) Neutrophilic nature of the infiltrate (original magnification x 1000). (c) Rat conjunctival tissue injected
with OX-18 anti-major histocompatibility complex (MHC) class I mAb. Less inflammation and muscle (m) displacement (—) is seen
(original magnification x40). (d) Rat conjunctival tissue injected with anti-ciliary neurotrophic factor mAb. Inflammation and
oedema are mild. Muscle (m) is minimally displaced but the oedema results in its displacement (—) (original magnification x 40).

inflammation and oedema (Fig. 1d). These studies with intact
IgG extended previous work by ourselves with intact mABs.?

To exclude the effects of Fc-mediated complement activa-
tion by intact SI2 or OX-18 antibody, i.e. to isolate the effect
of blockage of the regulatory function of 512 Ag, studies
were next performed with purified F(ab’), fragments that are
unable to fix C1. The results of these studies are shown in Fig. 2.
Following injection of 512 F(ab’),, tissues showed oedema,
swelling and widespread intense infiltration by neutrophils,
approaching that seen with intact antibody (Fig. 2a, 2b). As
with the intact mAb, the inflammation was diffuse and not in
a perivascular distribution. In contrast, tissues injected with
0X-18 F(ab’), showed mild focal inflammation with only
post-injection oedema (Fig. 2¢, 2d).

To establish that the inflammatory changes induced by
blocking 512 Ag were complement-mediated, control studies

© 2001 Blackwell Science Ltd, Immunology, 104, 423-430

were performed in animals that had undergone systemic
complement depletion with CoVF prior to administration of
F(ab’), fragments. Haemolytic assays showed that their total
haemolytic complement activity in plasma was reduced by
>95%. As seen in Fig. 2(e), 2(f), the cellular inflammatory
response was mild and focal, without significant oedema.

To determine the longevity of the inflammatory changes
and ascertain the pathological sequelae, tissues were analysed
1, 2, 3 and 6 days after injection of F(ab’), fragments of
512 mAb. The analyses showed a completely neutrophilic
inflammation within the first 24 hr with transition to a pri-
marily mononuclear infiltrate by days 2 and 3. By day 6,
the intensity of the response tapered in that only scattered
mononuclear cells remained.

To assess the effects of blocking intrinsic complement
regulatory function intraocularly in the anterior segment,
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Figure 2. (a) Rat conjunctiva injected with 512 F(ab’), fragments show diffuse and extensive oedema and inflammation approaching
that of intact 512 monoclonal antibody (mAb). Muscle (indicated by the arrows) is displaced from epithelium by inflammation
(original magnification x 25). (b) High-power photomicrograph of (a) showing the virtually complete neutrophilic character of the
infiltrate (original magnification x 400). (c) Conjunctiva from an animal injected with OX-18 F(ab’),, showing sparse inflammation.
Muscle (indicated by the arrows) is not displaced (original magnification x 25). (d) High-power photomicrograph of (c) showing few
inflammatory cells of a primarily mononuclear nature, presumably lymphocytes (original magnification x 400). (e) Conjunctiva from
rat injected with 512 F(ab’), fragments after systemic complement depletion. Inflammation is minimal (original magnification x 25).
(f) High-power photomicrograph of (e) showing sparse inflammation which is mononuclear in nature (original magnification x 400).

injections into the aqueous humor were performed. Directed
administration of 512 F(ab’), fragments into the aqueous
induced extensive inflammation of the iris and an associated
inflammatory cell response in the aqueous humor (Fig. 3a, 3b),
which was markedly different from that following identical
administration of OX-18 anticlass I MHC F(ab’), (Fig. 3c, 3d).
In 512 F(ab’),-injected eyes there was marked cellular
inflammation and thickening of the iris and ciliary body, and

protein accumulation in the anterior chamber. When mAb
against the downstream cell regulator, CD59, was injected
concurrently, in addition to the above changes obliteration of
anterior chamber anatomy by massive leucocyte infiltration
occurred and frank iris necrosis was seen (Fig. 3e, 3f). This
contrasted with concurrent injection of intact OX-18 with 512
F(ab’),, which showed much less inflammation and no
necrosis.

© 2001 Blackwell Science Ltd, Immunology, 104, 423-430
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Figure 3. (a) Anterior chamber of rat injected into the aqueous humor with 512 F(ab’), fragments. Marked inflammation of the iris
and anterior chamber, equivalent to that of intact 512 IgG, is seen. Moderate fibrin (f) is seen in the anterior chamber (original
magnification x 200). (b) High-power view of (a) showing thickening and inflammatory cells throughout the iris. The overlying fibrin
is seen across the entirety of the field (original magnification x400). (c) The anterior chamber injected identically with anti-OX-18
F(ab’), fragments. Inflammation is minimal and proteinaceous material is absent (original magnification x 200). (d) High-power view
of (c) showing few inflammatory cells on the anterior iris surface (original magnification x 400). (e) Anterior chamber injected into the
aqueous humor simultaneously with 512 and anti-rat CD59 monoclonal antibodies (mAbs). The inflammation totally obscures the
underlying anatomy (original magnification x 100). (f) High-power view of (e) showing necrosis and thinning of iris tissue resulting
from the 512 and anti-CD59-induced inflammation (original magnification x 400).

To document that complement activation in fact resulted
from blocking SI2 Ag, and that it paralleled the observed
inflammatory changes, tissues from untreated animals (and
those that were complement depleted with CoVF) were exam-
ined for deposited C3b fragments. Kinetics studies of C3b
deposition showed that maximal changes were observed 3 hr
after 512 F(ab’), injection and consequently this time-point was

© 2001 Blackwell Science Ltd, Immunology, 104, 423-430

employed for the analyses. As seen in Fig. 4, immunobhisto-
chemical labelling of tissues after treatment with 512 F(ab’),
fragments showed that deposition of C3b antigen was most
pronounced on the epithelium and on endothelial cell surfaces
(Fig. 4a). This contrasted with studies using control F(ab’),,
where labelling was absent (Fig. 4b). In animals pretreated
with CoVF and then injected with 512 F(ab’),, greatly reduced
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Figure 4. (a) Fluorescein isothiocyanate (FITC)-anti-C3 labelling of rat conjunctival and subconjunctival tissues injected with 512
F(ab’), fragments. Label is seen in the epithelium (e) and in vessel walls (arrow). (b) FITC-anti-C3 labelling of rat conjunctival and
subconjunctival tissues injected with control F(ab’),. Neither the epithelium nor the vessels show label.

C3b deposition was observed. As demonstrated previously,
markedly decreased cellular infiltrate was also seen.

DISCUSSION

DAF, MCP and CD59 are cell-associated regulators of com-
plement that function intrinsically in the plasma membranes
of self-cells to prevent activation of autologous complement
on their surfaces. A large body of evidence has established that
their activities are essential physiologically.>32** Important
among this evidence are studies of acquired haemolytic
anaemia and paroxysmal nocturnal hemoglobinuria (PNH)
(reviewed in ref. 1), in which deficiency of two of the regulators,
DAF*!132627 and CD59,%%® leads to increased uptake of auto-
logous C3b'*% and C9*° on affected erythrocytes, eventuating
in their lysis in vivo. Surprisingly, it has been found that
expression levels of DAF are many-fold®!° and of MCP'? and
CD59'"12 more than twofold higher on corneal, conjunctival
and uveal cells than on most blood cells. The high levels of
these proteins on these anterior segment cells argues that they
must be functionally important at this site.

While numerous locations in the body, e.g. the gastro-
intestinal and respiratory systems, are exposed to foreign
agents, the eye is unique in that minor levels of inflammation,
which would be easily tolerated by other mucous membrane
sites, may cause significant alterations in visual acuity that can
result in great functional disability. It therefore is critical that
bystander damage to host tissues resulting from inflammation
at the ocular surface and within the eye, especially the intense
inflammation that is associated with attack against offend-
ing pathogens, be rigorously controlled. This is especially so
because most inflammatory processes involving the eye affect
the anterior segment more than the posterior globe and orbit.
In systemic autoimmune inflammatory conditions associated
with complement activation, typically the eye is less affected
than other sites.>'*? It is noteworthy that the need of ocular
cells for protection has not been widely appreciated previously
as there are limited data regarding the complement system
in ocular disease. With the exception of ocular cicatricial
pemphigoid**~° and bacterial keratitis,>® only scattered

37-3
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available.

The key question that has remained unanswered regarding
the importance of intrinsic cell-associated complement reg-
ulators on the ocular surface and in the eye is what would
happen in their absence. 512 Ag is a rat analogue of MCP,
which has activity overlapping that of DAF. The direct rat
MCP homologue is significantly expressed only in testes.*
Previous studies in rats*! have shown that intravenous injection
of 512 F(ab’), fragments (which, as indicated, cannot activate
complement themselves but are able to block the function of
512 Ag) results in vascular collapse and massive deposition of
C3b on vascular endothelial cells. The present study addresses
this issue as it relates to the anterior segment. An advantage
of conducting the studies in the manner described in this
report, i.e. under constitutive conditions, is that it excluded the
confounding effects of other inflammatory mediators which
invariably accompany disease.

In our conjunctival injection system, introduction of
antibody to 512 Ag, which normally functions to prevent the
amplification phase of the complement cascade, led to massive
infiltration of neutrophils. Neutrophil and eosinophil chemo-
taxis results from the local generation of C5a and C3a
fragments.*>* The difference between the 512 Ag and OX-18
or non-relevant antibody-injected animals thus reflects the
markedly increased production of these anaphylatoxins result-
ing from C3 convertase formation in the former case. Evidence
in support of this mechanism is: (1) the abrogation of the effect
in animals depleted of complement by CoVF administration,
and (2) the finding of deposition of C3b fragments on the
anterior segment cells.

Our demonstration that the inflammatory changes were
reproduced following injection of purified 512 F(ab’),, but not
following the administration of OX-18 F(ab’),, verified that the
process was a consequence of disabling the function of the 512
Ag rather than as a result of complement activation by 512
antibody itself. This excludes a proinflammatory effect of the
injected 512 antibody. This finding is consistent with the C3
‘tickover’ ]:urocess.44 C3 molecules, which contain metastable
internal thioester bonds, are constantly condensing (in small
numbers) with free hydroxyl or amino acceptors on host cell

of the role of complement in their pathology are

© 2001 Blackwell Science Ltd, Immunology, 104, 423-430
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surfaces. In the presence of 512 Ag, these bound C3 molecules
are prevented from serving as sites for the stable assembly of
the alternative pathway C3 convertase, C3bBb, which would
lead to amplification of C3b deposition and further progression
of the cascade. The demonstration that interfering with
the function of 512 Ag permitted complement activation to
proceed indicates that C3 tickover is operating constitutively in
periocular tissues.

Having studied the effects of interfering with regulation of
the C3 step of the cascade by blocking 512 Ag activity in both
subconjunctival tissue and the iris, we next investigated the
combined effects of blocking regulation in the latter site at
both the C3 step and the pathway’s C9 end-point. In this most
demonstrative investigation of the functional importance of
these regulators, the combined inactivation of both early (512
Ag) and late (rat CD59) cascade regulation led to a degree of
inflammation more extensive than that of inactivating 512 Ag
alone or in conjunction with administration of OX-18 antibody
to highly expressed class I MHC protein. In the absence of
protection against autologous cytolytic C5b-9 complex forma-
tion as well as amplified C3b deposition, frank tissue necrosis
occurred.

With the use of intact antibodies, similar findings resulting
from blocking 512 Ag intraocularly have concurrently been
obtained*>*® by another group. Consistent with the above
premise that tickover operates constitutively, in their studies
they obtained Western blot evidence for low levels of C3 frag-
ments in normal aqueous humor.*” While they were unable to
show an effect of blocking CD59 when studied alone, we found
that blocking CD59 in conjunction with 512 Ag eventuated in
greatly enhanced uveal damage, highlighting the importance of
the combined functions of both intrinsic regulators.

Taken together, the results of this study, our previous
work® and that of the above study*’ demonstrate that intrinsic
membrane regulators of complement, present in periocular
tissues and within the anterior chamber, are vital for protecting
ocular tissues from complement-mediated inflammation result-
ing from C3b deposition (whether spontaneous or induced) at
these sites. In the case of the internal anterior segment, their
absence leads to the development of iritis.
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