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Introduction

Summary

Activation of complement occurs during autoimmune retinal and intraocular
inflammatory disease as well as neuroretinal degenerative disorders. The
cleavage of C5 into fragments C5a and C5b is a critical event during the
complement cascade. C5a is a potent proinflammatory anaphylatoxin capable
of inducing cell migration, adhesion and cytokine release, while membrane
attack complex C5b-9 causes cell lysis. Therapeutic approaches to prevent
complement-induced inflammation include the use of blocking monoclonal
antibodies (mAb) to prevent C5 cleavage. In these current experiments, the rat
anti-mouse C5 mAb (BB5-1) was utilized to investigate the effects of inhibi-
tion of C5 cleavage on disease progression and severity in experimental
autoimmune uveoretinitis (EAU), a model of organ-specific autoimmunity in
the eye characterized by structural retinal damage mediated by infiltrating
macrophages. Systemic treatment with BB5-1 results in significantly reduced
disease scores compared with control groups, while local administration
results in an earlier resolution of disease. In vitro, contemporaneous C5a and
interferon-y signalling enhanced nitric oxide production, accompanied by
down-regulation of the inhibitory myeloid CD200 receptor, contributing to
cell activation. These experiments demonstrate that C5 cleavage contributes
to the full expression of EAU, and that selective C5 blockade via systemic and
local routes of administration can suppress disease. This presents great thera-
peutic potential to protect against tissue damage during autoimmune
responses in the retina or inflammation-induced degenerative disease.

Keywords: autoimmunity, complement C5, experimental autoimmune uveo-
retinitis, macrophage activation, therapy

the interferon (IFN)-y-induced secretion of nitric oxide
(NO) [11].

Experimental autoimmune uveoretinitis (EAU) is an animal
model that correlates with the spectrum of clinico-
pathological features of human uveitides and, as a result, is a
successful preclinical model for translation of immuno-
therapies [1-3]. Furthermore, the model serves to dissect
immunopathogenic mechanisms relating to immune-
mediated tissue damage, which in turn highlight avenues for
future treatment [4,5]. Murine EAU arises following immu-
nization with specific ocular antigens and the local activation
of ocular-specific CD4" T cells, within or around photore-
ceptor segments [6—10]. Disease occurs subsequent to acti-
vated T cell infiltration into the target organ with consequent
macrophage recruitment into the eye and activates them,
generating structural damage via mechanisms that include
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The versatility of macrophages is due largely to their
ability to respond to both endogenous and exogenous signals
via a multitude of cell surface receptors [12,13]. They facili-
tate the amplification of local inflammatory signals and the
production of a cascade of damaging mediators. Targeting
macrophages is an effective approach that can restrict tissue
damage in EAU [14]. One key activating cytokine is tumour
necrosis factor (TNF)-o and neutralization of it results in
reduced tissue damage, despite leucocytic infiltration, indi-
cating that macrophage activation is critical in determining
disease severity [15,16]. Furthermore, the enhancement
of normal homeostatic down-regulation via monoclonal
antibody-mediated CD200R signalling can also suppress
macrophage activation and protect against tissue damage
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[17]. Another less well-explored approach is to inhibit mac-
rophage activation through the complement C5a receptor.

The complement system is a central component of innate
immunity, consisting of a large family of plasma and
membrane-bound proteins that are critical for protection
against bacterial infection and immune complex deposition
[18]. More recently, it has also been found to be functional in
adaptive immune responses, with roles identified in antigen
processing and presentation, T cell proliferation and differ-
entiation and systemic tolerance [19,20]. In organ-specific
autoimmune disease, inappropriate activation of the
complement system amplifies the pathology of human
and/or experimental diseases, including rheumatoid arthri-
tis, multiple sclerosis and macular degeneration [21-25].
Complement activation exerts harmful effects through the
generation of complement protein cleavage products, which
promote and perpetuate inflammatory reactions.

In ocular immunity, these complement fragments are
implicated in the development and progression of several
immune-mediated ocular conditions, including age-related
macular degeneration (AMD) and uveitis [26-29]. The pres-
ence and activation of complement has also been shown
recently to be central to the development of experimental
autoimmune anterior uveitis (EAAU), an animal model of
idiopathic human anterior uveitis [28]. Furthermore, block-
ing the interaction of the complement fragment receptor,
C3aR, has a protective effect on the initiation and progres-
sion of EAAU. Previous studies in EAU show that the deple-
tion of complement system components by cobra venom
factor, or the use of C37~ mice, causes reduced severity and
incidence of disease [30]. Also, in a rat uveitis model,
complement deposition in the eye correlated with disease
severity and ‘knock-down’ of endogenous complement regu-
latory proteins exacerbated disease [31,32]. Alternatively,
approaches including the overexpression of complement
regulatory proteins such as CD55 have been demonstrated
recently to prevent T cell autoreactivity and generation of
pathogenic effector T cells in EAU [33]. This highlights the
role that specific complement pathways play in the patho-
genesis of EAU and suggests that complement may be a
target for therapy in uveitis.

A critical event in the cascade is the cleavage of C5 into
fragments C5a and C5b, and the subsequent formation of
the membrane attack complex (C5b-9) which is involved
with cytolysis, cell activation and production of proinflam-
matory mediators [34]. The C5a fragment is a potent inflam-
matory mediator that induces cellular migration, cell
adhesion and cytokine release [35], and its receptor is
expressed in a variety of cell types, in particular immune
cells including macrophages, neutrophils and T cells [36].
Therefore prevention of C5 cleavage would have anti-
inflammatory consequences, and previous studies utilizing
C5-specific monoclonal antibodies have demonstrated
therapeutic efficacy in the experimental model of rheuma-
toid arthritis [37]. The primary objective of this study was to

test whether prevention of cleavage of the C5 complement
protein by systemic or local administration of a blocking
anti-C5 monoclonal antibody (mAb) could suppress
myeloid activation and thus tissue damage in EAU.

Materials and methods

Mice

B10.RIII and C57BL/6 mice were obtained originally from
Harlan UK Limited (Oxford, UK) and breeding colonies
established within the Animal Services Unit at Bristol Uni-
versity, Bristol, UK for further experimentation. All mice
were housed under specific pathogen-free conditions with
continuously available food and water. Female mice immu-
nized for disease induction were aged between 6 and 8 weeks.
Treatment of animals conformed to the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research.

Reagents

The peptide RBP-3 161-180 (SGIPYIISYLHPGNTILHVD)
was obtained from Sigma-Genosys Limited (Poole, UK).
Peptide purity was >95% as determined by high-
performance liquid chromatography (HPLC). The anti-
mouse C5 hybridoma BB5-1 was provided originally by Dr
Brigita Stockinger (National Institute for Medical Research,
London, UK) [38]. Antibody was purified from sterile
culture supernatant by protein G affinity chromatography.
BB5-1 mAb preparations used contained <0-1ng of
endotoxin/mg protein, as determined by the Limulus
Amebocyte Lysate Pyrogen Testing kit, QCl-1000 (Lonza
Biologics, Slough, Berkshire, UK).

Complete medium consisted of Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat inac-
tivated fetal calf serum (TCS Cellworks, Buckingham, UK),
100 U/ml penicillin—streptomycin, 2 mmol/l rL-glutamine,
I mmol/l sodium pyruvate and 5x107° mol/l 2-
mercaptoethanol (all from Invitrogen, Paisley, UK).

EAU induction and scoring

B10.RIII mice were immunized subcutaneously in one flank
with 50 pg/mouse RBP-3 161-180 peptide in phosphate-
buffered saline (PBS) [2% dimethylsulphoxide (DMSO)]
in complete Freund’s adjuvant (CFA) (1 mg/ml; 1:1 v/v)
supplemented with 1-5 mg/ml Mycobacterium tuberculosis
complete H37 Ra (BD Biosciences, Oxford, UK) and 1 ug
Bordetella pertussis toxin (Sigma-Aldrich) intraperitoneally
(i.p.). At various time-points post-immunization (pi), mice
were killed and eyes were enucleated and snap-frozen care-
fully, orientated in optimal cutting temperature (OCT) com-
pound (ThermoFisher, Loughborough, UK). After they
were made and stored at —80°C, serial 12-um sections were
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thawed at room temperature and fixed in acetone for 10 min.
Sections were stained with rat anti-mouse monoclonal anti-
CD45 antibody (Serotec, Oxford, UK) and counterstained
with haematoxylin (ThermoShandon, Pittsburgh, PA, USA).
Sections were scored for inflammatory infiltrate (presence of
CD45-positive cells) and structural disease (disruption of
morphology). Cellular infiltrate is scored within the ciliary
body, vitreous, vessels, rod outer segments and choroid,
while structural disease is scored within the rod outer seg-
ments, neuronal layers and retinal morphology [39]. For C5,
C5aR (which is known as C5R or CD88) and nitrotyrosine
immunofluorescence staining, sections were fixed in 2%
paraformaldehyde for 10 min, washed and incubated in
blocking buffer (6% bovine serum albumin). They were
stained with an anti-C5 rabbit polyclonal (Abcam, Cam-
bridge, UK) and biotinylated rat anti-mouse monoclonal
anti-C5R1 (Abcam), rabbit anti-mouse polyclonal anti-
C5aR or rabbit anti-mouse nitrotyrosine (Sigma) for 1 h at
room temperature. Sections were then washed in PBS, incu-
bated with fluorescein isothiocyanate (FITC)-conjugated
goat anti-rabbit immunoglobulin (Ig) with either phyco-
erythrin (PE)-streptavidin (for C5 and C5R1), propidium
iodide (for C5aR) or 4,6-diamidino-2-phenylindole (DAPI)
(for nitrotyrosine) for 1 h. Sections were then washed in PBS
and mounted with Vectashield (Vector Laboratories, Peter-
borough, UK) before confocal microscopy. For control stain-
ing, rabbit serum was used instead of primary antibodies.

Therapeutic intervention

Systemic administration of the BB5-1 anti-C5 mAb was per-
formed by i.p. injection in B10.RIII mice immunized as
described above. Injections of 250 ug of the mAb or PBS
control were performed on days 5 and/or 10. Local admin-
istration of mAb was performed by intravitreal injection in
anaesthetized mice. Mice were anaesthetized by i.p. injection
of 150 ul of Vetelar (ketamine hydrochloride 100 mg/ml;
Pfizer, Sandwich, UK) and Rompun (xylazine hydrochloride
20 mg/ml; Bayer, Newbury, UK) mixed with sterile water in
the ratio 0-6:1:84. The pupils of all animals were dilated
using topical 1% tropicamide and 2-5% phenylepherine
(Chauvin Pharmaceuticals, Kingston-Upon-Thames, Surrey,
UK). Intravitreal injections of 25 ug of BB5-1 mAb or
control IgG in 5 pl of PBS were performed under the direct
control of a surgical microscope with the tip of a 12 mm
33-gauge hypodermic needle mounted on a 5-pl syringe
(Hamilton AG, Bonaduz, Switzerland). The injection site was
treated with chloramphenicol ointment. Injections were per-
formed on days 10 or 14 after immunization.

Clinical assessment

Using a method adapted from Paques et al. [40,41] an endo-
scope with a 5-cm-long teleotoscope with a 3-mm outer
diameter (1218AA; Karl Storz, Tuttlingen, Germany) was
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connected to a Nikon D80 digital camera with a 10-million
pixel charge-coupled device (CCD) image sensor and Nikkor
AF 85/F1-8 D objective (Nikon, Tokyo, Japan), with an
additional +4-00 dioptre magnifying lens. Through pupils
dilated with topical tropicamide 1% and phenylepherine
2:5% (Minims, from Chauvin Pharmaceuticals, Kingston-
Upon-Thames, Surrey UK), topical oxybropucaine 0-4%
(Minims) and Viscotears (Novartis Pharmaceuticals, Cam-
berley, UK) for corneal anaesthesia, images were obtained
with direct corneal contact with the endoscope. Images were
transferred to computer for processing using Adobe Photo-
shop (Adobe Corporation, Mountain View, CA, USA).

Total complement haemolytic assay

Female B10.RIII mice were treated with the BB5-1 anti-C5
mAb (250 ug or 1mg) on day 0 before killing on days 1 and
5 (n=3). Blood was collected by cardiac puncture, serum
prepared and total complement activity determined. Control
serum was obtained from normal untreated mice on day 0.
Briefly, sheep erythrocytes (E) (TCS Microbiology, Claydon,
UK) were sensitized by incubating 1 volume of 4% E (v/v)
with 1 volume of 1/250 rabbit anti-sheep E (Amboceptor,
Behring Diagnostics, Marburg, Germany) for 30 min at
37°C. Sensitized cells (EA) were washed three times in
complement fixation diluent (CFD; Oxoid Ltd, Basingstoke,
UK) and resuspended to 2% (v/v). EA were then incubated
for 30 min at 37°C with different dilutions of pretreatment,
control or anti-C5 mAb-treated mouse serum. Cells were
centrifuged to pellet and supernatant was removed for mea-
surement of absorbance at 415 nm (haemoglobin release).
Control incubations include cells with buffer only (0%) or
with dH,O (100%). Percentage of lysis was calculated as
described previously [42]. Percentage residual complement
activity in mice that received anti-C5 mAb was calculated by
taking complement activity in mice that did not receive
anti-C5 mAb as 100%.

Splenocyte proliferation

Spleens were collected from immunized mice at various
time-points and disrupted mechanically through a 40-um
cell strainer and red blood cells lysed. Cells were then seeded
at 1 x 10° cells/well in 96-well round-bottomed plates, and
stimulated with different concentrations of the immunizing
peptide, RBP-3 161-180. Ovalbumin 323-339 peptide
(OVA) was used as negative control for proliferation. To
measure proliferation, cultures were pulsed with 18-5 kBq
tritiated thymidine (GE Healthcare, Chalfont St.Giles,
Bucks, UK) per well for the final 8 h of a 72-h incubation.
Cells were harvested with a 96-well harvester, and thymidine
uptake [measured in counts per minute (cpm)] was deter-
mined by liquid scintillation with a microbeta liquid scintil-
lation counter (Microbeta 1450; Wallac Oy, Turku, Finland).
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Generation of bone marrow-derived macrophages

Bone marrow-derived macrophages (BM-M®) were gener-
ated from C57BL/6 mice as described previously [43].
In brief, bone marrow cells were washed in DMEM and
resuspended at 1x10° cells/ml in complete medium
supplemented with 5% horse serum (PAA, Yeovil, UK)
and 50 pg/ml macrophage—colony-stimulating factor. Cell
suspension (50 ml) was transferred to Teflon-coated tissue
culture bags (supplied by Dr M. Munder, University of
Heidelberg, Germany) and incubated for 8 days at 37°C in
5% CO,. Cells were removed from the Teflon bags and
plated at a concentration of 1x 10° cells/well in 96-well,
flat-bottomed plates (Corning-Costar, Corning, NY,
USA) in complete media. BM-M® were stimulated with
recombinant cytokines IFN-y (100 U/ml) or IL-17
(200 ng/ml) (Peprotech, London, UK), Lipopolysaccharide
(LPS) (0-1 ug/ml; Sigma-Aldrich), recombinant C5a
(2-5 pg/ml to 0-01 pg/ml; R&D Systems, Abingdon, UK) or
left unstimulated.

Quantification of NO synthesis

Accumulated NO production was measured after 36 h in
culture by assaying culture supernatants for the stable reac-
tion product of NO (nitrite) against a sodium nitrite stan-
dard on the same plate. A 50-l total volume of each cell-free
supernatant was incubated with an equal volume of Griess
reagent [0-5% sulphanilamide and 0-05% N-(1-napthyl)
ethylenediamine dihydrochloride in 2-5% phosphoric acid]
in 96-well flat-bottomed plates for 10 min at room tem-
perature. The optical densities were measured at 540 nm,
with a reference filter of 630 nm.

Flow cytometry

Following removal of cell culture supernatant for NO or
enzyme-linked immunosorbent assay (ELISA) assays, stimu-
lated BM-M® were incubated with 24G2 cell supernatant for
15min on ice before incubation with allophycocyanin
(APC)-Cy7-conjugated anti-mouse CD11b mAb, phyco-
erythrin (PE)-conjugated anti-mouse CD88 mADb (both BD
Biosciences) and AF647-conjugated anti-mouse CD200R
mAb (AbD Serotec, Oxford, UK) on ice. BM-M® were
removed carefully from the bottom of the wells and cell
suspensions acquired with a LSR-II flow cytometer (BD
Cytometry Systems). Analysis was carried out using FlowJo
software (TreeStar, San Carlos, CA, USA).

Statistical analyses

Using Prism4 software (GraphPad Software Inc., San Diego,
CA, USA), statistical significance between treatment groups
were assessed using the Mann—Whitney U-test.
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Fig. 1. BB5-1 anti-C5 monoclonal antibody (mAb) treatment inhibits
total serum complement haemolytic activity. The anti-C5 mAb was
administered to mice intraperitoneally (250 ug or 1 mg per mouse)
and serum was harvested at the time-points indicated. The total
serum complement haemolytic activity was determined using a
haemolysis assay. Results are expressed as percentage of activity
compared to normal control serum levels, and * standard deviation
of haemolytic activity is shown (n = 3/time-point). Student’s ¢-test
was performed to determine P-values. *P < 0-05, **P < 0-005.

Results

Systemic administration of anti-C5 mAb (BB5-1)
suppresses EAU

As activated components of the complement system are
potent mediators of inflammation, and targeted inhibition
of the C5 component using monoclonal antibodies is con-
sidered a promising therapeutic option [37], we wished to
test the efficacy of treatment with the murine BB5-1 anti-C5
mAb in EAU and test whether its effects were mediated via
suppression of macrophage activation. To confirm that
the C5-specific mAb was functional and could inhibit sys-
temic late-stage complement activation, total complement
haemolytic activity of serum from mice treated with the
mADb was assessed. Female B10.RIII mice were treated with a
single dose of 250 g or 1 mg of BB5-1 anti-C5 mAb on day
0 and killed on days 1 and 5 to collect serum. Haemolytic
activity was reduced significantly in mice that received
anti-C5 mAb, compared to normal serum at both time-
points (Fig. 1). At a dose of 250 g, complement activity was
reduced by between 40% and 60% (*P < 0-05), while at a
dose of 1 mg complement activity was reduced by 75% to
80% (**P < 0-005), each through to day 5.

These data demonstrate that suppression of complement
activation can be achieved when BB5-1 anti-C5 mAb is
administered systemically in mice. To test the involvement
and expression of complement component C5 and the C5a
receptor (C5aR, also known as CD88) during progression
of EAU, normal and inflamed retinal sections from peak
disease animals were immunostained. Confocal microscopy
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Fig. 2. Expression of C5 and C5aR in normal and inflamed retinal tissue. Representative 12-um sections from B10.RIII normal and day 14

post-immunization (PI) experimental autoimmune uveoretinitis (EAU). Dual stains for C5 (a) or the C5a receptor CD88 (b) in green and PI

nuclear stain (red) in the normal retina. Dual stains for (c) C5 (green) and C5R (red) and (d) CD88 (green) and PI (red) expression in peak disease
retina. Rabbit immunoglobulin (Ig)G control staining (e,f). Both anti-C5aR1 and anti-CD88 recognize the C5a receptor (CD88), but in different

epitopes. Original magnification x200.

demonstrates very low-level expression of C5 and CD88 in
normal retinal sections (Fig. 2a,b). However, during the
inflammatory response, C5 (green) and C5 receptor (red)
co-localization and expression within inflammatory areas of
the retina is clearly evident (Fig. 2¢). Furthermore, comple-
ment receptor CD88 (green) expression was observed within
cells located in subretinal folds, sites of maximal macrophage
activation [11], as indicated by co-localization with nuclear
PI staining (Fig. 2d).

To test the efficacy of the mAb in EAU we utilized the
highly susceptible B10.RIII mouse strain, in which the
immunizing regimen produces consistent moderate dis-
ease severity, ensuring that any changes would be clearly
evident. Mice were immunized subcutaneously with 50 ug
RBP-361-150 emulsified in CFA and pertussis toxin was co-
administered i.p. Complement activation may be important
in both priming an immune response and amplifying
inflammation within the target tissue. During the disease
course of EAU in B10.RIII mice, antigen-specific cells are
detectable in the retina at day 5 after immunization, several

days prior to the development of clinical disease [44]. Thus,
by this time-point, priming and dissemination of CD4"
antigen-specific cells has occurred and therefore this was
when we chose to test the effects of systemic administration
of the anti-C5 mAb. To this end we administered 250 ug
anti-C5 mAb, or PBS control, by i.p. injection on days 5
and/or 10. On days 14 and 21, mice were killed and eyes
were snap-frozen, sectioned and stained with anti-CD45
antibody. Three sections per treatment per time-point were
scored for inflammatory infiltrate and structural damage.
By the first time-point examined on day 14 (start of peak
disease) mice treated at days 5 and 10 together, or on either
day alone, with BB5-1 anti-C5 mAb, displayed reduced
overall disease scores when compared to the controls,
with the reduction in disease severity most significant
(*P=0-0062) by day 21 (Fig. 3a). The presence of CD45*
cellular infiltrate and accompanying structural damage,
including retinal folding and vasculitis, were clearly visible in
the PBS-treated mice at days 14 and 21 [Fig. 3c: panels (i)
and (v)]. In contrast, the retinas from the anti-C5 mAb-
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Fig. 3. Systemic administration of BB5-1 5
anti-C5 monoclonal antibody (mAb) suppresses ﬁ 101
experimental autoimmune uveoretinitis (EAU).

(a) Eyes were harvested at the days
post-immunization indicated and average 0 E

disease score * standard deviation of QQ;O
inflammatory infiltrate and structural disease &
is shown (7 = 6/time-point). Data are
representative of two independent experiments.

The Mann—-Whitney U-test was performed on di4
total disease score; *P = 0-0062. (b) Proliferation

of splenocytes harvested on day 14 from ()
B10.RIII mice treated with phosphate-buffered

saline (PBS) or BB5-1 anti-C5 mAb on days 5

and 10. (c) Representative 12-ium sections

on days 14 and 21 post-immunization.

Photographs show sections stained with

anti-CD45 antibody counterstained with
haematoxylin from B10.RIII mice either treated

with PBS control or BB5:1 anti-C5 mAb

administered on days 5 and 10 (ii), or single
administrations on days 5 (iii) or 10 (iv) only.

In the control PBS-treated animals on days 14

(i) and 21 (v) there is marked retinal

destruction, as indicated by arrows, retinal
detachment, retinal folding (1) and vasculitis

(2). In mice treated with anti-C5 (ii, iii, iv, vi),

the retina appears normal with maintained
photoreceptors (3). Original magnification

x100. () 2

treated groups appeared normal and healthy, with main-
tained photoreceptor layers and minimal infiltrate, when
mAb was administered on days 5 and 10, or as a single
administration on days 5 or 10 only [Fig. 3c: panels (ii) (iii)
and (iv), respectively]. To determine whether C5 inhibition
could influence the initiation of disease, in another group we
also included an additional mADb injection 1 day before
disease immunization. Histological assessment at day 14
demonstrated comparable suppression of disease (data not
shown). Following previous reports that complement ana-
phylatoxin C5a regulated antigen presentation [45,46] we
determined, using splenocytes from control and anti-C5-
treated mice at day 14 (peak disease), peptide-specific T cell
proliferation. The proliferative response of splenocytes to
reactivation with RBP-3 161-180 from the anti-C5 mAb
group was reduced compared to control mice (Fig. 3b).

Activation of macrophages to produce NO following
C5a stimulation requires IFN-y

The systemic effect of anti-C5 mAb administration on the
effector phase of EAU is clear, as demonstrated by the sup-

—infiltrate ® PBS
= Structural A BB5-1
L]
(]
o 10000 E I
p 1, f
__ I ol * % s
5‘0 QQ’(O X.\Q QUQ\ S N O \QQ KN
$ S
N
Q)Q;” [Peptide RBP-3 161-180] ( ng/ml)
d21

pression of clinical disease development by treatment fol-
lowing priming. Complement activation generates the C3a
and C5a fragments which promote and perpetuate inflam-
matory responses. The C5a fragment has a broad spectrum
of functions [47], including being a chemoattractant for
neutrophil recruitment, and having chemotactic activity for
monocytes and macrophages [48]. C5a is reported as a
potent inducer of proinflammatory activity, and C5a stimu-
lation of human mononuclear phagocytes leads to secretion
of IL-1f, IL-6, TNF-o and prostaglandin E, (PGE,) [49-52].
Murine macrophage activation mediated by IEN-y results in
a similar pattern of proinflammatory cytokine expression, as
well as the generation of NO, responsible for tissue damage
observed during EAU. Therefore, we sought to determine
whether C5a could similarly stimulate and classically activate
murine macrophages.

Murine BM-M¢ were stimulated with recombinant C5a
alone or in combination with IFN-y or IL-17 and, after 36 h,
culture supernatant analysed for NO production (Fig. 4a).
Control stimulation of BM-M¢ with 100 U/ml recombinant
IEN-yor 0-1 pg/ml LPS demonstrate robust NO production,
as reported previously [17], and stimulation with 200 ng/ml

308 © 2009 British Society for Immunology, Clinical and Experimental Immunology, 159: 303-314



Anti-C5 therapy suppresses EAU

Controls Cba IL-17 200 ng + C5a IFN-y 100 U + C5a
6000 6000 6000
= 5000 5000 5000 5000
g 4000 4000 4000 4000
Py 3000 3000 3000 3000
E 2000 2000 2000 2000
Z 1000 1000 1000 1000
0 S 0 0
@ > ) S S S S O ) S ) O S
@QJ& 000 S Q\Q Q\\? N N q,{”\) 3 A\ U\Q N q;oQ Q\\} G\Q Q;\\}Q‘ qj”Q
Ao o> S S SIS 97 ST o S
KN &8 @ § S @ 5 S & & SIS
N
(b) (c)
CD88 CD200R

Isotype

MFI: 3376 j\

MFI: 32y\

Media alone
IFN-y100 U

Cha 2:5ug
IFN-y 100 U + C5a 2-5 ug

MFI: 23240 / \

MFI: 13244 /\

MFI: 38041 / \
weizzee /\

MFI: 1585 /\

MFI: 935

MFI: 2884 A
MF1; 851, /\ .

0 10° 10* 10°

0 10° 10* 10°

[Correction added after online publication 07 Jan 2010: the x-axis in the controls panel of fig- 4(a) was amended from ILN-y 100 u to

IFN-y 100 u.]

Fig. 4. Activation of macrophages to produce nitric oxide (NO) following C5a stimulation requires interferon (IFN)-y. C57BL/6 BM-M® were

plated in 96-well plates in complete Dulbecco’s modified Eagle’s medium (DMEM) at a concentration of 1x 10° cells/well, and stimulated with
either recombinant interleukin (IL)-17 (200 ng/ml) or IFN-y (100 U/ml) cytokines, lipopolysaccharide (LPS) (0-1 pg/ml), recombinant C5a

(2-5 ug/ml to 0-01 pug/ml) or C5a in combination with IL-17 or IFN-7, or left unstimulated. All treatments were performed in triplicate. After 36 h,
NO production in culture supernatants was analysed using the Griess reaction (a), and surface expression of CD88 and CD200R examined by flow
cytometry (b). Data are representative of three independent experiments (MFL: mean fluorescent intensity). A representative retinal section stained
for CD88 (green) and PI nuclear stain (red) expression at peak experimental autoimmune uveoretinitis (EAU) disease, demonstrating the
cytoplasmic expression of the receptor during inflammatory conditions (c).

recombinant IL-17 resulted in only slightly elevated NO
levels compared to unstimulated cells. Incubation of cells
with C5a failed to induce any NO production at low
concentrations (0-01-1 pg/ml), with only a small induction
observed following the high 2-5 pig/ml stimulation. Addition
of IFN-y in combination with the lowest concentration of
C5a resulted in NO levels similar to IFN-y stimulation alone.
However, increased concentrations of C5a mediated a dose-
dependent and synergistic effect, with significantly elevated
levels of NO, equivalent to high levels of NO production
observed with LPS stimulation alone. Combined stimulation
of cells with IL-17 with the range of C5a concentrations
failed to elevate NO levels above that of unstimulated cells.

To determine if these treatments influenced the expression
of activatory or inhibitory myeloid receptors, stimulated
macrophages were analysed by flow cytometry for the
surface expression of CD88 (C5a receptor) and the inhibi-
tory macrophage receptor CD200R (Fig. 4b). Data are pre-
sented as histograms and demonstrate the mean receptor

expression (geometric mean fluorescence intensity) from
unstimulated macrophages (red) or cells treated with IFN-y
(green), C5a (blue) alone or in combination (brown). The
pattern of receptor expression following C5a treatment dem-
onstrated an up-regulation in the relative expression of both
receptors, with a 1-5-fold increase in CD88 and CD200R
expression, respectively. Combined stimulation of cells with
C5a and IFN-y resulted in the greatest decrease of CD88 and
CD200R surface expression. Furthermore, increasing C5a
concentration in the presence of IFN-y caused reduced
CD88 and CD200R expression in a dose-dependent manner
(data not shown). Cellular responses to G-protein-coupled
receptors including the C5a receptor are controlled tightly by
receptor dimerization and internalization [53]. Therefore,
the observed reduction in macrophage surface expression of
CD88 following in vitro activation with C5a and IFN-y
and intracellular staining of C5aR in cells that infiltrate the
retina at peak disease (Fig.4c) are consistent with such
internalization.
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Local delivery of BB5-1 mAb reduces EAU
disease severity

The in vitro results suggest that activation of macrophages
within the target organ, via simultaneous C5a and IFN-y
signalling, leads to enhanced nitric oxide response and tissue
damage. This effect is accompanied by down-regulation of
the inhibitory macrophage receptor CD200R, which is per-
missive for a highly activated macrophage phenotype. This
raises the question of whether inhibiting the activation of
complement in the local environment of the target organ
would be sufficient to impact the course of clinical disease.
This is also relevant to further possible clinical application
and future translation in the arena of locally delivered ocular
therapeutics. One advantage of this approach would be the
reduction of adverse effects of peripheral late stage comple-
ment or macrophage deactivation, particularly if escalating
doses are required.

To investigate this groups of mice were immunized to
induce EAU, and single intravitreal injections of BB5-1
anti-C5 mAb were performed in the left eyes on either days
10 or 14 following immunization; groups of control mice
were immunized similarly, but injected with control IgG.
The peak of disease in this model is on day 14, thus targeting
at these times ensures BB5-1 anti-C5 mAD saturation of the
target tissue during disease peak. On day 21 eyes were snap-
frozen, sectioned and stained with anti-CD45 antibody, and
scored as described previously. Histological assessment dem-
onstrated that local administration of BB5-1 anti-C5 mAb
on days 10 or 14 resulted in reduced infiltrate and structural
disease scores on day 21, with a 50% reduction in total
disease score compared to control IgG alone (Fig. 5a and b).
Similar suppression of disease was also seen on day 25 (data
not shown). Prior to killing on day 21, clinical assessment of
injected eyes was performed using topical endoscopic fundal
imaging, a non-invasive technique that can be used to
monitor clinical disease changes of the retina in EAU
[41,54]. Representative fundal images from mice that
received a single injection of BB5-1 anti-C5 on day 10 dem-
onstrated suppression of chorioretinal infiltrate, perivascu-
lar sheathing or optic nerve head swelling, compared to IgG
control animals that also showed other features of severe
disease, which include retinal folding and exudative retinal
detachments (Fig. 5c). During peak EAU, infiltrating
myeloid cells under the influence of the pronounced cyto-
kine release from the T helper type 1 (Th1) T cell infiltrate,
express NOS2 and nitrotyrosine, and express NO constitu-
tively [55]. As the in vitro data demonstrate the synergistic
effect of C5a and IFN-y promoting NO generation, we
wished to determine whether disease suppression achieved
via local delivery of the BB5-1 anti-C5 mAb was therefore as
a direct result of reduced macrophage activation. To this end,
sections were determined with a surrogate of myeloid-
derived NO production via staining for the presence of
nitrotyrosine (Fig. 5d). Representative immunofluorescence

images of sections from mice that received the BB5-1 anti-C5
mAb [Fig. 5d; (iii)] demonstrate significantly reduced nitro-
tyrosine staining compared to the IgG control group, in
which positive cells are clearly evident within areas of retinal
damage and disruption [Fig. 5d; (i)].

Discussion

The work presented in this study shows for the first time that
inhibition of C5 activation, both systemically and locally,
suppresses the development and progression of an antigen-
specific T cell-mediated model of intraocular inflammation,
EAU. The EAU model used in this study parallels and reflects
the disease chronicity observed in humans and moreover,
although not tested directly in current experiments, this
model shows maintained chronic inflammatory responses
and macrophage infiltration associated with angiogenesis
beyond 70 days post-immunization (Xu et al. unpublished
observations).

Systemic administration of the BB5-1 anti-C5 mADb during
the afferent phase of disease results in significantly reduced
infiltrate and disease when compared to controls. This indi-
cates that prevention of C5 cleavage interferes, either directly
or indirectly, with the effector responses of propagation of
activation and expansion of and/or migration of inflamma-
tory cells in EAU. Local treatment demonstrates the impor-
tance of C5-mediated accentuation of inflammation within
the target organ, as it confirmed the suppressive effects of
direct administration of anti-C5 mADb to the eye. Intravitreal
therapy reduces infiltration and structural damage by pre-
venting myeloid activation, as demonstrated by the reduc-
tion in positive nitrotyrosine staining. Local administration
to regulate complement is arguably a more therapeutically
useful option for the treatment of idiopathic non-infectious
intra-ocular inflammatory disease, because this approach
will minimize adverse systemic effects of late-stage comple-
ment inhibition, such as suppression of innate immunity
and macrophage activation.

For the first time we demonstrate the synergistic role that
IFN-y and C5a together play in the stimulation of murine
macrophages to produce NO. This implies that the effects of
C5a release on macrophage activation are much greater in
cells which have been exposed to Thl cytokines and, con-
versely, implies that C5a will have much less impact on the
activation of macrophages when they do not encounter it in
the context of an inflammatory microenvironment. Addi-
tionally, the effect of C5a release on macrophage activation
in a correlate of Th17 inflammatory cytokine environment
does not result in any amplification of the NO response
(see Fig. 4a).

During EAU, retinal isolated macrophages are activated
and produce NO in response to T cell-derived IFN-y secre-
tion [55,56], contributing to the local control of T cell pro-
liferation as well as contributing directly to tissue damage,
while in addition tissue resident microglia on IFN-y stimu-
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Fig. 5. Local administration of BB5-1 anti-C5 monoclonal antibody (mAb) suppresses experimental autoimmune uveoretinitis (EAU). (a) Eyes
from mice treated with the anti-C5 mAb on days 10 or 14 post-immunization were harvested on day 21 and average disease score * standard
deviation of inflammatory infiltrate and structural disease is shown (1 = 3/time-point). (b) Representative 12-um sections from day 21
post-immunization. Photographs show sections stained with anti-CD45 antibody counterstained with haematoxylin, from mice treated with either
immunoglobulin (Ig)G control or BB5-1 anti-C5 mAbs administered locally on day 10. In the control animals treated with control IgG only on day
10 there is marked retinal destruction, retinal folding and vasculitis. In mice treated with the anti-C5 mAb at these time-points, the retina appears
normal with maintained photoreceptors. Original magnification x100. (c) Representative fundal images of the retina taken on day 21. The clinical
images demonstrate that local administration of BB5-1 anti-C5 on day 10 results in marked suppression of chorioretinal infiltrate, perivascular
sheathing or optic nerve head swelling, compared to IgG-treated control animals that demonstrate other features of severe disease, including retinal
folds and exudative retinal detachments. (d) Representative photographs of retinal sections from day 21 post-immunization, dual-stained with
anti-nitrotyrosine (green) conjugated antibody and 4,6-diamidino-2-phenylindole (DAPI) nuclear stain (blue) from mice treated with either IgG
control or BB5-1 anti-C5 mAbs administered locally on day 10. In the control animals treated with control IgG there is increased staining of
nitrotyrosine-positive cells within inflamed and damaged areas of the retina (i) compared to mice treated with the anti-C5 mAb (iii). Isotype rabbit
Ig control staining (ii) and (iv). Original magnification x200.

lation generate IL-10 [57]. We have demonstrated that the cell proliferation within the eye during disease [59]. There-
combination of direct C5a stimulation and IFN-y synergize fore, as there was markedly reduced tissue damage and
in stimulating the production of NO when compared to the nitrotyrosine expression (observed particularly in sites of
action of IFN-y or C5a alone to levels observed with LPS infiltrate within the retina), the effect of anti-C5 therapy
stimulation. While such large amounts of NO would have a observed following local administration has targeted the
direct effect on tissue damage via peroxynitrite production myeloid cell compartment, and specifically the tissue infil-
and lipid peroxidation of cell membranes, the action of NO trating macrophages. Despite the lack of direct evidence,
on T cells is also known to limit their proliferative capacity these results suggest strongly that preventing C5 cleavage
[58], and recent work from our laboratory demonstrates that reduces the levels of C5a within the tissue, as demonstrated
IFN-y-mediated myeloid derived-NO production inhibits T by the surrogate of reduced nitrotyrosine expression.
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However, measurement of the C5a levels in diseased eyes is
experimentally difficult but, considering the striking synergy
observed between C5a and IFN-y in vitro, could provide
avenues of future investigation to determine whether its
action is exerted across the whole tissue or is limited to the
inflammatory cell microenvironment.

Furthermore, our in vitro data show that increased pro-
duction of the effector molecule NO is accompanied by
down-regulation of the inhibitory CD200R macrophage
receptor, which would also be expected to intensify the
response. It has been demonstrated that CD200R-mediated
signalling is a critical homeostatic control mechanism, which
prevents expression of IFN-y-mediated macrophage activa-
tion and protects against tissue damage during autoimmune
responses [17]. Therefore, we postulate that preventing C5
cleavage, and subsequent C5a-mediated signalling, prevents
activation of macrophages and consequent recruitment of
cells to sites of inflammation.

Selective inhibition of C5 using monoclonal antibodies is
considered a promising therapeutic option with current
preclinical development and clinical testing for a range of
immune disorders, including psoriasis, arthritis, systemic
lupus erythematosus, asthma and AMD [60]. It has been
shown recently that the anaphylatoxins C5a and C3a
interact with their receptors C5aR and C3aR, expressed
on antigen-presenting cells (APCs) and T cells, and are
involved integrally in T cell proliferation and differentia-
tion [45,61]. The activating signals from these complement
fragments are produced in the local microenvironment by
APCs and T cells during cognate interactions and partici-
pate in the activation and cytokine production from both
cell types [46]. Our data support these findings, as prevent-
ing C5 cleavage and the generation of C5a systemically
results in reduced proliferative response of splenic T cells,
thus limiting the expansion and migration of these effector
cells. This also influences the subsequent recruitment, infil-
tration and activation of macrophages to the eye which
ultimately mediate tissue damage. Intravitreal administra-
tion experiments demonstrate that prevention of local
complement activation in EAU acts predominantly towards
the infiltrating macrophages through suppression of NO
production. Furthermore, blockade of this critical step of
the complement cascade also prevents formation of the
membrane attack complex (C5b-9) in cellular membranes,
and therefore cell lysis and consequent damage to retinal
tissues in EAU.

The likelihood of therapeutic potential can be evaluated
well in EAU, where discrimination between inflammatory
infiltrate and tissue destruction can be made. Furthermore,
this model offers the possibility of investigating further the
impact of local administration and efficacy at the site of
inflammation, as has been demonstrated both experimen-
tally and clinically. Continuous improvement and clinical
testing of C5-specific mAbs have resulted in the translation
of Eculizumab™, which is currently the only complement-

specific antibody approved for therapy of paroxysmal
nocturnal haemoglobinuria, a rare immunological disorder
characterized by the destruction of red blood cells. Further
efficacy and preclinical testing is required, but preventing the
cleavage of C5 and generation of the major proinflammatory
factors C5a and C5b-9 has therapeutic potential to protect
against tissue damage in organ-specific immune responses
within the retina.
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