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RETINAL DEGENERATION

Inhibition of the alternative complement pathway
preserves photoreceptors after retinal injury

J. Harry Sweigard,’ Hidetaka Matsumoto,’ Kaylee E. Smith,’ Leo A. Kim,? Eleftherios I. Paschalis,>
Yoko Okonuki,’ Alexandra Castillejos,” Keiko Kataoka,' Eiichi Hasegawa," Ryoji Yanai,"
Deeba Husain,’ John D. Lambris,> Demetrios Vavvas,' Joan W. Miller,’ Kip M. Connor'*

Degeneration of photoreceptors is a primary cause of vision loss worldwide, making the underlying mechanisms
surrounding photoreceptor cell death critical to developing new treatment strategies. Retinal detachment, charac-
terized by the separation of photoreceptors from the underlying retinal pigment epithelium, is a sight-threatening
event that can happen in a number of retinal diseases. The detached photoreceptors undergo apoptosis and pro-
grammed necrosis. Given that photoreceptors are nondividing cells, their loss leads to irreversible visual impair-
ment even after successful retinal reattachment surgery. To better understand the underlying disease mechanisms,
we analyzed innate immune system regulators in the vitreous of human patients with retinal detachment and cor-
related the results with findings in a mouse model of retinal detachment. We identified the alternative complement
pathway as promoting early photoreceptor cell death during retinal detachment. Photoreceptors down-regulate
membrane-bound inhibitors of complement, allowing for selective targeting by the alternative complement path-
way. When photoreceptors in the detached retina were removed from the primary source of oxygen and nutrients
(choroidal vascular bed), the retina became hypoxic, leading to an up-regulation of complement factor B, a key me-
diator of the alternative pathway. Inhibition of the alternative complement pathway in knockout mice or through
pharmacological means ameliorated photoreceptor cell death during retinal detachment. Our current study begins
to outline the mechanism by which the alternative complement pathway facilitates photoreceptor cell death in the

damaged retina.

INTRODUCTION

Retinal detachment (RD) is one of the most common causes of pho-
toreceptor cell death worldwide (1). It occurs either as a result of blunt
trauma or as a side effect of a variety of diseases, including retinopathy
of prematurity, diabetic retinopathy (tractional RD), ocular tumors,
and age-related macular degeneration (exudative RD) (2-4). The cur-
rent standard of care involves surgical reattachment through the use
of pneumatic retinopexy, scleral buckle, and/or vitrectomy, which is
typically provided within a week in the United States and Europe (5).
Although surgery has proven to be highly effective at reattaching the
retina, speed is critical to a positive outcome. This is because increased
height and duration of the detachment results in a significant decrease
in overall visual outcome (6). Unfortunately, even when reattachment
is performed in a timely manner, patients often complain of perma-
nent vision loss accompanied by changes in color vision (7-9). Visual
acuity only improves to 20/50 in 39% of patients, even when early re-
attachment surgery is performed (10, 11). Studies in both humans and
animal models have shown that photoreceptor cell death is induced as
early as 12 hours after RD (4, 12). This indicates that early intervention
could potentially preserve the photoreceptors, improving the visual
acuity of patients who undergo both early- and late-stage reattachment
procedures. Currently, our knowledge of the processes for which photo-
receptors degenerate is very poorly understood. Therefore, the first step
to develop an effective therapeutic agent is to determine the under-
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lying disease mechanisms to identify the most appropriate means for
intervention.

One of the few known mechanisms regarding photoreceptor de-
generation in RD is that the final degenerative events are apoptosis
and necrosis (3, 4, 13). In either case, the early steps in the apoptosis
and necrosis pathways involve events including the degradation of
DNA such that the cells are likely irreversibly compromised. There-
fore, it becomes apparent that preventing the induction of death path-
ways is critical for preserving the integrity of the photoreceptors.
Although we have a reasonable understanding of the intracellular
signaling cascades for each cell death pathway, it remains unclear what
the initial “trigger” is that induces cell death in RD. Evidence from the
vitreous of patients with RD indicates the up-regulation of inflamma-
tory mediators (4). Of particular interest are those belonging to the
complement system (4). The complement system, part of innate im-
munity, has been shown to initiate cell death pathways in a number of
disease models including acute lung injury (14), myocardial perfusion
injury (15), and renal ischemia reperfusion (16). Thus, blocking
complement may be a means to prevent entry of injured photo-
receptor cells into the terminal stages of cell death.

The complement system represents a major component of immu-
nity, playing a vital role in the defense against infection and in the
modulation of immune and inflammatory responses (17-20). In ad-
dition to the well-established actions of complement in the elimination
of pathogens, the complement system has been recently implicated in a
variety of pathophysiological processes, including ischemia/reperfusion
injury, sepsis, stroke, autoimmunity, inflammatory disorders, and inhi-
bition of neovascularization (17, 21-24). Consisting of serum and tissue
proteins, membrane-bound receptors, and regulatory proteins, the
complement system is a hub-like network that is tightly connected to
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other systems. The complement system is composed of three
pathways (classical, lectin, and alternative), each of which
leads to the activation of the central complement component
3 (C3); subsequent entry into a final terminal pathway results
in the formation of a nine-protein, 1-MD C5b-9 membrane
attack complex (MAC), which forms a pore in the cell mem-
brane to facilitate cellular clearance (17, 19, 25). Evolutionar-
ily, the alternative complement pathway is the oldest of the
complement activation pathways (17). Within the ocular
microenvironment, the alternative complement cascade is
under a continuous low-level state of activation, termed
“tick-over,” which allows for this pathway to have crucial
immune surveillance functions (17). This constant level of
activation ensures the intermittent probing of host self cells
(17). Soluble and cell-bound regulators of complement (for
example, Crry/CD46, CD55, and CD59) help to protect
healthy host tissue from self-recognition and serve to pre-
vent activation of a complement response (17, 26, 27). How-
ever, damaged or diseased host cells have been shown to
down-regulate membrane-bound inhibitors of complement,
allowing for targeted clearance (17, 28, 29). An imbalance
between complement recognition and initiation on healthy
host cells can lead to unregulated complement activation,
opsonization, and/or subsequent cellular damage (17). Be-
cause of the constant tick-over of the alternative complement
system providing immune surveillance, it would be ideally
poised to rapidly respond to injury resulting from RD. We
investigated whether the alternative complement pathway
becomes activated in RD and whether its activation is detri-
mental to photoreceptor cell survival.

Here, we provide evidence that the alternative com-
plement system is activated in patients with RD and use a
mouse model of RD to provide mechanistic insight into the
consequences of activation. We use a well-defined mouse
model of RD, whereby a subretinal injection of sodium hy-
aluronate is used to create a detachment (13). The mouse
RD model allows us to take advantage of well-established
genetic manipulation in mice (for example, complement-
deficient knockout strains) to characterize the role of the
alternative complement system. We show that in alternative
pathway-deficient mice, the photoreceptors are protected
from cell death. We next demonstrate that pharmacological
inhibition of the alternative pathway significantly reduces
photoreceptor cell death after RD in mice. These data sug-
gest a role for complement in RD and that complement inhi-
bition could protect photoreceptors in patients with RD (30).

RESULTS

The alternative complement pathway is activated
in human patients with RD

The vitreous from patients with RD was assessed by enzyme-
linked immunosorbent assay (ELISA) for the presence of
complement factor B, a central regulator of the alternative

A Human factor B (vitreous) B Mouse model of RD
100 « —

80

£

o 60«

=

f=

‘T 40

3

S 204

Control Detached

C

Complement pathway activity

=e= F[actor b
«m= Cd59
- Cd55

*

Hkkk

Fold change (relative to time zero)

LJ LJ LJ
0 5 10 15 20 25 30 35 40 45
Hours after detachment

-

Fig. 1. Activity of the alternative complement pathway during RD. (A) ELISA anal-
ysis of factor B production in human vitreous from patients with RD (n = 10) compared
to nondetached retina control patients with a macular hole or epiretinal membrane (n = 4).
(B) Image of RD in a mouse model. The dotted yellow line outlines the region of retina that
is detached (about 60%). (C) Time course of gene expression for Fb (encoding factor B),
Cd55, and Cd59 in the retina of mice after RD. The red line tracks Fb gene expression,
the blue line tracks Cd55 expression, and the green line tracks Cd59 expression at intervals
over a period of 48 hours. Color of asterisks corresponds to the gene (n = 4 for each time
point). (D) Representative 3,3-diaminobenzidine labeling (brown) for Cd55 mRNA expres-
sion in the attached outer nuclear layer (left panel) and the detached outer nuclear layer
(right panel) of the same eye (n = 4). (E) 3,3"-Diaminobenzidine labeling (brown) for Cd59
mRNA expression in the attached outer nuclear layer (left panel) and the detached outer
nuclear layer (right panel) of the same eye (n =4). ns, not significant. *P < 0.05, **P < 0.01,
*#**P < 0.001, ****P < 0.0001; unpaired Student’s t test. Scale bar, 20 um.

pathway (table S1 and fig. S1, A and B) (31). Factor B was significantly =~ key complement proteins including factor D, complement compo-

up-regulated in RD patients (P < 0.05), indicating alternative pathway
activation (Fig. 1A). There was no significant change in several other

nent 5 (C5), and C3 (fig. S1, C to E). This is in line with previous studies
that have shown that there are key regulatory proteins that undergo
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transcriptional control to modulate the activity of the complement
pathways (31-33). For the alternative complement pathway, factor B
has been described as a key effector molecule responsible for pathway
activation (31).

The alternative pathway mediates photoreceptor cell death
in a mouse model of RD

To define the role of the alternative complement pathway in RD, we
used a mouse model that allowed us to take advantage of the genetic
manipulation possible in mice (13). In this model, a sustained RD was
created by a subretinal injection of 1% sodium hyaluronate, resulting
in about 60% of the retina becoming detached (Fig. 1B) (13). Photo-
receptor cell apoptosis was assessed from 12 to 72 hours after detachment
by identifying TUNEL (terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling)—positive cells in the outer
nuclear layer (fig. S2, A to D). The peak amount of cell death occurred at
24 hours after detachment (fig. S2, C and D). We assessed factor B ex-
pression in the retinas of mice with or without RD and found significant
up-regulation from 12 to 48 hours after de-
tachment, peaking at 24 hours (Fig. 1Cand
fig. S3A; P < 0.05 to 0.0001). Key activators
for the lectin (Masp2) and dlassical (C1q)
complement pathways were also assessed,
and in both cases, up-regulation was less
than that found for the alternative path-
way; however, there were some time points
with minor alterations (fig. S3B).

Cd55 and Cd59 expression is
suppressed in response to RD
Soluble and cell-bound regulators of com-
plement help to protect healthy host tissue
from self-recognition, providing protec-
tion from erroneous activation (34-37). How-
ever, damaged or diseased host cells have
been shown to down-regulate membrane-
bound regulators of complement, allowing
for their targeted clearance (28, 38-40). We
assessed the expression of several genes en-
coding key cell-bound regulators known
to play a role in the retina, including fH,
Crry, properdin, Cd59, and Cd55. We found
that Cd55 and Cd59, key regulators of the
alternative pathway (36), were significant-
ly down-regulated in the detached retina
(Fig. 1G; P < 0.05 to 0.0001), making these
cells intrinsically more prone to targeted
cell death. To confirm that the decline in
Cd55 and Cd59 was specific to the photo-
receptors, we performed in situ hybridiza-
tion. A comparison of the attached and
detached regions of the retina from the
same eye revealed that Cd55 and Cd59 ex-
pression was down-regulated in the de-
tached area (Fig. 1, D and E, and fig. S4).
Additionally, we isolated the outer nuclear
layer using laser capture microdissection
(fig. S5, A to C) and assessed gene expres-

sion by real-time polymerase chain reaction (RT-PCR) for Cd55. Cd55
expression in the photoreceptors was significantly reduced (74.6 +
5.262%; P < 0.0001) in response to RD (fig. S5A). Retinal expression
of fH, Crry, and properdin was not significantly altered, with the ex-
ception of Crry and properdin at 12 hours after RD, suggesting cell type
specificity for individual complement regulatory proteins (fig. S6, A
to C; P < 0.01). In RD, the photoreceptors appear to be highly suscep-
tible to alternative pathway-mediated cell death due in part to down-
regulation of key complement regulators.

Alternative pathway-deficient mice are protected from
RD-associated photoreceptor cell death

Photoreceptor cell death in response to RD was next assessed ina C3~~
mouse, which lacks the central C3 protein required for all three comple-
ment pathways (17). Photoreceptor cell death was quantified at 24 hours
after detachment, the peak of cell death. C37~ knockout mice showed a
reduction in the number of TUNEL-positive cells compared to age- and
strain-matched controls (Fig. 2, A and B). To further define the role of
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Fig. 2. Apoptosis in complement-deficient mice after RD. (A) Representative TUNEL labeling in the outer
nuclear layer (ONL) of €37~ mice and wild-type (WT) control (C57BI6) mice 24 hours after RD. DAPI, 4'6-
diamidino-2-phenylindole. (B) Quantitation of TUNEL cells in the outer nuclear layer of C3
and WT control mice (n = 8). (C) Representative TUNEL labeling in the outer nuclear layer of mice injected
with an Ab against C3 compared to injection with an immunoglobulin G (IgG) isotype control Ab. (D) Quan-
titation of TUNEL cells in the outer nuclear layer of mice injected with an Ab against C3 (n =4) compared to
injection with an IgG isotype control Ab (n = 10). (E) Representative TUNEL labeling in the outer nuclear
layer of C3™~ mice injected with PBS (control) or cobra venom factor (CVF) to activate the complement
system. (F) Quantitation of TUNEL-positive cells in the outer nuclear layer of C37~ mice injected with PBS
control (n = 5) or cobra venom factor to activate complement in C3™~ mice (n = 8). **P < 0.01, ****p <
0.0001; unpaired Student’s t test. Scale bars, 50 um.

~/~ mice (n=238)
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C3 in RD, C57BI6 (control wild-type) mice
were given injections of an immunopreci-
pitating antibody (Ab) against C3 in the
subretinal space at the time of detach-
ment. Quantitation of TUNEL labeling re-
vealed that administration of an anti-C3
Ab significantly protected the mice from
photoreceptor cell death in response to RD
compared to an isotype-matched control
Ab (Fig.2,Cand D; P<00land P < ¢
0.0001, respectively). Conversely, we used
the opposite approach whereby we reacti-
vated complement in C3”'~ mice by intro-
ducing cobra venom factor, which is a
stable functional analog of C3b (41). This
bypasses the need for C3 by replacing the
C3 cleavage product, C3b, with a functional
analog required for the alternative pathway
proteolytic cascade to continue. Typically,
cobra venom factor is used in immune
studies for its ability to deplete comple-
ment systemically through rapid, sustained
activation of the complement system, ex-
hausting the available circulating comple-
ment proteins. Here, we took advantage
of its ability to “activate” complement by
delivering cobra venom factor locally to
the ocular environment of the C3™'~ mice. The reactivation of the com-
plement system in C3'~ mice using cobra venom factor increased pho-
toreceptor cell death after RD compared to that of C3”~ mice that
received a phosphate-buffered saline (PBS) control injection (Fig. 2, E
and F). Together, these results strongly implicate the complement sys-
tem as a driving force in promoting the early photoreceptor cell death
associated with RD.

The alternative complement pathway remains in a primed state
through constant tick-over of the central C3 protein, which allows for
continuous probing within the retinal microenvironment [and central
nervous system (CNS)] for the identification of cells that are damaged
or dying, distinguishing the alternative pathway from the lectin and
classical pathways (17, 42). To determine the role of the alternative
pathway in photoreceptor cell death during RD, we tested mice that
lacked factor B (Fb™'"), an essential rate-limiting protein required for
alternative pathway activation after C3 cleavage (31). Mice deficient in
the alternative complement pathway (Fb~'~) showed a substantial de-
crease in photoreceptor cell death 24 hours after RD (Fig. 3, A and B).
Complement factor D is a serine protease that cleaves factor B once
bound to C3b, resulting in the assembly of the alternative pathway C3
convertase (17). To pharmacologically block the alternative comple-
ment pathway in RD, we injected an immunoprecipitating Ab against
factor D into the subretinal space of C57Bl6 control mice at the time of
detachment. Inhibition of factor D resulted in a reduction in the amount
of photoreceptor cell death compared to mice treated with an isotype-
matched Ab control (Fig. 3, Cand D). Notably, knockout mice deficient
in either lectin Mbl A/C ™'~ or classical C1q ™'~ pathways did not confer
protection against complement-mediated photoreceptor cell death
(fig. S7, A to D). These data suggest that the alternative complement
pathway, and not the lectin or classical pathways, mediates photo-
receptor cell death in response to RD.
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Fig. 3. Apoptosis in alternative pathway-deficient mice after RD. (A) Representative TUNEL labeling in
the outer nuclear layer 24 hours after RD in mice lacking factor B (Fb™") and WT control mice. (B) Quantitation
of TUNEL-positive cells from Fb™~ mice (n = 6) and WT control mice (n = 6) 24 hours after RD. (C) Represent-
ative TUNEL labeling 24 hours after RD in mice injected with an anti-factor D (Fd) Ab and IgG isotype control
Ab. (D) Quantitation of TUNEL-positive cells from mice injected with an anti-factor D Ab (n = 9) and IgG
isotype control Ab (n = 9) 24 hours after RD. ****P < 0.0001, unpaired Student’s t test. Scale bars, 50 pm.

Retinal hypoxia leads to alternative pathway activation and
cell death in RD

Photoreceptor cells are one of the most highly metabolic cell types
in the body (43). However, with such high metabolic demand, they
are not permeated with a vascular network, deriving 90% of their nu-
trients and oxygen by diffusion from the vascular bed of the choroid/
choriocapillaris (43, 44). When RD occurs, it physically separates the
photoreceptor cells from the retinal pigment epithelium and distances
these cells from the choroid, thereby compromising access to nutrients
and oxygen. Several seminal studies have shown that oxygen depri-
vation (hypoxia) is a leading cause of photoreceptor cell death in RD
(45, 46). With this in mind, we tested whether hypoxia could facilitate
alternative complement pathway activation and photoreceptor cell
death in response to RD. To define global hypoxia in photoreceptors
in response to RD, we injected mice 22.5 hours after detachment intra-
peritoneally with a marker of hypoxia called Hypoxyprobe. Hypoxy-
probe is a thiol-binding probe that only binds to cells with an oxygen
concentration less than 14 pM, which can be visualized through 3,3’-
diaminobenzadine amplification. We enucleated the eyes of the mice
with RD 1.5 hours after injecting Hypoxyprobe and prepared cross sec-
tions. In sections where half of the retina was detached and the other
half remained attached, we only observed Hypoxyprobe binding in the
detached region of the outer nuclear layer (Fig. 4A). To obtain a more
precise reading of the retinal oxygen concentration in vivo, we used a glass
oxygen microsensor containing a silicone membrane that allows for
the diffusion of oxygen into an oxygen-reducing cathode. Placing the
probe into the attached retina using a stereotactic frame, we defined
an average oxygen concentration of 47.64 + 3.35 uM compared to the
contralateral detached retina with an average oxygen concentration
of 17.14 £ 5.03 uM (Fig. 4B). To assess whether the hypoxic state of
the photoreceptors facilitated alternative pathway-mediated cell death,
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RD have increased expression of factor B,
indicating alternative pathway activation
(Fig. 1A and fig. S1). We do not see a change
in C3, C5, or factor D, corroborating previous
reports that factor B is the key rate-limiting
protein in alternative pathway activation
(32). Of the three arms of complement
(classical, lectin, and alternative), factor
B is exclusive to the alternative pathway.
An increase in expression of Fb, the gene
encoding factor B, leads to the formation
of a C3 convertase that amplifies the path-
way by cleaving the C3 protein, central to

Detached retina

Fig. 4. Hypoxia in the retina after RD. (A) Representative immunohistochemistry images of the outer
nuclear layer labeled with Hypoxyprobe (brown staining) comparing the detached portion of a mouse
retina (right panel) to the attached portion of the same retina (left panel) 24 hours after RD. Both sides
of the retina were stained with toluidine blue stain (n = 7). (B) In vivo oxygen concentrations taken in the
retina 24 hours after RD in an attached retina (right eye) compared to the detached retina (left eye) (n = 7).
(€) Representative TUNEL labeling in the outer nuclear layer 24 hours after RD in mice kept in room air (left
panel) compared to mice keptin 75% oxygen (right panel). (D) Quantitation of TUNEL-positive cells in mice
kept in room air (n = 5) for 24 hours after RD compared to mice kept in 75% oxygen (n = 6). (E) RT-PCR show-
ing gene expression for Fb (encoding factor B) in the attached or detached retina 24 hours after RD; com-
paring mice kept in room air to mice keptin 75% oxygen (attached, n = 3; room air, n = 3; 75% O,, n = 4). (F)
Under hypoxic conditions (1% O,), increasing mouse serum concentrations (used as a source of com-
plement) led to an increased percentage of cell death in 661W cells assessed using a live/dead assay
(n =4). *P < 0.05, ****P < 0.0001; unpaired Student’s t test. Scale bars, 50 um.

the alternative pathway. Ultimately, alter-
native pathway activation proceeds to MAC
formation, lysing cells by forming a lytic
pore on the cell membrane. To gain mech-
anistic insight into the increased expres-
sion of factor B seen in our human patient
samples, we used a mouse model of RD. In
this model, increased Fb expression peaked
with photoreceptor cell death (Fig. 1C and
figs. S2Cand S3A) at 24 hours. At the same
time, there was a decrease in Cd55 and Cd59
expression (negative regulators of the al-

we analyzed RD in mice housed in room air (21% oxygen) or housed
in a chamber maintained at 75% oxygen. After 24 hours, we enucleated
the eyes and performed TUNEL labeling. Quantitation of TUNEL-
positive cells in the outer nuclear layer revealed a significant reduc-
tion in cell death within the group of mice maintained at 75% oxygen
(Fig. 4, C and D; P < 0.0001). The mice kept in 75% oxygen had less
expression of factor B than those kept in room air (Fig. 4E), indicating
an oxygen-dependent regulation of factor B. To confirm that comple-
ment activation led to MAC-mediated cell death, we used a photo-
receptor cell line (661W) under hypoxic conditions and added serum
(a key source of complement) to activate the complement cascade.
We found that 661W cells kept under hypoxic conditions (1% O,)
showed decreased expression of both Cd55 and Cd59 (fig. S8, A and B),
which was sufficient to lead to increased MAC deposition (fig. S8C)
and, ultimately, 661W cell death (Fig. 4F and fig. S9, A and B). Together

ternative pathway), making the photo-
receptors prone to complement-mediated attack (Fig. 1, C to E). Mice
in which the central C3 protein of the alternative pathway was missing
(C37") or inhibited were protected from photoreceptor cell death (Fig.
2, A to D), and reactivation of the pathway was sufficient to restore the
injury phenotype (Fig. 2, E and F). We further confirmed the role of the
alternative pathway using mice that lacked factor B (Fb™") and found a
similar reduction in the amount of photoreceptor cell death (Fig. 3).
The height and duration of RD are critical determinants for the
degree of vision loss associated with RD (6) due to the reliance of the
photoreceptors on the diffusion of nutrients from the choroidal vas-
culature (6, 46). Previous studies have elegantly shown that the hypoxia
associated with RD is linked to photoreceptor cell death (46, 48, 49). Our
work expands on these findings by providing a mechanism for how hy-
poxia can in part induce photoreceptor cell death through alternative
pathway activation. The down-regulation of Cd55 and Cd59 in the
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photoreceptor cell layer would make the cells susceptible to
alternative pathway-mediated lysis. We observed that cell death in
the outer nuclear layer occurs in clusters rather than in a uniform pat-
tern. One possibility for this pattern is that complement activation led
to the initial lysis of a subset of cells and subsequent release of their
intracellular components, which triggered neighboring cells to
undergo programmed cell death by apoptosis. The observed cell death
was highly restricted to the outer nuclear layer, and at this point, we do
not know how the other cell layers were protected. One possibility is
that the other cell layers did not become hypoxic. The superficial retinal
vasculature of the ganglion cell layer and deep retinal vasculature of the
inner nuclear layer may supply sufficient nutrients and oxygen to prevent
complement inhibitor down-regulation in these layers. Additionally, it
is possible that the retinal cell layers express different complement in-
hibitor profiles that are not susceptible to hypoxic regulation.
Whereas we have found that the alternative pathway is playing a
profound role in photoreceptor cell death associated with RD, several
key questions remain. The essential rate-limiting protein factor B is up-
regulated in response to RD; however, currently, we do not know the
cellular source of complement in the retina. Macrophages are known
to produce high levels of factor B when they become activated (50, 51)
and therefore could be the source. Another possibility is that the re-
sident microglia are responding to the initial insult by producing
factor B and depleting C3, subsequently recruiting circulating macro-
phages to the retina. Support for this idea comes from a study performed
using a light-induced model of retinal degeneration that shows peak
cell death in the outer nuclear layer at 24 hours and peak C3 expression
at 7 days (52). In that study, the authors suggest the possibility of in-
filtrating macrophages contributing to C3 production. This raises the
intriguing possibility that there may be temporal changes in expres-
sion where microglia initiate the alternative pathway by expressing
factor B and at the same time recruit macrophages. The macrophages
then migrate into the retina and produce C3. In our study, we focused
on an early time point to determine the initiating events and to see peak
cell death corresponding to peak factor B expression. It would be
interesting to see whether C3 expression increased at a later time point
in the RD mouse model, similar to what has been reported in the light-
induced model. In addition, it has been shown that microglia isolated
from aged mice tend to produce an increase in both factor B and C3
(53), indicating that resident microglia are capable of producing essen-
tial alternative pathway components. It would be beneficial to tease
out the distinct functions of microglia and macrophages in RD.
We observed a marked reduction in Cd55/Cd59 in photoreceptors,
making them exceptionally prone to opsonization and hence strongly
chemoattractive for macrophages. It has also been shown that Miiller
cells become activated during RD, producing a variety of growth factors
and changing their profile of Toll-like receptor expression (54-56).
Therefore, Miiller cells could be a first responder to the physical sep-
aration of the retina, thereby recruiting peripheral macrophages or lo-
cal microglia to the site of detachment. Examining the response and
time course of local microenvironmental changes and the migration of
circulating macrophages to the site of detachment could lend further
mechanistic insight into the inflammatory process. Another question
that remains is how Cd55 and Cd59 become down-regulated in the pho-
toreceptors. Our previous work indicated that endothelial cells down-
regulate Cd55 in response to hypoxia (28). Here, we show using 661W
cells that photoreceptor cells can also directly respond to hypoxia by
down-regulating Cd55 and Cd59 (fig. S8). Whereas this begins to answer
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how photoreceptors become vulnerable to complement-mediated at-
tack, subsequent in vivo studies linking complement expression changes
in cell types of interest (Miiller cells, microglia, and photoreceptors) will
provide a more complete understanding of how the cells within the ret-
inal microenvironment communicate during trauma.

We propose a mechanism whereby the physical separation/hypoxic
state of the retina in part leads to Cd55 and Cd59 down-regulation (es-
sential complement regulatory proteins) in the photoreceptors with a
concomitant rise in factor B, which results in targeting of the photore-
ceptors for complement-mediated cell lysis. There is increasing evidence
suggesting that a delicate balance of complement pathway activity can
be valuable for CNS tissue homeostasis (28, 57). Here, we have shown
how a specific cell type, the photoreceptors, can be negatively affected
through modulation of complement pathway activators and inhibitors.
RD is a sight-threatening complication in some of the most common
forms of blindness, such as age-related macular degeneration and dia-
betic retinopathy. In addition, RD can be caused by blunt trauma such
as military blasts or sports injuries. The delay between when the patient
presents at the clinic to the scheduled surgery, generally 7 to 10 days, can
often lead to permanent vision loss. Understanding the mechanism
behind the disease may allow clinicians to inject a drug into the eye
at the time of diagnosis to slow or prevent photoreceptor cell death
until the RD can be surgically repaired. However, there are some lim-
itations to our study. For example, anti-complement Ab administration
was given subretinally at the time of detachment, whereas in a clinical
setting, most drugs are administered intravitreally at the time of presen-
tation. This lag time from the initial detachment to therapeutic anti-
complement Ab treatment could result in significant photoreceptor cell
loss. Moreover, retinal penetration and efficacy may vary with intra-
vitreal injections compared to subretinal injections. Also, our animal
model of RD is acute, and peak cell death occurs within 24 hours,
making treatment after detachment difficult to assess. Furthermore,
our animal model of RD does not completely recapitulate clinical
rhegmatogenous RD because no retinal tear occurs in our model.
The role of retinal tear on complement induction and photoreceptor
hypoxia/cell death is currently unknown. Nevertheless, our work con-
tributes to elucidating the therapeutic potential of emerging anti-
complement therapies in RD and other diseases of retinal injury.

MATERIALS AND METHODS

Study design

The end goal of this study was to identify the role of the alternative
complement pathway in RD and identify a mechanism by which it is
activated. The vitreous from patients with RD versus a control cohort
(macular hole or epiretinal membrane) was assessed for key compo-
nents of the complement system by ELISA. We subsequently used a
mouse model of RD, which provided a systematic and controlled system
allowing us to take advantage of genetic manipulation possible in mice.
All time points were assessed at 24 hours after detachment, the height
of cell death in this model. In studies where the complement pathways
were inhibited or reactivated, 1 ul of the compound assessed (cobra
venom factor, anti-factor D, anti-C3, or vehicle control) was adminis-
tered subretinally immediately before injecting the 1% sodium hyal-
uronate. Experimental groups were defined to allow for statistical
analysis. Patient and mouse specimens were masked as to group identity
and only unmasked after analysis.
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Mouse model of RD

This study adhered to the Association for Research in Vision and
Ophthalmology statement for the Use of Animals in Ophthalmic
and Vision Research. C57Bl6 mice were obtained from The Jackson Labo-
ratory (stock no. 000664). Fb™'~, C37'~,and C1q™"~ mice were a gift from
J.D.L. at the University of Pennsylvania. Mbl A/C™'~ were a gift from
G. Stahl at Brigham and Women’s Hospital. Each strain was maintained
as a breeding colony in the Massachusetts Eye and Ear Infirmary animal
facility and was between the ages of 8 and 12 weeks for all studies per-
formed. The model of RD was performed as previously described (13).

Human vitreous

All human vitreous samples were obtained using a protocol approved
by the Institutional Review Board at Massachusetts Eye and Ear Infir-
mary and de-identified/anonymized. Undiluted vitreous (0.3- to 1.0-ml
volume) was obtained from patients during standard, three-port pars
plana vitrectomy under direct visual control by aspirating liquefied vit-
reous from the center of the vitreous cavity with a syringe before starting
the infusion. Vitreous was obtained from nine patients with varying de-
grees of RD and four patients who had a macular hole or epiretinal
membrane with no RD (control samples) (table S1). Samples were kept
on ice during the time of surgery and then immediately moved to —80°C
for storage. To separate the soluble protein from the collagenous matrix,
the samples were thawed on ice and then spun at 12,000 rpm for 15 min
at 4°C (58). The supernatant was collected, aliquoted, and stored at
—80°C. Each aliquot was not thawed more than once for use in the
ELISA assays.

Statistical analysis

Values are expressed as means + SEM (unless specified), and statistical
analysis was performed using an unpaired Student’s ¢ test (****P <
0.001, **P < 0.001, **P < 0.01, *P < 0.05; ns, P > 0.05).

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/7/297/297ra116/DC1

Materials and Methods

Table S1. Human patient data for ELISA samples.

Fig. S1. Human samples of RD.

Fig. S2. Mouse model of RD.

Fig. S3. Complement expression in the mouse RD model.

Fig. S4. Cd55 and Cd59 are down-regulated in the detached retina.

Fig. S5. Outer nuclear layer expression of complement regulator Cd55.

Fig. S6. Expression of several key complement proteins after RD.

Fig. S7. The role of the lectin and classical complement pathways in outer nuclear layer cell
death after RD.

Fig. S8. Cd55 and Cd59 are down-regulated in a photoreceptor cell line during hypoxia, and
increasing serum concentrations cause MAC formation.

Fig. S9. Hypoxia makes photoreceptors more susceptible to complement-mediated cell death.
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Editor's Summary

Preventing photoreceptor death after retinal injury

Retinal detachment and subsequent degeneration of the retina can lead to progressive visual decline due to
death of photoreceptor cells, the major light-sensing cells within the eye. Early inflammatory mediators are
up-regulated in the eye of patients with retinal detachment including components of the alternative complement
pathway. Using a mouse model of retinal detachment, Sweigard et al. found that by blocking the alternative
complement pathway through both genetic and pharmacological means, photoreceptors were protected from cell
death.
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