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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, characterized 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 programmed necrosis. Given
that photoreceptors are nondividing cells, their loss leads to irreversible visual impairment 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 correlated 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 pathway. 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 mediator 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 photoreceptor 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 current 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
permanent 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 photoreceptors degenerate is very poorly understood. Therefore, the
first step to develop an effective therapeutic agent is to determine the underlying disease
mechanisms to identify the most appropriate means for intervention.

One of the few known mechanisms regarding photoreceptor degeneration 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
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such that the cells are likely irreversibly compromised. Therefore, it becomes apparent that
preventing the induction of death pathways 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 inflammatory mediators (4). Of particular interest are those belonging to the
complement system (4). The complement system, part of innate immunity, 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 photoreceptor cells into the terminal
stages of cell death.

The complement system represents a major component of immunity, playing a vital role in
the defense against infection and in the modulation of immune and inflammatory responses
(17-20). In addition 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 inhibition 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 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
membrane to facilitate cellular clearance (17, 19, 25). Evolutionarily, 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 prevent activation of a complement response (17, 26, 27). However,
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). Because 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 detrimental to photoreceptor cell survival.

Here, we provide evidence that the alternative complement 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 hyaluronate 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-
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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 suggest a role for
complement in RD and that complement inhibition could protect photoreceptors in patients
with RD (30).

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
pathway (table S1 and fig. S1, A and B) (31). Factor B was significantly up-regulated in RD
patients (P < 0.05), indicating alternative pathway activation (Fig. 1A). There was no
significant change in several other key complement proteins including factor D, complement
component 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 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
(312).

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
expression in the retinas of mice with or without RD and found significant up-regulation
from 12 to 48 hours after detachment, peaking at 24 hours (Fig. 1C and fig. S3A; P <0.05 to
0.0001). Key activators for the lectin (Masp2) and classical (C1q) complement pathways
were also assessed, and in both cases, up-regulation was less than that found for the
alternative pathway; 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 complement help to protect healthy host tissue from
self-recognition, providing protection from erroneous activation(34-37). However, 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 encoding 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 significantly down-regulated in the detached
retina (Fig. 1C; P < 0.05 to 0.0001), making these cells intrinsically more prone to targeted
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cell death. To confirm that the decline in Cd55 and Cd59 was specific to the photoreceptors,
we performed in situ hybridization. A comparison of the attached and detached regions of
the retina from the same eye revealed that Cd55 and Cd59 expression was down-regulated in
the detached 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 expression 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 exception 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 susceptible 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 in a C3~/~ mouse, which lacks
the central C3 protein required for all three complement pathways (17). Photoreceptor cell
death was quantified at 24 hours after detachment, the peak of cell death. C3/~ 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 C3 in RD, C57BI6
(control wild-type) mice were given injections of an immunoprecipitating antibody (Ab)
against C3 in the subretinal space at the time of detachment. Quantitation of TUNEL
labeling revealed 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 <0.01 and P < 0.0001, respectively). Conversely, we used the opposite
approach whereby we reactivated complement in C3~/~ mice by introducing 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 complement systemically through rapid, sustained activation
of the complement system, exhausting the available circulating complement 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 complement
system in C3~/~ mice using cobra venom factor increased photoreceptor cell death after RD
compared to that of C37/~ mice that received a phosphate-buffered saline (PBS) control
injection (Fig. 2, E and F). Together, these results strongly implicate the complement system
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
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the alternative complement pathway (Fb™'~) showed a substantial decrease 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 complement pathway in RD, we
injected an immunoprecipitating Ab against factor D into the subretinal space of C57BI6
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, C and 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 photoreceptor cell
death in response to RD.

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 nutrients 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 deprivation (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. Hypoxyprobe
is a thiol-binding probe that only binds to cells with an oxygen concentration less than 14
UM, 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
sections. 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 pM 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, 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 reduction 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 complement activation led to
MAC-mediated cell death, we used a photoreceptor cell line (661W) under hypoxic
conditions and added serum (a key source of complement) to activate the complement
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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 with the previous data from C3~/~ and Fb™~ mice, this indicates
that alternative pathway activation is required for cell death and that hypoxia participates in
the stimulus to promote complement activation. This is in accord with previous work
showing that hypoxia leads to complement activation and deposition of iC3b, causing an
intracellular signaling cascade that results in the formation of reactive oxygen species and,
ultimately, cell death (47).

DISCUSSION

We have found that human patients with RD have increased expression of factor B,
indicating alternative pathway activation (Fig. 1A and fig. S1). We do not see a change
inC3, 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 pathway by cleaving the C3 protein, central to the alternative pathway.
Ultimately, alternative pathway activation proceeds to MAC formation, lysing cells by
forming a lytic pore on the cell membrane. To gain mechanistic insight into the increased
expression 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.
S2C and S3A) at 24 hours. At the same time, there was a decrease in Cd55 and Cd59
expression (negative regulators of the alternative pathway), making the photoreceptors prone
to complement-mediated attack (Fig. 1, C to E). Mice in which the central C3 protein of the
alternative pathway was missing (C3~/") 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 vasculature (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 hypoxia can in part induce
photoreceptor cell death through alternative pathway activation. The down-regulation of
Cd55 and Cd59 in the 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 pattern. 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
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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 inhibitor 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 resident microglia are responding to the initial
insult by producing factor B and depleting C3, subsequently recruiting circulating
macrophages 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 infiltrating macrophages contributing to C3 production. This raises the
intriguing possibility that there may be temporal changes in expression 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 essential 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 Muller 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 separation of the retina,
thereby recruiting peripheral macrophages or local 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 photoreceptors. 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 how photoreceptors become
vulnerable to complement-mediated attack, subsequent in vivo studies linking complement
expression changes in cell types of interest (Mdiller cells, microglia, and photoreceptors) will
provide a more complete understanding of how the cells within the retinal
microenvironment communicate during trauma.
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We propose a mechanism whereby the physical separation/hypoxic state of the retina in part
leads to Cd55 and Cd59 down-regulation (essential complement regulatory proteins) in the
photoreceptors with a concomitant rise in factor B, which results in targeting of the
photoreceptors 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 diabetic 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
limitations 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 presentation. 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 contributes 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
components 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 pl of the compound assessed (cobra venom factor,
anti—factor D, anti-C3, or vehicle control) was administered subretinally immediately before
injecting the 1% sodium hyaluronate. 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. C57BI6 mice were obtained
from The Jackson Laboratory (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 performed. 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 Infirmary 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 vitreous
from the center of the vitreous cavity with a syringe before starting the infusion. Vitreous
was obtained from nine patients with varying degrees 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 t test (****P < 0.001, ***P < 0.001, **P < 0.01, *P
<0.05; ns, P >0.05).

MATERIALS AND METHODS

Mouse model of retinal detachment

This study adhered to the ARVO statement for the Use of Animals in Ophthalmic and
Vision Research. C57BI/6 mice were obtained from Jackson laboratories (stock number
000664). Fb—/—, C3—/—, and C1g—/— mice were a gift from Dr. John Lambris at the
University of Pennsylvania. Mbl A/C—/— were a gift from Dr. Gregory Stahl at Brigham and
Women’s Hospital. Each strain was maintained as a breeding colony in the MEEI animal
facility and were between the age of 8-12 weeks for all studies performed. The model of
retinal detachment was performed as previously described (13). Briefly, mice were
anesthetized using a mixture of ketamine (60mg/kg) and xylazine (6mg/kg). Deep anesthesia
was confirmed by a toe pinch test. One drop of proparacaine hydrochloride (0.5%) (Akorn,
17478-263-12) was administered to each eye. Using a dissecting microscope an incision was
made in the temporal conjunctiva to separate the conjunctiva from the sclera. A self-sealing
scleral incision was made using the tip of a 30 G needle with the bevel pointed up and a
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tunnel was made to penetrate the sclera into the choroid. The cornea was then punctured
with a 30 G needle to reduce intraocular pressure. A 33 G needle connected to a Hamilton
syringe was then inserted into the subretinal space with the bevel pointed down (towards the
inner eye), and 3.5l sodium hyaluronate was injected slowly to detach the neurosensory
retina from the underlying RPE. To reduce the risk of sodium hyaluronate leakage
cyanoacrylate surgical glue was placed on the scleral wound. Finally, the conjunctiva was
reattached to its original position using cyanoacrylate surgical glue, further reducing the risk
of sodium hyaluronate leakage. Mice were kept on a heating pad until fully awake,
confirmed by upright mobility. This model varies somewhat from a previously reported
mouse model of RD (57, 58) in that we use 3.5l of Provisc®, as opposed to 1ul, and we
seal the scleral cut with glue to prevent Provisc® leakage. These alterations likely make our
model slightly more severe since it would result in an increased height of detachment.

Human vitreous

All human vitreous samples were obtained using a protocol approved by the Institutional
Review Board at Massachusetts Eye and Ear Infirmary 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 vitreous from
the center of the vitreous cavity with a syringe before starting the infusion. Vitreous was
obtained from 9 patients with varying degrees of retinal detachment (RD) and 4 patients that
had a macular hole with no RD (control samples) (Supplemental table 1). Samples were kept
on ice during the time of surgery then immediately moved to —80°C for storage. In order to
separate the soluble protein from the collagenous matrix the samples were thawed on ice
then spun at 12,000 RPM for 15 minutes at 4°C (59). The supernatant was collected,
aliquoted, and stored at —80°C. Each aliquot was thawed not more than once for use in the
ELISA assays.

ELISAs for measuring complement proteins

Human—All human ELISA measurements were performed using 5ul of undiluted vitreous,
isolated as described above. All ELISAs were performed following kit instructions and
measured using a Molecular Devices Spectramax M3 plate reader. Standard curves were
generated using the standard reagents provided in the kit then sample values determined
automatically using Softmax pro software. Human ELISA kits that were used include Fb
(Novatein, BG-HUM10501), Fd (Abcam, ab99969), C5 (Abcam, 125963), and C3 (Abcam,
ab108822).

Mouse—TFor mice Whole retinas were isolated and flash frozen in liquid nitrogen then
stored at —80°C. Protein extraction was performed using M-Per protein extraction reagent
(Thermo Scientific, 78501, Waltham, MA) and concentration determined using the Bradford
assay. ELISAs for Fb (NovateinBio, BG-MUS10520) using retina were performed by
following kit instructions and measured as described above.

RTPCR to measure complement activity

RNA was isolated using an RNeasy micro kit (Qiagen, 74004, Valencia, CA) for LCM
samples or an RNeasy mini kit (Qiagen, 74106, Valencia, CA) for whole retina. Total RNA
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was measured using a nanodrop spectrophotometer (Thermo Scientific, Nanodrop 2000,
Waltham, MA) then each sample was normalized prior to transcribing cDNA. cDNA was
transcribed using superscript 111 (Invitrogen, 18080-044, Carlsbad, CA) then one microliter
of cDNA was used for each RTPCR reaction. Primers to Fb (Life Technologies,
Mm004333909), C1lq (Life Technologies, Mm00432142), MASP2 (Life Technologies,
Mm00521963), Cd55 (Life Technologies Mm00438377), and Cd59a (Life Technologies,
MmO00483149) were used for whole retina and combined with Tagman universal PCR
master mix (Life tehcnologies, 4304437). Primers for Cd55 using photoreceptors isolated by
LCM were obtained through Integrated DNA Technologies using their online Primer Quest
design tool and importing the NCBI ID number for the sequence (Forward 5'-
TGTAAGCAGAATCGCCACAGAGGT-3 and Reverse 5'-
GTGAGCTTCCACTGCAGGTTTGTT-3). RTPCR was run in triplicate and the average of
each CT value used for analysis. All CT values were normalized to beta actin from each
sample as an internal control. Final values were determined using the AACT method.

TUNEL labeling and quantitation of dying cells in the ONL

Following RD treatment eyes were enucleated at the indicated time points. The eyes were
frozen in OCT (Tissue Tek, 4583) using chilled isopropanol in dry ice with the glue spot
(provisc injection site) facing down and 14um sections were taken until the first sign of RD
became evident. 4 sections were then taken with 75um gaps between each section to span
the RD. TUNEL labeling was performed using a Roche TUNEL kit (Roche, 12156792910)
following the kit instructions. The sections were coverslipped with DAPI containing
medium (Vector Labs, H-1200). Using the 40x objective a DAPI image was taken at the mid
point from the optic nerve to the end of the retina for each half of the eye (Supplemental Fig.
2, red boxes). The DAPI image was then overlayed with an image of the texas red channel
(TUNEL cells). Using the merged image in ImageJ the area of the ONL was outlined then
the number of TUNEL positive cells overlapping with DAPI cells was counted. Regions
from all 4 sections were averaged then graphed in Prizm.

Isolation of the ONL using laser capture micro-dissection

Eyes were enucleated 24 hours post RD then placed in OCT compound (Tissue Tek, 4583,
Torrance, CA), and quickly frozen by submerging in a beaker of isopropanol chilled by dry
ice. Between 16 and 18 sections cut at 30um were placed onto a frame slide (leica
11505190, Germany) under RNAse free conditions then allowed to air dry for 10 minutes.
All reagents were made using nuclease free water (Ambion, AM9932, Carlsbad, CA). The
sections on the frame slides were fixed using a graded series of EtOH (Sigma, 459836-1L,
St. Louis, MO) consisting of incubation in 50% EtOH for 1 minute, 75% EtOH for 1.5
minutes, and water for 1 minute. To identify the cell layers the slides were dipped in 0.1%
toluidine blue solution (Fluka, 89640-5G, St. Louis, MO) followed by 2 rinses in water for
15 seconds each, 75% EtOH for 30 seconds, and water for 15 seconds. Sections were dried
in room air then the photoreceptors were isolated using laser capture micro-dissection
(Leica, LMD 7000, Germany). Samples were collected in RNAlater® solution (Ambion,
AM7022, Carlshad, CA) and stored at —80°C until RT-PCR was performed.
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Complement blocking and re-activation studies in mice

C3 neutralizing antibody—In order to dampen complement activation a neutralizing
antibody was injected against the central C3 protein required for complement amplification.
Prior to in vivo injection the azide was removed from the C3 antibody (Abcam, ab11862)
using an Abcam purification kit (ab102784) following kit instructions. Briefly, 200ul of C3
antibody was used for starting material and incubated in in the provided resin containing
20pl of 10x binding buffer for 1 hour at room temperature with gentle agitation. The resin
was then spun to remove unbound antibody and washed with the provided wash buffer. The
antibody was eluted with 100yl of elution buffer then 25pl of neutralizer was added. The
elution procedure was repeated 3 times using separate collecting tubes. Only the first tube
was used for in vivo injections corresponding to 0.1mg/ml. The model of retinal detachment
was performed precisely as described above with one modification: Prior to injecting the
provisc 1ul of the purified C3 antibody (0.1ug) or IgG2a isotype control (Life Technologies,
02-9688) was injected into the sub-retinal space through the scleral tunnel. The eyes were
enucleated 24 hours after RD and processed for TUNEL labeling as described earlier.

Fd neutralizing antibody—To dampen the alternative pathway an antibody was injected
that binds to Fd (R&D systems, MAB5430) prior to creating RD. The antibody did not
contain azide therefore was resuspended in PBS to a final concentration of 0.5mg/ml,
alliquoted, and stored in —20°C. The antibody was not thawed more than once for injection.
The model of retinal detachment was performed precisely as described above with one
modification: Prior to injecting the provisc 1pl of the purified Fd antibody (0.5ug) or IgG1
isotype control (Life Technologies, R100) was injected into the sub-retinal space through the
scleral tunnel into the sub-retinal space. The eyes were enucleated 24 hours after RD and
processed for TUNEL labeling as described earlier.

Re-activation of the complement system in C37~ mice—To re-activate
complement in C3~/~ mice we injected 1pl (1.1mg) of cobra venom factor (CVF) (quidel,
A600) into the sub-retinal space prior to the Provisc® injection. When introduced into the
blood stream CVF activates complement, bypassing the need for endogenous C3. The rest of
the model of retinal detachment was performed precisely as described above. The eyes were
enucleated 24 hours after RD and processed for TUNEL labeling as described earlier.

Detecting hypoxic regions in the retina

Hypoxic areas of the retina were identified 24 hours after detachment with the use of the
Hypoxyprobe™-1 Plus kit (HPI, HP2-100). Hypoxyprobe™ (pimonidazole hydrochloride) is
a substituted 2-nitoimidazole that forms adducts with thiol containing proteins in only those
cells that have an oxygen concentration less than 14pumol (ie. hypoxic cells). Retinal
detachments were made as described above and 22.5 hours later mice were anesthetized
with a mixture of ketamine (60mg/kg) and xylazine (6mg/kg) then injected with
Hypoxyprobe™ (2mg in a volume of 100pl) directly into the left ventricle. Mice were kept
on a heating pad maintained at 37°C and monitored for 90 minutes to allow complete
binding of the probe to hypoxic tissues. The eyes were enucleated and frozen in OCT that
had been chilled in dry ice. Blocks were sectioned at 20um then fixed in 4%PFA for 20
minutes. The endogenous peroxidase present in the tissue was quenched using 3% H»O5 for
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5 minutes. Non-specific binding was blocked using 5% fetal calf serum/0.5% triton x/0.3%
bovine serum albumin. Samples were then incubated with a FITC conjugated mouse 1gG1
that binds to pimonidizole (Hypoxyprobe™) at a dilution of 1:100. The FITC was amplified
using rabbit anti-FITC conjugated with horseradish peroxidase at a dilution of 1:75 followed
by the addition of a brown DAB chromagen. To identify the retinal layers slides were
dipped in haematoxylin (Sigma, H9627) for 1 minute then washed 3 times in PBS and
coverslipped. Binding of the probe was compared on retinal cross sections where 50% of the
retina was attached and the other 50% detached.

Retinal oxygen measurements

In vivo oxygen measurements were performed using a 50pum diameter glass-electrode-
oxygen sensor (Unisense A/S, Denmark). This probe has a linear response between 0-1 atm
pO, ranges, negligible oxygen consumption (10-16 mol/sec) and fast time response. The
cathode is polarized against an internal Ag/AgCl anode that results in rapid, 0.3 second, in
Vivo oxygen measurements. Prior to its use, the sensor was thoroughly pre-polarized for 24
hours and was calibrated using two points: maximum oxygen saturation using 0.9% saline at
37 °C under continuous air agitation, and zero oxygen calibration using sodium ascorbate
solution. A linear fit was calculated from the two calibration points and implemented into
the data acquisition software. Sampling rate was adjusted to 1Hz (Nyquist-Shannon
sampling theorem) and measurements were acquired and stored in a portable computer for
later processing.

Animal preparation—Mice were anesthetized by using a mixture of ketamine (60mg/kg)
and xylazine (6mg/kg) administered via an intra-peritoneal (IP) injection. Adequate sedation
was confirmed by toe pinch. One drop of proparacaine hydrochloride (0.5%) (Akorn,
17478-263-12) was administered to each eye. A stereotaxic frame (Leica 39463001) with
Cunningham mouse adaptor (Leica 39462950) was used to immobilize the head of the
mouse. A 32 gauge needle was then used to create a tunnel into the subretinal space. A
manual (x,y,z) microstage, adapted with the oxygen sensor, was used to gently guide the
probe into the subretinal space adjacent to the detached retina and measurements were
performed for several seconds, until oxygen readings were stabilized. Oxygen measurements
in the contralateral non-detached eyes served as internal controls and naive mice served as
control reference. During the experimental time frame the probe was retested for accuracy in
the calibration solutions and found to be within range. The mice were euthanized by spinal
dislocation after the final reading.

Supplementing oxygen after retinal detachment

Retinal detachments were performed as described above then the mice were kept either in
the animal holding facility (~21% O,) or immediately placed into an oxygen chamber
maintained at constant 75% O, (Biospherix model 110). After 24 hours the mice were
anesthetized under a heavy dose of avertin (2,2,2 tribromo ethanol, Sigma, T4, 840-2) at a
working concentration of 20mg/ml and injected at a dose of 0.25-0.5 mg/gram
intraperitoneally. In one group the eyes were enucleated and frozen in OCT compound using
isopropanol chilled by dry ice. The eyes were then processed for TUNEL labeling and
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quantified as described above. In the other group the retina was removed and immediately
flash frozen in liquid nitrogen for RNA extraction. All eyes were stored at —80°C.

Statistical analysis

Values are expressed as mean + SEM (unless specified) and statistical analysis was
performed using an unpaired Student t test (***: P<0.001, **: P<0.01, *: P<0.05, ns:
P>0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Activity of the alternative complement pathway during RD
(A) ELISA analysis 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 expression 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
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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 pm.
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Fig. 2. Apoptosis in complement-deficient mice after RD
(A) Representative TUNEL labeling in the outer nuclear layer (ONL) of C3~/~ 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~/~ mice (n =
8) 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) Quantitation of TUNEL cells in the outer nuclear layer of
mice injected with an Ab against C3 (n = 4) compared to injection with an 1gG isotype
control Ab (n = 10). (E) Representative TUNEL labeling in the outer nuclear layer of C37/~
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 C37/~
mice (n = 8). **P < 0.01, ****P < 0.0001; unpaired Student’s t test. Scale bars, 50 um.
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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) Representative
TUNEL labeling 24 hours after RD in mice injected with an anti—factor D (Fd) Ab and 1gG
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 um.
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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). (C) Representative TUNEL labeling in the outer nuclear
layer 24 hours after RD in mice kept in room air (left panel) compared to mice kept in 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
showing gene expression for Fb (encoding factor B) in the attached or detached retina 24
hours after RD; comparing mice kept in room air to mice kept in 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 complement) 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 pm.
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