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A B S T R A C T

Age-related macular degeneration (AMD) is the leading cause of blindness in the US. Polymorphisms in com-
plement components are associated with increased AMD risk, and it has been hypothesized that an overactive
complement system is partially responsible for AMD pathology. Choroidal neovascularization (CNV) has two
phases, injury/angiogenesis and repair/fibrosis. Complement activation has been shown to be involved in the
angiogenesis phase of murine CNV, but has not been investigated during repair. Anaphylatoxin (C3a and C5a)
signaling in particular has been shown to be involved in both tissue injury and repair in other models. CNV was
triggered by laser-induced photocoagulation in C57BL/6 J mice, and lesion sizes measured by optical coherence
tomography. Alternative pathway (AP) activation or C3a-receptor (C3aR) and C5a-receptor (C5aR) engagement
was inhibited during the repair phase only of CNV with the AP-inhibitor CR2-fH, a C3aR antagonist (N2-[(2,2-
diphenylethoxy)acetyl]-L-arginine, TFA), or a C5a blocking antibody (CLS026), respectively. Repair after CNV
was also investigated in C3aR/C5aR double knockout mice. CR2-fH treatment normalized anaphylatoxin levels
in the eye and accelerated regression of CNV lesions. In contrast, blockade of anaphylatoxin-receptor signaling
pharmacologically or genetically did not significantly alter the course of lesion repair. These results suggest that
continued complement activation prevents fibrotic scar resolution, and emphasizes the importance of reducing
anaphylatoxins to homeostatic levels. This duality of complement, playing a role in injury and repair, will need
to be considered when selecting a complement inhibitory strategy for AMD.

Age-related macular degeneration (AMD) is a slowly progressing
disease and the leading cause of blindness for Americans over sixty. The
late stage of disease has two forms; wet (neovascular, characterized by
angiogenesis) and dry (characterized by atrophy). Based on histolo-
gical, biochemical and genetic data, it has been hypothesized that an
overactive complement system is tied to the incidence of AMD (Mullins
et al., 2017). The complement system is part of the adaptive and innate
immune systems, and can be activated via three different pathways,
namely the classical pathway (CP), lectin pathway (LP) and alternative
pathway (AP). All pathways culminate in a common terminal pathway
to generate the cytolytic membrane attack complex (MAC) (Muller-
Eberhard, 1988). Other complement-derived effector molecules gener-
ated during complement activation are the soluble anaphylatoxins (C3a
and C5a), and membrane-bound opsonins (C3b/iC3b/C3d/C3dg).
Complement is activated by insult or injury, resulting in the recruitment
of inflammatory cells and the release of mediators such as enzymes and

cytokines, which control tissue damage or repair. Activation of the
complement system is controlled by soluble or membrane-bound in-
hibitors that act either specifically in the activation arms, or jointly to
block the common terminal pathway (Noris and Remuzzi, 2013). Im-
portantly, the AP amplifies complement activation triggered by the CP
and/or LP (Muller-Eberhard, 1988), making it a particularly attractive
therapeutic target.

The complement system in AMD has been the subject of many re-
views (e.g., (Geerlings et al., 2016; van Lookeren Campagne et al.,
2016)), and key findings can be summarized as follows: 1. Pathological
features of AMD contain many proteins, including complement com-
ponents C3a and C5a, 2. A high concentration of MAC has been re-
ported in the area of Bruch’s membrane in AMD eyes, in particular
those with high risk complement factor H genotypes, 3. Complement
regulatory proteins required to prevent or limit complement activation,
are reduced or mislocalized in AMD eyes. The hypothesis that the AP is
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critical to AMD pathogenesis was strengthened significantly by reports
showing that a polymorphism in the AP control protein factor H is
strongly associated with AMD. Based on these findings, many current
therapeutic developments focus on reducing complement activation for
treatment in AMD.

The most popular animal model to study wet AMD is the model of
laser-induced choroidal neovascularization (CNV). By rupturing the
RPE and Bruch's membrane by laser treatment, the procedure triggers
angiogenesis, modeling the hallmark pathology observed in wet AMD.
We have shown that all complement activation pathways participate in
CNV development (Rohrer et al., 2011), but have not identified the
biological effector molecules of the complement system essential for
pathology. The anaphylatoxins C3a and C5a that signal through their
respective G-protein-coupled receptors have been explored initially.
The first report demonstrated that C3aR and C5aR signaling augments
angiogenesis (Nozaki et al., 2006). A follow-up manuscript however
reported that C5a receptor inhibition did not reduce CNV, while C3−/−

or C5−/− mice had increased neovascularization compared to controls
(Poor et al., 2014). Neither of the two studies identified potential target
cells for anaphylatoxin-receptor signaling, which could include retinal
pigment epithelial cells, choroidal endothelial cells, fibroblasts, or in-
vading immune cells. These cell types express C3aR and C5aR and re-
spond to anaphylatoxin stimulation (Klos et al., 2009; Rohrer, 2018).
The anaphylatoxins are generally considered to contribute to in-
flammation as part of the host defense system, resulting in the re-
cruitment and activation of leukocytes and macrophages. However, a
recent publication suggested that anaphylatoxins may also play a role in
tissue repair and regeneration (Alawieh et al., 2015). Hence, we tested
the primary hypothesis that continued complement activation inter-
feres with regression of murine CNV, followed by the secondary hy-
pothesis that anaphylatoxin-receptor signaling is required for this re-
pair.

C57BL/6J and C3aR/C5aR double-deficient mice (C3aR−/−

C5aR−/−) on a C57BL/6J background (Kwan et al., 2013) were ran-
domly assigned to different treatment groups, and CNV lesions induced
as described previously, using argon laser photocoagulation (532 nm,
100 μm spot size, 0.1 s duration, 100mW) to generate four laser spots
per eye centered around the optic nerve in 3-4-month-old anesthetized
(xylazine and ketamine, 20 and 80mg/kg, respectively) mice (Rohrer
et al., 2009). Inclusion/exclusion criteria for successful lesions pro-
posed by Poor et al., were adopted (Poor et al., 2014). All experiments
were performed in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and were approved by the
University Animal Care and Use Committee. CNV lesion sizes were
measured by optical coherence tomography (OCT) analysis, using a SD-
OCT Bioptigen® Spectral Domain Ophthalmic Imaging System (Biop-
tigen Inc.) as reported (Coughlin et al., 2016). Using the Bioptigen®
InVivoVue software, rectangular volume scans were performed
(1.6 x 1.6 mm; 100 B-scans, 1000 A-scans per B scan), and using the
systems en face fundus reconstruction tool the center of the lesion was
determined and the image saved. ImageJ software (Wayne Rasband,
National Institutes of Health, Bethesda, MD) was used to determine the
volume of the hyporeflective spots in the fundus image (Giani et al.,
2011). Treatments were initiated on day 6 after the lesion and com-
menced through day 22. The C3aR antagonist TFA (1 μg/g bodyweight;
Santa Cruz Biotechnology Inc), or the AP inhibitor CR2-fH (10 μg/g
bodyweight) (Rohrer et al., 2009) were injected intraperitoneally every
48 h, the anti-C5a blocking antibody (40 μg/g; CLS026, Alexion Phar-
maceuticals) twice a week. TFA has previously been shown to block
mouse C3aR (Ames et al., 2001; Zhang et al., 2007) and to reduce CNV
when used via intravitreal injections (Nozaki et al., 2006). TFA has also
been shown to inhibit C3a-receptor signaling in mice when injected
systemically at the same dose used here (Kandasamy et al., 2013).
Likewise, C5aR antagonist activity of CLS026 has been shown by us and
others to reduce T-cell mediated inflammatory diseases in mouse
models such as CNV (Coughlin et al., 2016) and allograft vasculopathy

(Qin et al., 2016). The fusion protein CR2-fH specifically targets to sites
of complement activation via the CR2 moiety that binds C3d, and has
been shown to reduce complement-dependent pathology in two ocular
models when administered systemically (Rohrer et al., 2009; Woodell
et al., 2016). For quantitative determination of mouse C3a (LifeSpan
Biosciences, Inc) and C5a (Abcam) in the retina, RPE/choroid tissue
homogenates and serum, a sandwich enzyme immunoassay was used.
Tissues were rinsed with ice cold PBS to remove excess blood, cells
lysed by ultrasonication in the presence of a protease inhibitor cocktail
(Sigma-Aldrich), and homogenates cleared by centrifugation. Mea-
surements were obtained according to the manufacturer’s instructions
and as we have previously described (Coughlin et al., 2016)

Induction of CNV was shown to result in a rapid increase in C3a and
C5a in RPE/choroid samples, with maximum levels reached at 12 h
after injury (Nozaki et al., 2006). We previously demonstrated that C5a
levels were still elevated in the RPE/choroid at day 6 after the laser
burn (Coughlin et al., 2016). Here we build on these data and show that
both C5a and C3a are elevated in RPE/choroid, retina and serum
samples of mice 6 days after lesion induction. In serum, both anaphy-
latoxins were elevated to ∼150% over baseline levels, whereas in the
retina and RPE/choroid, C3a levels were increased to ∼260%, and C5a
levels to ∼150% (Fig. 1A). Given the fact that the anaphylatoxins re-
mained elevated at the peak of angiogenesis (also considered the onset
of the repair period), we hypothesized that they play a role in CNV
regression and repair.

Mouse choroidal neovascularization has two phases, injury/angio-
genesis and repair. Maximum size for both CNV lesion area and fluid
accumulation is observed at day 5 after the laser burn, followed by slow
regression of these parameters (Giani et al., 2011). Hence, we tested
whether reducing complement activation by AP inhibition (CR2-fH), or
administering either a C3a-receptor antagonist (TFA) or an anti-C5a
blocking antibody (CLS026) during the regression phase of CNV
starting at day 6 post lesion, would alter the course of repair. Rates of
repair were also compared to those in mice in which both anaphyla-
toxin receptors were eliminated (C3aR−/− C5aR−/−). Repair was ex-
amined in a longitudinal study, measuring lesion sizes by OCT over
time (Fig. 2A). Repeat measurements reduce the number of animals
required for longitudinal studies and decrease inter-animal variability.
Here we relied on the observation by Giani and coworkers, who have
shown that CNV lesion size and fluid dome assessment by OCT corre-
lates with anatomic markers of cellular infiltration and fibrosis as well
as functional activity on fluorescein angiography (Giani et al., 2011).
To allow for comparison, all CNV sizes were set to 100% at day 5, and
scaled accordingly through day 23 (Fig. 2B). When analyzing lesion
sizes at the final time point on day 23 using post-hoc testing (Fisher’s
PLSD; StatView, SAS Institute), CR2-fH-treated animals had sig-
nificantly smaller lesions (P < 0.0001), and TFA- and CLS026-treated
animals had larger lesions as compared to PBS-treated mice (P <
0.005). However compared to CR2-fH-treated animals, all other groups
had significantly larger lesions (Fig. 2B). For more rigorous testing,
treatment responses over time were evaluated using a repeated measure
ANOVA. In the analysis of response over time, there was a significant
effect of treatment (P < 0.0001), time (P < 0.0001), and a treatment
by time interactions (P < 0.005). To determine the contribution of the
different treatments to these effects, the mean differences in lesion sizes
and slopes of recovery were analyzed, correcting for multiple compar-
isons. For lesion sizes, when compared to the PBS group, only the
CLS026-treated animals were significantly worse (P < 0.01). Mice
treated with CR2-fH showed improved lesion repair (P < 0.0001).
When comparing the slopes of repair between the treated groups and
controls (PBS), the rate of repair was only affected by CR2-fH, which
was faster as compared to PBS (P < 0.005).

To assess the effects of the treatments on anaphylatoxin levels, C3a
and C5a measurements were performed in RPE/choroid fractions at day
23 (Fig. 1B). In PBS treated animals, C3a and C5a levels did not return
to baseline by day 23, but rather remained significantly elevated. In
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comparison, in mice treated with CR2-fH, C3a and C5a levels were
normalized to levels seen in age-matched mice without CNV. This is in
contrast to mice treated with TFA or CLS026, in which anaphylatoxin
levels remained elevated, whereas in C3aR−/− C5aR−/− mice, no
CNV-mediated changes in anaphylatoxin levels were observed.

The main results of the study are: 1) CNV triggers long-lasting
complement activation in the eye, such that increased levels of ana-
phylatoxins were still present 6 and 23 days post lesion; 2) mouse CNV
lesions undergo some spontaneous repair; 3) AP-inhibition accelerated
CNV regression; and 4) inhibition of anaphylatoxin-receptor signaling
does not alter the time course of CNV regression. Thus, our data sug-
gests that CNV lesions trigger long-lasting complement activation in the
eye, and that complement inhibition and normalization of anaphyla-
toxin levels appears to be required for repair mechanisms during the
regression phase of CNV.

As a clinically relevant observation, we found that CNV is associated
with increased levels of anaphylatoxins in serum and in ocular tissues.
It is unlikely that the systemic levels were derived from the eye, but
rather, it is more likely due to independent systemic complement ac-
tivation in response to the release of damaging components from the
eye into the circulation. A contribution of the splenic immune response
to CNV lesions has been shown by us (Coughlin et al., 2016) and others
(Tan et al., 2016). However, irrespective of the source of the anaphy-
latoxins, it can be argued that elevated serum anaphylatoxin levels, as
are found in late-stage neovascular AMD patients (Smailhodzic et al.,
2012) and in mouse CNV (our data here), are associated with higher
anaphylatoxin levels in the eye.

We also confirmed and extended previously reported data on ocular
anaphylatoxin levels in the eye (Nozaki et al., 2006), but our data
suggest that changes are long-lasting rather than transient. An order of
magnitude calculation, assuming a 1.5 mm3 of RPE/choroid volume
and not factoring in the percent extracellular space, suggests basal C3a
and C5a levels of 10 nM and 40 pM, respectively, with 4x or 2x in-
creases in response to CNV. Those concentrations are well within
functional range, since responses have been detected below nanomolar

concentrations for C3a and below picomolar concentrations for purified
C5a (Ross, 1986).

CNV in rodents has many contributing factors. Our current under-
standing is that laser burns lead to local RPE tissue destruction, with a
surrounding peri-lesional area marked by oxidative stress (Rohrer et al.,
2012). Within the RPE, an increase in VEGF expression as well as
complement production and activation is noted (Nozaki et al., 2006;
Rohrer et al., 2009). Immune cells infiltrate the eye rapidly (Tsutsumi-
Miyahara et al., 2004), and mononuclear phagocytes (microglia, re-
sident immune cells, or tissue infiltrating macrophages) are present in
CNV lesions (Will-Orrego et al., 2018). VEGF-mediated angiogenesis is
triggered early (Campa et al., 2008), followed by conversion to fibrosis
(He and Marneros, 2013; Liu et al., 2011). While the cellular origins
and the underlying mechanisms of how the fibrovascular scars are
formed are still incompletely understood (He and Marneros, 2013), the
presence of vascular endothelial and fibrotic markers appear to be
elevated within one week after CNV, and are sustained over time (Liu
et al., 2011).

To date, complement activation has only been analyzed in the an-
giogenesis phase, and not the fibrosis and regression phase. During the
angiogenesis phase, AP inhibition or prevention of MAC formation re-
duces CNV size when initiated at the time of, or prior to the lesion (Bora
et al., 2010; Cashman et al., 2011; Rohrer et al., 2009), and AP in-
hibition reduces progression even when initiated during the linear
phase of CNV growth (Rohrer et al., 2009). The role of anaphylatoxin
receptor signaling in angiogenesis has been controversial, with reports
documenting smaller CNV sizes in the presence of TFA (Nozaki et al.,
2006) or CLS026 (Coughlin et al., 2016), or reporting no effects (Poor
et al., 2014). Nevertheless, this combined body of work suggests that
the onset of CNV (days 0–6) is a result of multifactorial injury in the eye
by a combination of common terminal pathway and/or MAC effects,
since inhibition of MAC formation, inhibition of the AP or a combined
inhibition of the LP and CP, each individually reduces CNV growth
(Bora et al., 2010; Cashman et al., 2011; Rohrer et al., 2011, 2009). In
comparison, no report has yet focused on the phase of fibrotic scar

Fig. 1. Anaphylatoxins are elevated long-term in ocular tissues after induction of choroidal neovascularization. (A) Anaphylatoxin measurements obtained by ELISA
in mouse RPE/choroid (R/C), retina (Rt) and serum (S) samples in control mice and after induction of choroidal neovascularization (CNV). Measurements were
obtained on day 6 after CNV induction. R/C, Rt and S samples were collected and analyzed from the same 3 animals per group. C3a levels (top panel) increased ∼2.5
fold in the ocular tissues, and ∼1.5 in serum; C5a levels (bottom panel) increased ∼1.5-1.8 fold in tissues and serum. (B) Effects of treatments (PBS, CR2-fH and
C3aR antagonist) and gene knockout (C3aR−/− C5aR−/−) on CNV-mediated changes in anaphylatoxins in mouse RPE/choroid when compared to controls (no CNV)
on day 23 after the induction of CNV. CR2-fH prevented the rise in anaphylatoxins when compared to vehicle- and C3aR antagonist-treated mice. C3a and C5a levels
were measured using ELISA assays in 2–11 independent tissue samples per condition. Data are presented as mean ± SEM. Statistical significance as indicated reflects
changes in individual anaphylatoxin levels in response to CNV (A) or both anaphylatoxins in response to CNV and treatment (B).
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formation and lesion regression and its ability to be modified by com-
plement inhibitors. Here we show that AP-inhibition accelerated CNV
regression, whereas lack of anaphylatoxin-receptor signaling had little
or no effect. These observations allow for two conclusions. First, con-
tinued complement activation appears to be required to maintain the
fibrotic scar, since CNV regression can be accelerated beyond the
normal rate by AP inhibition. Second, continued C3a and C5a signaling
does not appear to contribute significantly to late stage damage or re-
pair, since elimination of signaling for both receptors did not interfere
with regression of the lesions. The results showing that CR2-fH accel-
erates repair are reminiscent of our data on smoke-induced ocular pa-
thology (Woodell et al., 2016). In that model, we found that mice ex-
posed to long-term smoke develop RPE dysfunction, Bruch’s membrane
thickening, and vision loss. Upon smoking cessation, over the course of
3 months, animals treated with CR2-fH showed significant improve-
ment in vision compared to PBS-treated mice, and most morphologic
changes in RPE and Bruch's membrane were reversed (Woodell et al.,
2016). Taken together; our data support the hypothesis that AP activity
plays an important role in driving angiogenesis and fibrosis. The in-
volvement of anaphylatoxins in either tissue damage or repair could not
be assessed unequivocally. At the final time point measured (day 23),
lesion sizes of TFA- and CLS026-treated animals, but not C3aR−/−

C5aR−/− animals, had larger lesions than PBS-treated mice; whereas
lesion size over the entire time course was only increased in CLS026-
treated animals, and the time course of repair was not affected by

inhibition of either anaphylatoxin receptor. Our receptor inhibitor
studies have some limitations. TFA has been reported to have both
antagonist and agonist activities on C3aR, depending on the cell type on
which the receptor is expressed (Woodruff and Tenner, 2015). Also, we
did not perform studies to confirm that the inhibitors are available at
therapeutic concentrations in the eye. We have shown previously,
however that systemic treatment with CLS026 prevents infiltration of
γδT-cells into the eye of CNV animals, and as we found in this study, did
not affect ocular C5a levels. A potential technical explanation for this
finding may be due to the anti-C5a antibody used in the ELISA re-
cognizing both bound and free C5a (Coughlin et al., 2016). Despite
these limitations, the results from the C3aR−/− C5aR−/− mice, which
verified the lack of an effect of combined inhibition of anaphylatoxin
signaling on the rate of lesion repair, seems to suggest that anaphyla-
toxin receptor signaling does not play a critical role in tissue repair in
CNV.

In summary, appreciating the different phases of CNV and the
contributions of the complement system to injury and repair, will be an
important consideration when developing a complement inhibitory
strategy for the treatment of AMD.
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