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Figure 1. C3 deficiency results in increased angiogenesis in ROP. WT or
C3~/~ mice were subjected to the ROP model. (A) Retinal neovascularization was
quantified on day p17 in WT and C3~/~ mice as described under “Hypoxia-induced
retinal vascularization, retinopathy of prematurity model.” Retinal neovascularization
is presented as the number of epiretinal neovascular nuclei per section. Data are
mean = SEM (n = 12-16 pups per group) and are shown as percentage of control.
Number of epiretinal nuclei in WT mice represents the 100% control. *P < .001.
(B) Paraffin-embedded axial sections (6 wm) of the retina were stained with PAS and
hematoxylin. Pathological neovascularization invades into the vitreous cavity anterior
to the internal limiting membrane. C3~/~ mice subjected to the ROP model had more
neovascular regions anterior to the internal limiting membrane compared with WT
mice. The arrows indicate the neovascular tufts anterior to the internal limiting
membrane. Scale bars, 150 pm

C5aR™~/~ mice, we tested the effect of functional C5 deficiency in
the ROP model. To do so, we engaged a functional blockade of C5
and of terminal complement activation by the antibody BB5.1.26
CS5 blockade resulted in a significant up-regulation of neovascular-
ization in the ROP model (Figure 3A). To further substantiate the
findings of increased angiogenesis due to the absence of C3 or
C5aR or due to CS5 blockade, we engaged the systemic administra-
tion of a specific antagonist of C5aR?® as well as of C5a peptide.?
WT mice subjected to the ROP model received every 24 hours on
postnatal days 12-16 intraperitoneal injections of C5aR antagonist
or control injections. Treatment with 15 g of C5aR antagonist per
dose per mouse resulted in significantly enhanced retina neovascu-
larization on day 17, compared with mice that received a scrambled
control peptide (Figure 3B). A slighter nonsignificant increase in
retina angiogenesis was observed in mice treated every 36 hours
with 8 wg of C5aR antagonist per dose per mouse (data not shown).
In the reverse experiment, daily treatments with C5a peptide
agonist (8 wg per dose per mouse) from postnatal day 12 to day 16
resulted in a significant reduction in pathological retina neovascu-
larization (Figure 3C). In addition, C5a or C3a treatment reduced
the increased angiogenesis observed in C3-deficient mice (supple-
mental Figure 3). Taken together, these findings from mice
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deficient in components of the complement cascade or upon C5 or
C5aR blockade, as well as upon C5a treatment suggest that the
C5a-C5aR axis acts to inhibit pathological hypoxia-driven retina
neovascularization.

Macrophages mediate the antiangiogenic effect of
complement components

The findings so far suggested an antiangiogenic effect of the
complement system and C5a in particular. Since complement
receptors have been reported to be expressed on endothelial cells,
we first addressed whether C5a might affect endothelial cell
functions related to angiogenesis. No significant impact of active

Figure 2. C5a receptor deficiency results in increased angiogenesis in ROP.
WT, C3aR~/~, or C5aR~/~ mice were subjected to the ROP model. (A) Retinal
neovascularization was quantified on day p17 in WT and C3aR~/~ mice. Retinal
neovascularization is presented as the number of epiretinal neovascular nuclei per
section. Data are mean + SEM (n = 12-13 pups per group) and are shown as
percentage of control. Number of epiretinal nuclei in WT mice represents the
100% control. There was no significant difference between both groups. (B) Retinal
neovascularization was quantified on day p17 in WT and C5aR~/~ mice. Data are
mean = SEM (n = 16-17 pups per group) and are shown as percentage of control.
Number of epiretinal nuclei in WT mice represents the 100% control. *P < .005.
(C) Paraffin-embedded axial sections (6 .m) of the retina were stained with PAS and
hematoxylin, and neovascular tufts were observed anterior to the internal limiting
membrane (arrows). C5aR~/~ mice displayed more neovascular tufts. Scale bars,
150 pm.
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Figure 3. The role of C5a and C5aR in pathological angiogenesis in ROP. (A) WT
mice subjected to the ROP model were treated on day p12.5 with an i.p. injection of
anti-C5 or an isotype control antibody. Data are mean + SEM (n = 6-7 pups per
group) and are shown as percentage of control. Number of epiretinal nuclei in control
treated mice represents the 100% value. *P < .01. (B) WT mice were subjected to the
ROP model and were treated from day p12-16 with daily intraperitoneal injections of
Cba receptor antagonist (C5aR-ant.) or control antagonist. Data are mean = SEM
(n = 17-19 pups per group) and are shown as percentage of control. Number of
epiretinal nuclei in control treated mice represents the 100% value. *P < .05. (C) WT
mice subjected to the ROP model were treated from p12-16 with daily intraperitoneal
injections of C5a or vehicle control. Data are mean = SEM (n = 17 pups per group)
and are shown as percentage of control. Number of epiretinal nuclei in control treated
mice represents the 100% value. *P < .05.

CS5a or active C3a on HUVEC proliferation or capillary—like sprout
formation in Matrigels in vitro (supplemental Figure 4A-B) was
found, indicating no direct antiangiogenic effect of complement on
these endothelial cell functions.

We then analyzed whether monocytes/macrophages might
mediate the antiangiogenic effect of C5a, since (1), inflammatory
cells and particularly macrophages have been implicated as capable
of regulating neovascularization in a positive and negative fash-
ion,!31439 and (2), as assessed by real-time PCR analysis, we found
that postnatal day p15 retinas from mice subjected to the ROP
model had increased levels of the monocyte/macrophage marker
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CD11b, compared with retinas from mice that were kept in room
air since birth (data not shown), whereas the message for lymphoid
markers CD4 and CD8 was not altered due to the ROP manipula-
tion (data not shown). In other words, monocytes/macrophages are
increasingly abundant in the retina in the course of the ROP model
(data not shown), which is also consistent with previous reports
showing that macrophages accumulate within the retina in the
course of the ROP model.#0#!

Macrophages can exert pro- or antiangiogenic actions depen-
dent on their polarization.!>!* Inflammatory macrophages character-
ized by high expression of interleukin-6 (IL-6), IL-12, tumor
necrosis factor-a (TNF-a), and low levels of IL-10 are considered
antiangiogenic.'>!* Interestingly, this antiangiogenic polarization
of macrophages was induced when primary bone marrow—derived
macrophages were stimulated with C5a in vitro. In particular, C5a
treatment of bone marrow—derived macrophages displayed signifi-
cantly higher mRNA levels of IL-6 and TNF-a accompanied by
decreased levels of IL-10 (Figure 4A).

Consistent with a previous report that C5a can up-regulate
sVEGFR1 in macrophages in the context of placental dysfunc-
tion,2° we found that C5a-stimulated bone marrow—derived macro-
phages displayed increased levels of sVEGFR1 mRNA as well as
increased secretion of this antiangiogenic factor into their superna-
tant (Figure 4A-B). Soluble VEGFRI1 is a product of alternative
splicing of VEGFR-1 and contains the ligand—binding domain but
lacks the cytoplasmic and transmembrane domains and it is thereby
an inhibitor of VEGF.#?> Consistent with the regulation of sVEGFR1
expression by complement, the mRNA levels of sVEGFR1 were
reduced in the retinas of C3~/~ mice that were subjected to the ROP
protocol, compared with WT mice subjected to ROP (data not
shown). In addition, active C5a up-regulated the secretion of
sVEGFR1 from human peripheral blood isolated monocytes (supple-
mental Figure 5). Accordingly, the supernatant from C5a-
stimulated but not of C3a-stimulated human monocytes inhibited
the VEGF-induced capillary-like sprout formation of HUVEC
(Figure 4C), suggesting that the supernatant of CS5a-stimulated
monocytes intervenes with the effects of the VEGF system on
proangiogenic endothelial cell functions. To directly demonstrate
that the antiangiogenic activity of the supernatant of C5a-treated
monocytes was mediated by sVEGFR1, we immunodepleted
sVEGFRI1 from the monocyte supernatant. Efficient immunodeple-
tion of sSVEGFR1 was confirmed by ELISA analysis of the
supernatant (supplemental Figure 6A). Whereas sVEGFRI1-
containing supernatant from C5a-stimulated monocytes (control
Ig-immunodepletion) significantly inhibited endothelial capillary—
like sprout formation, the inhibitory effect of the monocyte
supernatant was completely reversed upon sVEGFR1 immunodeple-
tion (supplemental Figure 6B). Together, these findings indicate
that complement stimulated macrophages are polarized to an
angiogenesis inhibitory phenotype including the up-regulation of
the antiangiogenic sVEGFR1.

We then sought to provide definitive in vivo evidence for the
role of myeloid cells/macrophages in mediating the antiangiogenic
effect of complement. To do so, we investigated the effect of
macrophage depletion by clodronate liposomes* on pathological
retina angiogenesis in WT and C3~/~ mice. WT or C3/~ pups that
were subjected to the ROP model received a single injection of
clodronate or control liposomes on postnatal day pl13. Flow
cytometric analysis of the spleen revealed that efficient depletion of
CD11b™ cells was achieved (supplemental Figure 7). Macrophage
depletion reversed the increased neovascularization in the ROP
model due to C3-deficiency. In particular, upon treatment with
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Figure 4. Macrophages stimulated with C5a display an antiangiogenic pheno-
type. (A) Isolated primary bone marrow derived mouse macrophages treated with
Cb5a showed a polarization toward an antiangiogenic phenotype as verified by
significantly increased mRNA levels of IL-6, TNF-a, and soluble VEGFR-1 and
significantly reduced levels of IL-10 mRNA using quantitative real-time PCR. IL-12
mRNA levels were not significantly changed by C5a treatment. The respective mRNA
was normalized against actin. Data are mean = SEM (n = 4) and are shown as
percentage of control. mMRNA of macrophages treated with vehicle control represents
the 100% value. *P < .05. (B) Mouse macrophages were incubated with C5a
(100nM) or vehicle control for 4 or 12 hours and supernatants were analyzed for
sVEGFR1 by ELISA. Data are mean = SEM (n = 3-4) and are shown as percentage
of control. Detected sVEGFR1 in supernatant of control treated macrophages
represents the 100% value. *P < .05. (C) HUVEC were treated with supernatants of
human monocytes that were stimulated without (vehicle control) or with C5a (100nM)
or C3a (100nM) for 12 hours and analyzed in the in vitro Matrigel tube formation
assay. To assess for VEGF-induced tube formation, growth factor-reduced Matrigel
supplemented with VEGF was used. The supernatant of C5a-stimulated human
monocytes inhibited the VEGF induced tube formation of HUVEC. Length of forming
tubes was quantified using Metamorph software. Data are mean = SEM (n = 3) and
are shown as percentage of control. Tube length of endothelial cells incubated with
supernatant of control-treated macrophages represents the 100% value. *P < .05.

clodronate liposomes C3~/~ mice no longer displayed higher
angiogenesis compared with WT mice (Figure 5). In conclusion,
the function of complement to inhibit neovascularization in vivo is
dependent on the presence of macrophages.

An inhibitory role of complement in VEGF-induced Matrigel
angiogenesis in vivo

Our findings so far have pointed to a clear neovascularization
inhibitory action of complement and in particular C5a, mediated by
macrophages in the disease model of vasoproliferative retinopathy.
We then went on to address whether the antiangiogenic effect of
complement could be observed in a less complex in vivo angiogen-
esis assay. For this purpose we studied angiogenesis directly
induced by VEGF in Matrigel plugs that were implanted into mice.
By assessing Matrigel angiogenesis, we found that C3~/~ mice had
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Figure 5. Increased angiogenesis due to C3-deficiency is dependent on
macrophages. WT or C3~/~ mice were subjected to the ROP model and animals
were injected with control liposomes or clodronate liposomes to deplete macro-
phages. Retinal neovascularization was quantified on day p17. Retinal neovascular-
ization is presented as the number of epiretinal neovascular nuclei per section. Data
are mean *= SEM (n = 12-17 pups per group) and are shown as percentage of
control. Number of epiretinal nuclei in WT mice treated with control liposomes
represents the 100% control. *P < .05; ns, not significant.

significantly higher levels of new vessel formation compared with
WT mice (Figure 6A-B). Similarly, antibody blockade of C5 (clone
BB5.1) or C5aR deficiency resulted in significantly higher angio-
genesis in the Matrigel plug model (Figure 7A-B). In accordance
with the findings from the ROP model, the proangiogenic effect of
C3 or C5aR deficiency was mediated by macrophages. Systemic
depletion of macrophages by clodronate liposomes reversed the
higher levels of Matrigel angiogenesis in C37/~ or C5aR /'~ mice
(ie, no difference was observed in Matrigel angiogenesis between
WT and C37/~ mice or WT and C5aR™/~ mice treated with
clodronate liposomes; Figures 6A and 7C). Taken together, C3
deficiency and C5aR deficiency are associated with increased
angiogenesis in the Matrigel plug assay and macrophages are
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Figure 6. Matrigel plug angiogenesis in C3-deficient mice. Angiogenesis was
assessed using the in vivo Matrigel plug assay as described under “In vivo Matrigel
plug assay.” (A) Six hours after Matigel implantation, WT and C3~/~ mice were
injected with control liposomes or clodronate liposomes to deplete macrophages and
after 7 days angiogenesis was assessed within the explanted Matrigels. Data are
mean + SEM (n = 14 Matrigels per group) and are shown as percentage of control.
Area of neovascularization in WT mice treated with control liposomes represents the
100% control. *P < .01; ns, not significant. (B) Frozen sections of the explanted
Matrigels were stained with H&E. C3~/~ mice showed significantly more Matrigel plug
neovascularization. Scale bars, 150 pm.
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Figure 7. C5aR plays an inhibitory role in Matrigel plug angiogenesis. (A) Angio-
genesis was assessed using the in vivo Matrigel plug assay. (A) Six hours and 3 days
after Matrigel implantation, C57BL/6 WT mice were injected with control 1gG or
anti-C5 (clone BB5.1, 750 g per mouse). After 7 days, angiogenesis was assessed
within the explanted Matrigels. Data are mean = SEM (n = 10 Matrigels per group)
and are shown as percentage of control. Area of neovascularization in WT mice
treated with 1gG control represents the 100% value. *P < .005. (B) Matrigel
angiogenesis was quantified in WT and C5aR~/~ mice. Data are mean = SEM
(n = 5 Matrigels per group) and are shown as percentage of control. The area of
neovascularization of WT mice represents the 100% control. *P < .01. (C) Six hours
after Matrigel implantation, WT and C5aR~/~ mice were injected with control
liposomes or clodronate liposomes to deplete macrophages and after 7 days
angiogenesis was assessed within the explanted Matrigels. Data are mean = SEM
(n = 8 Matrigels per group) and are shown as percentage of control. Area of
neovascularization in WT mice treated with control liposomes represents the
100% control. *P < .05; ns, not significant.

mediators of the proangiogenic phenotype of C3 and C5aR
deficiency.

Discussion

We demonstrated that the complement system is a negative
regulator of pathological neovascularization in the context of
vasoproliferative retinopathy. C3-deficient and C5aR-deficient mice
revealed increased pathological retina angiogenesis. Consistently,
antibody blockade of C5 or C5aR antagonism increased and active
C5a inhibited pathological retina angiogenesis. Interestingly, the
same proangiogenic phenotype of complement deficiency was
observed in VEGF-induced angiogenesis in the Matrigel plug assay
in vivo. The angiogenesis inhibitory effect of complement was not
mediated by a direct antiangiogenic effect of complement compo-
nents on endothelial cells. In contrast, we found that macrophages
acted as the mediators of the antiangiogenic actions of complement
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and of C5a in particular. C5a polarized macrophages to a pro-
inflammatory phenotype with increased expression of 1L-6 and
TNF-a and decreased expression of IL-10, which is recognized as
the antiangiogenic macrophage signature.'# In addition, monocytes/
macrophages exposed to C5a in vitro secreted increased amounts
of sSVEGFRI, an established angiogenesis inhibitor.*? In conclu-
sion, our data make a strong case for an important role of the
complement system in antagonizing pathological postnatal
angiogenesis.

Our findings provide the first evidence that the complement
system may exert an antiangiogenic action in the course of
pathological postnatal neovascularization in the retina. However,
our present findings from the less complex growth factor—triggered
Matrigel angiogenesis assay in vivo imply that the herein described
angiogenesis inhibitory function of complement may not necessar-
ily be restricted to the retina but may extend to other tissues and
other forms of postnatal and pathological neovascularization. This
hypothesis is supported by a previous report that complement
triggers release of sVEGFR-1 by monocytes thereby resulting in
angiogenic factor imbalance associated with placental dysfunction
and fetal growth restriction.?? The sVEGFR1-mediated inhibition
of angiogenesis triggered by the complement system might be
operative in tissues, where VEGF has been attributed a central
function for angiogenesis, such as tumor angiogenesis in the
kidney.**

That complement and C5a can polarize macrophages to the M1
proinflammatory phenotype inducing secretion of inflammatory
cytokines has been implicated in previous reports'#-47 and it is
increasingly recognized that this macrophage phenotype is associ-
ated with antiangiogenic activity.'**® Consistently, we demon-
strated here that the antiangiogenic action of complement was
attributed to the presence of macrophages, as macrophage deple-
tion reversed the proangiogenic phenotype of C3 deficiency. Thus,
the complement-mediated inhibition of neovascularization in a
manner dependent on macrophages may represent a previously not
described substantial antiangiogenic mechanism.

How does this hypothesis reconcile with the proangiogenic
actions of complement components reported in models of choroidal
neovascularization?'>164° Whereas complement may polarize mac-
rophages to an antiangiogenic phenotype and this may be a
predominant action of complement in some cases, such as in
proliferative retinopathy, as described here, in the context of
choroidal neovascularization this action of complement may be
overridden by the complement-mediated induction of the proangio-
genic VEGF in retina pigment epithelial cells.!®* The retina
pigment epithelium plays a unique role in the pathomechanism of
choroidal neovascularization in the course of AMD,>!»? whereas
these cells are not at all involved in the proliferative retinopathy of
prematurity. In addition, intrinsic differences between choroidal
and retinal neovascularization may contribute to the opposite
actions of the complement system in these 2 vasoproliferative eye
pathologies. A major insight from the present study is that the use
of complement inhibitors in AMD, which is at present tested in
clinical studies,” requires caution and prior understanding of the
underlying pathophysiological role of complement, since our
findings imply that inhibition of complement might aggravate
proliferative diabetic retinopathy,!® an eye pathology that may be
coprevalent with AMD in some patients. Together, the versatility of
functions of the complement system make it imperative that the
different actions of complement are studied in detail and under-
stood in different tissues/organs and experimental models of
disease.
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Although the findings in our work point to a role of C5aR
mediating the antiangiogenic effects of C5a, it cannot be excluded
that the second C5a receptor C5L2,3* which is expressed on
macrophages,®> may also participate in mediating the antiangio-
genic activity of C5a. The role of C5L2 in angiogenesis merits
further investigation. Moreover, our findings add further informa-
tion regarding the role of inflammatory cells in regulating angiogen-
esis. Whereas macrophages are often assigned a proangiogenic
function, this generalization does not consider how functionally
different macrophage subpopulations actually are.*® Proangiogenic
M2 macrophages are often found in tumors.’® These cells have
rather anti-inflammatory functions and promote tissue remodel-
ling.*® In contrast, proinflammatory M1 macrophages, that can be
triggered by interferon-y, or GM-CSF and display high levels of
IL-12, IL-6, or TNF-a and low levels of IL-10 are increasingly
recognized as antiangiogenic.!**® Thus, the presence of macro-
phages in an angiogenic context, such as neovascular eye diseases,
does not always imply a functional link between inflammation and
angiogenesis and may actually reveal the opposite (ie, that the
angiogenic tissue is dominated by a tilted balance of anti-
inflammatory over proinflammatory macrophages).*® For instance,
deficiency of the angiogenesis inhibitor thrombospondin-1 was
associated with increased M2 polarization and thereby enhanced
angiogenesis.”” Whether the herein described antiangiogenic ac-
tions of complement are somehow linked to thrombospondin-1 is
not clear, which merits investigation, since a potential cooperation
between thrombospondin-1 and complement has been suggested in
other systems previously.>8

In conclusion, our findings emphasize the key role of the
complement system as a counterplayer of pathological retina
angiogenesis. Besides establishing a direct link between angiogen-
esis and the innate immunity and the complement cascade in
particular, our findings also point to the attractive possibility that
components of the complement system or their antagonism may
provide new therapeutic tools for inhibiting angiogenesis, for
instance in vasoproliferative retinopathies, or for improving insuf-
ficient ischemia—driven angiogenesis in peripheral vasoocclusive
diseases, respectively.
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