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Abstract

Background
Age-related macular degeneration (AMD) threatens vision in elderly people globally. Systemic
complement C3 has been shown to be tightly associated with AMD. However, the mechanism of how
local retinal complement C3 and downstream pathway mediated retinal degeneration is not entirely clear.

Methods
Wild-type, C3 knockout mice and mice treated with a C3aR inhibitor (SB290157), STAT3 inhibitor (SH-4-
54), were exposed to sodium iodine (NaIO3), respectively. C3 localization in degenerated retina was
detected by using immunostaining. Retinal function was assessed by electroretinography, followed by
histological analyses to assess RPE and photoreceptor cell degeneration. Retinal in�ammation and
mitochondrion were investigated through Real-time PCR, ELISA and RNA-Seq.

Results
We reported here that activation of complement was positively associated with retinal degeneration.
Strikingly, intracellular C3 was activated in retinal pigment epithelial (RPE) cells, and subsequently
promoted the formation of the membrane-attack complex (MAC), which contributed to apoptosis of RPE
cells. Intracellular C3 de�ciency or pharmalogical inhibition could rescue RPE cells from apoptosis.
Moreover, genetic deletion of C3 or inhibition of C3aR/STAT3 results in alleviating immune response and
rescue of photoreceptor cells under oxidative stress. Mechanistically, through RNA-Seq, we identi�ed
C3/C3aR/STAT3 pathway functionally mediated immune response and photoreceptor cell degeneration.

Conclusions
These results indicate that inhibition of the C3/C3aR/STAT3 pathway might be a new therapeutic
intervention for AMD and other retinal degeneration diseases.

Background
Age-related macular degeneration (AMD) threatens vision of elderly people around the world, due to
retinal pigment epithelium (RPE) and photoreceptor cells gradually degeneration [1]. Unfortunately, there
are no effective treatments to reverse the RPE or photoreceptor cell degeneration in either neo-vascular
‘wet’ form or non-neo-vascular ‘dry’ form AMD [2]. Innate immune response, microglial cell activation and
elevated levels of in�ammatory cytokines contribute mainly to retinal degeneration [3–7]. The
complement system is a part of innate immune defense system and plays a key role in retinal
development and homeostasis [8].
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Complement C3 is a central element in the complement system [9, 10], and C3 activation is the crucial
step for triggering retinal injury [11, 12]. Studies have found elevated expression and deposition of C3 in
pathological retina [13–16]. While majority studies focused on systemic C3 expression elevation during
retinal degeneration, the role of local retinal C3 and how its downstream signal pathway involved in
retinal cell degeneration remained incompletely understood. Intracellular C3 activation helps to sustain T
cell homeostasis [17] and is responsible for damage to intestinal epithelial villi [18]. However, whether
intracellular C3 activation exists in speci�c retinal cells during different stages of retinal degeneration is
unknown. Two studies strongly indicate C3 in RPE and microglia cells [13, 19], while the mechanism of
how C3 mediate retinal cells injury and microglia cell activation is not clear.

In this study, by employing the mouse AMD model established by sodium iodate (NaIO3) stimulation, for
the �rst time we demonstrated the important role of intracellular C3 activation in RPE degeneration, and
identi�ed C3/C3aR/STAT3 pathway mediating microglia activation and photoreceptor cell injury.

Methods
Animals

All studies were carried out on 8-week-old wild-type or C3-knockout C57BL/6J mice. The C3-knockout
C57BL/6J mice were provided by Professor Yusen Zhou (State Key Laboratory of Pathogen and
Biosecurity, Beijing Institute of Microbiology and Epidemiology, Beijing 100071, China). All animals were
housed in a pathogen-free, temperature-controlled animal facility with 12/12-h light/dark cycles and fed
with standard food and water ad libitum. All of the animal protocol was approved by the Institutional
Animal Care and Use Committee of the General Hospital of the Chinese People’s Liberation Army and
Zhengzhou University in accordance with the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. All efforts were made to reduce the number of animals used and minimize
the suffering caused by experimental procedures.

Treatment with sodium iodate and tissue collection

We selected sodium iodate (NaIO3) (Sigma-Aldrich, USA) for the retinal degeneration model according to
a previous publication [20]. Brie�y, mice in experimental groups were administered a single dose of 35
mg/kg NaIO3 dissolved in saline via femoral vein injection. The mice in the control group were
administered the equivalent volume of saline. The NaIO3-treated and control mice (n = 6 per group) were
examined by electroretinography (ERG) and multifocal electroretinography (mfERG) and then eyeballs
were collected from 1 to 28 days by enucleating the mice and immersing the eyeballs in 4%
paraformaldehyde in 0.1 M phosphate buffer.

Histology and Immuno�uorescence

After �xation for 24 hours, the anterior section of the eyes was dissected and the remaining eye cup was
dehydrated, then embedded in para�n wax. Sections (at 4 μm) were cut on a microtome (Shandon
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AS325; Thermo Scienti�c, USA). All histologic analyses for outer nuclear layer (ONL) thickness used
retinal sections cut along the parasagittal plane (super inferior), as described previously [21]. These
sections also included the ocular nerve head, in order to maintain regional consistency between replicates
and groups. H&E staining was performed, and images were captured with a microscope (Olympus,
Japan). For each section, 18 measurements spaced 200-μm apart were made to analyze ONL damage.
Three measurements were made per sample and averaged.

For immunostaining, sections were dewaxed, subjected to antigen-retrieval and blocked with 10% goat
serum (Sigma-Aldrich Corp.) in 0.2% Triton X-100 (Sigma-Aldrich Corp.) phosphate-buffered saline for 1
hour and incubated with primary antibodies in a humidity chamber overnight at 400 C. Primary antibodies
were listed as follows: anti-Complement C3, 1:300; anti-Ibal, 1:300; anti-rhodopsin, 1:600; anti-RPE65,
1:300; anti- C6b-9, 1:300; anti-ATP5A, 1:300; anti-C3aR, 1:300, anti-pSTAT3, 1:300. All antibodies were from
Abcam. After washing and incubation for 1 hour at room temperature with secondary antibodies, sections
were counterstained with ProLong Gold with DAPI (Invitrogen) to reveal cell nuclei. Images were obtained
using an Olympus FV3000 confocal microscope and were taken at the corresponding histologically
de�ned areas of the sections. All images in each individual experiment were acquired with a �xed
detection gain. Images were processed and semi-quanti�ed by using Image J.

ERG and mfERG

ERG was performed using the Espion E3 console in conjunction with the ColorDome (Diagnosys LLC).
The ERG experiments were carried out on C57B6 wild-type or C3 knockout mice at 1-week post-injection.
In brief, the mice were dark-adapted the night before the recordings were performed. The animals were
anesthetized by a subcutaneous injection of xylazine (15 mg/kg) and ketamine (110 mg/kg). The
animals’ pupils were dilated using 1% tropicamide. The animals were positioned on a water warming pad
to prevent hypothermia. In each animal, only the right eye was examined. Active gold electrodes were
placed on the right eye cornea as the recording electrodes. The reference and ground electrodes were
placed subcutaneously in the mid-frontal areas of the head and tail, respectively. We applied light
stimulation at densities of 0.5 log (cd·s/m2). The amplitudes of a- and b-waves were recorded and
processed using a RETI-Port device (Roland Consult). All procedures were performed in a dark room under
a dim red safety light.

For mfERG, the animals were positioned 10cm in front of the stimulating screen. An array of equally sized
hexagons was projected on to the retina. The stimuli were generated by a projector with a refresh rate of
60 Hz. In the m-sequence, the luminance of the hexagons was either 150 cd/m2 (corresponding to 2.5 cd
s/m2 in a single frame) or less than 1 cd/m2. The m-exponent was 9, resulting in 511 m-sequences for
each cycle. Eight cycles were averaged for a �nal result.

TUNEL staining
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TdT-UTP nick end labeling (TUNEL) assay was performed with the one step TUNEL kit according to the
manufacturer’s instructions (Beyond, Shanghai). Para�n sections and cells grown in 24-well plates
treated with NaIO3 was �xed. Brie�y, the cells were permeabilized with 0.1% Triton X-100 for 10 min at
room temperature. followed by TUNEL for 1 h at 37° C. The FITC-labeled TUNEL-positive cells were
imaged under a �uorescent microscope by using 488 nm excitation and 530 nm emission. The cells with
green �uorescence were de�ned as apoptotic cells.

Apoptosis and mitochondrial membrane potential assays

Early apoptosis was investigated by confocal microscopy using the mitochondrial membrane potential
apoptosis kit with Alexa Fluor 488 Annexin V and Mito Tracker Red (Beyond, Shanghai). Cells were
seeded in the confocal chamber at a density of 200,000 cells/well and incubated for 36 hours. After
NaIO3 stimulation pretreated with or without C3 (10μM, MCE, USA), E64d (10μM, Beyond, Shanghai), cell
medium was removed. Alexa Fluor 488 Annexin V and Mito Tracker Red dye was added to the culture
medium following the manufacturer’s protocols and incubated for 30 min at 37 0C. The cells were then
analyzed by using laser confocal microscopy (Olympus, Japan).

Primary RPE cell culture

C57BL/6J wild-type or C3 knockout mouse primary RPE cell culture was performed as previously
described [22]. Brie�y, eyes were removed from 2-week-old C57BL/6J mice after deep anesthesia, and the
RPE layer was collected and digested by trypsin, centrifuged, suspended in culture medium, seeded in 12
mm polyester membrane inserts. By 3 weeks of culture, the cells were stimulated with NaIO3 (10mM), and
in the experimental group C3, E64d were added respectively.

Application of drugs

C3aR antagonist (SB290157) and STAT3 inhibitor (SH-4-54) was purchased from Selleck (S8931 and
S7337) and solved under manufacturer’s instructions. Mice were pretreated with SB290157 (10mg/kg) or
SH-4-54 3 days before NaIO3 injection and then three times a week via i. p. injection for 1week. After ERG
assay, mice were sacri�ced and retinal tissue were collected for immunoassaying and real-time PCR
assay.

RNA extraction and real-time PCR

Total RNA was extracted and real-time PCR assay was conducted as previously reported [23]. Primer
sequences are listed as below:
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Gene F R

mC1qa CAAGGACTGAAGGGCGTGAA CAAGCGTCATTGGGTTCTGC

mC2 CTCATCCGCGTTTACTCCAT TGTTCTGTTCGATGCTCAGG

mC3 GAAGTACCTCATGTGGGGCC CAGTTGGGACAACCATAAACC

mC3aR GGAAGCTGTGATGTCCTGG CACACATCTGTACTCATATTGT

mCfb GAGGATGGGCACAGCCCAG GACCATATCGTGGCCTCACC

mCfd GCAGAGAGCAACCGCAGG CAGGATGTCATGTTACCATTTG

mCfh CTTACATGCATGTGTAATACCA TTATACACAAGTGGGATAATTGA

mC� CCATTGATGCCTGCAAAGGA CAGACATTGTGTTGAGAAACAA

mCD68 ACTGGTGTAGCCTAGCTGGT CCTTGGGCTATAAGCGGTCC

mTNFα CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

mIL1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

mIL6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

mNfe2l2 GCCTTACTCTCCCAGTGAATAC CCCAAATGGTGCCTAAGA

mStat3 CAGAAAGTGTCCTACAAGGGCG CGTTGTTAGACTCCTCCATGTTC

mSOD2 CAGGATGCCGCTCCGTTAT TGAGGTTTACACGACCGCTG

mGCLM TCAACCCAGATTTGGTCAGGGAGT TCCAGCTGTGCAACTCCAAGGA

mNQO1 TGAAGAAGAAAGGATGGGAGG AGGGGGAACTGGAATATCAC

mPGC-1α TGCTGTGTGTCAGAGTGGATTGGA ACCAACCAGAGCAGCACACTCTAT

mNRF-1 TCTGAGACGCTGCTTTCAGTCCTT TGGGCTTCTATGGTAGCCATGTGT

mCOXII ACCTGGTGAACTACGACTGCTAGA TGCTTGATTTAGTCGGCCGAT

mTFAM TGGCAGTCCATAGGCACCGTATT ACAGACAAGACTGATAGACGAGGG

mβ–actin1 CGAGAAGATGACCCAGATCATGTT CCTCGTAGATGGGCACAGTGT

RNA-seq and data analysis

First, we collected retina tissue from normal control and 7-days after NaIO3 induction of wild-type mice,
then the total RNA was extracted. The RNA-seq analysis was performed using Illumina NovaSeq6000
with the depth of 60 million pairs of reads per sample. Three mice per group (total of 6 mice) were
analyzed. Raw reads were �rst aligned to the Mus musculus genome (UCSC mm10) using Hisat2 with
default parameters. Then, htseq-count function of HTSeq was used to accumulate the number of aligned
reads that fall under the exons of the gene (union of all the exons of the gene) to present the expression
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of each gene. We identi�ed differential gene by using the DESeq2 package in the R environment [24].
Finally, Gene Ontology (GO) analysis was performed.

Statistical Analysis

Statistical analysis of the two groups was performed using 2-tailed paired Student’s t-tests assuming
equal variance. Results were expressed as Mean±SEM deviation. Differences were considered signi�cant
at P < 0.05.

Results
Complement activation following NaIO3 stimulation

We administered NaIO3 to 8-wk-old wild-type mice to induce retinal degeneration. From the landscape
image of the retinal sagittal section collected from different time after NaIO3 induction, the thickness of
outer nuclear layer (ONL) was signi�cantly reduced in wild-type mice from day 7 (Figure 1 A, B). By
employing real-time PCR, we measured complement C1qa, C2, C3, Cfd, Cfb, Cfh, C� mRNA level in mice at
control, day 1 and day 7 after NaIO3 treatment (Figure 1 C-I). Complement C3 and C� were elevated as
early as day 1 after NaIO3 application compared with control, and further elevated at day 7 (Figure 1 E, I).
Complement C1qa and C2 had no obvious change at day 1, but were signi�cantly upregulated at day 7
(Figure 1 C, D). Complement Cfd, Cfb and Cfh were downregulated as early as day 1 after NaIO3

application, while Cfd and Cfb were upregulated at day 7 (Figure 1 F-H). These �ndings suggested
activation of local retinal complement pathway began at day 1 during retinal degeneration.

Intracellular C3 activation in RPE after NaIO3 stimulation

Fluorescent immunostaining and confocal laser scanning image showed robust complement C3
intracellular distribution of RPE cells at day 1 (Figure 2 A). In addition, double �uorescent immunostaining
of RPE65 and C3 displayed down-regulation of RPE65 and up-regulation of C3 in RPE cells day 1. These
results indicated intracellular C3 accumulation correlated with RPE injury (Figure 2 B). TUNEL staining
con�rmed that RPE apoptosis, which induced by NaIO3 at day 1, was obviously reduced by genetic
deletion of C3 (Figure 2 C, D). To further investigate the direct relationship between C3 expression and
RPE apoptosis resulting from NaIO3 stimulation, we isolated RPE cells and added 10mM NaIO3 to an in
vitro culture system. The results demonstrated that as early as 4 hours, C3 staining was unambiguously
observed in RPE cells (Figure 2 E). Subsequently, apoptosis was observed at 24 hours (Figure 2 F, G). In
contrast, no C3 expression or apoptosis were detected in C3-de�cient RPE cells 24 hours after NaIO3

stimulation in vitro (Figure 2 E, F).

To better identify RPE apoptosis induced by NaIO3 was not caused by extracellular C3, we injected C3 into
C3-de�cient mice after NaIO3 injection by means of the tail vein every day. The results showed exogenous
C3 caused no obvious damage to ONL in C3-de�cient mice day 7 after NaIO3 treatment (Figure S1). In
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addition, there was no apoptosis in wild-type RPE cells after different doses of C3 in the in vitro culture
system. We also detected no apoptosis in C3-de�cient RPE cells in vitro under C3 and NaIO3 stimulation
(Figure S1). These results indicated RPE apoptosis induced by NaIO3 might be dependent on endogenous
C3.

Intracellular C3 activation contributed to RPE injury

C3 and MAC-mediated apoptosis play an important role in retinal injury or neuro-degeneration [25, 26].
Intracellular C3 accumulation has been shown to cause cell apoptosis, although the mechanism was
unclear [18] . As C6b-9 is the downstream pathway of C3 activation. To investigate the potential
mechanism of RPE-cell apoptosis led by C3 intracellular accumulation, we detected the components of
MAC in RPE cells after NaIO3 stimulation. C6b-9 could be detected in wild-type RPE cells day 1 after NaIO3

stimulation in vivo, but no C6b-9 was detected in C3-de�cient RPE cells (Figure 3 A). Just as with in vivo
�ndings, C6b-9 could be detected in wild-type RPE cells 4 hours after NaIO3 stimulation in vitro, but no C6b-

9 was detected till 24 hours in C3-de�cient RPE cells (Figure 3 B). Moreover, multiple-immunostaining
showed the reduction of mitochondrion quantity in wild-type RPE cells day 1 after NaIO3 stimulation in
vivo and in vitro, knockout of C3 could reserve mitochondrial quantity. We also observed up-regulation of
PGC-1α, NRF1 and TFAM mRNA levels in normal C3-de�cient retina. By real-time PCR assay, mRNA levels
of COX- , PGC-1α, NRF1, TFAM, Nre2l2, SOD2, NQO1 and GCLM are higher in C3-de�cient retina than in
wild-type after NaIO3 stimulation. These results indicate knockout of C3 could protect retina damage
from oxidative stress by enhancing anti-oxidative stress involved signal pathway.

Inhibition of intracellular C3 activation reducing RPE apoptosis

Normally, no apoptosis or mitochondrial malfunction were observed in wild-type RPE cells cultured in
vitro, which were detected by Annexin V and Mito-tracker staining. After applying NaIO3 to the in vitro
culture system, wild-type RPE cells appeared to show early apoptosis and mitochondrial malfunction
within 2 hours; but no apoptosis was detected in C3-de�cient RPE cells at the same time point (Figure 4
A). Intracellular C3 activation could be blocked by the speci�c cathepsin inhibitor E64, which has been
illustrated in T cells [17]. Indeed, we observed signi�cantly decreased apoptosis and mitochondrial
malfunction in wild-type RPE cells exposed to E64 1 hour prior to NaIO3 stimulation, but the inhibition
effect was still less than that achieved by C3-de�ciency (Fig. 4 A). We also observed signi�cantly
decreased C3 and C6b-9 in wild-type RPE cells exposed to E64 1 hour prior to NaIO3 stimulation in vitro
(Fig. 4 B). TUNEL staining showed decreasing RPE apoptosis after NaIO3 stimulation pretreated with E64
in vivo (Figure 4 C). Multiple �uorescent immunostainings demonstrated normalized RPE65 expression
and reduced C3 and MAC after NaIO3 stimulation pretreated with E64 (Figure 4 D). Real-time PCR assay
of SOD2, NQO1 and GCLM level revealed E64 pre-treatment could enhance the anti-oxidative stress
response in wild-type RPE cell.

Knockout of C3 alleviate microglia activation and in�ammatory response
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 Immune response plays an important role in photoreceptor cell degeneration [27]. To investigate the role
of C3 in immune regulation, immunostaining using anti-GFAP and anti-Iba1 antibodies revealed
remarkable increase in GFAP and Iba1 �uorescent at day 7 retinas after NaIO3 stimulation (Figure 5 A).
Strikingly, C3-de�cient nearly completely normalized the GFAP and Iba1 immunoreactivity (Figure 5 A, B).
To discover the retinal locus of C3 at day 7 after NaIO3 induction, we performed multiple �uorescent
immunostainings with anti-GFAP, anti-Iba1, anti-CD68 and anti-C3 antibodies. C3 colocalized
predominantly with Iba1+ cells, indicating microglia activation during photoreceptor cell degeneration.
Microglia and Muller glia activation is associated with increased production of pro-in�ammatory
cytokines including TNFα, IL6, and IL1α. All three cytokines were elevated in retina tissues at day 7 after
NaIO3 stimulation, where C3-de�cient resulted in signi�cant dampening of these cytokine levels (Figure 5
C, D). These results supported that C3 and its downstream signal pathway regulated microglia and Muller
glia cell reactivity and the production of proin�ammatory cytokines in NaIO3 induced retinal degeneration.

Knockout of C3 reduced photoreceptor cell apoptosis

The above studies demonstrated the prominent role of C3 in RPE injury and immune regulation. We next
sought to assess the role of C3 in photoreceptor cell degeneration. HE staining revealed no difference in
the neural retinal structure between wild-type and C3-de�cient normal mice. We observed a signi�cant
reduction in ONL thickness at day 7 after NaIO3 induction compared to controls. In contrast, ONL
thickness was not signi�cantly changed between C3-de�cient mice at day 7 compared to controls (Figure
6 A, B). Remarkably, electroretinogram (ERG) a and b wave signi�cantly diminished in wild-type mice at
day 7 after NaIO3 induction and a signi�cant rescue in C3-de�cient mice (Figure S2). As rhodopsin is a
key protein for phototransduction, we analyzed the expression of rhodopsin and found it was
signi�cantly down-regulated in wild-type mice compared with C3-de�cient mice after NaIO3 injection
(Figure 6 C, D). Furthermore, TUNEL staining showed apoptosis of photoreceptor cell was signi�cantly
reduced in C3 knockout group at day 7 (Figure 6 E, F). These results indicated that C3 played an
important role in NaIO3-induced retinal photoreceptor cell degeneration and inactivation of C3 could
reserve retinal function.

RNA-Seq identi�ed C3aR/STAT3 signal involved in retinal degeneration

To further investigate the mechanisms involving complement C3 pathway to photoreceptor degeneration,
we compared the mRNA in day 7 versus controls retina using RNA-seq analysis. The bioinformatics
analysis has identi�ed the top changed genes between control and NaIO3 induction day 7 retinas (DE;
fold-change >2.0, p < 0.05). DEGs has shown the down-regulation of photo-transduction genes, such as
Arrestin3, Rhodopsin, Rgr and etc; the C3, C3aR and STAT3 mRNA level up-regulated obviously (Figure
7A). Gene Ontology (GO) has shown the up-regulated signal pathway, the STAT cascade included; the
signal pathway involved phototransduction and visual perception were down-regulated (Figure 7 B, C). In
pathological conditions, C3 could be spliced into C3b and C3a, C3a binds to its receptor C3aR. Enhanced
expression of C3aR and activation of subsequent downstream signal may amplify its downstream
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pathological effect. Previous study has indicated that C3aR regulates the expression of STAT3 and
mediated in�ammatory [28], which is not clear in retina. Then, real-time PCR and immunostaining result
con�rmed the elevation of C3aR and pSTAT3 in mRNA and protein levels day 7 after NaIO3 induction
(Figure 7 D, E). Knockout of C3 also normalized the up-regulation of C3aR and pSTAT3 (data not shown).
Our �ndings suggested that enhanced expression of C3aR/pSTAT3 might contribute to microglia
activation, in�ammatory response and photoreceptor degeneration after NaIO3 induction.

Inhibition of C3aR/pSTAT3 mitigates photoreceptor cell degeneration

To gain a deeper understanding of C3/C3aR/STAT3 signal in photoreceptor degeneration, we inactivated
C3aR or STAT3 pharmacologically. Wild-type mice were pretreated with C3aR antagonist SB290157 3
days before treated with NaIO3, and then intra-peritoneal injected every other day. TUNEL+ photoreceptor
cell was obviously reduced compared with the non-SB290157 control group at day 7 of NaIO3 induction
(Figure 8 A). Multiple �uorescent immunostainings found C3aR antagonist obviously down-regulated
GFAP expression and microglial cell activation (Figure 8 B, C). Real-time PCR analysis revealed the down-
regulation of TNFα mRNA level after application of SB290157 (Figure 8 D). Both the mRNA and
phosphonate-protein levels of STAT3 were observed down-regulated with SB290157 compared only
NaIO3 induction group (Figure 8 E, F). The activation of the STAT pathway involves in immune response
[28, 29]. To con�rm the role of STAT3 activation in retinal degeneration, wild-type mice were pretreated
with STAT3 inhibitor SH-4-54 3-days before NaIO3 application. Apoptosis ratio of photoreceptor cell was
alleviated and the ERG a and b waves have been partially preserved, which indicated the retinal protection
effect of STAT3 inhibitor. Taken together, these day 7 results established a novel signaling pathway
(C3/C3aR/STAT3) linking microglia activation and photoreceptor cell degeneration.

Discussion
RPE cell injury and subsequent photoreceptor cell death are the main cause of AMD and many other
retinal degeneration diseases, but the mechanism remains incompletely addressed so far. Understanding
the mechanism will help to develop potential treatments for RPE and photoreceptor cell injury-related
diseases. In this study, we not only found intracellular C3 de�ciency played a vital role in preventing RPE
apoptosis, but also identi�ed the C3/C3aR/STAT3 pathway play important role in mediating immune
response and photoreceptor cell apoptosis under oxidative stress, which might be helpful for treating
retinal degeneration diseases.

AMD is classi�ed into two forms, a non-neovascular or ‘dry’ form and a neovascular or ‘wet’ form.
Treatment using anti-vascular endothelial cell growth factor is available for wet AMD [30], but no effective
prevention or treatment is available for the ‘dry’ form. While no animal model fully recapitulates the
pathologic features found in ‘dry’ AMD, NaIO3-induced RPE apoptosis is considered as the best model for
this disease [31, 32]. It has been widely used for the evaluation of preclinical e�cacy of novel
therapeutics for geographic atrophy, one of the major features in ‘dry’ AMD. One previous study has
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shown that irreversible photoreceptor and RPE cell damage in mice treated with NaIO3 is related to
macrophage accumulation [33]. There is a relationship between oxidative stress and complement
activation in AMD models [34].

Complement and microglial cells mediate neural-cell damage in many retinal degeneration diseases, such
as AMD, Stargardt disease and glaucoma [19, 25, 35]. As the critical component of the complement
system, how C3 acts in RPE and photoreceptor cells death is not clear. In this study, we observed the
activation of microglial cells 7 days after NaIO3 injection, and the co-localization of C3 and microglial
cells was consistent with previous reports. Unexpectedly, we found early C3 accumulation in apoptotic
RPE cells. Traditionally, C3 is secreted by hepatocytes. However, recently two studies have identi�ed
functional C3 expression in non-hepatic cells, such as lymphocytes and intestinal epithelial cells [17, 18];
this inspired us to explore the role of intracellular C3 in RPE injury induced by NaIO3. Simultaneously,
through single cell RNA-seq study, Pauly et al. �rstly explored the character of complement components
in speci�c retinal cell types in normal and pathological condition, their results strongly indicate a local
retinal complement activated possibly independent of the systemic components typically produced by
the liver during retinal degeneration [36]. Through in vivo and in vitro experiments, for the �rst time, we
have found that NaIO3-induced RPE apoptosis and mitochondrial malfunction were dependent on
intracellular endogenous C3, which was partially mediated by cathepsin. However, in our future work, we
need fully demonstrate the role of complement activation on mitochondrion pathological change.

Another important �nding in our study was that MAC formation might be the main reason for RPE
apoptosis and mitochondrial malfunction after intracellular C3 activation. However, the exact mechanism
here is to be explored further. We assume that the activated C3 might be released into the extracellular
matrix after RPE apoptosis and subsequently induces the migration, aggregation and activation of
microglial cells. This might explain why microglial cells appear later than RPE apoptosis in the retina
after NaIO3 stimulation in vivo.

Mechanistically, we identi�ed STAT3 as a downstream gene of C3/C3aR pathway during photoreceptor
cell degeneration. Our RNA-seq analysis revealed a signi�cant activation of C3/C3aR/STAT cascade in
NaIO3 induced retinal degeneration model. Strikingly, genetic deletion of C3 or pharmacological inhibition
of C3aR or STAT3 could obviously prevent photoreceptor loss and reserve retinal function. Moreover, the
immune response, such as the pro-in�ammatory cytokines release and microglial in�ltration and Muller
glial reactivity was suppressed after blocking C3/C3aR/STAT3 pathway.

Conclusions
Taken together, our current study demonstrates that RPE injury induced by NaIO3 was endogenous C3
dependent. And activation of C3/C3aR/STAT3 pathway play important role in mediating microglia
activation and photoreceptor cell degeneration. Therefore, inhibition of intracellular C3 and normalized
C3/C3aR/STAT3 pathway could be helpful in preventing AMD or other retinal degeneration disease.
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Signal Transducers and Activators of Transcription; TFAM: Mitochondrial transcription factor A; TNFα:
Tumor necrosis factorα; TUNEL: TdT-UTP nick end labeling; WT: Wild-type.
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Figure 1

The complement system is activated in in NaIO3 mice model. A. HE staining of wild-type mice 0d to 28d
after NaIO3 injection. B. ONL thickness of wild-type mice 0d to 7d after NaIO3 injection. C-I. Real-time PCR
analysis of C1qa, C2, C3, Cfd, Cfb, Cfh and C� mRNA level in wild-type mice of 0d to 7d after NaIO3
injection. Data represent the mean+ SEM, n=3. *** p<0.001.
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Figure 2

Intracellular C3 activation in RPE cells after NaIO3 induction in vivo and in vitro. A. Double
immuno�uorescent staining C3 (green) and RPE65 (red) of wild-type 0d and 1d after NaIO3 injection. B.
Confocal assay of C3 localization of wild-type 0d and 1d after NaIO3 injection. C. TUNEL
immuno�uorescent staining of wild-type and C3-de�cient mice 1d after NaIO3 injection. D. Quanti�cation
of (C). E. Immuno�uorescent staining of C3 in RPE cells in vitro culture system at 0, 4, 24 hours after
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NaIO3 induction. F. Immuno�uorescent staining of TUNEL in RPE cells in vitro culture system at 0, 4, 24
hours after NaIO3 induction. G. Quanti�cation of (F). Data represent the mean+ SEM, n=3. *** p<0.001.

Figure 3

C3 activation-initiated MAC formation and mitochondrial malfunction in RPE cells after NaIO3 inducted
oxidative stress in vivo and in vitro. A. Multicolor immuno�uorescent staining of RPE65 (violet), C3
(green), MAC (red), ATP5A (gray) and DAPI (indigo) of wild-type and C3 knockout mice 1d after NaIO3
injection. B. Multicolor immuno�uorescent staining and quanti�cation of MAC (green), ATP5A (red),
RPE65 (violet) and DAPI (indigo) in RPE cells in vitro culture system at 0 and 4 hours after NaIO3
induction. C. Real-time PCR analysis of COX- , PGC-1α, NRF1 and TFAM mRNA level in wild-type and C3
knockout mice 1d after NaIO3 injection. D. Real-time PCR analysis of Nre2l2, SOD2, NQO1 and GCLM
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mRNA level in wild-type and C3 knockout mice 1d after NaIO3 injection. Data represent the mean+ SEM,
n=3. *** p<0.001.

Figure 4

E64 attenuates intracellular C3 activation, apoptosis and mitochondrial malfunction of RPE cells after
NaIO3 induction. A. Annexin V (green) and Mito-tracker (red) staining and confocal observation of wild-
type and C3-de�cient RPE cells after NaIO3 induction with or without E64 pre-treatment. B. Multicolor
immuno�uorescent staining of C3 (green), MAC (red) and DAPI (blue) of wild-type RPE cells after NaIO3
induction with or without E64 pre-treatment. C. Immuno�uorescent staining and quanti�cation of TUNEL
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in retina at 1d after NaIO3 induction with E64 pre-treatment. D. Multicolor immuno�uorescent staining of
RPE65 (violet), C3 (green), MAC (red) and DAPI (indigo) of wild-type RPE cells after NaIO3 induction with
E64 pre-treatment. E. Real-time PCR analysis of C3, SOD2, NQO1 and GCLM mRNA level in wild-type mice
0d and 1d after NaIO3 induction with or without E64 pre-treatment. Data represent the mean+ SEM, n=3.
*** p<0.001.

Figure 5
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Genetic deletion of C3 attenuates reactive gliosis and microglia in�ltration. A. Multicolor
immuno�uorescent staining and quanti�cation of C3, GFAP, Iba1 and CD68 in retina of wild-type and C3-
de�cient mice 0d and 7d after NaIO3 injection. B. Quanti�cation of C3, GFAP, Iba1 and CD68
immunoreactivities. C. Real-time PCR analysis of TNFα, IL6, IL1α and CD68 mRNA level in wild-type and
C3-de�cient mice 0d and 7d after NaIO3 induction. Data represent the mean+ SEM, n=3. *** p<0.001. D
TNFα, IL6 and IL1α protein level in wild-type and C3-de�cient mice measured by Elisa (mean+ SEM, n=3.
*** p<0.001)

Figure 6
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Knockout of C3 protect the neural retina structure in NaIO3 mice model. A. HE staining of C3-de�cient
mice 0d to 28d after NaIO3 injection. B. ONL thickness of wild-type and C3-de�cient mice 0d to 28d after
NaIO3 injection. C-F. Immuno�uorescent staining and quanti�cation of Rhodopsin and TUNEL in retina of
wild-type and C3-de�cient mice 0d to 28d after NaIO3 injection.

Figure 7

RNA-seq analysis identi�ed C3/C3aR/STA3 signal pathway activation in NaIO3 mice model. A. DEGs
identi�ed top 100 changed gene in wild-type mice 0d and 7d after NaIO3 induction. B. Gene Ontology of
up-regulated signal pathway. C. Gene Ontology of down-regulated signal pathway. D. Real-time PCR
analysis of C3aR and STAT3 mRNA level in wild-type 0d, 1d and 7d after NaIO3 induction. Data represent
the mean+ SEM, n=3. *** p<0.001. E. Immunostaining and quanti�cation of C3aR and pSTAT3 in wild-
type 0d and 7d after NaIO3 induction. Data represent the mean+ SEM, n=3. *** p<0.001.
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Figure 8

C3aR inhibitor reduced gliosis and microglial activation in NaIO3 mice model. A. Immunostaining of
TUNEL in wild-type mice 7d after NaIO3 induction with SB290157 (SB) pretreatment. B, C. Multicolor
immuno�uorescent staining and quanti�cation of GFAP, Iba1 and CD68 in wild-type mice 7d after NaIO3
induction with SB pretreatment. D, E. Real-time PCR analysis of TNFα and STAT3 mRNA level in wild-type
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mice 7d after NaIO3 induction with SB pretreatment. F. Immunostaining of Pstat3 and quanti�cation in
wild-type mice 7d after NaIO3 induction with SB pretreatment.

Figure 9

STAT3 inhibitor partial rescued retinal function of wild-type mice after NaIO3 induction. A.
Immunostaining and quanti�cation of TUNEL in wild-type mice 7d after NaIO3 induction with or without
SH-4-54 pretreatment. B. ERG analysis of retinal function in wild-type mice 7d after NaIO3 induction with
or without SH-4-54 pretreatment.
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