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INTRODUCTION 
 
The neuronal retina is segregated from the systemic 
immune system by the blood retina barriers (BRB) and 
is considered as an immune privileged tissue. In 
addition to the physical barrier, the immune suppressive 
microenvironment of the eye is also critical for retinal 
immune privilege [1-3]. The immune privilege reduces 
the likelihood of intraocular inflammation, thus protects 
the neuroretina from inflammation-mediated damage. 
Despite the lack of systemic immune surveillance, the 
retina is well-protected by its own innate immune 

defence system, including innate immune cells (e.g., 
microglia and perivascular macrophages) and the 
complement system [4]. The pathophysiology of retinal 
innate immune cells, particularly microglia has been 
well-studied and the subject has been reviewed 
extensively recently (see review article [5-7]). However, 
how the complement system protects the retina remains 
poorly defined.   
 
The complement system constitutes over 30 proteins 
and protein fragments. Most of the complement proteins 
are known to be synthesized in the liver and released 
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ABSTRACT 
 
Age-related para-inflammation in the retina-choroidal interface is featured by low-levels of complement 
activation and subretinal macrophage accumulation. This study aimed to understand how complement 
expression in macrophages is regulated by retinal pigment epithelium (RPE). Bone marrow-derived 
macrophages (BMDMs) and RPE cells were cultured from 8-10 weeks old C57BL/6J mice. The BMDMs were co-
cultured with normal RPE, or oxidized photoreceptor outer segment (oxPOS) or TNF-α pre-treated RPE, or 
apoptotic RPE, or RPE-choroid eyecups. Macrophages were then isolated and processed for real-time RT-PCR. 
The expression of complement inhibitor C1INH in BMDMs was significantly upregulated by RPE and RPE-
choroid eyecups. The eyecups also upregulated CFH, CD59a, and Crry in BMDMs. oxPOS pre-treated RPE 
upregulated C1qb but down-regulated C3 expression in BMDMs. TNF-α pre-treated RPE enhanced C1INH and 
CFB expression. When BMDMs were treated with apoptotic RPE, the expression of C1qb, CFH, and CD59a was 
reduced, whereas the expression of C3, CFB and C1INH was increased. Our results suggest that RPE can 
modulate macrophages complement expression at the retina-choroidal interface even under aging or oxidative 
conditions. However, during inflammation, they may promote the alternative pathway of complement 
activation through down-regulating CFH and CD59a and upregulating CFB and C3.  
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into circulation as inactive precursors. Recent evidence 
suggests that complement components are also 
produced outside the liver by tissue cells [8]. Previous 
studies from our group and others have shown that the 
retina and retinal pigment epithelium (RPE)/choroidal 
tissue express a variety of complement components [9-
11], and microglia and RPE are the major sources of 
local complement expression [9,12]. During aging, the 
expression of complement proteins or fragments is 
increased in the retina, particularly at the retina-choroid 
interface [4,11,13,14]. Together with a low level of 
microglial activation, the increased immune reactivity 
in the aging retina (also known as para-inflammation 
[14,15]) maintains retinal homeostasis and functionality 
[14].   
 
The retina-choroid interface undergoes progressive 
changes during aging. For example, RPE cells increase 
in size and become multinucleate [16], phagocytes 
(microglia and macrophages) accumulate in the 
subretinal space (Figure 1) [17-19]. RPE cells and 
macrophages can both produce complement proteins 
[9,12],  and they are the major sources of complement 
expression at the retina-choroid interface in the normal 
aging eye. How their complement expression is 
regulated during aging and at disease conditions is an 
important question. We have shown previously that 
complement expression in RPE cells is regulated by 
active macrophages [12]. We have also shown that 
complement expression in macrophages is regulated by 
cytokines presented at the microenvironment [20]. 
Macrophages are in close contact with RPE cells at the 
subretinal space in the aging eye (Figure 1). The aim of 
this study was, therefore, to investigate how 
complement expression in macrophages is regulated by 
RPE cells.  
 
Under normal physiological conditions, RPE cells can 
suppress macrophage activation through pigment 
epithelial-derived factor (PEDF) [21-23] and α-

melanocyte stimulating hormone (α-MSH) [24]; 
whereas, under disease conditions, particularly when 
RPE cells undergo apoptotic death, the dead RPE cells 
can induce an angiogenic phenotype in macrophages 
[25]. Although substantial RPE death unlikely occurs in 
the normal aging eye, the cells are subjected to chronic 
oxidative stress and are constantly undergoing 
morphological remodeling [16]. The ability of RPE 
cells to modulate macrophage function in the subretinal 
space may depend on the condition of RPE cells. 
Indeed, subretinal macrophages in the healthy adult 
eyes (6 -12 months old) often have a small soma and 
long- fine-dendrites (Fig. 1A), whereas the cells in the 
aging eye (20 – 27 months) have a large cell body that 
often contains pigmented debris (Fig. 1B) [15], and they 
are autofluorescent (Fig. 1C) [17]. This suggests that 
they are active phagocytizing debris released by 
stressed RPE cells. In this study, we investigated the 
effect of different types of RPE cells in macrophage 
complement expression, including normal RPE cells, 
oxidized photoreceptor outer segments (oxPOS) pre-
treated or TNF-α pre-treated RPE cells and apoptotic 
RPE cells.  
 
RESULTS 
 
The effects of normal RPE cells on BMDM 
complement gene expression  
 
Previously we have shown that macrophages express a 
variety of complement components and regulatory 
genes [20]. In this study, we selectively investigated 
complement genes that were expressed at reasonable 
levels in macrophages in our previous study, including 
c1qb and c1inh of the classical pathway, cfb and cfh of 
the alternative pathway, and c3 and cd59a of the 
terminal pathway. When BMDMs were co-cultured 
with normal RPE cells, the expression of C1qb and C3 
mRNA was significantly reduced (Figure 2), whereas 

 
 

Figure 1. Subretinal macrophages in the aging eye. RPE/choroidal flatmount from 18 months (A) and 24 months (B) old 
CX3CR1gfp/+ mice were stained with phalloidin and imaged by confocal microscopy. Arrows - pigmented debris in subretinal 
macrophages. (C), RPE/choroidal flatmount from a 24 month old CX3CR1gfp/+ mouse was imaged by confocal microscopy. Green – GFP+ 
subretinal macrophages; Red – autofluorescence (AF).    
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the mRNA expression of CD59a, particularly C1INH 
was markedly increased (1.85-fold and 53.07-fold 
respectively) (Figure 2A). The upregulation of C1INH 
was further confirmed at protein level by Western Blot 
(Figure 2B, 2C). The expression of CFB and CFH was 
not affected. C1INH and CD59a negatively regulate 
complement activation. Our result suggests that under 
normal physiological conditions, RPE cells may 
suppress complement activation at the retina—choroid 
interface by modulating subretinal macrophage 
complement expression.   

The effects of oxPOS pre-treated RPE cells on 
BMDM complement gene expression  
 
Our recent work suggests that oxidized POS (oxPOS) 
suppresses RPE proliferation and induces 
multinucleation, a phenotype that is similar to RPE cells 
in the aging eye [16]. In this study, we further found 
that oxPOS treatment induced β-galactosidase 
expression in RPE cells (Figure 3A), an indicative of 
cell senescence. When BMDMs were co-cultured with 
oxPOS pre-treated RPE, the expression of C1qb 

 
 

Figure 2. The effects of normal RPE cell on BMDM complement expression. BMDMs from C57BL/6J mice were co-cultured 
with primary mouse RPE cells for 7h (A) or 24h (B). Macrophages were then isolated by CD11b+ MACS kit and processed for real-time 
RT-PCR analysis of complement genes (A) and western blot analysis of C1INH protein expression (B). Fold change of C1INH protein 
expression by BMDMs after co-culture was analyzed by ImageJ (C). Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01 compared to naïve 
BMDM alone, Unpaired Student t test.   
 

 
 

Figure 3. The effects of oxidized POS treated-RPE cell on BMDM complement gene expression. RPE cells were treated with 
oxidized photoreceptor outer segments (oxPOS) for 24h. oxPOS were then removed from the culture. (A) β-galactosidase expression in 
ox-POS-treated RPE cells. (B) The oxPOS pre-treated RPE cells were co-cultured with naïve BMDMs for 7h. Macrophages were isolated 
and processed for real-time RT-PCR analysis of complement genes. Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01 compared to naïve 
BMDM alone, Unpaired Student t test.  
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increased by more than 3-fold. The expression of 
C1INH remained at high levels (49.36-fold increment) 
compared with untreated BMDMs, whereas the 
expression of C3 was significantly decreased (Figure 
3B). The expression of other genes, including CFB, 
CFH, and CD59a was not affected (Figure 3B). C1q is 
involved not only in the CP complement activation, but 
also in phagocytosis [26]. Our results suggest that, RPE 
cells in the aging eye may suppress complement 
activation through macrophage related C1INH and 
promote subretinal macrophage phagocytosis by 
enhancing C1q expression.  
 
The effects of TNF-α pre-treated RPE cells on 
BMDM complement gene expression  
 
TNF-α is one of the key inflammatory mediators in the 
inflamed eye e.g., uveoretinitis [27-29]. When BMDMs 
were co-cultured with TNF-α pre-treated RPE cells, the 
expression of CFB and C1INH was increased by 3.7-

fold and 50.1-fold respectively (Figure 4), whereas 
other complement component genes, including C1qb, 
C3, CFH and CD59a remained unchanged (Figure 4). 
The result suggests that under inflammatory conditions, 
RPE cells may convert macrophages into a phenotype 
that can promote complement activation through the 
alternative but not the classical or MBL pathway.   
 
The effects of apoptotic RPE cells on BMDM 
complement gene expression  
 
Apoptotic RPE cells were induced by exposing cells to 
1mM H2O2 in serum-free DMEM overnight at 37°C 
[30]. Flow cytometry analysis confirmed that ~90% 
RPE cells were Annexin V+ or Annexin V+PI+ (Figure 
5A). When BMDMs were incubated with apoptotic 
RPE cells, the expression of C3, CFB and C1INH was 
upregulated by 3.58-fold, 59.63-fold and 45.76-fold 
respectively, whereas the expression of C1q, CFH and 
CD59a was down-regulated to 0.20-fold, 0.03-fold and 

 
 

Figure 5. The effects of apoptotic RPE cell on BMDM complement gene expression. Primary mouse RPE cells were treated 
with H2O2 in serum-free DMEM overnight. Apoptotic RPE cells were confirmed by Propidium iodide (PI) and Annexin V staining (A). The 
apoptotic RPE cells were then incubated with naïve BMDMs for 7h. Macrophages were isolated and processed for real-time RT-PCR 
analysis of complement genes (B). Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01, ***, P < 0.001 compared to naïve BMDM alone, Unpaired 
Student t test.  
 

5  
 

Figure 4. The effects of TNF-α treated-RPE cell on BMDM complement gene expression. RPE cells were treated with TNF-α 
for 16h. Naïve BMDMs were then co-cultured with TNF-α pre-treated RPE cells for 7h. Macrophages were isolated and processed for 
real-time RT-PCR analysis of complement genes. Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01 compared to naïve BMDM alone, Unpaired 
Student t test.  
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0.55-fold (compared to BMDM alone) respectively 
(Figure 5B). The result suggests that apoptotic RPE 
cells may promote AP complement activation in 
subretinal macrophages.  
 
Changes in BMDM complement gene expression 
after culturing in RPE-choroid eyecup 
 
To further understand how complement expression by 
subretinal macrophages is regulated by RPE cells in the 
aging eye, BMDMs were cultured in the eyecups of 18 
months old mice. The cells were then removed from the 
eyecups and their complement gene expression was 
analyzed by real-time RT-PCR. Compared to naive 
BMDMs, the eyecup treated macrophages expressed 
significantly higher levels of CFH, C1INH, CD59a and 
Crry (2~3-fold increment) (Figure 6). There was a trend 
of upregulation in CD55 mRNA in eyecup treated 
macrophages (Figure 6, P = 0.12 respectively). The 
expression of other complement genes, including C1qb, 
C3, C4 and CFB remained unchanged (Figure 6). CFH 
and C1INH are secretory types of complement 
inhibitors, whereas CD59a, Crry and CD55 are 
membrane-type inhibitors. Our results suggest that 
subretinal macrophages are likely to suppress 
complement activation at the retina-choroid interface in 
the normal aging eye.     
 
DISCUSSION 
 
RPE cells are known to critically control the immune 
suppressive microenvironment of the subretinal space 
through multiple mechanisms, including inducing the 
death of infiltrating immune cells (through the Fas 
Ligand and Tumor Necrosis Factor-related apoptosis-
inducing ligand (TRAIL) [31-33]), releasing of immune 
suppressive mediators (e.g. TGF-β, retinoic acid, 
thrombospondin-1, CTLA4 and CLTA2) [34-37]). In 
this study, we show that RPE cells can modulate 

macrophage towards an anti-complement activation 
phenotype although inflammatory or apoptotic RPE 
cells may promote the alternative pathway of 
complement activation by inducing relevant 
complement expression in macrophages. The immune 
modulatory role of RPE cells on macrophage 
complement expression may be an additional 
mechanism to maintain retinal homeostasis particularly 
in the aging eye where macrophages accumulate in the 
subretinal space.  
 
Previously we have reported a low-level of complement 
activation (e.g., increased CFB and C3/C3b expression) 
at the retina-choroid interface in the aging eye [11,14]. 
We believe that this low-level of complement activation 
is beneficial and important to maintain retinal 
homeostasis [14]. Uncontrolled complement activation 
is believed to be involved in the pathogenesis of AMD 
[4,10,38-40]. How complement activation at the 
immune privileged site of subretinal space (i.e., retina-
choroid interface) is regulated and why the activation 
becomes detrimental in AMD is not known. Previous 
studies have observed higher plasma levels of C3a, C4a 
and C5a in AMD patients compared to age-matched 
controls [39-41]. However, a recent study by Schick et 
al did not find significant difference in the plasma levels 
of C3a, Ba, sC5b-9, CFH, CFI between AMD patients 
and age-matched controls, but the aqueous levels of C3a 
and Ba were significantly higher in AMD patients [42], 
suggesting that uncontrolled local but not systemic 
complement activation may play an important role in 
AMD pathogenesis.  
 
RPE and subretinal macrophages are the only two types 
of cells in the retina-choroid interface in the aging eye, 
and they may critically control local complement 
activation. Previously, we have shown that RPE cells 
express high levels of complement regulators (e.g., 
C4BP, MASP1, CFH, C1INH, DAF, Crry and CD59a), 

 
 

Figure 6. The effects of RPE/choroid eye-cup on BMDM complement gene expression. Naïve BMDMs were cultured in 
RPE/choroid eye cup from 18 months old mice for 7h. Macrophages were then isolated and processed for real-time RT-PCR analysis of 
complement genes. Mean ± SEM, n =3; *, P< 0.05; **, P < 0.01 compared to naïve BMDM alone, Unpaired Student t test.  
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but relative low levels of complement components (e.g., 
C2, C4, CFB and C5) [9,12]. This complement 
expression profile fits the immune suppressive nature of 
RPE cells and may contribute to the immune privilege 
of the subretinal space. Macrophages, on the other hand, 
express high levels of C1q under normal culture 
conditions [20]. C1q not only can initiate the classical 
pathway of complement activation, but also is critically 
involved in the phagocytosis of antibody-opsonized or 
FcR coated particles [26]. In this study, we show that 
normal RPE cultures are able to down-regulate the 
expression of C1qb and C3 and upregulate the 
expression of C1INH and CD59a in macrophages. The 
upregulation of complement regulators (CFH, CD59a, 
Crry, C1INH and CD55) was more prominent when 
macrophages were cultured in the RPE-choroid eyecups 
(Figure 6). Our results suggest that RPE cells may 
convert subretinal macrophages into a phenotype that 
can suppress complement activation. This “anti-
complement activation” function of RPE may be a 
novel mechanism contributing to the immune 
suppressive microenvironment of the subretinal space.    
 
The ability of RPE cells to regulate macrophage 
complement expression appears to rely on the 
physiological condition of the cells. After pre-treatment 
with oxPOS which induced RPE cells senescence, RPE 
cells further increased the expression of C1q and 
C1INH in macrophages (Figure 3). This phenotype 
allows macrophages to maintain complement 
suppressive property, but the phagocytosis function may 
be improved (as a result of increased C1q expression). 
oxPOS pre-treated RPE cells mimic the RPE cells in the 
aging eye [16], which may release debris into the 
subretinal space. This macrophage phenotype ensures 
effective clearance of the debris from the subretinal 
space to maintain homeostasis. Indeed, many subretinal 
macrophages in the aging eye contain pigmented 
inclusions (Figure 1B, 1C) [16].  
 
Under disease conditions whereby RPE cells are 
subjected to inflammatory insult (e.g. TNF-α) or even 
undergo cell death, they may lose the immune 
suppressive property, instead become proinflammatory. 
TNF-α pre-treated RPE cells upregulated CFB and 
C1INH expression (Figure 4) in BMDMs, suggesting 
that they may suppress CP but promote AP complement 
activation. This macrophage phenotype was further 
enhanced by apoptotic RPE cells, evidenced by reduced 
expression of CP component (C1q) and AP inhibitor 
(CFH) and increased expression of CP inhibitor 
(C1INH) and AP components (CFB, C3) (Figure 5). 
This result suggests that under disease conditions, 
damaged or dead RPE cells may convert subretinal 
macrophages into a phenotype that can promote the AP 
complement activation at the retina-choroid interface. 

This concept is supported by our previous observation 
that retinal complement activation in autoimmune 
uveoretinitis is mediated predominately by the AP [15]. 
 
In summary, we show that RPE cells can modulate 
macrophage complement expression. Under normal 
aging conditions, RPE cells may convert macrophages 
into a phenotype that can suppress complement 
activation with enhanced phagocytosis. This immune 
regulatory function of RPE cells on macrophages may 
be lost under inflammatory conditions. Instead, 
inflammatory or apoptotic RPE cells promote 
macrophages to produce complement components 
necessary for the AP activation. RPE cells together with 
subretinal macrophages critically control complement 
activation at the retina-choroid interface in the ageing 
eye.  
 
MATERIALS AND METHODS 
 
Preparation of photoreceptor outer segments 
 
Photoreceptor outer segments (POS) were isolated from 
bovine eyes using the sucrose gradient density 
centrifugation as previous described [43]. Oxidized 
POS (ox-POS) was generated by exposing POS to 302 
nm ultraviolet light for 18 hours [43], and lipid 
oxidation was confirmed using thiobarbituric acid 
reactive substance assay (TBARS) kit (OXI-TEK 
TBARS Assay kit, Alexis; Axxora Ltd, Nottingham, 
UK). The levels of TBARS were confirmed to be 60 - 
92 nmol/108 POS in oxPOS and 5 ~ 11 nmol/108 POS in 
non-oxidized POS. 
 
RPE cell culture  
 
Primary mouse RPE cells were isolated and cultured 
from 3-month old wild type C56BL/6J mice as 
described previously [9,11]. Briefly, after removing the 
anterior segment of the eye, the vitreous and retina were 
peeled off from the eye cups. The RPE/choroid/sclera 
eye cups were incubated with 0.5% (w/v) trypsin-EDTA 
(ICN Flow, Irvin, UK) at 37°C for 30 min. RPE cells 
were harvested by gentle aspiration and the single-cell 
suspension was collected and seeded into culture plates 
with Dulbecco’s Modified Eagle Medium (DMEM), 
supplemented with 10% Fetal Calf Serum (FCS) and 
100 mg/ml primocin. Cells were subcultured when they 
reached confluence. RPE phenotype was confirmed by 
their cytokeratin 19 expression. Cells of passage 3-5 
were used for experiments. 
 
To induce apoptosis in RPE cells, the cell cultures were 
treated with 1mM H2O2 in serum-free DMEM for 
overnight at 37°C [30]. Cells were detached by washing 
with ice-cold PBS and processed for Annexin 
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V/Propidium Iodide (PI) staining according to 
manufacturer’s instructions (Life Technologies, UK), 
and examined by FACS Canto II (BD Biosciences, 
Oxford, UK).  
 
To generate oxRPE cells or TNF-α pre-treated RPE 
cells, RPE cells were incubated with 1x 106/ml ox-POS 
[43] or TNF-α (20 ng/ml) [11] for 24 h. Un-ingested 
POS or excessive TNF-α were then removed from the 
culture by thorough washes with warm PBS. RPE cells 
with different treatments were stained for β-
Galactosidase using the Senescence β-Galactosidase 
Staining Kit (Sigma-Aldrich) as per manufacturer’s 
instructions. 
 
Culture of bone marrow-derived macrophages 
(BMDMs)  
 
BMDMs were cultured using the protocol originally 
described by Weischenfeldt and Porse [44] with slight 
modification [20]. Briefly, tibias and femurs were 
collected from 8 to 12-week old wild-type C57BL/6J 
mice. Bone marrow was flushed with DMEM (Gibco 
BRL, Paisley, UK). Red Blood Cells (RBCs) were lysed 
by RBC Lysis Buffer (0.75% NH4Cl, 0.02% Tris-HCl, 
pH 7.2). Cells were then washed and cultured in 
DMEM supplemented with 15% FCS and 15% L929 (a 
murine fibroblast cell line that secretes M-CSF) 
conditioned medium containing 100 mg/ml primocin 
(Invivogen, San Diego, California, USA) in 75 cm2 
Culture Flasks, and incubated at 37°C in 5% CO2 
incubator. After 6 days, cells were collected for further 
experiments. Flow cytometry confirmed that >92% of 
the cells were F4/80+CD11b+.  
 
BMDM-RPE co-culture 
 
1.5 x 106 BMDMs were seeded into T25 flask RPE 
cultures (5 x 105 of normal RPE, or ox-RPE or TNF-α-
RPE or apoptotic RPE cells) and co-cultured for 7h or 
24h. Cells were then detached in ice-cold PBS with 
2mM EDTA and passed through 70 µm cell strainer. 
BMDMs were isolated with the CD11b+ MACS kit 
(Miltenyi Biotec, UK). The phenotype of the BMDMs 
was confirmed to be 95-98% CD11b+F4/80+ by flow 
cytometry (FACS Canto, BD Biosciences, UK). The 
cells were processed further for downstream 
experiments. 
 
Macrophage culture in the eye-cup  
 
Eyes from 18 months old C57BL/6J mice were 
sterilized with 75% ethanol and dissected under 
microscope. The anterior segment of the eye, the lens 
and retinal tissue were removed. The eyecups 

containing RPE, choroid and sclera were used for 
further studies.  
 
1 x 104 BMDMs were added into the eyecup and 
cultured at 37 °C in 5% CO2 incubator for 7h. BMDMs 
on eyecup were harvested by gently shaking the eyecup 
in a tube with culture medium. 90-95% of cells were 
F4/80+ by flow cytometry. The cells were collected and 
processed for real-time RT-PCR. 
 
RNA isolation and reverse transcription 
 
Total RNA was extracted from cultured BMDMs using 
the RNeasy mini kit (Qiagen Ltd., West Sussex, UK) 
according to the manufacturer’s instructions. The 
quantity and quality of the RNA were determined using 
the NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies, Wilmington, DE). First-strand cDNA 
synthesis was performed by a reaction of 1 µg of total 
RNA with a random primer, using the SuperScriptTM II 
Reverse Transcriptase kit (Invitrogen, Paisley, UK). 
 
Real-time Polymerase Chain Reaction (Real-time 
RT-PCR) 
 
Real-time RT-PCR was performed in a total of 12 µl 
mixture solution in 384-well plates using the 
LightCycler 480 system (Roche Applied Science, 
Mannheim, Germany). Each 12 µl of reaction mixture 
contains 6 ml of LightCycler 480 SYBR Green Master 
(Roche Diagnostics GmbH, Mannheim, Germany), 0.5 
mM primers and diluted cDNA. Real-time RT-PCR 
quantifications were run in triplicate for each sample 
and the average determined. PCR products were 
quantified by the LightCycler 480 software. Melting 
curve and gel electrophoretic analyses were used to 
determine amplification homogeneity and data quality. 
Expression levels were normalized to β-actin. The 
primer sequences have been described previously 
[12,20]. 
 
Western blot 
 
BMDMs were lysed in RIPA buffer with protease 
inhibitors (Sigma Aldrich, USA). The total protein 
concentration was measured using a BCA kit (Solarbio, 
China). Ten micrograms of total protein were applied to 
10% SDS-PAGE and blotted to an Immobilon-FL 
polyvinylidene difluoride membrane (Millipore, China). 
After blocking with 5% fat-free milk, the membrane 
was incubated with primary antibodies for C1INH 
(Abcam, UK) and β-actin (Arigo Biolaboratories, 
China) at 4 °C overnight, followed by incubation with 
secondary antibodies respectively at room temperature 
for 1-2 h.  Quantitative imaging was performed using 
Odyssey infrared imaging system (Li-COR 
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Biotechnology, USA). Protein bands were quantified 
using ImageJ software. 
 
Data analysis 
 
All data were expressed of Mean ± Standard error of 
mean (SEM). The difference in complement gene 
expression levels between normal un-treated BMDMs 
and different types of RPE treated BMDMs were 
compared using the unpaired Student t test with P < 
0.05 considered to be statistically significant. All 
experiments were repeated at least twice.  
 
CONFLICTS OF INTEREST 
 
All authors disclose no commercial interests in any 
subjects presented in this paper.   
 
FUNDING 
 
The study was funded by Fight for Sight, UK (1361/1362; 
5057/58), National Natural Science Foundation of China 
(81700827), Natural Science Foundation of Hunan 
Province, China (2018JJ3002), and AIER Eye Hospital 
Group Research Fund (AFM1713D3). The funders had no 
role in study design, data collection and analysis, decision 
to publish, or preparation of the manuscript. 
 
REFERENCES 
 
1.  Forrester JV, Xu H. Good news-bad news: the Yin and 

Yang of immune privilege in the eye. Front Immunol. 
2012; 3:338.  
https://doi.org/10.3389/fimmu.2012.00338 

2.  Forrester JV, Xu H, Lambe T, Cornall R. Immune 
privilege or privileged immunity? Mucosal Immunol. 
2008; 1:372–81. https://doi.org/10.1038/mi.2008.27 

3.  Streilein JW. Immunoregulatory mechanisms of the 
eye. Prog Retin Eye Res. 1999; 18:357–70.  
https://doi.org/10.1016/S1350-9462(98)00022-6 

4.  Xu H, Chen M. Targeting the complement system for 
the management of retinal inflammatory and 
degenerative diseases. Eur J Pharmacol. 2016; 
787:94–104. 
https://doi.org/10.1016/j.ejphar.2016.03.001 

5.  Forrester JV, Xu H, Kuffová L, Dick AD, McMenamin 
PG. Dendritic cell physiology and function in the eye. 
Immunol Rev. 2010; 234:282–304.  
https://doi.org/10.1111/j.0105-2896.2009.00873.x 

6.  Li L, Eter N, Heiduschka P. The microglia in healthy 
and diseased retina. Exp Eye Res. 2015; 136:116–30. 
https://doi.org/10.1016/j.exer.2015.04.020 

7.  Karlstetter M, Scholz R, Rutar M, Wong WT, Provis 
JM, Langmann T. Retinal microglia: just bystander or 
target for therapy? Prog Retin Eye Res. 2015; 45:30–
57. 
https://doi.org/10.1016/j.preteyeres.2014.11.004 

8.  Marsh JE, Zhou W, Sacks SH. Local tissue 
complement synthesis--fine tuning a blunt 
instrument. Arch Immunol Ther Exp (Warsz). 2001 
(Suppl 1); 49:S41–46. 

9.  Luo C, Chen M, Xu H. Complement gene expression 
and regulation in mouse retina and retinal pigment 
epithelium/choroid. Mol Vis. 2011; 17:1588–97. 

10.  Anderson DH, Radeke MJ, Gallo NB, Chapin EA, 
Johnson PT, Curletti CR, Hancox LS, Hu J, Ebright JN, 
Malek G, Hauser MA, Rickman CB, Bok D, et al. The 
pivotal role of the complement system in aging and 
age-related macular degeneration: hypothesis re-
visited. Prog Retin Eye Res. 2010; 29:95–112. 
https://doi.org/10.1016/j.preteyeres.2009.11.003 

11.  Chen M, Muckersie E, Robertson M, Forrester JV, Xu 
H. Up-regulation of complement factor B in retinal 
pigment epithelial cells is accompanied by 
complement activation in the aged retina. Exp Eye 
Res. 2008; 87:543–50.  
https://doi.org/10.1016/j.exer.2008.09.005 

12.  Luo C, Zhao J, Madden A, Chen M, Xu H. 
Complement expression in retinal pigment epithelial 
cells is modulated by activated macrophages. Exp 
Eye Res. 2013; 112:93–101.  
https://doi.org/10.1016/j.exer.2013.04.016 

13.  Chen M, Muckersie E, Forrester JV, Xu H. Immune 
activation in retinal aging: a gene expression study. 
Invest Ophthalmol Vis Sci. 2010; 51:5888–96.  
https://doi.org/10.1167/iovs.09-5103 

14. Xu H, Chen M, Forrester JV. Para-inflammation in the 
aging retina. Prog Retin Eye Res. 2009; 28:348–68. 
https://doi.org/10.1016/j.preteyeres.2009.06.001 

15.  Chen M, Xu H. Parainflammation, chronic inflamma-
tion, and age-related macular degeneration. J Leukoc 
Biol. 2015; 98:713–25.  
https://doi.org/10.1189/jlb.3RI0615-239R 

16.  Chen M, Rajapakse D, Fraczek M, Luo C, Forrester JV, 
Xu H. Retinal pigment epithelial cell multinucleation 
in the aging eye - a mechanism to repair damage 
and maintain homoeostasis. Aging Cell. 2016; 
15:436–45. https://doi.org/10.1111/acel.12447 

17.  Xu H, Chen M, Manivannan A, Lois N, Forrester JV. 
Age-dependent accumulation of lipofuscin in 
perivascular and subretinal microglia in experimental  



www.aging-us.com 9 AGING 

 mice. Aging Cell. 2008; 7:58–68.  
 https://doi.org/10.1111/j.1474-9726.2007.00351.x 

18.  Combadière C, Feumi C, Raoul W, Keller N, Rodéro 
M, Pézard A, Lavalette S, Houssier M, Jonet L, Picard 
E, Debré P, Sirinyan M, Deterre P, et al. CX3CR1-
dependent subretinal microglia cell accumulation is 
associated with cardinal features of age-related 
macular degeneration. J Clin Invest. 2007; 117:2920–
28. https://doi.org/10.1172/JCI31692 

19.  Chinnery HR, McLenachan S, Humphries T, Kezic JM, 
Chen X, Ruitenberg MJ, McMenamin PG. 
Accumulation of murine subretinal macrophages: 
effects of age, pigmentation and CX3CR1. Neurobiol 
Aging. 2012; 33:1769–76.  

 https://doi.org/10.1016/j.neurobiolaging.2011.03.01
0 

20.  Luo C, Chen M, Madden A, Xu H. Expression of 
complement components and regulators by different 
subtypes of bone marrow-derived macrophages. 
Inflammation. 2012; 35:1448–61.  

 https://doi.org/10.1007/s10753-012-9458-1 

21.  Zamiri P, Masli S, Streilein JW, Taylor AW. Pigment 
epithelial growth factor suppresses inflammation by 
modulating macrophage activation. Invest 
Ophthalmol Vis Sci. 2006; 47:3912–18.  

 https://doi.org/10.1167/iovs.05-1267 

22.  Zamiri P, Masli S, Kitaichi N, Taylor AW, Streilein JW. 
Thrombospondin plays a vital role in the immune 
privilege of the eye. Invest Ophthalmol Vis Sci. 2005; 
46:908–19. https://doi.org/10.1167/iovs.04-0362 

23.  Zamiri P, Sugita S, Streilein JW. Immunosuppressive 
properties of the pigmented epithelial cells and the 
subretinal space. Chem Immunol Allergy. 2007; 
92:86–93. https://doi.org/10.1159/000099259 

24.  Taylor AW, Lee D. Applications of the role of α-MSH 
in ocular immune privilege. Adv Exp Med Biol. 2010; 
681:143–49. https://doi.org/10.1007/978-1-4419-
6354-3_12 

25.  Liu J, Copland DA, Horie S, Wu WK, Chen M, Xu Y, 
Paul Morgan B, Mack M, Xu H, Nicholson LB, Dick 
AD. Myeloid cells expressing VEGF and arginase-1 
following uptake of damaged retinal pigment 
epithelium suggests potential mechanism that drives 
the onset of choroidal angiogenesis in mice. PLoS 
One. 2013; 8:e72935.  

 https://doi.org/10.1371/journal.pone.0072935 

26.  Galvan MD, Greenlee-Wacker MC, Bohlson SS. C1q 
and phagocytosis: the perfect complement to a good 
meal. J Leukoc Biol. 2012; 92:489–97.  

 https://doi.org/10.1189/jlb.0212099 

27.  Calder CJ, Nicholson LB, Dick AD. A selective role for 
the TNF p55 receptor in autocrine signaling following 
IFN-gamma stimulation in experimental autoimmune 
uveoretinitis. J Immunol. 2005; 175:6286–93.  
https://doi.org/10.4049/jimmunol.175.10.6286 

28. Dick AD, Forrester JV, Liversidge J, Cope AP. The role 
of tumour necrosis factor (TNF-alpha) in 
experimental autoimmune uveoretinitis (EAU). Prog 
Retin Eye Res. 2004; 23:617–37.  
https://doi.org/10.1016/j.preteyeres.2004.06.005 

29.  Sartani G, Silver PB, Rizzo LV, Chan CC, Wiggert B, 
Mastorakos G, Caspi RR. Anti-tumor necrosis factor 
alpha therapy suppresses the induction of 
experimental autoimmune uveoretinitis in mice by 
inhibiting antigen priming. Invest Ophthalmol Vis Sci. 
1996; 37:2211–18. 

30.  Liang FQ, Godley BF. Oxidative stress-induced 
mitochondrial DNA damage in human retinal 
pigment epithelial cells: a possible mechanism for 
RPE aging and age-related macular degeneration. 
Exp Eye Res. 2003; 76:397–403.  
https://doi.org/10.1016/S0014-4835(03)00023-X 

31.  Ferguson TA, Griffith TS. A vision of cell death: 
insights into immune privilege. Immunol Rev. 1997; 
156:167–84.  
https://doi.org/10.1111/j.1600-065X.1997.tb00967.x 

32.  Kazama H, Ricci JE, Herndon JM, Hoppe G, Green DR, 
Ferguson TA. Induction of immunological tolerance 
by apoptotic cells requires caspase-dependent 
oxidation of high-mobility group box-1 protein. 
Immunity. 2008; 29:21–32.  
https://doi.org/10.1016/j.immuni.2008.05.013 

33.  Ferguson TA, Griffith TS. The role of Fas ligand and 
TNF-related apoptosis-inducing ligand (TRAIL) in the 
ocular immune response. Chem Immunol Allergy. 
2007; 92:140–54.  
https://doi.org/10.1159/000099265 

34.  Mochizuki M, Sugita S, Kamoi K. Immunological 
homeostasis of the eye. Prog Retin Eye Res. 2013; 
33:10–27. 
https://doi.org/10.1016/j.preteyeres.2012.10.002 

35.  Kawazoe Y, Sugita S, Keino H, Yamada Y, Imai A, 
Horie S, Mochizuki M. Retinoic acid from retinal 
pigment epithelium induces T regulatory cells. Exp 
Eye Res. 2012; 94:32–40.  
https://doi.org/10.1016/j.exer.2011.11.002 

36.  Horie S, Sugita S, Futagami Y, Yamada Y, Mochizuki 
M. Human retinal pigment epithelium-induced 
CD4+CD25+ regulatory T cells suppress activation of  



www.aging-us.com 10 AGING 

 intraocular effector T cells. Clin Immunol. 2010; 
136:83–95. 
https://doi.org/10.1016/j.clim.2010.03.001 

37.  Sugita S, Horie S, Nakamura O, Futagami Y, Takase H, 
Keino H, Aburatani H, Katunuma N, Ishidoh K, 
Yamamoto Y, Mochizuki M. Retinal pigment 
epithelium-derived CTLA-2alpha induces TGFbeta-
producing T regulatory cells. J Immunol. 2008; 
181:7525–36. 
https://doi.org/10.4049/jimmunol.181.11.7525 

38.  Whitmore SS, Sohn EH, Chirco KR, Drack AV, Stone 
EM, Tucker BA, Mullins RF. Complement activation 
and choriocapillaris loss in early AMD: implications 
for pathophysiology and therapy. Prog Retin Eye Res. 
2015; 45:1–29.  

 https://doi.org/10.1016/j.preteyeres.2014.11.005 

39.  Bora NS, Matta B, Lyzogubov VV, Bora PS. 
Relationship between the complement system, risk 
factors and prediction models in age-related macular 
degeneration. Mol Immunol. 2015; 63:176–83. 
https://doi.org/10.1016/j.molimm.2014.07.012 

40.  Warwick A, Khandhadia S, Ennis S, Lotery A. Age-
related macular degeneration: a disease of systemic 
or local complement dysregulation? J Clin Med. 
2014; 3:1234–57.  

 https://doi.org/10.3390/jcm3041234 

41.  Lechner J, Chen M, Hogg RE, Toth L, Silvestri G, 
Chakravarthy U, Xu H. Higher plasma levels of 
complement C3a, C4a and C5a increase the risk of 
subretinal fibrosis in neovascular age-related 
macular degeneration: complement activation in 
AMD. Immun Ageing. 2016; 13:4.  
https://doi.org/10.1186/s12979-016-0060-5 

42.  Schick T, Steinhauer M, Aslanidis A, Altay L, 
Karlstetter M, Langmann T, Kirschfink M, Fauser S. 
Local complement activation in aqueous humor in 
patients with age-related macular degeneration. Eye 
(Lond). 2017; 31:810–13.  

 https://doi.org/10.1038/eye.2016.328 

43.  Chen M, Forrester JV, Xu H. Synthesis of 
complement factor H by retinal pigment epithelial 
cells is down-regulated by oxidized photoreceptor 
outer segments. Exp Eye Res. 2007; 84:635–45. 
https://doi.org/10.1016/j.exer.2006.11.015 

44.  Weischenfeldt J, Porse B. Bone marrow-derived 
macrophages (BMM): isolation and applications. CSH 
Protoc. 2008; 2008: pdb.prot5080.  

 https://doi.org/10.1101/pdb.prot5080. 


	The effects of oxPOS pre-treated RPE cells on BMDM complement gene expression
	Changes in BMDM complement gene expression after culturing in RPE-choroid eyecup
	To further understand how complement expression by subretinal macrophages is regulated by RPE cells in the aging eye, BMDMs were cultured in the eyecups of 18 months old mice. The cells were then removed from the eyecups and their complement gene expr...

