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PURPOSE. Dysregulation of the alternative complement pathway is a major pathogenic
mechanism in age-related macular degeneration. We investigated whether locally synthe-
sized complement components contribute to AMD by profiling complement expression
in postmortem eyes with and without AMD.

METHODS. AMD severity grade 1 to 4 was determined by analysis of postmortem acquired
fundus images and hematoxylin and eosin stained histological sections. TaqMan (donor
eyes n = 39) and RNAscope/in situ hybridization (n = 10) were performed to detect
complement mRNA. Meso scale discovery assay and Western blot (n = 31) were used to
measure complement protein levels.

RESULTS. The levels of complement mRNA and protein expression were approximately
15- to 100-fold (P < 0.0001–0.001) higher in macular retinal pigment epithelium
(RPE)/choroid tissue than in neural retina, regardless of AMD grade status. Complement
mRNA and protein levels were modestly elevated in vitreous and the macular neural
retina in eyes with geographic atrophy (GA), but not in eyes with early or intermediate
AMD, compared to normal eyes. Alternative and classical pathway complement mRNAs
(C3, CFB, CFH, CFI, C1QA) identified by RNAscope were conspicuous in areas of atrophy;
in those areas C3 mRNA was observed in a subset of IBA1+ microglia or macrophages.

CONCLUSIONS. We verified that RPE/choroid contains most ocular complement; thus
RPE/choroid rather than the neural retina or vitreous is likely to be the key site for
complement inhibition to treat GA or earlier stage of the disease. Outer retinal local
production of complement mRNAs along with evidence of increased complement acti-
vation is a feature of GA.

Keywords: age-related macular degeneration, complement expression, geographic atro-
phy, RNAscope

There is substantial evidence that dysregulation of
the complement system plays an important role in

the pathogenesis of age-related macular degeneration.1–3

Complement proteins are components of drusen, a clinical
hallmark of AMD.1,4–6 Single-nucleotide polymorphisms in
multiple complement genes are associated with the risk for
AMD.4,7–23 AMD high-risk alleles encode variant proteins
with increased ability to activate the alternative comple-
ment pathway (AP).2 Complement activation products are
moderately elevated in the plasma and eyes from AMD
patients.24–33 Some (but not all) complement inhibitors deliv-
ered intravitreally in early clinical trials modestly reduced
the rate of geographic atrophy growth.34–38

The complement cascade is a critical part of the innate
immune response to pathogens and tissue damage. Exces-
sive complement activation is a feature of many diseases,
including C3 glomerulopathy and paroxysmal nocturnal
hemoglobinuria.39,40 In AMD, local tissues including the

choroidal vasculature, the retinal pigment epithelium (RPE),
and photoreceptors are dysfunctional. The rich vascular-
ity of the choroid exposes that tissue to systemic comple-
ment components, whereas the neural retina and photore-
ceptors exposure to blood-borne complement proteins is
prevented by a functional outer blood-retinal barrier, formed
by RPE/Bruch’s membrane. The eye is an immune privileged
site partly because of the presence of surface complement
regulators preventing or rapidly shutting down complement
activation.41–44 Recent single-cell and single nuclear RNAseq
studies of normal healthy human eyes showed specific
ocular cell types expressing certain complement genes,45–50

although complement expression and its cellular distribu-
tion in AMD eyes are still not well understood.

In this study, we compared complement mRNA and
protein levels in isolated neural retina versus RPE/choroid
tissues and analyzed the expression of complement genes in
normal donor eyes and those with early, intermediate, and
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late stages of AMD.We identified that the RPE/choroid tissue
is the major source of ocular complement components, by
mRNA, as well as protein analysis. In addition, we found the
normal expression pattern of complement mRNA and alter-
ations in its spatial distribution in GA eyes.

METHODS

Postmortem Donor Eye Collection and AMD
Severity Grading

Postmortem human eyes were procured by the Lions Eye
Institute for Transplant & Research (Tampa, FL, USA) with
consent of donors or donors’ next of kin and in accordance
with the Eye Bank Association of America medical stan-
dards, US/Florida law for human tissue donation, the Decla-
ration of Helsinki and Food and Drug Administration regula-
tions, and Novartis human tissue registration working prac-
tice guidelines regarding research using human tissues. Post-
mortem eye collection methods and reagents are in Supple-
mentary Materials. AMD grading on hematoxylin and eosin
sections was determined following criteria from the Sarks,
Age-Related Eye Disease Study, and The Beckman Group
clinical grading systems.51–53 The postmortem eye’s AMD
status for TaqMan and protein assays was determined by
analyzing the fundus images of posterior eyes for criteria
from the Minnesota Grading System for assignment into
four levels (normal/unaffected controls = AMD1, early =
AMD2, intermediate = AMD3, and late AMD = AMD4) as
described.51

RNA and Protein Assays

Sample preparation methods and materials for TaqMan,
Meso scale discovery (MSD) assay, and Western blot are
in Supplementary Materials. TaqMan method was described
previously.54 The �Ct value was calculated by subtract-
ing the GAPDH Ct from the gene of interest Ct. The rela-
tive expression of each gene of interest was calculated as
2−�Ct. Certain complement mRNA values were absent in
some samples because of a lack of detectable amplifica-
tion (Ct = 40) whereas all samples had normal GAPDH
values. Gel electrophoresis and Western blot methods were
as described by Crowley et al.54 MSD-based assays (MSD,
Rockville, MD, USA) were run on a Sector S 600 imager, using
capture/detection antibody pairs to obtain molar concentra-
tion for each complement protein, which was then converted
to nanograms or milligrams per milliliter on the basis of indi-
vidual molecular weight. The concentration for each comple-
ment protein in tissue lysates was normalized by the total
protein concentration in milligrams per milliliter measured
by BCA (Bicinchoninic Acid) Protein Assay (Thermo Fisher
Scientific, Waltham, MA, USA) to generate nanograms or
micrograms of each complement component per milligram
of total protein lysate. C3b MSD captures C3 alpha chain and
C3(H2O). CFH MSD captures both full-length FH and trun-
cated FHL-1 proteins and was expressed as picomoles per
milligram lysate.

RNAScope and Immunohistochemistry

Methods and materials for RNAScope and immunohisto-
chemistry are in Supplementary Materials.

Data Analysis

Prism software was used for statistics. Data are presented
as mean ± standard error of mean (SEM). In heat maps,
mRNA or protein expression values were converted to Z-
score ( = (X − mean)/standard deviation). Comparisons
of means for complement mRNA or protein levels between
neural retina and RPE/choroid tissue were generated using
unpaired two-tailed t-tests, adjusting for overall alpha level
by number of genes tested (n = 5, P < 0.01 significance). For
comparisons of means between normal control/AMD1 and
different AMD grades (early/AMD2, intermediate/AMD3, or
late/AMD4), one-way ANOVA with Dunnett’s test for multi-
ple comparison was used (P < 0.05 significance).

RESULTS

AMD Eye Selection and Classification

Stratification of donor eyes (normal control/AMD1,
early/AMD2, intermediate/AMD3, late AMD/AMD4) selected
for TaqMan and protein studies was based on the Minnesota
Eye grading system of postmortem fundus images.51 Donor
eye sections for RNAscope were selected on the basis of
histopathological features (Supplementary Table S1).52,53

AMD1 eyes had normal retinal morphology and were
considered healthy controls (Fig. 1A). AMD2 (early-stage
AMD) eyes had small drusen and subtle morphological
changes in the RPE such as a cobble stone appearance
and hypertrophy (Fig. 1B). AMD3 (intermediate AMD) eyes
displayed partial loss of photoreceptor outer segments,
extensive sub-RPE deposits, and abnormal morphology
such as focal RPE loss, pigmentary changes, and hyper-
trophy (Fig. 1C). AMD4 (advanced AMD) eyes either had
geographic atrophy (Fig. 1D, extensive atrophic lesions
such as loss of RPE cells, degeneration of inner and outer
segment [IS/OS], and severe thinning or absence of the
outer nuclear layer), or had choroidal neovascularization
(CNV) in the macula; some eyes had both GA and CNV.
For the present study, eyes with CNV were excluded from
analysis. AMD stage determined by histology was generally
consistent with fellow eye AMD disease stage determined
by the Minnesota Eye postmortem fundus image analysis.

High Complement Gene Expression in Macular
RPE/Choroid Regardless of AMD Grade and in
the Macular Neural Retina of GA eyes

Complement gene expression of nine complement compo-
nents (C1QA, C3, C9, CFB, CFD, CFH, CFI, CFP, and
MASP1) was assessed by Taqman analysis of macular tissues
from donor eyes with AMD (Supplementary Table S2). We
compared the average level of each specific mRNA in both
the neural retina and RPE/choroid across all AMD grades.
Regardless of AMD status, the levels of mRNAs (C1QA,
C3, CFB, CFH, CFI) in the macular RPE/choroid were 15-
to 180-fold higher than in macular neural retina of the
eye (P < 0.001–0.0001) (Fig. 2A), suggesting that cells
within RPE/choroid produce much more complement mRNA
compared to neural retinal cells. CFH, one of the strongest
AMD associated genes in GWAS studies,8 is particular inter-
esting because its mRNA had the greatest difference between
RPE/choroid and neural retina (∼180-fold, P < 0.0001). C9
mRNA levels were nondetectable (Ct value = 40) in both
tissues using our analytical methods. The analysis of mRNA
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FIGURE 1. Representative hematoxylin and eosin (H&E) images of macular area AMD1–4. Donor eyes with AMD grading based on the
Age-Related Eye Disease Study grading system52 were evaluated histologically with standard H&E staining on paraffin sections. (A) Macular
region of an AMD1 donor with normal retinal morphology. (B) Sub-RPE deposits and subtle morphological changes in RPE layer in an
AMD2/early AMD macula. The section in B is thinner than section in A because it is further from the fovea. (C) Extensive sub-RPE deposits,
abnormal RPE morphology, and partial loss of photoreceptor outer segments in an AMD3/intermediate macula. (D) Severe degeneration of
RPE cells, IS/OS, and ONL in an AMD4/geographic atrophy macula. Scale bar: 100 μm.

for CFP, CFD, and MASP1 gave Ct values mostly in the range
of 32–40 in macular neural retina, close to the level of sensi-
tivity for the assay. This suggests that these factors are either
not expressed or expressed at very low levels in the macular
neural retina tissues. The low levels of expression meant that
comparisons of these complement factors between retina
and RPE/choroid would have low statistical power, and thus
comparisons were not carried out.

The second analysis examined if complement gene
expression in the eye correlates with AMD disease sever-
ity. In the macular neural retina, C3 mRNA levels in eyes
with AMD grades AMD2 and AMD3 were comparable to
normal eyes (AMD1). In comparison, eyes with AMD grade
AMD4 had levels about threefold higher (P < 0.05) (Fig. 2B).
Levels of CFB and CFI expression in macular neutral retinas
from AMD1 to AMD3 were also comparable to AMD1 and

on average two- to threefold higher in AMD4 GA eyes (P
< 0.05) (Fig. 2C). The higher expression in AMD4 GA eyes
suggests that complement synthesis by the neural retina may
contribute to disease at this late stage (AMD4) but is unlikely
to have a role in the early (AMD2) or intermediate (AMD3)
stages of the disease.

The RPE/choroid had no significant differences in the
mRNA expression of complement components between
AMD eyes and healthy controls (Fig. 2D) except for C1QA
and CFD in AMD4 eyes, which were reduced to 21%
and 37% of control AMD1 values (P < 0.05 and 0.01,
respectively). Possibly, this is due to reduced numbers of
choroidal macrophages or other resident cell types asso-
ciated with choriocapillaris loss in advanced AMD.55–57 A
single cell RNA-seq study of human RPE/choroid indi-
cated that both C1Q and CFD were expressed by choroidal
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FIGURE 2. Complement mRNA level is higher in RPE/choroid than in neural retina and is increased in macular neural retina of AMD4 eyes.
TaqMan analysis of selected complement genes was performed with both macular RPE/choroid (MC) and macular neural retina (MR) tissue
from AMD1 to AMD4 eyes. N = 8–12 donors per AMD grade group. Levels of complement gene expression were normalized with GAPDH
and expressed as relative expression. (A) Comparison of relative complement mRNA levels (C1QA, C3, CFB, CFH, and CFI) between macular
RPE/choroid (filled circle) and macular neural retina (open circle) regardless of AMD grades. Donor eye number for each gene: N = 39
macular neural retinas and N = 21–39 macular RPE/choroid tissues. Average fold changes between macular RPE/choroid and neural retina
for each complement mRNA are indicated. ***P < 0.001, ****P < 0.0001 unpaired two-sided t test. (B) A dot plot of C3 mRNA levels versus
AMD grades in macular neural retina. *P < 0.05, one-way ANOVA Dunnett posttests relative to AMD1 normal control. Heatmaps of C1QA,
C3, CFB, CFD, CFH, CFI, CFP, and MASP1 gene expression in macular neural retina (C) and macular RPE/choroid (D) of AMD grade 1 to
4 eyes were expressed as average z-score and colored in gradients. Donor eye number for each AMD grade: AMD1 N = 9, AMD2 N = 10,
AMD3 N = 12, AMD4 N = 8. Red values are above mean value and blue below mean value. *P < 0.05, **P < 0.01, one-way ANOVA Dunnett
posttests relative to AMD1 normal control.

macrophages.48 CFD was also expressed in choroidal fibrob-
lasts and Schwann cells.48

Alternative Complement Pathway Gene
Expression Within Geographic Atrophy Lesions

The higher complement gene expression (TaqMan) in some
macular neural retinas with GA prompted us to examine
eye sections by RNAscope to localize the cellular source of
complement mRNAs. Genes in alternative and downstream
common complement pathways (C3, C5, C9, CFB, CFD, CFH,
CFI, CFP) were evaluated. Only a qualitative analysis was
possible due to the lack of RNAscope controls to normalize
the variability between postmortem eyes. However, several
AP mRNAs, C3, CFB, CFH, and CFI, were noticeably more
frequently seen in GA eyes compared to normal controls
(AMD1 donors) (Fig. 3). Details for the detection and local-
ization of each mRNA probe in eyes with each AMD grade
are summarized in Supplementary Table S3.

Serum C3 concentrations are the highest of all comple-
ment proteins.58 Similarly, the C3 transcript is relatively
abundant in many cells in the back of the eye and is confined
to the inner neural retina and choroid in normal AMD1 eyes
(Fig. 3A). C3 mRNA-positive cells were often observed in the

inner nuclear layer (INL), in the transition zone of AMD4
GA eyes between the edge of geographic atrophy and the
surrounding histologically normal neural retina,59 They also
appeared in the outer retina or in the subretinal space in
areas of photoreceptor attenuation near GA lesions. Within
the atrophic area of the same eye, there were many C3-
positive cells. The localization of C3 mRNA in AMD2 or
AMD3 eyes was similar to AMD1 (data not shown) and is
confined to the inner retina. Low abundance CFB mRNA
was present in retinal vessels and in the choroid in all eyes;
however, in AMD4 eyes it can be seen within GA lesions
(Fig. 3B). CFH mRNA levels are low in the neural retina, and
the signal is associated with retinal vessels, choroid, and RPE
(Fig. 3C) in all eyes. CFH mRNA also appeared in atrophic
areas of AMD4 macula. CFI mRNA is notably localized to the
INL of the retina in all AMD grades including normal eyes
(Fig. 3D), consistent with single-cell RNASeq finding of CFI
expression in Müller glia cells.45,49,50 CFI mRNA is apparent
in RPE and choroid in all eyes, but like C3,CFB, and CFH,CFI
also can be seen in the atrophic area in GA eyes. The increase
of C3, CFB, and CFI mRNA signals in AMD4 atrophic areas
compared to normal controls (AMD 1) is consistent with the
modest increase of their mRNA determined by TaqMan anal-
ysis from neural retina tissue of AMD4 eyes with a differ-
ent set of donor eyes (Figs. 2B, 2C). By RNAscope, C9, C5,
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FIGURE 3. Spatial distribution of complement C3, CFB, CFH, and CFI mRNAs in macular area AMD1 and AMD4 macula. Donor eyes with
AMD1–4 were evaluated for complement gene expression using RNAscope technology on paraffin sections. In representative examples of
an AMD1 and an AMD4 macula, we identify changes in mRNA distribution (red): (A) C3 mRNA expression present in the GCL and INL
of AMD1 macula but not in outer retina (left image). In addition to inner retina C3 expression, there is a strong C3 positive signal in the
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atrophic area of the AMD4 donor (right image). (B) CFB mRNA positive signal is present in the GCL and INL of AMD1 macula, but not in
outer retina (left). In addition to staining of the GCL and INL, in the GA lesion area there is a strong CFB positive signal (right). (C) CFH
mRNA expression is present in RPE, retinal and choroidal vessels of both AMD1 and AMD4 macula. In the atrophic lesion, CFH positive
signal is prominent in a patch of abnormal-appearing RPE. (D) CFI mRNA expression is present in GCL, INL, and also in RPE and choroid
of AMD1 and AMD4 macula. In the atrophic area of AMD4, there is readily detectable CFI expression in the subretinal space. Total number
of eyes examined: AMD1 N = 3, AMD4 N = 4. Scale bar: 100 μm.

FIGURE 4. Spatial distribution of complement C3 and CFI mRNAs relative to IBA1+ cells in atrophic lesion of AMD4 eyes. An atrophic region
of an AMD4 eye labeled with C3 RNAScope (red) and IBA1 antibody (blue). (A) A low-magnification image of a donor with GA including
atrophic, transition zone, and nonatrophic area. Higher magnification images of (B) Nonatrophic area with intact outer nuclear layer (ONL)
and subtle RPE morphological changes. C3 mRNA+ label is in the inner plexiform layer (IPL), RPE, and choroid. Some C3 mRNA+ cells
were also IBA1+. (C) Transition zone with partial loss of ONL and more extensive RPE changes. Many C3 mRNA-expressing IBA1+ cells are
in subretinal space. Red arrow = ELM (external limiting membrane) loss indication the edge of the transition zone (D) In the atrophic area
the ONL has collapsed, there are few remaining cones and scattered hypertrophic RPE. Numerous C3 mRNA expressing amoeboid-shaped
IBA1+ cells are in the GA lesion with some IBA1-, C3 mRNA+ cells. (E) Another AMD4 macula with C3 mRNA+ IBA1 cell in the atrophic
area. (F) An atrophic region of an AMD4 eye staining with CFI RNAscope and IBA1 antibody. Fewer CFI mRNA signals colocalized with
IBA1+ cells. Total number of eyes examined: AMD1 N = 3, AMD4 N = 4. Scale bar: 100 μm.
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TABLE. Summary of Key AMD-Associated Complement Genes Expressed in Specific Ocular Cell Types

AMD1 (Control Eyes) AMD4 (GA Eyes)

Ocular Cell Type C3 CFB CFH CFI C3 CFB CFH CFI

Microglia macrophage myeloid cell 45,47–50* * * * *

Fibroblast 48,49 48,49 48,49 48
Muller glia/astrocyte 49,50 49,50 45,48–50* **

RPE 47–50* 47,48,50* * *

Vascular endothelium/pericyte 50 48* 45,48–50* 48,49

Numbers are reference numbers for published single cell or single nuclear RNASeq studies where indicated complement genes were
reported in each specific ocular cell type.

* Indicated findings from the current study.
** The pattern of CFI mRNA distribution in INL is consistent with its expression in Müller glia cells.

CFD, and CFP mRNAs were either undetectable or inconsis-
tently expressed at low levels in postmortem eyes (data not
shown).

Some C3 mRNA–producing Cells in GA Lesions
are Microglia/Macrophages

Microglia/macrophage cells expressing IBA1 protein are
typically found in the inner retina and choroid but not in the
outer retina, containing photoreceptors and RPE, of healthy
eyes. In GA eyes, many IBA1+ cells are present near and in
the outer retinal atrophic lesions.60 Because IBA1 expres-
sion and C3 mRNA seem to follow a similar pattern, we
conducted colocalization studies. C3 RNAscope followed by
IBA1 immunohistochemical staining demonstrated partially
overlapping expression of C3 mRNA and IBA1 (Fig. 4A). In
nonadvanced AMD eyes or in nonatrophic areas of GA eyes,
only a small fraction of IBA1+ cells produced C3 mRNA at
a low copy number (Fig. 4B). In contrast, almost all IBA1+

cells around GA lesions and in the transition zone had multi-
ple copies of C3 mRNA molecules (Figs. 4C–4E), suggest-
ing that a subset of the C3-synthesizing cells belong to
the microglial or macrophage lineage and that upregulation
of C3 mRNA in IBA1+ cells is associated with the sever-
ity of AMD. The identity of C3 producing cells other than
microglia or macrophages remains unknown. The majority
of CFI mRNA signals did not colocalize with IBA1+ cells
(Fig. 4F). CFB and CFH mRNA appeared to colocalize with
very few IBA1+ cells in the atrophic area of AMD4 eyes (not
shown).

Recent reports of cell-type–specific expression of AMD-
associated complement genes in single-cell RNASeq stud-
ies with normal eyes suggests that C3 appears to be mainly
produced in microglia/macrophages, CFI primarily in Müller
glia, and CFH in vascular endothelium and the RPE.45,47–50

Our localizations of C3, CFH, and CFI mRNA signals in non-
AMD eyes are consistent with these specific cell-type assign-
ments (Table). In eyes with GA, these mRNA signals were
additionally detected in the region of the outer retina asso-
ciated with photoreceptor and RPE dysmorphism and death.
In the case of C3, at least some of the signal is derived from
IBA1+ microglia or macrophages entering the outer retina.
The cellular source of the lesion-associated CFH and CFI
signals is yet to be determined.

Increased Classical Pathway C1QA mRNA
Expression in GA Eyes

TaqMan analysis showed that classical pathway C1Q mRNA
expression is elevated in GA macular neural retina compared

to normal controls (Fig. 2C). To investigate this further, we
combined C1QA RNAscope analysis with immunostaining
for IBA1+ cells. C1QA mRNA-positive cells were generally
confined to the inner retina, the outer plexiform layer, and
the choroid in normal eyes (Fig. 5A). Consistent with previ-
ous findings that microglia cells produce C1Q,61 we found
that C1QA-positive cells were exclusively IBA1+, but not all
IBA1+ cells express detectable levels of C1QA. In the subreti-
nal space of GA eyes, numerous IBA1+ cells contained
higher copies of C1QA mRNA molecules, indicating that
C1QA upregulation in microglia/macrophages may also be
associated with AMD disease severity.

Local Complement Protein Activation in Macular
RPE/Choroid and Neural Retina of GA Eyes

Complement activation involves a cascade of proteolytic
enzymes and complement synthesis is known to be upreg-
ulated in inflammatory conditions.62 High levels of prote-
olytically cleaved products of complement proteins indicate
complement activity. To determine whether the upregulation
of complement synthesis in atrophic macular neural retina
detected by TaqMan correlates with measurable complement
activation, MSD assays and Western blotting (Supplementary
Material, Supplementary Figs. S1 and S2) were performed on
a third set of postmortem eyes (Supplementary Table S4).
Levels of complement proteins and breakdown fragments
were on average 15- to 65-fold higher in RPE/choroid than in
the neural retina (P < 0.0001–0.001) (Fig. 6A), highlighting
constant high levels of complement activity in RPE/choroid.

To assess differential complement protein expression at
various stages of AMD, protein data were transformed into
Z-score values and presented in heat maps (Figs. 6B–6D).
Levels of most complement full-length proteins were similar
in eyes with AMD1 to AMD3; in GA eyes they were elevated
in vitreous humor (Fig. 6B) and macular neural retina
(Fig. 6C) but not in the macular RPE/choroid (Fig. 6D). Like-
wise, complement activation breakdown products C3b, iC3b,
Ba, and C5b-9 were also higher in the vitreous humor and
macular neural retina of AMD4 eyes (Figs. 6B, 6C) compared
to non-advanced AMD eyes. The increase of complement
activation in macular neural retina and vitreous was on
average two- to threefold. These results demonstrate that
complement activation increases in the macular neural retina
at a late stage of AMD, AMD4. Levels of FI protein, the nega-
tive complement regulator, were reduced in macular neural
retinas in AMD4 compared to AMD1 donors, in spite of
the increased mRNA in the atrophic retina. Choriocapillaris
dropout and choroid degeneration in the advanced stage of
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FIGURE 5. Spatial distribution of complement classical pathway gene expression C1QA relative to IBA1+ cells in AMD1 and atrophic lesion
region of AMD4 macula. (A). In an AMD1 macula, very few C1QA mRNA positive signals (red) were present and were exclusively in IBA1+
cells (green) (left image). Numerous C1QA mRNA expressing amoeboid-shaped IBA1+ cells were observed in atrophic lesion of an AMD4
eye (right image). These cells contained several copies of C1QA mRNA molecules. Total number of eyes examined: AMD1 N = 3, AMD4
N = 4. Scale bar: 100 μm.

AMD is well documented.55–57 This could explain why the
overall complement protein level in macular RPE/choroid
tissue was not appreciably increased in AMD4 compared
to AMD1. Besides direct quantitation of breakdown prod-
ucts, another approach to assess complement activation is
based on determining the ratio between complement activa-
tion breakdown products and the full-length component.25,30

Using this type of analysis, we found that the average ratio of
C3b/C3 in macular RPE/choroid was higher in AMD4 than in
AMD1 (2.8-fold, P < 0.01), indicating increased proteolytic
activity of complement in AMD4 RPE/choroid (Fig. 6E). In
spite of the elevated complement components in the neural
retina, the ratio of C3b/C3 did not increase.

DISCUSSION

Understanding the roles of systemic and local complement
activation in AMD may help guide the development of effec-
tive complement therapies. In this study, we characterized
complement expression in donor eyes from early to late
stages of AMD. Levels of complement mRNAs and proteins
in both the AP and classical (CP) pathways were found to be
at least 15-fold higher in RPE/choroid tissues than in neural
retina in all eyes regardless of AMD status. Complement
expression in the RPE/choroid, or perhaps the arrival of
these components via the choroidal circulation, may be more
important in the etiology of early stage AMD than expression
within the neural retina. Local complement gene expression
and complement activation protein products were two- to
threefold higher in macular neural retinas from eyes with GA
than in normal eyes, suggesting that local complement acti-
vation plays a role but perhaps only in the advanced stage
of AMD. We identified activated microglia/macrophages as
a key complement producing cell type in and around GA
lesions.

Choroidal circulation provides 85% of total blood flow
to the eye.63 One reason for the higher levels of comple-
ment in RPE/choroid than neural retina is due to heav-
ily vascularized choroid where complement factors are
major blood components. Our findings of high levels of
choroid/RPE complement mRNA expression suggest that
choroidal complement proteins are derived also from resi-
dent cellular sources. Local production confirmed by our
RNAscope data showing complement mRNA in the choroid
is consistent with abundant complement protein staining in
Bruch’s membrane and choroid in published immunohistol-
ogy studies.5,59 High expression of FH in the RPE/choroid
indicates it is likely a central complement negative regulator
in this location.45,47,49,50,64 Tight regulation of systemic and
choroidal complement activation at the interface between
the neural retina and choroid (including the RPE and Bruch’s
membrane) is important to prevent damage to the local
tissue, as well as the neural retina. This tight control is likely
impaired gradually during AMD progression and is impaired
in and around complement laden atrophic outer segments.59

FH is one of the major genetic risk factors for AMD, and loss
of normal FH function likely enhances RPE-choroid comple-
ment activation.8

Within the retina, an immune-privileged site, comple-
ment is tightly controlled by complement regulators such
as CD46, CD55, and CD59, in addition to the low expression
of components of the activation cascade.43,65 Intrinsic Müller
glia expression of complement negative regulator CFI adds
another key negative regulator in neural retina to protect
retina from complement-mediated damage.45,49,50 Genetic
variants reducing CFI levels confer an increased risk of AMD,
highlighting its protective role of dampening down comple-
ment.66–69 However, in advanced AMD, this protection may
be overwhelmed by the robust complement activation at the
atrophic lesion area where recruited microglia/macrophages
supply high levels of C3 and C1Q.
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FIGURE 6. Complement protein level is higher in RPE/choroid than in neural retina and is increased in macular neural retina of AMD4 GA
eyes. (A) Comparison of complement protein levels of full-length (C1QA, C3, CFH) and activation products (C3b, C5b-9) between macular
RPE/choroid and macular neural retina tissue regardless of AMD grades. These complement protein concentrations were determined by
MSD assays. C3b assay measures the sum of three C3 breakdown products (C3b, iC3b, and C3c). Donor eye number for each gene: N = 31
for both macular neural retina and macular RPE/choroid. Average fold changes between macular RPE/choroid and neural retina for each
complement protein are indicated. ***P < 0.001, ****P < 0.0001 unpaired two-sided t test. Heat maps for levels of full-length complement
proteins and activation products are expressed in average z-score values at each AMD grade for vitreous humor (B), macular neural retina
(C), and macular RPE/choroid tissue (D). Red values are above mean value and blue below mean value. # indicated the values that were
determined by MSD and others that were assessed by Western blot. C3d signal in macular neural retina was too weak to quantify. (E) Ratio
of C3b versus C3 were plotted against AMD grade for macular neural retina and macular RPE/choroid. Eight donor eyes were analyzed for
each AMD grade except seven AMD4 eyes. P values were determined using one-way ANOVA Dunnett posttests relative to AMD1 normal
control. *P < 0.05, ***P < 0.001.
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Direct evidence of complement activation in eyes with
AMD is limited. Two studies reported complement activation
either in aqueous humor or in vitreous of AMD patients.70,71

Others have demonstrated C3 activation products by
immunostaining of drusen and Bruch’s membrane.72–74 Our
data with quantitative complement mRNA and protein levels,
spatial distribution, and cellular localization of complement
gene expression not only strengthens the evidence of direct
complement activation in eyes with advanced AMD but also
highlights the compartmental difference in complement acti-
vation between neural retina and RPE-choroid. This informa-
tion will help the development of future complement thera-
pies for AMD by helping to select protein targets, the route
of drug administration, and the stage of AMD most likely to
respond.

There are many challenges to working with inherently
heterogeneous postmortem donor eye samples. Because
AMD is a complex multifactorial disease, each AMD eye may
represent a different stage or subtype of the disease. The
respective patients may carry different genetic AMD risk alle-
les and have had exposure to different environmental risk
factors. Our results are thus limited in scope and should
ideally be confirmed independently and, if possible, with
larger sample sizes.

Our results have implications for the development of
complement therapies for AMD. The inconsistent detection
of C5 and very low levels of C9 mRNAs in donor eyes and the
lack of efficacy with inhibitors of C5 delivered systemically
(Eculizumab) or intravitreally (LFG316) in phase 2 GA trials
(ClinicalTrials.gov Identifier: NCT00935883, NCT01527500)
suggest that the terminal complement pathway may not be
a driver of GA progression.75 However, the phase 2 and 3
clinical trial of Zimura, an RNA aptamer directed against C5,
recently demonstrated modest efficacy slowing the growth
rate of GA lesion (NCT02686658) and results of an ongoing
second phase 3 trial should be informative (NCT04435366).
C5a or the membrane attack complex (C5b-9) may play a
role in early or intermediate AMD by damaging choroidal
blood vessels.

We found that C3 mRNA expression was abundant rela-
tive to other complement genes in eyes. In advanced AMD,
C3 is robustly expressed in cells within atrophic regions
of macular neural retinas and could also be detected in
isolated areas in choroid via RNAscope. These observations,
in combination with positive phase 2 results for intravit-
real APL-2 (an C3 inhibitor)76 and CLG561 (a properdin
inhibitor, NCT02515942) slowing GA lesion growth by 28
and 18% respectively supports the idea that the alternative
complement pathway in neural retina plays a modest role
in advanced AMD. A role for C3 in the GA lesion growth
waits to be confirmed in APL-2 phase 3 trials (NCT03525600,
NCT03525613).

Many questions remain, including whether GA is
too advanced for effective treatment with complement
inhibitors. Most complement clinical trials for GA assessed
intravitreal therapies, which is potentially limiting efficacy if
systemic complement activation contributes to AMD. Dense
deposit disease (membranoproliferative glomerulonephri-
tis type II) features overactivation of systemic complement
and AMD-like findings (drusen and progression to atrophy)
but at a young age.77 This suggests systemic complement
activation alone can cause AMD-like pathology. We have
found that both alternative and classical pathway comple-
ment mRNAs and proteins are present at higher levels in
the RPE/choroid than in the neural retina independent of

AMD severity, suggesting the interface between neural retina
and choroid (the outer blood-retina barrier), RPE/Bruch’s
membrane, is the site of complement action in AMD. Struc-
turally, Bruch’s membrane is similar to glomerular base-
ment membrane and CFH mutations are associated with
both AMD and dense deposit renal disease. Continuous
exposure of complement factors coming from the blood-
stream via the choroidal vasculature, along with continuous
low grade complement activation might lead to choriocapil-
laris dropout and RPE dysfunction. Thus, systemic comple-
ment inhibition may be necessary for optimal treatment of
early and intermediate AMD. Currently, a systemic antisense
oligonucleotide targeting liver production of CFB is in a
phase 2 trial for GA (Ionis/Roche, NCT03815825). The role
and benefit of complement therapeutics in AMD is still an
open question.
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