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Abstract
Objective To investigate complement activation in aqueous humour of patients with early, intermediate and neovascular
age-related macular degeneration (AMD).
Patients and methods Aqueous humour of 79 AMD patients (early, intermediate and neovascular) and 77 age-matched
controls was prospectively collected. The levels of the complement protein 3 (C3), activation products complement factor 3a
(C3a) and Ba, C3b/iC3b, complement factors B, H and I (CFB, CFH and CFI), and total protein concentration were
measured. Data were modelled using covariate analysis to assess the impact of age and glaucoma status of patients and total
protein concentration of samples on complement protein concentration across groups.
Results C3a concentration was significantly increased in the aqueous humour of early (p= 0.016), intermediate (p= 0.003)
and neovascular (p= 0.018) AMD patients, whilst C3 concentration was significantly increased in early AMD patients only
(p= 0.019). Levels of CFB and CFH were significantly increased in the aqueous humour of neovascular AMD patients (p=
0.023 and p= 0.018, respectively).
Conclusions Our findings provide evidence for early local complement dysregulation in AMD patients, suggesting that
complement pathway inhibition may be a clinically relevant intervention for early stages of AMD.

Introduction

Age-related macular degeneration (AMD), a leading cause
of vision loss in the elderly population, has been associated
with dysregulation of the alternative complement pathway
[1]. Complement proteins have been identified in drusen,
the hallmark deposits exhibited in AMD patients [2, 3].
Furthermore, genetic variations in genes encoding for the
complement pathway, including Complement Factor H
(CFH), Complement Factor B (CFB) and C3, confer

significantly increased risk for AMD initiation and pro-
gression [4, 5].

Recent studies analysing the aqueous humour of neovas-
cular AMD patients reported statistically significant elevation
of the complement activation products Ba and C3a, and a
trend towards elevated complement regulatory proteins CFH
and CFI, suggesting a role for local complement activation in
advanced disease [6]. However, studies investigating com-
plement pathway activation in earlier stages of AMD have not
been carried out. Such studies could enable the development
of targeted therapies for earlier clinical intervention in AMD
patients, and would facilitate clinical translation of disease
biomarkers for early disease detection and risk staging. We
therefore carried out aqueous humour analyses to evaluate the
association of alternative pathway-associated complement
proteins with early and intermediate AMD. We observed that
complement factor C3a, was elevated in both early and
intermediate stages of AMD, suggesting that local comple-
ment activation occurs prior to development of advanced
forms of AMD. Therefore, complement pathway inhibition
may be a clinically relevant intervention for early and inter-
mediate stages of AMD.
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Materials and methods

Study population

This prospective study included clinical data of 156 parti-
cipants (17 early AMD, 27 intermediate AMD and 35
nAMD patients and 77 age-matched controls) from the
Department of Ophthalmology, University Hospital of
Cologne. The study was performed in accordance with the
tenets of the Declaration of Helsinki and the Medical
Research Involving Human Subjects Act (WMO) and was
approved by the local ethics committee of the University
Hospital in Cologne. Written informed consent was
obtained from all participants.

In addition to patient age, gender and AMD status,
information regarding glaucoma, hypertension and diabetes
status was also collected for all patients.

Inclusion and exclusion criteria

AMD patients and controls undergoing cataract surgery or
intravitreal injections (IVI) with anti-vascular growth factor
(anti-VEGF) agents (bevacizumab, ranibizumab or afli-
bercept) within clinical routine were included. The clinical
decision of cataract surgery or IVI injection was indepen-
dent of participation in this study. All subjects with age > =
60 undergoing cataract surgery and IVI injections between
January 2016 and November 2016 in Department of Oph-
thalmology, University of Cologne were asked for partici-
pation in this study.

Subjects with retinal pathologies other than AMD such
as diabetic retinopathy/maculopathy, high myopia (≥−6
dioptres), macular hole, severe macular pucker and subjects
with any previous ophthalmic surgery during the last
6 months (except IVI with anti-VEGF) were excluded.
Also, subjects undergoing IVI with steroids within last
6 months as well as subjects with IVI within less than
4 weeks were excluded. Additional exclusion criteria were
use of local or systemic steroids/immunosuppressant agents,
subjects with diseases resulting in inflammation or hae-
morrhage in the study eye and any systemic diseases
potentially inducing the complement system such as auto-
immune diseases, cancer or infectious diseases. Moreover,
patients with geographic atrophy (GA) were not included in
this study.

Grading procedure

AMD grading was performed by two graders (VS, LA)
based on digital colour fundus photographs (FP; Canon
UVI fundus camera; Canon, Tokyo, Japan) and Spectral
Domain Optical coherence tomograms (SD-OCT, Spectralis

HRA system; Heidelberg Engineering, Heidelberg, Ger-
many) as in [7]. Fluorescein angiography (FA) was per-
formed only in cases with questionable neovascular activity.
In cases of disagreement, the graders discussed the cases
until a consensus was reached.

Controls had no drusen and no pigmentary changes in
both eyes. Early AMD was classified by the presence of at
least ten small drusen (<63 μm) and pigmentary changes or
the presence of 1–14 intermediate (63–124 μm) drusen in
the Early Treatment Diabetic Retinopathy Study (ETDRS)
grid. Intermediate AMD was classified by the presence of
≥15 intermediate drusen or any large drusen (≥125 μm)
within ETDRS grid. Cases with leakage in FA, intra-/sub-
retinal haemorrhage and intra-/subretinal fluid in SD-OCT
were graded as nAMD. GA was defined as a sharply
demarcated area of retinal pigment epithelium depigmen-
tation ≥175 µm with increased visibility of choroidal
vessels.

Sample collection

Undiluted samples of aqueous humour were acquired before
any other surgical manipulation during the cataract opera-
tion. An aliquot of up to 0.1 ml of aqueous humour was
collected via limbal paracentesis using a 30-gauge needle
connected to an insulin syringe. Care was taken not to
contaminate the sample with blood. Samples were trans-
ferred to sterile polypropylene tubes immediately after
collection and stored at −80 °C until analysis was
performed.

Measurement of complement and protein levels

As patient samples were measured in multiple assays, prior
to starting, each sample was diluted to create stocks at 1:30,
1:100 and 1:1000 dilutions thereby minimizing pipetting
errors between analyses. C3a and Ba concentrations in
aqueous humour samples were measured using C3a or Ba
Microvue-plus ELISA (Quidel, San Diego, CA, USA).
Assay steps were performed according to the manu-
facturer’s instructions. Absorbance was read at an optical
density of 450 nm on a FlexStation 4 spectrophotometer
(Molecule Devices). Absorbance values for the standard
curve were fitted using a 5 parameter logistic model and
XLfit 5.5 software (IDBS). C3a and Ba concentrations of
patient samples were interpolated from the standard curve
and corrected for the dilution factor.

C3, C3b/iC3b, CFB, CFH, CFI concentrations were
measured using Milliplex Human Complement Panels 1 and
2 (Millipore). Assay steps were performed according to the
manufacturer’s instructions. Quantification was performed
using a Luminex 200 device (Thermo Fisher Scientific) and
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analysis of protein concentration by standard curve inter-
polation performed using LiquiChip Analyzer Version
1.0.6.27262 (Luminex).

Total protein concentration in aqueous humour samples
was determined using the Quant-iT™ Protein Assay Kit
(Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Fluorescence was read at 470/570
nm using a FlexStation 4 spectrophotometer (Molecule
Devices). Protein concentration of aqueous humour sam-
ples was interpolated from the protein concentration
standard curve fitted using a 5 parameter logistic model
and XLfit 5.5 software (IDBS) and corrected for dilution
factor.

Samples were measured with all assays unless sample
volume was insufficient. Results with values below the limit
of quantification of the assay were not excluded from the
analysis.

Statistical analysis

As this is a pilot study and no boundary values for local
complement values exist in these patient populations,
power calculations could not be performed previously. All
complement protein concentrations were log-transformed
before statistical analysis. A linear model was used to test
the association between complement protein concentra-
tions and disease status. One model was built for each
protein using covariates to account for age, gender, total
protein concentration and glaucoma status. Covariates
were selected after exhaustive search based on informa-
tion criterion as described in [8]. Protein concentrations
which were below the limit of quantification of the assay
were imputed with a value randomly drawn (using a beta
distribution with a= 10 and b= 1) between 0 and the
lower limit of quantification of the corresponding assay.
For each complement protein, β coefficient of association
and 95% confidence intervals were computed for the
different AMD disease status. A two-tailed t-test was
performed to test the null hypothesis (β= 0, i.e. no
association between complement protein concentrations
and AMD disease status). A p value below 5% was con-
sidered as significant.

All analyses were performed with R version 3.5.1.

Results

One-hundred and fifty-six participants with protein data
were included in the analysis. Patient demographics are
shown in Table 1. Control patients were significantly
younger than AMD patients (early, intermediate or neo-
vascular) and presence of glaucoma was significantly enri-
ched in the control and intermediate-AMD groups
(Table 1). There were no significant differences in the dis-
tribution of gender and arterial hypertension status across
groups. Total protein and complement factor concentrations
in aqueous humour of AMD patients and controls are
shown in Table 2. Significant positive correlation was
observed between total protein levels and complement
protein concentrations of C3b/iC3b, CFB, Ba, CFH, CFI,
while only a positive non-significant trend was observed for
C3 and C3a. Age was not correlated with the different
complement proteins. Gender was associated significantly
only with C3b/iC3b and CFI. Glaucoma status was sig-
nificantly associated only with C3b/iC3b, CFB, CFH and
CFI.

Complement component C3 is activated by proteolytic
cleavage by C3 convertases of the alternative (C3bBb) or
classical and lectin (C4b2a) pathways [9–11]. C3 cleavage
releases C3a and C3b, which can be further processed to
generate iC3b, an inactive version of C3b [12]. Confirming
previous observations [6] C3a, a marker of C3 activation,
was significantly increased in the aqueous humour of neo-
vascular AMD patients (p value= 0.018). C3a protein
concentration was also significantly elevated in the aqueous
humour of patients with early (p value= 0.016) and inter-
mediate (p value= 0.003) AMD, compared to control
patients without AMD (Table 2). Full-length C3 protein was
elevated in aqueous humour of patients with early AMD (p
= 0.019) (Table 2), but not in samples from patients with
intermediate or neovascular AMD. Levels of C3b, iC3b,
active or inactive versions of C3b respectively, were
unchanged across groups (Table 2).

CFB is a component of the alternative pathway of
complement activation, which can be cleaved by CFD to
produce Ba and Bb. Bb is a serine protease which forms
part of the alternative pathway C3 convertase (C3bBb),
whilst Ba is a non-catalytic activation product [9]. Total

Table 1 Patient demographics
AMD status (n) Controls (77) Early (17) Intermediate (27) Neovascular (35) p value

Mean age (SD) 70 (±9.7) 78 (±6.8) 78 (±5.9) 79 (±8.1) <0.0001+

Gender (% male) 42 59 44 40 0.59++

Glaucoma (%) 45 24 44 23 0.065++

Arterial hypertension (%) 52 53 5963 43 0.6125++

Age, gender, glaucoma and arterial hypertension status across groups

p values were generated by one-way ANOVA (+) or chi-squared analysis (++)
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CFB levels were significantly elevated in the neovascular
AMD group only (p value= 0.023) (Table 2) whilst levels
of Ba, a marker of CFB activation, were unchanged across
the patient groups.

We also measured concentrations of the complement
negative regulators CFH and CFI [9]. CFH was significantly
increased in the aqueous humour of neovascular AMD
patients, confirming a trend previously observed in studies
of these patients [6] (p= 0.018) (Table 2). Elevated CFH
levels were not observed in those samples taken from
patients with early or intermediate AMD. Levels of CFI
were unchanged across groups (Table 2).

Discussion

Dysregulation of complement, in particular the alternative
pathway, has been strongly implicated in the pathogenesis
of AMD by extensive genome wide association studies
[13]. In this study we measured levels of total C3, C3
activation products and complement regulatory proteins in
the aqueous humour of AMD patients and controls without
AMD. Our statistical analysis adjusted for non-equivalent
frequency of glaucoma-positive status across the patient
groups (Table 1), allowing differences in complement pro-
tein concentration at progressive stages of AMD to be
revealed. By demonstrating increased concentration of C3a
in early and intermediate AMD patients, our results provide
evidence for early local activation of complement during the
pathogenesis of AMD. These data have important con-
sequences for the early detection and therapeutic targeting
of AMD.

The human RPE-choroid complex expresses the majority
of classical and alternative complement cascade compo-
nents [11] and these proteins have been detected in drusen
and sub-RPE deposits in AMD [2, 3, 14]. Data from genetic

studies [13, 15] in combination with biochemical char-
acterization of the RPE-choroidal complex [16] have led to
the hypothesis that local alternative pathway complement
activation contributes to cellular dysfunction and disease
sequelae in AMD [17, 18]. In early AMD samples in our
study, full-length C3 was elevated in aqueous humour,
suggesting that increased production of C3, perhaps as a
consequence of ongoing cellular stress [19] may contribute
to initial complement activity. More significantly, we
observed changes in aqueous C3a level, the activation
product of C3, in both early and advanced stages of AMD,
indicating complement activation.

C3a has important roles within the immune system as an
anaphylatoxin [12]. It promotes recruitment and activation
of phagocytic immune cells [12] and production of pro-
inflammatory cytokines such as TNFα and IL-1β by bind-
ing to its C3aR receptor [20]. However, C3a has also been
suggested to play a distinct role in the pathogenesis of
AMD, by binding to C3aR expressed on RPE cells and
increasing sub-RPE deposit formation [19, 21, 22], one of
the markers of early AMD [23]. C3a has also been impli-
cated in the induction of VEGF production by RPE [24], an
important pathomechanism in advanced neovascular AMD.
In our study, C3a elevation in neovascular AMD patient
samples was accompanied by a significant increase in
levels of CFB, which may promote increased activity of the
alternative pathway at advanced stages of the disease. CFH
was also elevated in neovascular AMD aqueous humour,
suggesting that regulatory mechanisms may be induced at
later stages of the disease to compensate for the deleterious
effects of complement activation. However, as high C3a
level persists alongside CFH upregulation, these mechan-
isms are unable to halt complement activation and hence
ongoing disease pathophysiology. By providing evidence
for the presence of C3a and hence complement activation
in both early and advanced AMD, our data give support to

Table 2 Complement protein concentration in aqueous humour

Control Early AMD Intermediate AMD Neovascular AMD

Analyte (unit) Mean SD n Mean SD n p Mean SD n p Mean SD n p

C3 (ng/ml) 971.2 1430.8 77 (2) 1693.5 1692.3 17 0.019 1530 2110.5 27 0.08 846.4 1076.8 35 0.74

C3a (ng/ml) 3.9 5 77 (8) 4.7 2.5 17 0.016 5.4 6.3 27 0.003 4.5 3.1 35 (1) 0.018

C3b/iC3b (ng/ml) 740.7 1413.3 77 (35) 2476 5553.6 17 (6) 0.34 2384.4 5870.1 27 (11) 0.34 1545.5 2066.3 35 (5) 0.08

CFB (ng/ml) 356.9 324 77 611.1 653.2 17 0.06 630 786.9 27 0.13 599 408 35 0.023

Ba (ng/ml) 9.8 9.4 77 15.3 16.2 17 0.48 15.8 21.3 27 0.26 12.3 15 35 0.16

CFH (ng/ml) 68.3 82.3 77 (9) 123.3 176.4 17 0.18 136 227.7 27 (1) 0.38 116.5 91.5 35 (1) 0.018

CFI (ng/ml) 120 105 77 (3) 148.4 136.9 17 0.88 142.7 178.7 27 (1) 0.3 163.7 102.6 35 (1) 0.41

Total protein
(ng/ml)

479.4 169.6 68 643.3 348 16 N/A 536.8 284.9 26 N/A 681.1 436.3 30 N/A

Average (mean) and standard deviation (SD) of total (ng/ml) and complement protein (ng/ml) concentrations in aqueous humour samples of
control and AMD patients. Number (n) of samples measured is displayed for each AMD disease group, number of samples with BLQ
concentrations are displayed between parentheses
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the hypothesis that complement activation plays a central
role in AMD pathophysiology. Consequently, complement
targeting may be an important interventional mechanism
for treatment of both the early and late stages of the
disease.

Beyond therapeutic intervention, our data suggest that
detection of proteins such as C3a in aqueous humour may
be a suitable approach to aid diagnosis of the early stages
of AMD. Such diagnostic tools and biomarkers are needed
in order to enable study of disease progression and also to
target future therapies to the correct patient groups. This
study utilized a relatively small number of patient sam-
ples, follow-up studies should analyse larger cohorts and
cohorts recruited in different geographical locations in
combination with longitudinal characterization of disease
progression. Such analyses will be important to improve
our understanding of which patient phenotypes or bio-
markers could be utilized as diagnostic tools to facilitate
early clinical intervention. Highlighting the importance of
repeating analyses in different sample sets and larger
patient populations, in particular if biomarker-led diag-
nostic approaches are considered, in this cohort we were
unable to reproduce previous observations showing that
the CFB activation product Ba is increased in neovascular
AMD samples [6]. To complete our investigation, it
would be particularly interesting to investigate the com-
plement protein milieu and activation profile in patients
with GA, in order to understand whether patient bio-
markers differ in those patients who progress to either
advanced form of AMD.

In conclusion our study clearly indicates increased
complement activation in the aqueous humour of early and
intermediate AMD patients, and confirms previous obser-
vations in patients with neovascular AMD. These data have
important implications when considering the treatment or
biomarker-led detection of early AMD.

Summary

What was known before

● Genetic variations in genes encoding for the comple-
ment pathway confer significantly increased risk for
AMD initiation and progression. Levels of C3a and Ba
are elevated in the aqueous humour of patients with
advanced neovascular AMD.

What this study adds

● Complement activation occurs early during the patho-
genesis of AMD. C3a can be detected in the aqueous

humour of early and intermediate AMD patients. C3a
could be a useful biomarker or target for intervention
in AMD.
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