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Abstract

Purpose To investigate the plasma levels of amyloid beta
(Af) and select inflammatory mediators in patients with var-
ious stages of AMD compared to that of age-matched con-
trols, and discern a relationship to disease severity.

Methods Plasma samples were obtained from AMD subjects
at various stages of disease—early (drusen only), geographic
atrophy (GA), neovascular AMD (CNV)—and from controls
of similar age without AMD. Samples were analyzed using a
commercially available ELISA kit (sixteen cytokines) or LC/
MS/MS (A isotypes). Descriptive statistics were compiled
on all analytes. Analysis of covariance (ANCOVA) was con-
ducted to compare each analyte across AMD groups while
adjusting for sex and age of the patients, and in comparison
to the control group. Receiver operating characteristics plots
were generated for the strongest predictor variables.

Results Levels of alternative spliced CC3 proteins were signif-
icantly different between controls and CNV groups (p<0.05),
with median levels almost twice higher in CNV than in controls.
There was an increasing trend for plasma levels of A3 isotypes
across AMD progressive stages (p values ranged from 0.052 to
0.0012) (ANCOVA). When adjusted for multiple comparisons
analysis, plasma A3 142 levels, and its ratio with A3 1-40
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were the most significantly associated with late AMD stages.
Consistently with the ANCOVA results for A3 isotypes, the
ROC curve showed a moderate prediction (AUC=-~0.78) of
AMD vs control using the A 1-42 isotype.

Conclusion Plasma A 1-42 may have utility as a systemic
biomarker for AMD.

Keywords Age-related macular degeneration (AMD) -
Amyloid beta - Inflammatory mediators

Introduction

In recent years, our understanding of the pathogenic mecha-
nisms involved in drusen formation and AMD has increased
with histopathological, biochemical, and genetic discoveries
implicating the complement cascade and immune mecha-
nisms in AMD, and has led to a general consensus that inflam-
mation is a key driver in the development of AMD. Major
genetic findings strongly implicating inflammatory pathways
in the pathogenesis of AMD with several single nucleotide
polymorphisms (SNP) within genes involved in the alternate
complement pathway, a key pathway in innate immunity and
inflammation, have been identified in relation to AMD. These
genes include the complement factor H (CFH) gene, where
polymorphisms have been involved in over 50 % of AMD ina
population [1-5]. As CFH is a key regulator of the comple-
ment cascade, it has been hypothesized that defects in CFH
may result in excessive stimulation of the complement system,
increasing cellular damage, and subsequently sustained retinal
pigment epithelium (RPE) and choroidal cell attack, drusen
formation, and the disruption of Bruch’s membrane, resulting
in the development of late-stage AMD. Other complement-
related genes associated with AMD include the CFH
paralogous genes (CFHRI-5), the complement factor B (BF)
gene, complement component 2 (C2) gene, and complement

@ Springer



1348

Graefes Arch Clin Exp Ophthalmol (2015) 253:1347-1354

C3 gene, further solidifying a role for complement in this
disease [2, 6, 7] All these genes are implicated in the comple-
ment cascade, and may therefore influence the regulation of
innate immunity and inflammation [8, 9].

As in several other chronic diseases of aging such as
Alzheimer’s disease (AD) and atherosclerosis, it is postulated that
AMD is the result of a systemic process involving ongoing low-
grade chronic inflammation, or para-inflammation, leading to tis-
sue damage at a local level. This process is implicated in drusen
formation, as activated complement components and fragments
associated with the terminal complement pathway have been
found within them [10, 11]. Other drusen components include
activators of the complement cascade such as amyloid, cholester-
ol, C-reactive protein (CRP) and amyloid beta (A3) [12—-15].

When such an inflammatory process occurs in the retina, it
results in the release of circulating inflammatory mediators [16]
and the detection of these in the serum has been considered a
potentially useful measure of the underlying disease process.
This has led to several studies investigating serum levels of
systemic markers of inflammation in AMD including CRP, in-
terleukin 6 (IL-6), interleukin 2 (IL-2), tumour necrosis factor-o
(TNF- ), soluble intercellular adhesion molecule 1 (s-ICAM-
1), and C3a-desArg, where higher levels were found by some to
be associated with AMD in comparison to controls [17-22].

The pathological protein aggregation in extracellular de-
posits in both diseases consists of A3 peptides, apolipoprotein
E (ApoE), complement, and other inflammatory proteins [10,
13, 23-29]. Most notably, one of the proteins identified in
drusen is A3, a 38—43 amino acid residue peptide formed
via the proteolytic processing of amyloid precursor proteins
and identified as the major component of amyloid plaques
within the brain. A is considered to play a major role in the
pathogenesis of AD. [1, 13, 15, 28, 29]

While it is still not known what triggers the complement
cascade in AMD, Af} presents as an obvious candidate, given
its role in initiating the complement cascade in AD [27].

Human RPE primary cell cultures, when treated with Af3,
have shown activation of the complement alternative pathway.
Furthermore, ex-vivo evaluation of the RPE/choroid in the
macular regions of human donor eyes has demonstrated that
A3 co-localizes with complement in drusen, supporting the
premise that it initiates complement cascades and contributes
to proinflammatory pathology in AMD [28, 30].

There have been numerous studies that have assessed the
plasma levels of A3 in patients with AD, with the goal of un-
derstanding the role of A3 in the pathogenesis of that disease
[31]. However, there is no literature regarding the plasma levels
of A3 in AMD patients. Therefore, we conducted a pilot study,
to assess the plasma levels of A3 in a small cohort of patients
with AMD compared to that assessed in age-matched controls,
to determine if any difference in plasma A3 levels could be
identified and a relationship to disease severity versus age-
related changes alone could be established. Further, we
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examined a panel of cytokines, pro-inflammatory mediators,
and vascular modulators to assess their utility as systemic bio-
markers of AMD.

Methods

Study design

Cross-sectional case—control study.
Study population and eligibility

Study participants were recruited as part of our AMD risk
factor study from the medical retinal clinics at the Royal Vic-
torian Eye and Ear Hospital (RVEEH) and from referrals into
the Macular Research Unit at the Center for Eye Research
Australia. In this pilot study we recruited a cohort of normal
participants and a disease group with a range of AMD stages.
We aimed to recruit only Caucasian participants to limit the
ethnic variability of the cohort. In total, 81 participants aged
50 years or older were recruited, with approximately 20 in each
of the following groups assigned as follows: 19 normal controls
(<5 hard drusen of any size and no pigment abnormalities), 18
with Early AMD (drusen>125 um); 21 with Geographic Atro-
phy (GA) (hypopigmentation>175 um in diameter, in which
choroidal vessels can be visualized); and 23 with Choroidal
Neovascular Membrane secondary to AMD (CNV).

This research adhered to the tenets of the Declaration of
Helsinki and participants provided written informed consent
prior to participation. The study was approved by the Human
Research and Ethics Committee of the RVEEH...

Patients with any co-existing retinal disease, other ocular
diseases, known systemic inflammatory diseases or
Alzheimer’s disease, were excluded from the study. No sub-
ject had received anti-VEGF treatment within the preceding
30 days of sample collection.

Data collection and clinical examination

All participants were consented and then underwent a full
ophthalmic examination including best corrected visual acu-
ity, a dilated fundus examination, digital fundus photography
and data collection pertaining to patient demographics, med-
ical and family history. A venous blood sample was collected
for plasma extraction. Fundus images were formally graded
(international classification and grading system for AMD)[32]
using fundus photographs and CNV was confirmed with fluo-
rescein angiography (FFA) and optical coherence tomography
(OCT).

Patients were categorized into one of the four AMD cate-
gories. Control participants had no signs of AMD in either
eye, participants in the early AMD group had to have early
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disease in both eyes, whilst the presence of GA or CNV need-
ed to be present in at least one eye. Risk factors such as
smoking were evaluated per stage of AMD. In general, pat-
terns of smoking was relatively uniform among the groups,
and because the sizes of the groups were small, this analysis
was not included. In addition, other demographics were col-
lected such as percentage of subjects per group with diabetes
and hypercholesterolemia. Due to the small sample size and
the relatively small dynamic range of percentages across all
groups, ANCOVA statistical analysis was not used to adjust
for these differences, apart from age and sex.

Sample processing and bioanalysis

Plasma was extracted by collecting blood samples using
EDTA tubes, which were processed within 30 min by spin-
ning at 2000G for 20mins at room temperature, and the super-
natant collected and stored immediately at —80 °C. Once the
entire cohort was collected, samples were then forwarded to
the Pfizer laboratory on dry ice for analysis.

Plasma samples obtained from these subjects were ana-
lyzed for quantification of A3 isotypes 1-42, 1-40, 1-38,
and 1-X. The “1” designation refers to the specific amino acid
residue present on the protein position counting from the N
terminus of the protein. “X” is a designation that reflects an
approximation of the sum of all detected Af3 isotypes. The
ratio of 1-42/1-40 was also determined as it is considered a
more robust measure as it is not so influenced by storage
conditions and is considered to better reflect individual Af3
metabolism. Selected cytokines and pro-inflammatory media-
tors or vascular modulators (IL-1a, IL-1b, IL-3, IL-6, MCP-1,
MIP-1a, TNF-a, TNF-b, CRP, CC2, the alternative spliced
CC3 protein (C3a and C3d fragments), CFH, MMP1,
MMP2, MMP9, sVCAM, sICAM) were also measured..

Quantification of A isotypes in human plasma using
immune-precipitation liquid chromatography mass
spectrometry (LC/MS/MS)

Briefly, A 1-38, A3 1-40 and A3 1-42 were extracted from
plasma using Dyna-Bead Streptavidin (M-280, Invitrogen)
pre-coated with Biotin-6E10 (Covance) as capture antibody.
A isotypes were then separated on a liquid chromatography
system (Shimadzu LC-20 AC pump and SIL-20 AC
autosampler), and detected on a triple-quadrupole mass spec-
trometer (Applied Biosystems, API4000) by monitoring their
specific precursor and respective product ions in negative
electrospray ionization mold. The dynamic range was 20 to
5000 pg/mL for A3 1-38 and A3 1-42 and 40 to 10,000 pg/
mL for A3 1-40. Plasma levels of A3 1-X were estimated by
the sum of A3 1-38, AP 1-40 and A3 1-42 concentrations in
samples.

Cytokines and pro-inflammatory mediators

A commercially available ELISA from R&D Systems (Cat#
SCRP00) was purchased to quantify CRP in EDTA-plasma
samples from the patients. Human Complement C2 was mea-
sured with an immunoassay developed in-house on an MSD
platform. The other cytokines were analyzed using four Mul-
tiplex panels from Millipore:

1) sICAM-1 &sVCAM-1 (Cat# HSEP-63 K),

2) IL1a, IL1b, IL3, IL6, TNFa, TNFb, MIP-1a, & MCP-1
(Catt HCYTOMAG-60 K),

3) MMP1, MMP2, & MMP9 (Cattt HMMP2-55 K), and

4) Alternative spliced CC3 protein (C3a and C3d fragments)
& complement factor H (Cat# HNDG1-36 K).

Assays were performed as the vendor suggested, and the
Standards and QCs met the acceptance criteria. All samples
were analyzed in duplicate, and the mean results were
reported.

Statistical analysis

Descriptive statistics were compiled on all analytes. Median
and inter-quartile range (difference between the third and the
first quartiles) were calculated for each analyte. Assay data
distribution was normalized using logl0 transformation.
Analysis of covariance (ANCOVA) was conducted to com-
pare each analyte across AMD groups while adjusting for sex
and age of the patients. Using the Dunnett’s test, we compared
means in multiple groups to the same control group. A linear
trend test per A3 isotype as a function of AMD disease sever-
ity was also conducted under the ANCOVA model. Statistical
significance was established at p-value<0.05. Plasma Af
levels for each group were normalized to plasma control Af3
levels to produce the fold-change relative to control plasma
level plots of the Af3 isotypes 1-38, 1-40, 142, 1-X, and 1-
42/1-40. Error bars reflect the 95 % confidence intervals of
the mean. Multiplicity adjustment was not performed across
multiple parameters.

Analytes with values below the limit of quantification
(BLQ) were assigned a uniform random number between 0
and lower limit of quantification (LLOQ). For the few patients
with C-reactive protein (CRP) levels above the upper limit of
quantification (ALQ), the assay results were assigned a ran-
dom uniformly distributed value between upper limit of quan-
tification (ULOQ) and 10,000. Analytes were excluded from
ANCOVA analysis when greater than 25 % of the samples
analyzed were not detectable. For analytes with more than
25 % BLQ samples, a Chi-square test was used to assess
whether the proportion of BLQ samples was equal across
the AMD stages.
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Table 1  Patient demographics

Sex CNV  GA Early AMD Control All
F 17 16 11 10 54

M 6 5 7 9 27

Total (1) 23 21 18 19 81

Age [mean] 80* 79*% 76 74 77

Hypercholesterol-aemia 11 11 10 8 50

Diabetes type 2 1 4 2 3 10

Note: No sex difference by group (p=0.34); *=different from control at
p<0.05

To assess the predictability of biomarkers to the AMD dis-
ease stage, logistic regression analysis was performed with
stepwise selection of significant predictors from demo-
graphics, plasma cytokine levels, and A3 plasma levels. The
logistic regression analysis also incorporated a “leave-one-
out” cross-validation to assess performance of the predictive
models. Receiver operating characteristics plots were generat-
ed for the strongest predictor variable.

Results

Although we targeted ~20 patients per group, the resultant
number of participants did vary slightly between the groups.
From the total of 81 participants, 54 (67 %) were female
(Table 1). Mean age in the control group was similar to that

of early AMD and significantly lower than in the GA or CNV
groups, reflecting the fact that age is a significant risk factor
for advanced AMD. There were relevant comorbidities in the
cohort, with the percentage of subjects per group with diabetes
ranging from 4.35 to 15.79 % and hypercholesterolemia from
42.1 to 55.6 % of each cohort. (Table 1).

Cytokines and pro-inflammatory mediators

Descriptive statistics for the cytokines and pro-inflammatory
mediators analyzed in each of the defined subject groups are
presented in Table 2. Plasma concentrations for some of the
cytokines such as the interleukins (i.e., IL-3) were generally at
or below the level of quantification (data not shown). Plasma
levels of the complement products were robustly quantified
and were similar to those reported by Scholl et al. 2008 [19].

Of the sixteen cytokines analyzed, only spliced CC3 pro-
tein showed a statistically significant difference in geometric
mean levels between the CNV group (higher levels) and con-
trol group (p<0.01, adjusted p=0.013).

A3 peptide isotypes

Mean (SD) plasma levels for A 1-40, 1-42, 1-38, and the
ratio of A 1-42/1-40 in the control and AMD groups are
presented in Table 3. Associations of the mean plasma levels
of AR 1-38, 140, 142, 1-X, and ratio of 1-42 to 1-40 (1-
42/1-40) with AMD stages are presented as plots of the fold
changes relative to control levels with error bars reflecting the

Table 2 Plasma pro-inflammatory mediators — ELISA-based bioanalysis descriptive statistics: concentration units as indicated within the table
reported as median values and their inter-quartile range (IQR) are presented for each assay

Cytokine Stage of AMD

No AMD Early AMD GA CNV

Median IQR Median IQR Median IQR Median IQR N<BLQ
MCP 11 128 90 171 29 148 66 174 71 0
TNFa 1 5.71 [6] 8.16 492 [6] 4.87 5.75 2.46 538 [3] 8.50 19
CRP 11 1.8 [2] 2.0 2.3 (5] 4.5 1.3[1] 1.9 2.0 [5] 3.0 13
CC2 11 2.5 1.1 2.6 1.1 2.6 0.8 2.6 0.94 0
CC3 split products 11 7.8 1.9 9.5 2.8 7.5 53 12.4* 54 0
CFH 1 393 96 350 55 343 58 351 79 0
MMPI1 1+ 0.64 0.59 0.44 1] 0.32 0.57 0.53 0.44 0.71 1
MMP2 § 51.5 16.0 49.9 9.8 52.6 14.3 51.1 13.7 0
MMP9 § 45.6 17.5 50.1 34.8 50.9 28.3 56.4 439 0
sVCAM ¥ 471 176 427 185 455 103 451 146 0
SICAM T 118 32 109 43 114 26 109 79 0

Statistical significance is by comparison to the control group

placed within brackets []

e

* P-value<0.01. 1 ng/mL; 11 mg/L; IQR - inter quartile range
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Table3 A} isotype plasma concentrations (ng/ml) — mean and standard deviation (SD) per stage of AMD. Sample size per group is in parentheses
next to each category. P values are from comparison to the control group in ANOVA analysis

Stage of AMD (sample size)

No AMD (19) Early AMD (18) GA (21) CNV (23)

Mean SD Mean SD P value Mean SD P value Mean SD P value
AR1-38 0.047 0.010 0.054 0.010 0.059 0.055 0.010 0.017 0.055 0.011 0.015
AR1-40 0.555 0.092 0.596 0.086 0.43 0.628 0.099 0.064 0.670 0.148 0.004
AR1-42 0.043 0.018 0.056 0.019 0.035 0.060 0.015 0.001 0.062 0.017 0.001
A42/40 0.077 0.025 0.093 0.024 0.052 0.096 0.019 0.007 0.093 0.020 0.02
1-X 0.645 0.113 0.706 0.108 0.25 0.744 0.115 0.027 0.787 0.168 0.002

95 % confidence interval (Fig. 1). A trend towards increasing
plasma concentrations for A 1-42, 1-40, and 1-42/1-40
with increasing severity of AMD was observed (Fig. 1 and
Table 3). The trend test was significant for almost all Af3
isotypes (p values ranged from 0.052 to 0.0012), even after
age and sex adjustment (ANCOVA) (Table 4). A 1-42 and
AP 1-42/1-40 remain significant even after considering the
Bonferroni adjustment for multiple comparisons. A3 1-42
levels were the most significantly associated with late AMD
stages. Further inspection of the scatter plots of the plasma A3
levels as a function of AMD status are presented in Fig. 2. In
general, the levels of plasma A3 increase as AMD status
advances, indicative of the potential utility as a prognostic
biomarker. CC3 split product levels were highest in the
CNV group (Table 3). CC2 levels were similar across all
groups, while CFH levels appeared to numerically decrease
from control through CNV groups, consistent with CFH’s
inverse relationship with AMD progression.

A stepwise logistic regression using demographic variables
(age, sex), and A3 peptides resulted in a model with A3 1-42
as the only significant predictor. Receiver operating character-
istics (ROC) plot using A3 1-42 as the predictive variable in
relation to AMD vs. No-AMD, were prepared. Consistent

with the ANCOVA results for A isotypes, the ROC curve
showed a moderate prediction of control vs. all AMD cases
(AUC~0.78 with 95%CI=(0.65,0.92); Fig. 3). A3 1-42 pro-
vided a much stronger prediction of AMD than other Af3
isotypes (AUC<0.73). The ROC analysis on the cross-
validated data resulted in an AUC of 0.76 with
95%CI1=(0.62,0.90) that still demonstrates a moderate pre-
dictability of A 1-42 to the AMD status. Other cross-
validation methods such as 10 fold cross-validation and boot-
strap re-sampling (n=2000) generated similar results.

Discussion

In this pilot study, we were able to find a statistically signifi-
cant increase in C3 split product plasma concentrations in the
CNV group in comparison to that of control participants
(P<0.01). The C3 split product results are in line with the
findings by Reynolds et al., who investigated plasma levels
of various markers of complement activation and regulation in
120 cases of advanced AMD and compared them to 60 control
samples [33]. They found that several plasma complement
components and activation fragments, including C3, were

Fig. 1 ANCOVA analysis — 18 -
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Table4 Linear regression ANCOVA with Dunnet’s analysis (adjusting
for multiple comparisons) of associations between plasma levels of A3
Isotypes and stages of AMD (P-values)

ANCOVA Drusen GA CNV *All stages
vs control vs control vs control vs controls

AR 1-38 0.10 0.19 0.07 0.04

AR 140 0.71 0.51 0.12 0.05

AR 1-42 0.13 0.02 0.01 0.00

A42/A40 0.15 0.02 0.02 0.00

1-X 0.50 0.30 0.06 0.03

*P-values for trend across stages of AMD

elevated in cases compared to controls. We were not able to
find any differences in the plasma levels of other cytokines.
Some groups have found higher levels of systemic markers of
inflammation such as CRP, IL6, and s-ICAM1 in AMD sub-
jects in comparison to controls, however this has not been a
universal finding [21, 20, 34-38] Plasma levels of the com-
plement products were robustly quantified and were similar to
those reported by Scholl et al. [19]. Levels of CRP and CFH
were also similar to published results while levels of CC3 split
products (3a,3d) and IL6 were found to be higher and ICAM-
1 levels lower than previous reports [22, 33, 39]. The varying
results reported by different laboratories, which in part will
depend on specific laboratory protocols, differences in bioas-
says, artefacts introduced in the processing of the blood to
produce the plasma, and storage of the plasma samples, is an
indication of some of the difficulties that will need to be man-
aged if measurements of components of plasma are to be
considered as potential biomarker of disease. Furthermore,
heterogeneity of the biology of cytokines and marker proteins
in humans and the need for large study populations to study,
add further challenges for developing robust information to
establish such biomarkers..

Stability of A species in plasma has been examined in key
studies involving AD plasma samples. [40] Due to differences
in storage conditions across studies it is considered that the
ratio 1-40/1-42 could provide a more robust reflection of an

ROC Curve for Model
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Fig. 3 Receiver operating characteristics plot using A31-42 and age as
the predictor variables to predict AMD vs No AMD. Line represents
AP1-42 levels

individual’s A3 metabolism, in part, due to the fact that both
may degrade at similar rates, providing an internal standard of
correction. Thus, in addition to quantifying individual Af3
species 1-40 and 1-42, the ratio of their plasma concentra-
tions was analysed. We did however find plasma levels of A3
isotypes 1-38, 1-40, and 142 in AMD subjects to be signif-
icantly increased above control plasma levels even though our
sample size was small. Moreover, the fold-change analysis
and scatter plots show the trend towards higher levels with
advancing AMD status. Among the various Af3 isotypes, 1—
42, and its ratio with 1-40, had the most robust association to
AMD status. Receiver operator characteristic analysis con-
firmed that the most meaningful predictor for AMD was Af3
1-42 (ROC ~0.78).

In our analysis of the association between plasma A3 and
AMD stage, age was found to be significantly associated with
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AP levels. As a result, analysis of covariance was used to
adjust for the age effect. This ANCOVA analysis demonstrat-
ed that even after adjustment for age, A3 was still a significant
factor associated with AMD stage. The association of age with
A3 levels are similar to those reported in the AD literature [41,
42] As for other potential demographic factors, such as diabe-
tes, due to size of this case control study, the small numbers of
diabetes subjects per group, and the relatively uniform per-
centages of subjects with hypercholesterolemia per group, the-
se factors were not controlled for in the analysis.

After adjustment for the multiple comparisons across the
three Af3 isotypes, A3 1-42 remained statistically significant.
With all three isotypes trending in the same direction, it
strengthens the likelihood that our findings are real, rather than
a chance finding. Moreover, ANCOVA analysis of the ratio of
A 1-42 to 140 levels per group further confirmed the sig-
nificant association of A} levels with increasing disease se-
verity. Consistent with the trends of increasing plasma Af3
levels with increasing AMD disease severity, the ratios of 1—
42/1-40 A levels for each group was significantly associated
with increasing disease severity. In contrast, a study by Lam-
bert et al. of cerebral vascular disease dementia patients [42]
showed an increased risk of dementia with decreasing 1-42/
1-40 ratio. However, Ertekin et al. 2008, reported that Af3
plasma levels increased in subjects with AD [43]. Thus the
biology of AP pathogenic mechanisms in AD and other cere-
brovascular diseases and its relationship to plasma A3 1-42,
AB-1-40 levels and their ratio is yet emerging. Similarly, the
current understanding of AMD pathogenic mechanisms spe-
cific to amyloid beta is also being developed. A limitation to
the study was the small sample size in this pilot study. This
limited our ability to find differences between groups. How-
ever, despite the small sample size it is interesting that we were
still able to observe consistent and meaningful trends.

Based upon the findings of this exploratory study, isotypes
of A3 should be considered as potential markers of the disease
state and further work involving a prospective study with lon-
gitudinal follow up of a larger patient cohort would be worthy
of consideration.

The possibility of utilizing Alzheimer’s disease based im-
munotherapies such as anti-amyloid-beta antibodies for use in
AMD signifies the importance of further investigation of po-
tentially common pathogenic pathways involved in both of
these aging diseases. [44, 45]
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