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Introduction

Purpose: To determine, using an aptamer-based technology in patients with intermedi-
ate age-related macular degeneration (AMD), (1) if there is a difference in plasma levels
of 4979 proteins in patients with and without reticular pseudodrusen (RPD), and (2) if
plasma levels of proteins are related to time to conversion to advanced AMD.

Methods: Patients with intermediate AMD and RPD were identified from an AMD
registry. Relative concentrations of each protein were log (base 2) transformed and
compared between patients with and without RPD using linear regression. A Cox
proportional hazards survival model was fit to each aptamer to quantify associations
with time to conversion. A pathway analysis was conducted in converters versus non-
converters using the Reactome database.

Results: Of the 109 intermediate AMD patients, 39 had bilateral RPD (36%). Two
proteins, TCL1A and CNDP1, were lower in patients in the intermediate AMD group
with RPD. Twenty-one patients converted to advanced AMD with a median time to
conversion of 25.2 months (range, 2.3-48.5 months) and median follow-up time in non-
converters of 26.4 months (range, 0.03-49.7 months). Several proteins (lysozyme C,
TFF3, RNAS6, and SAP3) distinguished patients who converted from those who did not
convert to advanced AMD. The top conversion pathways included tumor necrosis factors
bind their physiological receptors, digestion and absorption, signaling by activin, and
signaling by TGF-8 family members.

Conclusions: We identified a protein signature related to RPD, as well as to conversion

to advanced AMD. The pathway analysis suggests that dysfunction of critical systemic
pathways may have links to conversion to advanced AMD.

Translational Relevance: Biomarkers identified in plasma likely reflect systemic alter-
ations in protein expression in patients with intermediate AMD.

the disease; however, these interventions only serve to
attenuate progress of the disease and do not cure the
disease. AMD has many adverse sequelae, including

Age-related macular degeneration (AMD) is a
leading cause of vision loss among elderly individuals.!
This debilitating disease impacts as many as 11 million
people in the United States.” The advanced stages of
the disease have two forms: neovascular AMD (NV)
and geographic atrophy (GA).>* Treatment options are
limited to individuals with the neovascular form of
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the loss of the ability to drive’ and to read.® Moreover,
there are economic costs’ and a significant burden for
the caregiver of the AMD patient.® For this reason,
AMD is emerging as a critical public health concern
among older populations.’

The destructive pathologic process related to AMD
is primarily located in the macula.®> A deposition of
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extracellular material called drusen begins to appear
early in the natural history of AMD. Based on histo-
logic analyses, drusen deposits are located between the
basal lamina of the retinal pigment epithelium (RPE)
and Bruch’s membrane. Originally described in 1990,°
other deposits referred to as reticular pseudodrusen
(RPD) have been described in patients with AMD.
Unlike drusen, these deposits are located in the subreti-
nal space internal to the RPE and are often referred
to as subretinal drusenoid deposits. These deposits
share many properties with drusen but differ in lipid
composition.'!

Detection of RPD has improved with advances
in imaging modalities.!' This has led to an increased
interest among researchers to understand the clini-
cal significance of these subretinal lesions.'? Relation-
ships have been described for the presence of RPD and
increasing age, female sex, and genetic variants.!!-13-13
Pathologic changes in the choroid'! and hypothesized
dysregulation of cholesterol homeostasis'® have also
been shown to be associated with RPD. Moreover, the
presence of RPD has been shown to be associated with
an increased risk of progression to advanced AMD,
specifically GA.?

The focus of research from our group has been
to investigate systemic biomarkers related to AMD.
Using our AMD registry and biorepository,”! we
have recently reported several proteins linked with
the presence of advanced AMD?>?} and interme-
diate AMD.?* In the present study, we build on
our biomarker research and focus on a cohort of
patients with the intermediate phenotype of AMD.
To our knowledge, we are presenting the first large-
scale biomarker discovery study to utilize a multi-
plexed aptamer-based proteomic technology in inter-
mediate AMD. We addressed two research questions
in this hypothesis-generating study: (1) to determine
if there is a difference in systemic levels of a panel of
4979 proteins in patients with and without RPD, and
(2) to determine if systemic levels of proteins are
related to time to conversion to advanced forms of
AMD.

Materials and Methods

Overview of the Colorado AMD Registry

We conducted this cohort study by using records
and samples from an AMD research registry and
repository (described in detail elsewhere’! %) devel-
oped by the Department of Ophthalmology at the
University of Colorado School of Medicine. For this
study, we focused on patients in the registry with the
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intermediate form of AMD.> For our first research
question, protein signatures were compared in interme-
diate AMD patients with bilateral RPD and without
RPD. To address our second research question, protein
signatures were compared in patients who progressed
to the advanced forms of AMD (converters) and non-
converters. All patients received care at the UCHealth
Sue Anschutz-Rodgers Eye Center. The registry was
approved by the Colorado Multiple Institutional
Review Board. The research adhered to the tenets of
the Declaration of Helsinki. Informed written consent
was obtained from all patients in the registry after
explanation of the nature and possible consequences
of the research. Enrollment in the registry is ongoing.

All patients consented to (1) a review of the medical
history, (2) collection of an ethylenediaminetetraacetic
acid (EDTA) plasma sample, and (3) review and
disease phenotype classification of image data, includ-
ing a color fundus photograph, fundus autofluores-
cence (FAF), near-infrared fundus reflectance (NIR),
and spectral domain—optical coherence tomography
(SD-OCT). Ocular exclusion criteria for patients were
panretinal photocoagulation or anti-vascular endothe-
lial growth factor injections for diabetic retinopathy,
branch and central retinal vein occlusion, any active
ocular inflammatory disease, or a severe decrease in
visual acuity secondary to a preexisting severe retinal
disease other than AMD.

Image Review

Images, described above, were performed upon
enrollment into the study and were reviewed by two
vitreo-retinal specialists (M.T.M., F.S.S.). For this
study, we examined only the images from the enroll-
ment visit. The image review was focused on an
examination of the anatomic macula, which includes
the entire area between the retinal vascular arcades.
The images were categorized into early, intermediate,
or advanced AMD using the classification described
by Ferris et al.”> Discrepancies were resolved by a
third vitreo-retinal specialist (N.M.). The presence or
absence of RPD was also determined. Our definition
of the presence of RPD was RPD observed on FAF
and/or NIR imaging and confirmed on SD-OCT.

Study Specific Inclusion and Exclusion
Criteria

To address our research questions and to maintain
a homogeneous cohort, we reviewed the records of
non-Hispanic White patients who were recruited into
the registry between July 2014 and December 2017.
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From this dataset, 118 patients with intermediate
AMD (advanced and early AMD were removed
from the analytic dataset) were identified. A second
image review was conducted by N.M. and A.G.P.
on this study group to specifically (1) confirm no
misclassification of the presence or absence of RPD,
and (2) to apply exclusions specific to this study
(other retina co-morbidities, » = 5; unilateral RPD,
n = 4). Following this review, 109 cases with interme-
diate AMD and bilateral presence or absence of RPD
remained in the final analytic dataset. For the time
to conversion analysis we used the last appointment
with a retinal specialist as the censoring time. Other
risk factors in this dataset included age, sex, family
history of AMD, body mass index (BMI), and select
co-morbidities.

Collection and Processing of the Plasma
Sample

All samples were taken at the time of the multi-
modal imaging. The EDTA tube was spun at 3000
revolutions per minute in a cooled (4°C) centrifuge for
10 minutes to isolate plasma. The average time from
phlebotomy to spin was low at 2.6 minutes £+ 1.7 SD
(range, 0—10 minutes). The aliquots of plasma were
immediately stored in a —80°C freezer.

SomasScan Assay

The SomaScan assay (Somalogic, Boulder, CO)
is described elsewhere.”® % In brief, a plasma sample
in each well of a 96-well plate was incubated
with a mixture of the 4979 SOMAmer reagents
(SomalLogic). Two sequential bead-based immobiliza-
tion and washing steps, coupled with kinetic challenge
with polyanionic competitors, eliminated unbound
or nonspecifically bound proteins and SOMAmer
reagents, leaving only protein target-bound SOMAmer
reagents. These remaining SOMAmer reagents were
isolated, and each reagent was quantified simulta-
neously on a custom hybridization array (Agilent,
Santa Clara, CA). The amount of each SOMAmer
reagent measured was quantitatively proportional to
the protein concentration in the original sample, as
described elsewhere.?6-28

For the current version of the SomaScan assay,
the coefficients of variation (CVs) for all analytes,
including intra- and inter-assay variation, were
measured in plasma using triplicate technical repli-
cates for three different clinical samples across 15
independent runs. The median CV for all analyte

TVST | September 2020 | Vol.9 | No. 10 | Article 12 | 3

measurements in plasma was 5.0%, and 90% of
analytes had a CV < 12.0%, obtained by averaging CV
results over the three clinical samples. In an indepen-
dent study, the SomaScan assay with plasma samples
has recently demonstrated a high degree of stability
and reproducibility.”

Statistical Analysis

Descriptive statistics included percentages, means,
and standard deviations. We examined the relation-
ship of categorical risk factors using the x? test or
Fisher’s exact test. Differences in continuous variables
were compared using two-sample z-tests. Odds ratios
and corresponding 95% confidence intervals were
estimated using univariate logistic regressions. Relative
concentrations for each of 4979 aptamer targets were
log (base 2) transformed and compared between
subjects with and without RPD using linear regres-
sion. P values were adjusted for multiple compar-
isons using the false discovery rate (FDR) as described
by Benjamini and Hochberg.*® Ten subjects with no
record of a follow-up visit (and therefore no follow-
up image) with a retinal specialist were removed from
the conversion analysis. For this analysis, we fit a Cox
proportional hazards survival model to each aptamer
to quantify the associations with time to conversion.
We then conducted a pathway analysis on this group.
The pathway analysis detects coordinated changes
in levels of proteins in the same pathway and is
useful for providing mechanistic insights by evaluating
the combined association of groups of proteins that
function in the same pathway.

Pathway analyses were conducted using pathways
downloaded from Reactome®'—** and a functional class
scoring approach, appropriate for platforms where
proteins are selected a priori,>* using the P values as
the protein-level statistics for the 4979 aptamer targets
that were measured.>> This functional class scoring
approach differs from an enrichment analysis in that
it does not specifically test whether the pathways are
enriched with a larger than expected number of signif-
icant proteins and therefore also does not require a
cut-off to be applied to each protein. The underlying
inference from the functional class scoring approach
is testing whether the pathway contains at least one
measured protein that significantly differed between
groups or whether a subset of proteins in the pathway
has coordinated differences. Pathways were ranked
based on the unadjusted P values calculated using a
permutation approach that appropriately accounts for
the correlation among proteins, permuting group labels
using 1000 permutations.>®
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Table 1.
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Characteristics of Those With and Without RPD in Intermediate AMD

Intermediate AMD (n = 109)

03

RPD (n = 39) No RPD (n =70) Odds Ratio (95% Cl) P
Sex, female, n (%) 25 (64) 49 (70) 0.8 (0.3-1.8) 0.53
Family history of AMD, n (%)

None 14 (36) 40 (57) 1

Yes 18 (46) 18 (26) 29(1.2-7.0)

Uncertain 7(18) 12(17) 1.7 (0.5-5.1) 0.07
Age, mean (SD) 78 (7.1) 76 (6.7) 1.1 (0.9-1.1) 0.09
BMI 37 67

Mean (SD) 26.2 (4.6) 26.4 (5.1) 1.0(0.9-1.1) 0.78
Smoking, n (%)

Never 16 (41) 37 (53) 1

Current 1(3) 1(1) 2.3(0.1-39)

Former 22 (56) 32 (46) 1.6 (0.7 - 3.5) 0.40"
History of, n (%)

Type 2 diabetes 5(13) 10 (14) 0.9 (0.3-2.8) 0.83

Treated hypertension 29 (74) 36 (51) 2.7 (1.2-6.5) 0.02

Kidney disease 8(21) 7(10) 2.3(0.8-7.0) 0.13

Stroke 0(0) 6(9) — 0.09

Peripheral vascular disease 5(13) 9(13) 1.0 (0.3-3.2) 0.99

Atrial fibrillation 2(5) 5(7) 0.7 (0.1-3.8) 0.99°

Cardiac disease 17 (44) 27 (39) 1.2 (0.6-2.7) 0.61

“P values obtained from x? tests for categorical variables and t-tests for continuous variables unless noted otherwise.

TP values obtained from Fisher’s exact test.

We show in Table 1 the differences in demographic
variables and select co-morbidities between patients
with bilateral RPD, n = 39 (36%), and without RPD,
n =70 (64%). Higher frequencies of a family history of
AMD and treated hypertension were found in patients
with RPD compared with patients without RPD.
In Figure 1, we demonstrate differences in proteins
in patients with and without RPD, where a difference
of 1 on a log (base 2) scale corresponds to a fold
change of 2. As seen, TCL1A and CNDP1 were the top
RPD-related proteins and were lower in intermediate
patients with bilateral RPD compared with interme-
diate patients with no RPD. Neither of these proteins
was significant following multiple-comparisons testing.
Most of the remaining proteins were clustered in the
bottom part of the plot. More detailed information on
the top two proteins is shown in Table 2, including the
UniProt number, full name, and other names for the
protein. The ranking of all proteins is shown in the
Supplementary Table S1.

The characteristics of patients who did and did
not progress to advanced AMD are shown in Table 3.

Lower in RPD Higher in RPD
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Figure 1. Differences between group means in intermediate AMD

patients with and without RPD, where a difference of 1 on alog (base
2) scale corresponds to a fold change of 2.

There were 21 converters who converted to advanced
AMD (7 GA, 13 NV, and one who converted to both
NV and GA) with a median time to conversion of
25.2 months (range, 2.3-48.5 months) and median
follow-up time in non-converters of 26.4 months
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Table 2. Top-Ranked Aptamers Comparing RPD Versus No RPD

UniProt

Number  Target Recommended and Alternative Names Estimate (SE) Raw P fdr P

P56279 TCL1A  T-cell leukemia/lymphoma protein 1A; oncogene -0.28 (0.07) <0.001 0.90
TCL-1; protein p14 TCL1

Q96KN2  CNDP1 B-Ala-His dipeptidase; CNDP dipeptidase 1; -0.45(0.12) <0.001 0.90

carnosine dipeptidase 1; glutamate
carboxypeptidase-like protein 2; serum

carnosinase

Table 3. Characteristics of Patients Who Did and Did Not Convert to AMD

Non-Converters (n = 78)

Intermediate AMD (n = 99)

Converters (n=21)  Odds Ratio (95% Cl) P

RPD, n (%) 24 (31)
Sex, female, n (%) 54 (69)
Family history of AMD, n (%)
None 39 (50)
Yes 23(29)
Uncertain 16 (21)
Age (y), mean (SD) 76 (6.9)
BMI 76
Mean (SD) 26.2 (5.2)
Smoking, n (%)
Never 38 (49)
Current 2(3)
Former 38 (49)
History of, n (%)
Type 2 diabetes 12 (15)
Treated hypertension 44 (56)
Kidney disease 10(13)
Stroke 4 (5)
Peripheral vascular disease 10 (13)
Atrial fibrillation 3(4)
Cardiac disease 31 (40)

10 (48) 2.0 (0.8-5.5) 0.15
13 (62) 0.7 (0.3-2.0) 0.53
11 (52) 1
8(38) 1.2 (0.4-3.5)
2(10) 0.4 (0.1-2.2) 0.517
80 (6.1) 1.10 (1.02-1.19) 0.02
21
26.5 (4.2) 1.0 (0.9-1.1) 0.84
11 (52) 1
O I
10 (48) 0.9 (0.3-2.4) 0.99"
3(14) 0.9 (0.2-3.6) 0.99"
15 (71) 1.9 (0.7-5.5) 0.21
2(10) 0.7 (0.1-3.6) 0.99f
2(10) 1.9(0.3-11.4) 0.60"
4(19) 1.6 (0.4-5.7) 0.49f
3(14) 4.2 (0.8-22.4) 0.11"
9 (43) 1.1 (0.4-3.0) 0.80

“P values obtained from x? tests for categorical variables and t-tests for continuous variables.

TP values obtained from Fisher’s exact test.

(range, 5.5-49.7 months). The association between the
presence of RPD and time to conversion is shown
in Figure 2. The log-rank test suggests that there may be
a trend for a shorter time to conversion in patients who
have RPD compared to those who do not have RPD
(P < 0.07).

Several proteins were related to conversion to
advanced AMD (Fig. 3). In Table 4, the top-
ranked proteins from the plot are presented in more
detail, including the UniProt number, full name,
and other names for the protein. As shown, the

top four proteins—lysozyme, TFF3, RNAS6, and
SAP3—had highly significant unadjusted associa-
tions with the time to conversion (hazard ratios
= 5.6, 3.0, 3.9, and 10.1, respectively). The differ-
ences in these protein levels were mainly driven by
neovascular AMD, and for all, except RNAS6, levels
were also elevated in those who converted to GA
(Fig. 4). None of the conversion proteins was signif-
icant following multiple-comparisons testing. The
ranking of all proteins is shown in Supplementary
Table S2.
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Product-Limit Survival Estimates
With Number of Subjects at Risk
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Figure 2. Association between the presence of reticular pseudo-
drusen and time to conversion.
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Figure 3. Parameter estimates from the Cox proportional-hazards
model assessing association with time to conversion.
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The high-signal proteins noted in the time-to-
conversion analysis were of interest. The top four
pathways with at least 10 of the aptamers included
are displayed in Table 5. The rankings of all of the
pathways can be found in Supplementary Table S3.

We embarked on this study to profile the plasma
proteome in a highly multiplexed manner to discover
potential markers of intermediate AMD with RPD
and to identify subjects with a higher likelihood for
progression from intermediate to advanced AMD.
We hypothesized that there are predisposing systemic
proteins and pathways for the local disease related to
AMD that could be detected in the circulation. The
first key finding was that, apart from two proteins
(TCL1A and CNDPI1), no difference was found in
the proteins measured in patients with and without
RPD. The second key finding was that, when we
examined time to conversion from intermediate to
advanced AMD, we found higher levels of several
proteins in converters versus non-converters. Although
the differences were not significant following multiple-
comparisons testing, the magnitude of the relation-
ship®’ of these proteins with conversion was meaning-
ful. The final finding was that the key pathways linked
with conversion had connections with inflammation,
immune/tissue homeostasis, and digestion and absorp-
tion.

For this study, we used an aptamer-based multi-
plexed proteomic assay (SomaScan assay) currently
capable of measuring 4979 proteins. The assay utilizes
a collection of DNA-based aptamers with base modifi-
cations that resemble side chains of amino acids
overrepresented in interaction surfaces of protein—
protein complexes (e.g., antibody—protein antigen
interactions). These base modifications have expanded
the range of proteins for which aptamers with high

Table 4. Top-Ranked Aptamers Associated With Time to Conversion

UniProt Recommended and Estimate  Hazard

Number Target Alternative Names (SE) Ratio Raw P fdr P

P61626 Lysozyme C — 1.73(0.43) 562 <0.001 0.18

Q07654 TFF3 Trefoil factor 3; intestinal trefoil factor; 1.11(0.28) 3.04 <0.001 0.18
polypeptide P1.B

Q93091 RNAS6 Ribonuclease K6 1.37 (0.36) 394 <0.001 0.18

P17900 SAP3  Ganglioside GM2 activator; cerebroside sulfate 2.31(0.61) 10.08  <0.001 0.18

activator protein; GM2-AP; sphingolipid

activator protein 3
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GA NV

to both GA and NV is included in the NV group for this plot.

affinity and specificity and slow dissociation kinet-
ics can be selected.’® These binding properties are
intimately tied to the exquisite shape complemen-
tary with which aptamers engage distinct epitopes on

Table 5. Pathway Analysis: Top Four Converter Pathways
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Figure 4. Boxplots displaying the distribution of the protein aptamer levels for the top conversion-related proteins by AMD type. The box
extends to the 25th and 75th percentiles, the line and diamond correspond to the median and mean values, respectively. The whiskers show
values within 1.5 times the interquartile range. Individual points are overlaid on top to show the raw values. The one subject who converted

protein surfaces, in a manner that is highly similar
to that of antibodies.® The highly specific nature
of protein measurements obtained by the SomaScan
assay, as well as the reproducibility and stability of

Rank Pathway Name k Raw P Adjusted P
1 TNFs bind their physiological receptors 29 0.013 0.62
2 Digestion and absorption 14 0.013 0.92
3 Signaling by activin 12 0.016 0.94
4 Signaling by TGF-8 family members 58 0.024 0.58

translational vision science & technology

“Table includes pathways with a minimum of 10 proteins and are sorted by raw P value.
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the measurements, have been reported in several recent
studies.?”-3-40

The protein TCL1A was one of two proteins
significantly associated with the presence of RPD.
TCL1A is part of a family of oncoproteins that
enhance cell transformation and are important in
tumor progression.*! The second protein was CNDP1,
an enzyme with antioxidant, anti-inflammatory, and
anti-aggregate characteristics that degrades carno-
sine and is found in muscle and brain tissue. An
inherited deficiency of carnosinase is related to
the neurometabolic disorder carnosinemia. This
disorder is clinically characterized by mental deteri-
oration, spastic paraplegia, and retinitis pigmen-
tosa.*>*3  Altered levels of carnosinase have also
been described in other neurological and systemic
disorders.**43

The most highly ranked protein tied to conver-
sion to advanced AMD was lysozyme C, which has
an important role in innate immunity. Lysozymes
have a bacteriolytic function and have strong ties
to the macrophage/monocyte system. As reviewed by
Ragland and Criss,*® lysozymes are an integral part
of immune system. Originally described in 1922 by
Alexander Fleming as a substance in the nasal mucus
that could kill bacteria, lysozymes are now recog-
nized to be found in many body fluids and to influ-
ence resolution of inflammation especially on mucosal
surfaces. Importantly, mutations of this antimicrobial
protein are reported to have links with systemic heredi-
tary amyloidosis.*’**% The second ranked protein was
TFF3, a member of the trefoil factor (TFF) family.
These proteins are secreted with mucins and have an
important role in wound healing, mucosal protection
and repair, and inhibition of apoptosis. Dysregulated
expression of these proteins is also associated with
several tumors and other disorders.*’->° It is notewor-
thy that TFF peptides have been found to be expressed
in the human lacrimal sac and nasolacrimal duct’! and
to be proliferative and pro-apoptotic in the murine
retina.’> These peptides also support corneal wound
healing.>?

Another top-ranked protein was RNAG6. This
protein is derived from epithelial cells and is an antimi-
crobial peptide against Gram-positive and Gram-
negative bacteria.>* It is of interest that our top-ranked
proteins linked with progression to advanced AMD
were all antimicrobial proteins. This finding is aligned
with recent hypotheses that the microbiota may have a
role in diseases of the retina.>>” The last of the highly
ranked proteins found in the patients who converted to
advanced AMD was SAP3 (ganglioside GM2 activa-
tor), which stimulates the breakdown of ganglioside
GM2 and glycolipid GA2 by B-hexosaminidase A.*}
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A genetic deficiency of either the f-hexosaminidase
A or the GM2 activator can result in the neuro-
logical disorder and cherry-red foveal spots in the
retina.>$->

With regard to the pathway analysis, we found
several pathways highly ranked in their relation-
ship with conversion to advanced AMD. The most
highly ranked pathway was the tumor necrosis factors
(TNF) pathway. First isolated in 1984, this super-
family of TNF proteins, which exert their physio-
logical effects by binding to their receptors on cell
surfaces, consists of cytokines, mainly derived from
macrophages and monocytes. As reviewed by Aggar-
wal,® although TNFs regulate normal functions such
as immune responses, hematopoiesis, and morphogen-
esis, they also have a role in tumorigenesis, trans-
plant rejection, septic shock, viral replication, bone
resorption, rheumatoid arthritis, and diabetes. In the
latter situations, these cytokines have links with cellu-
lar proliferation, survival, differentiation, or apopto-
sis. Indeed, anti-TNF therapy is approved for several
inflammatory diseases.®

Signaling by transforming growth factor beta
(TGF-pB) family members was another pathway ranked
high in our pathway analysis. The TGF-8 superfam-
ily of cytokines regulate cellular functions during
development and are important in maintaining tissue
homeostasis. Activin, also represented in our pathway
analysis, is another member of this family of cytokines.
TGF-8 is a cytokine regulator that can either inhibit or
stimulate cell proliferation. Dysregulation of TGF-3
signaling is related to the pathogenesis of several
connective tissue diseases.’’ There are also reports
of an emerging role of TGF-8 in AMD and that
TGF-B signaling pathways may be a target for
treatment in, specifically, the neovascular form of
advanced AMD.®?> Indeed, a TGF-$ inhibitor has
been shown to have a role in decreasing the devel-
opment of choroidal neovascular (CNV) lesions in
a rat model of CNV induction.®> This family of
proteins also has been found to be downregulated
in the aqueous of patients with neovascular AMD.%
TGF-B also has a critical role in immune homeosta-
sis, as dysregulation of this signaling pathway is related
to inflammatory diseases and the development of
tumors.®>-% Another top-ranked but smaller pathway
was digestion and absorption, which refers to diges-
tion of fats, carbohydrates, and proteins in the intes-
tine and movement of the products of digestion
out of the lumen of the intestine.** Collectively, the
top-ranked pathways described in this study suggest
that dysfunction of critical systemic pathways may
have links to conversion to the advanced forms of
AMD.
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The main limitation of the study was sample
size, which may have impacted the results of our
first research question. Apart from two proteins, the
remainder of the proteins examined were not signifi-
cantly related to the outcome, RPD. Sample size also
limited our ability to stratify by conversion to either
neovascular AMD or GA, which may have a differ-
ent underlying pathogenesis. Another limitation was
that, when adjusted for multiple comparisons, all of the
unadjusted significant findings became non-significant.
Because this was a small, hypothesis-generating study,
we view the application of the FDR to be less impor-
tant.” Our a priori interest was focused more on
the ranking of the proteins (not impacted by the
FDR) than on finding a cut-off based on statistical
significance. We believe that with this approach we
found some interesting high-signal protein signatures,
especially in our group of patients who progressed
to advanced AMD. Moreover, the risk estimates®’-%’
associated with the protein signatures in the conversion
analysis were impressive. Reporting of these results
is an important first step in our research. Recruit-
ment into our AMD registry is ongoing. With a larger
sample size, we hope to validate our results in a future
intermediate AMD cohort.

Another limitation of this study was that we
did not examine samples such as aqueous to deter-
mine if our systemic findings were also found in
samples closer to the source of the local pathology
of AMD. Indeed, the longstanding concept is that
AMD is linked with local inflammatory events. This is
supported by the findings of complement components,
as constituents of drusen,® markers of complement
activation in the aqueous humor,%® and the comple-
ment membrane attack complex in the choriocapil-
laris.”®7! The results of the pathway analysis from
this hypothesis-generating study suggest that markers
of systemic inflammation may also be contributing to
intermediate AMD progression. Apart from a small
number of studies of the complement system in mainly
advanced AMD,>7>-7° the significance of the presence
of systemic biomarkers of inflammation in AMD
and specifically in intermediate AMD has not been
adequately addressed. We addressed this knowledge
gap in a recent study of 17 complement factors in
patients with intermediate AMD. After adjusting for
multiple-comparisons testing, we found significantly
altered levels of nine complement factors in the cases
versus controls with no AMD.?* The results of that
complement study and this proteomic study suggest
that the role of systemic inflammation in intermedi-
ate AMD progression requires a more comprehensive
investigation to specifically determine if select inflam-
matory markers may be both a target and a biomarker
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for potential intervention strategies to prevent transi-
tion to the devastating forms of advanced AMD. To
this end, we will continue to recruit and follow this
valuable cohort of patients with intermediate AMD.
Moreover, moving forward we will also examine genetic
variants of the complement system and their relation-
ship with AMD progression as correlated with systemic
biomarkers. It is established that polymorphisms of
the central complement factor C3 and variants of
CFH, CFI, and CFB, factors that affect C3 activa-
tion or degradation of its active products, are risk
factors for AMD.%-39-83 Ag we expand this interme-
diate AMD cohort, we will direct our attention to the
role of polymorphisms called complotypes (defined as
any inherited pattern of genetic variants in comple-
ment genes that alters risk for both inflammatory disor-
ders and infectious diseases involving the complement
system®-8) in intermediate AMD. We also suggest the
need for an in-depth proteomic analysis of eye bank
eyes with different stages of AMD to determine if
there are different patterns and profiles of proteins
across the phenotypes of AMD. Strengths of our study
include the careful phenotyping of the intermediate
AMD cases using multimodal imaging, the meticulous
collection of the plasma samples, the short time to
freezer storage, and the large range of proteins studied,
including many low-abundance proteins.

In summary, we found that, apart from two proteins,
aptamer targets did not distinguish patients with inter-
mediate AMD who did and did not have bilateral RPD.
We found several proteins and pathways of interest in
patients who converted to advanced AMD versus those
who did not convert to advanced AMD. Ultimately, we
would like to build a predictive model of epidemiolog-
ical, environmental, genetic, and systemic factors that
may predict conversion to advanced AMD. The long-
term goal is to find a protein or a pathway that could be
a target for intervention early in the course of AMD.
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