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Introduction

Nonarteritic anterior ischemic optic neuropathy

Purpose: Nonarteritic anterior ischemic optic neuropathy (NAION) is a common acute
optic neuropathy in those older than 50 years. There is no blood diagnostic test or
efficient treatment for NAION. We investigated the suitability of blood inflammatory
proteins as biomarkers and therapeutic targets of NAION.

Methods: We conducted an exploratory, cross-sectional case-control study including
18 patients with NAION (n = 5 acute, and n = 13 chronic) and 9 controls. NAION was
confirmed by clinical examination and optical coherence tomography. Subjects under-
went peripheral blood collection; plasma was isolated within 2 hours and analyzed using
a 76-plex array of cytokines, chemokines, and growth factors.

Results: In acute NAION, there was increased peripapillary retinal thickness on optical
coherence tomography consistent with optic disc edema. Plasma profiling revealed
dramatic changes in inflammatory proteins in NAION. Statistical analysis generated a
list of 20 top-ranked molecules in NAION, with 15% overlap in acute and chronic NAION.
Principal component analysis, hierarchical clustering, and Spearman correlation gener-
ally segregated controls, acute and chronic NAION, with some overlap. Longitudinal data
from one patient demonstrated an evolving inflammatory pattern from acute to chronic
NAION. In acute NAION, Eotaxin-3, MCP-2, TPO, and TRAIL were the top biomarker candi-
dates.In chronic NAION, IL-1« and CXCL10 emerged as the strongest therapeutic targets.

Conclusions: Post-NAION inflammation occurs in both acute and chronic NAION. Statis-
tical analysis of plasma profile changes generated a list of 20 potential biomarker and
therapeutic targets of NAION.

Translational Relevance: We identified blood molecular targets to improve NAION
diagnosis and treatment.

have demonstrated that NAION results from hypop-
erfusion of small vessels supplying the anterior optic
nerve with a crowded optic nerve head. Hypertension,
hypotension, diabetes, dyslipidemia, ischemic cerebral,

(NAION) is a common acute optic neuropathy in those
older than 50 years of age, with an annual incidence of
2.3 to 10.2 cases per 100,000 persons.!> In NAION,
ischemia of the anterior, unmyelinated, optic nerve
leads to optic disc edema and irreversible vision loss
due to progressive damage to retinal ganglion cells.
Although the exact pathogenesis is unclear, studies
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or cardiac vascular disease, anemia, obstructive sleep
apnea (OSA), and smoking have been identified as risk
factors of NAION.?

NAION is primarily a clinical diagnosis based on
the manifestations of acute onset, painless, monocu-
lar vision or visual field loss with a relative afferent
pupillary defect and optic nerve head swelling as well
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as “disc at risk” in the contralateral eye. The optic disc
edema usually resolves after 6 to 8 weeks and sectoral
disc atrophy develops. Twelve to 15% of patients
have second eye involvement at 5 years.*> Although
the levels of erythrocyte sedimentation rate (ESR)
and high sensitivity C-reactive protein are diagnostic
blood tests with 97% specificity for the arteritic AION
(AAION),’ there is no diagnostic laboratory test for
NAION.?

NAION biomarkers are critically needed to differ-
entiate NAION from other acute optic nerve head
pathologies, including AAION, neuroretinitis, a very
anterior optic neuritis and optic nerve head granuloma,
and to help understand the pathogenesis of NAION
and justify further clinical trials targeting inflamma-
tory signaling. There is evidence of increased periph-
eral circulating RNAs’ and of post-ischemic inflam-
mation in NAION, including elevated interleukin-8
in the plasma,® vascular endothelial growth factor
in the aqueous humor,’ and increased interleukin-6,
tumor necrosis factor-o, and macrophage inflamma-
tory protein-2 in the plasma and optic nerve in a
rodent NAION model.!° In this study, we performed
a comprehensive profiling of cytokines, chemokines,
and growth factors in the plasma from patients
with NAION compared with controls. Although the
ultimate goal is to develop a quick diagnostic test
to differentiate NAION from other similar patholo-
gies in order to identify who might benefit from
urgent treatment, this exploratory approach compar-
ing NAION and controls is the first step to understand
the plasma changes in NAION and can suggest candi-
date biomarkers and therapeutic targets for future
studies and trials.

We performed a cross-sectional case-control study
of patients with NAION and age-matched controls.
This study was approved by the Institutional Review
Board of Stanford University and adhered to the
Declaration of Helsinki and the Health Insurance
Portability and Accountability Act Subjects were
evaluated and recruited at Byers Eye Institute at
Stanford University Medical Center between April and
October 2019.

Participants and Clinical Evaluation

Eighteen patients with NAION and 9 controls
were enrolled. NAION subjects had comprehensive
neuro-ophthalmic examination and confirmation by
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color and autofluorescence funduscopic photogra-
phy and optical coherence tomography (OCT). Acute
NAION included patients with the last attack within 3
months prior to the blood collection. Chronic NAION
included patients with the last attack more than 3
months prior to the blood collection and was further
divided into unilateral or bilateral groups. Control
individuals had normal optic nerves and retina per
fundus examination, no uncontrolled severe systemic
diseases, and included the candidates for cataract or
pterygium surgery, with best corrected visual acuity
between 20/20 to 20/40 after surgery. We included
samples from fasting and non-fasting patients in our
study (fasting controls: n = 7, fasting NAION: n = 3; all
other samples were from non-fasting patients). For the
exclusion criteria, we excluded all subjects with intraoc-
ular pressure greater than 21 mm Hg or history of any
other optic neuropathies, including glaucoma. We also
excluded drug-induced NATION.

Blood Collection and Plasma Separation

Blood was collected into EDTA-coated tubes,
placed on ice, and processed for plasma separation
within 2 hours, using a Ficoll density gradient centrifu-
gation at 800 xg for 20 minutes at 4°C. Plasma
was stored at —80°C. To minimize variability due to
changes in the circadian rhythm that may alter blood
protein levels, we performed blood collection consis-
tently at mornings (between 8 AM and 12 PM).

Immunoprofiling

Plasma proteins were measured using Luminex
xMAP Technology using microbeads (Luminex,
Austin, TX, USA), at the Stanford University
Human Immune Monitoring Center. We used human
76-plex Procarta kits custom-built by eBioscience
(eBiosciences/Affymetrix/Thermo Fisher, Santa Clara,
CA, USA) and measured mean fluorescence intensity
to compare the amount of protein in each sample.
All samples were run at the same time, and average
fluorescence intensity was calculated for each molecule
and sample. Each well included 4 Chex internal control
beads (Radix Biosolutions, Georgetown, TX, USA).
Briefly, microbeads containing antibodies against
76 molecules (one antibody type per bead, 50-100
beads per antibody) were added to a 96-well plate
and incubated with plasma samples (room temper-
ature for 1 hour then overnight at 4°C with orbital
shaking at 500-600 rpm). The plate was washed with
a Biotek ELx405 washer and biotinylated detection
antibody was added and incubated for 75 minutes
at room temperature with shaking. The plate was
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washed again and streptavidin-phycoerythrin (fluores-
cence label) was added and incubated for 30 minutes
at room temperature. Finally, the plate was washed,
reading buffer was added to each well, and fluores-
cence intensity was measured using a FM3D FlexMap
instrument. Results are shown as mean fluorescence
intensity averaged between duplicates for each sample
and normalized against Chex #4 values.

Data Analysis

The expression levels for most of the proteins had
long right tails, so we log-transformed them; we then
scaled each protein to have mean zero and standard
deviation one. We compared the mean values between
control and chronic NAION groups with ¢-tests and
tested the significance of the coefficient of group in
multiple linear regressions of protein measurements
when sex and age were also covariates. Because there
were only five individuals with acute NAION cases, we
used a permutation test'!"!? to compare control and
acute NAION groups. We checked whether the result-
ing P values were significant after Bonferroni correc-
tion for testing 76 proteins (P < 0.1/76 = 0.0013). We
then performed principal component analysis (PCA)
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with subjectively chosen clusters, hierarchical cluster-
ing and Spearman correlations of the molecules that
had P < 0.05 for status effect in multiple linear regres-
sion or P < 0.05 in the permutation test.

Immunoprofiling of Plasma Shows a Distinct
Pattern of Inflammation in Acute and
Chronic NAION

We profiled plasma immune molecules in 5 patients
with acute NAION, 13 with chronic NAION, and 9
controls (Table 1). Gender was balanced in controls,
but 78% of NAION group was male patients. The
median time between the last attack and blood collec-
tion was 1.0 + 0.8 month for acute, 39.5 + 28.1 months
for chronic unilateral, and 54.0 £ 37.5 months for
chronic bilateral NAION. The most common systemic
conditions were hypertension (40% of patients with
acute and 69% of patients with chronic NAION) and
hyperlipidemia (40% of acute and 54% of chronic
patients), which were also common in the control group
(33% and 44%, respectively). Obstructive sleep apnea

Table 1. Demographics and Clinical Characteristics of Controls and Patients With Ischemic Optic Neuropathy
Control (n=9 NAION Acute (n =5 NAION Chronic NAION Chronic
Subjects) Subjects) Unilateral (n = 6) Bilateral (n =7)

Age (y)? 69+73 52+9.7 60+ 14 64 +4.2
Female, n (%) 4 (44.4) 0(0) 2(33.3) 2(20)
Male, n (%) 5(55.6) 5(100) 4 (66.7) 8 (80)

Plasma immune 9(100) 5(100) 6 (100) 7 (100)
profiling, n (%)

VF MD (dB), n (%)? NA —15.4+9.0,5(100) —26.1 £3.0,6(100) —15.5+11,2(28.6)
Hypertension, n (%) 3(33.3) 2 (40) 4 (66.7) 5(71.4)
Diabetes, n (%) 1(11.1) 1(20) 2(33.3) 1(14.3)
Hyperlipidemia, n (%) 4 (44.4) 2 (40) 2(33.3) 5(71.4)
Anemia, n (%) 1(11.1) 0(0) 0(0) 1(14.3)
Smoking, n (%) 0(0) 0(0) 1(16.7) 1(14.3)

OSA, n (%) 0(0) 1(20) 5(83.3) 5(71.4)
Hight altitude, n (%) 0(0) 2 (40) 1(16.7) 1(14.3)
Had steroids, n (%) 0(0) 3 (60) 1(16.7) 0(0)

Time between the first NA 35+ 11 39.5 + 28.1 57.0+823
attack and blood
collection (months)?

Time between the last NA 1.0+0.8 39.5 + 28.1 54.0+375

attack and blood
collection (months)?@

In total, 18 patients with NAION and 9 controls were enroll
aMedian = standard deviation.

ed.
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Figure 1.

NAION description and blood profiling over time. A presentative right eye with non-arteritic ischemic optic neuropathy

(NAION) in a 70-year-old male patient baseline, acute NAION (A), and chronic NAION (B). From the top row to the bottom row, the figure
shows the fundus photo, optical coherence tomography and angiography, and grayscale displays of Humphrey visual field. (C) Blood multi-
plex immunoprofiling at 1 (turquoise), 2 (sky blue), and 12 (dark blue) weeks after NAION onset. Ratio to 9 controls was log2-scaled.

was the most common systemic condition in patients
with chronic NAION (20% of patients with acute and
77% of patients with chronic NAION). The age range
in patients with NAION was from 46 to 86 years old
(60.5 & 10.4 years, median + standard deviation) and
in control patients was 57 to 80 (69.0 + 7.3) years.
Acute NAION median age was 52 + 9.76 years, chronic
unilateral NAION was 60.0 & 14.0 years and chronic
bilateral NAION was 64.0 £ 4.2 years.

We assessed a 70-year-old male Caucasian present-
ing with second eye NAION over 3 time points. He
had a history of NAION in the right eye 8 months
before. At the first visit, his corrected visual acuity
was counting fingers in the right eye and 20/30 in

the left eye. Fundus examination revealed a pale optic
disc in the right eye and a hyperemic swollen disc
with absence of cup in the left eye. Humphrey visual
field showed superior visual field defect in the left
eye. Fundus fluorescein angiography (FFA) identified
a delayed filling of peripapillary choroid involving the
left optic nerve head and optic disc leakage (Fig. 1A).
During the first 2 weeks after NAION onset in this
patient, immunoprofiling of the plasma showed that
the levels of several inflammatory proteins had dramat-
ically changed compared to 9 control samples (Fig. 1C,
turquoise and blue-sky bars). After 12 weeks, optic disc
edema was resolved and repeat FFA showed hypoflu-
orescence of prelaminar disc without any delayed
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Table 2. List of Top-Ranked Molecules

Control vs. Acute NAION

Protein Delta P

MCP1/CCL2 —1.342 0.003

MCP2/CCL8 1.383 0.0145

SFAS/TNFRSF6 1.271 0.0205

TPO 1.132 0.021

SICAM1 1.061 0.024

EOTAXIN3/CCL26 1.216 0.0255

TRAIL/TNFSF10 1.105 0.0275

RESISTIN 0.822 0.043

Control vs. chronic NAION

Protein Estimate Se t p p. bonf.
IL1A 141 037 3.8 0.0012 0.094
IP10/CXCL10 1.16 03 3.8 0.0012 0.095
SFAS/TNFRSF6 1.12 037 3 0.007 0.529
TNFA 1.24 0.41 3 0.008 0.609
IL18 1.22 041 3 0.0084 0.64
IFNG 1.08 0.38 2.9 0.0101 0.771
RESISTIN 1.22 0.45 27 0.0134 1
SVCAM1 1.15 0.42 27 0.0141 1
PDGFAB/BB —1.11 0.41 —2.7 0.0144 1
1L22 0.99 041 24  0.0256 1
IL17A/CTLAS8 1.03 0.44 23 0.0307 1
PDGFAA —0.94 04 —23 0.0326 1
IL12P40 0.86 0.38 23 0.0349 1

TPO 0.93 0.43 2.2 0.0433 1
PAI1/SERPINE 0.85 04 2.1 0.0491 1

In acute NAION, there were eight molecules that were
distinct from age-matched controls (unadjusted P < 0.05,
permutation test). In chronic NAION, there were 15 molecules
that were distinct from controls (P < 0.05 for status effect in
multiple linear regression. C-X-C motif chemokine ligand 10
(CXCL10) and interleukin-1« (IL-1er) had the smallest P values
in Bonferroni test (top of the chronic list). Three proteins were
common to acute and chronic NAION (italicized).

Delta, average over controls subtracted from the average
over chronic cases; P, fraction of permutation tests that have
delta at least as large as the observed delta; Estimate, linear
regression coefficient; SE, standard error of the estimate; T,
estimate/SE; p: P value of linear regression; p. bonf: P value
of Bonferroni test.

perfusion of peripapillary choroid. Unfortunately, the
patient developed worsening vision loss with a final
acuity of 20/100 and severe visual field loss in the left
eye (Fig. 1B). Despite resolution of optic disc edema,
plasma immunoprofiling still showed some proteins
with distinct levels from controls (Fig. 1C, dark-blue
bars), revealing that post-ischemic inflammation is
present early after NAION and does not completely
resolve over time.

To further investigate this inflammatory pattern, we
performed immunoprofiling of 5 patients with acute
and 13 patients with chronic NAION compared with
9 controls. In acute NAION, there were 8 molecules
in the plasma whose levels were distinct from controls
(unadjusted P < 0.05, permutation test; Table 2).
In chronic NAION, despite the complete resolution
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of optic disc edema, there was evidence of persis-
tent inflammation and 15 molecules were distinct
from controls (P < 0.05 for status effect in multiple
linear regression; see Table 2). In fact, C-X-C motif
chemokine ligand 10 (CXCL10) and interleukin-lo
(IL-1a) were significant even after Bonferroni correc-
tion for 76 tests (P < 0.1/76 = 0.0013) and are the
strongest biomarker candidates of chronic NAION.
When comparing the list of molecules in acute and
chronic NAION, three proteins were common to both
groups (see Table 2, italicized). Analysis of chronic
NAION did not indicate a difference between unilat-
eral and bilateral. The measurements of all 76 proteins
across all patients can be found in Supplementary Table
S1 and the minimum and maximum values detected per
sample can be found in Supplementary Table S2. In
brief, statistical analysis of acute and chronic immuno-
profiling changes revealed a list of 20 molecules that
have unadjusted P < 0.05 and are potential biomark-
ers of NAION, with 15% overlap in acute and chronic
NAION. Although only 2 molecules had significance
level 0.1 with Bonferroni correction in the preceding
tests, both sets of P values have additional excess of
P values less than 0.05. Further exploratory analy-
sis might suggest whether some of these suggestive
molecules hold promise for future research.

Principal Component Analysis

The PCA of the 20 molecules in Table 2 showed
that individuals generally clustered by disease status,
separating controls (black ellipse), acute (khaki ellipse),
and chronic (red ellipse) NAION, with some overlap,
in the plot of the first two PCs (Fig. 2A). PC1 and PC2
were not associated with age or gender (P > 0.1 for each
of 4 univariate regression tests). PC1 generally distin-
guishes chronic NAION individuals (more to the left)
from control (more to the right), with acute NAION
between chronic and controls. PC2 generally distin-
guishes acute from both controls and chronic NAION.
The 4 proteins with higher loadings in PC2 were
Eotaxin-3, monocyte chemotactic protein-2 (MCP2),
Thrombopoietin (TPO), and TNF-related apoptosis-
inducing ligand (TRAIL; Fig. 2B, orange font), which
are therefore potential biomarkers of acute AION. The
PCA plot in Figure 2A was created using one time
point per patient. To investigate whether the longitudi-
nal data from the example patient with NAION shown
in Figure 1 would fit the pattern, we applied the same
rotation to the 2 additional time points and added them
to the PCA plot (Supplementary Fig. S1). The 1- and
2-week time points are located close to the acute cases,
whereas the 12-week time point is close to the chronic
cases. This segregation of data from controls, and acute
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Figure 2. Potential biomarkers have a segregated distribution in controls and NAION subjects. (A) Principal component analysis
(PCA) of the log-transformed levels of the 20 molecules in the biomarker candidate list. Individuals are organized into three distinguishable
clusters separating controls (black ellipse), acute (khaki ellipse), and chronic (red ellipse) NAION, with some overlap. (B) PC1 and PC2 loadings.
The 5 proteins that are only in the acute NAION list are italicized, and those with higher loadings in PC2 are in orange font; chronic NAION
molecules have higher loadings in PC1. (C) Hierarchical clustering generally ordered the individuals from controls at the bottom to acute in
the middle to chronic at the top, with some overlap.
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Figure 3. Spearman correlation matrix of the biomarker candidate list for control and NAION. Differential patterns for control (A) and
NAION (B). To simplify comparison, NAION heatmap has the same molecule ordering determined by clustering in the control. The 5 proteins
that are only in the acute NAION list are italicized, and those with higher loadings in PC2 are in orange font.

and chronic NAION is consistent with an inflamma-
tory pattern that evolves over time after NAION onset.

Hierarchical Clustering and Spearman
Correlation Matrix

Hierarchical clustering of the molecules in Table
2 generally ordered the controls at the bottom, acute
in the middle, and chronic at the top, although there
was overlap (Fig. 2C). The controls had relatively low
levels of these molecules whereas the chronic cases had
relatively high levels, especially for molecules to the
left of PDGFAA in this heatmap. The 4 molecules
farthest to the right in this heatmap also have the heavi-
est loadings in PC2. Age was not strongly associated
with the ordering of the individuals.

Spearman correlation matrix for these molecules
shows different patterns for control (Fig. 3A) and
NAION (Fig. 3B). To simplify comparison, NAION
heatmap has the same molecule ordering determined
by agglomerative hierarchical clustering in the control.
Some molecules that are strongly (either positively or
negatively) correlated in controls seem to be uncorre-
lated in NAION cases, whereas a few pairs of molecules
that are uncorrelated in controls become strongly
correlated in NAION cases. A few pairs that were
strongly positively correlated in controls were actually
strongly negatively correlated in NAION cases.

Discussion

Immunoprofiling of NAION

We showed for the first time an immunoprofiling of
patients with NAION and identified a list of molecules
that generally segregated NAION and control individ-
uals according to their protein levels. Out of 76
analytes, we provide a list of 20 proteins for further
consideration in NAION studies, many of them for the
first time in NAION. Data analysis using PCA, hierar-
chical clustering, and Spearman correlation revealed
that NAION plasma were mostly distinguishable from
controls by their levels of 20 (or fewer) inflammatory
proteins. Of these, 10 molecules generally segregate
chronic NAION from controls (and 2 of them were
even significant after Bonferroni correction) whereas 4
distinguished acute NAION from controls and chronic
NAION. Although no definitive molecule emerged as
diagnostic biomarker for acute NAION, like ESR or
CRP for arteritic AION in giant cell arteritis,® IL-
la and CXCL10 are most promising in distinguishing
chronic NAION to controls. Interestingly, the longitu-
dinal data of one patient positioned acute time points
next to the other acute patient samples, and a more
chronic time point was situated near other chronic
patient samples, consistent with an evolving immune
profiling as disease progresses. Given the hetero-
geneity of these patients, future longitudinal, natural
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history studies should use proteomics approaches to
identify molecules that correlate with disease stage
and prognostics. The investigation of inflammatory
changes after NAION and specific profiling of acute
and chronic NAION may lead to novel diagnostics and
therapeutic tools.

Inflammation in NAION: Chicken or Egg

While postischemic edema is the hallmark of acute
NAION, which exhibits prominent edema and inflam-
mation,®® chronic NAION plasma had more inflam-
matory molecules that helped distinguish them from
that of controls. This may be related to persistent
inflammation following NAION, but we cannot rule
out that it may be caused by the systemic factors
that led to NAION. We wonder about the contribu-
tion of risk factors such as hypertension and hyper-
lipidemia,'® which promote local vascular inflamma-
tion, although the control group also had the same
risk factors. Certainly, systemic inflammation after
NAION may play an important role in the develop-
ment of secondary neuronal loss. Because we could not
distinguish unilateral from bilateral patients, we cannot
assume that changes in systemic inflammatory proteins
increase the risk for developing a second attack, and
larger studies are needed to clarify that. Although
no other studies have described blood biomarkers
of chronic NAION, a proteomics study identified 22
proteins unique to glaucomatous samples, including
immune mediators and cell death signaling proteins,'*
but there was no overlap with our biomarker candidate
list for chronic NAION, supporting the hypothesis that
our findings are specific to NAION.

Most Promising Diagnostic Biomarkers for
Acute NAION

In acute NAION, we found that Eotaxin-3, MCP2,
TPO, and TRAIL are the most prominent biomarker
candidates out of 76 analytes and within our list
of 20 top-ranked molecules. Eotaxin-3 or CCL26
is a member of the eotaxins family of C-C motif
chemokines that bind the chemokine receptor CCR3.!3
Although eotaxins have been identified by their role
in eosinophil recruitment in parasitic infections and
allergy, Eotaxin-1/CCLI11 plays an important role in
age-related neurodegeneration.'® MCP-2/CCLS is a
member of the monocyte chemotactic protein family
that binds to the CCR1, CCR2, and CCRS5 recep-
tors and is increased in multiple sclerosis lesions!” and
modulated by HIV-1 infection in the brain.'® TPO
regulates platelet production and maturation and is
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increased in patients with acute myocardial infarction'”
and ischemic stroke,”® which is thought to contribute
to disease development and progression. TRAIL is a
member of the TNF superfamily that is associated
to induction of cell death after ischemic stroke.?!-*
The changes in these four molecules in NAION and
their association with central nervous system (CNS)
disease supports their further investigation as NAION
biomarkers. Although a previous study has described
increased IL-8 in patients with acute NAION,? we did
not find significant changes in the levels of IL-8 in
our study, which may reflect patient variability and
small sample size of acute NAION. None of the 20
top-ranked molecules has been measured in human
NAION, with the exception of TNF«, which has been
previously associated with NAION animal models but
not with human NAION.?-?

Most Promising Therapeutic Targets for
Chronic NAION

The most robust protein changes in chronic NAION
were IL-1a and CXCL10, both of which were signif-
icantly increased when compared to control, reveal-
ing potential therapeutic targets for chronic NAION.
IL-1a is a member of the IL-1 family of cytokines,
which have been described for their pro-inflammatory
role in cardiovascular diseases such as atheroscle-
rosis, myocardial infarction, aneurysm, and stroke.”
IL-1a has been attributed a triggering role in acute
myocardial infarction’* and, curiously, both IL-la
and CXCLI10 are increased in the aqueous humor
in patients with retinal vein occlusion.”> CXCL10, or
interferon-gamma-induced protein 10 (IP-10), belongs
to the CXC chemokine subfamily and acts by binding
to the CXCR3 receptors.”® CXCL10 has been studied
in CNS diseases due to its role on neuroinflam-
mation, such as in inducing leukocyte migration to
sites of axonal injury?’ and in astrocyte reactivity
after cerebral ischemia.”® The top-ranked molecules in
chronic NAION, CXL10 and IL-1«, have been associ-
ated with ischemic diseases and are strong targets for
future investigation in NAION.

Existing Therapeutic Approaches Targeting
Inflammation in NAION

Although there is no effective treatment for
NAION, several studies have discussed the role
of inflammatory pathways in the pathogenesis of
NAION. For instance, NAION can be induced after
treatment for hepatitis C with interferon alpha,”
which is a master regulator of cytokines. Treatment
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with steroids has not proven effective in ameliorating
vision loss in NAION,* but animal studies suggested
that methyl prednisone improved retinal ganglion cell
survival if treatment were given in a very short window
of 1 day after injury.’! Inefficacious treatment with
steroids reveals a need for more specific drug targeting,
consistent with the dynamic, evolving inflammatory
pattern that we found when comparing acute and
chronic NAION profiles.

Limitations and Future Directions

The relatively small sample size used in this study
limited the power and robustness of the statistical
analysis and larger studies should be performed to
overcome patient variability and to enable analysis
of potential classification algorithms, including select-
ing the most effective combination of biomarkers. We
also acknowledge cytokine measurements are subject
to significant variability.*>:33 To minimize this, we kept
samples in storage for no more than 7 months prior
to processing; only used EDTA plasma, which is a
more sensitive matrix to detect low-abundance proteins
than serum; and we reported mean fluorescence inten-
sity instead of a converted concentration, because the
former is considered more accurate than the latter.>*

This study provides novel evidence of systemic
inflammation in patients with NAION and opens a
new avenue for investigation of inflammatory biomark-
ers and therapeutic targets of this disease. Future
studies should include larger sample sizes, especially of
patients with acute NAION, and patients with other
acute optic nerve head pathologies in order to investi-
gate whether blood inflammatory changes are specific
of NAION and therefore can be used to develop an
accurate diagnostic tool. Because inhibition of specific
cytokine-receptor binding in the eye has proven benefi-
cial in an animal model of retina-ischemic reperfu-
sion,® drug targeting of selected molecules in animal
models of NAION and the study of their neuroprotec-
tive effects will contribute to the development of new
treatment opportunities.

Conclusions

We found evidence of increased inflammation in
both acute and chronic human NAION. Using immune
profiling and an unbiased statistical approach, we
generated a list of 20 biomarker candidates for further
investigation. Ten molecules generally distinguished
chronic NAION from controls and acute NAION,
whereas four different molecules distinguished acute
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NAION from both controls and chronic NAION.
Although the small sample sizes precluded attempting
to test classification algorithms, these results encour-
age larger studies focusing on the 20 candidates to
understand the relation of NAION and inflamma-
tion, including on the risk of second eye involvement.
These cytokines or their receptors are potential candi-
dates for biomarkers for diagnostics and monitoring of
NAION.
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