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Purrosk. Age-related macular degeneration (AMD) shares similar risk factors and inflam-
matory responses with rheumatoid arthritis (RA). Previously, we identified increased risk
for dry AMD among patients with RA compared to control subjects, using retrospective
data analysis. In this current study, we investigate the role of systemic inflammation trig-
gered in a murine model of arthritis on choroidal neovascularization and retinal pigment
epithelium (RPE) degeneration mouse models.

MerHODS. Collagen-induced arthritis (CIA) was induced in C57BL/6J mice prior to laser-
induced choroidal neovascularization (CNV; wet AMD model) or sodium iodate-induced
retinal degeneration (NalOs; dry AMD model). CNV lesion size and retinal thickness
were quantified by optical coherence photography (OCT), visual function was analyzed
using optokinetic response and electroretinography, RPE morphology was examined by
immunohistochemistry, and inflammatory gene expression was analyzed by quantitative
PCR.

Resurrs. CIA mice demonstrated decreased spatial acuity and contrast sensitivity, whereas
no difference was observed in the RPE-generated c-wave. CNV lesion size was decreased
in CIA mice. NalO3 decreased c-wave amplitude, as well as retinal thickness, which was
augmented by CIA. NalOj treatment resulted in loss of normal RPE hexagonal shape,
which was further aggravated by CIA. Increased Cxcl9 expression was observed in the
presence of CIA and CIA combined with AMD. Disease severity differences were observed
between sexes.

Concrusions. Our data suggest systemic inflammation by CIA results in increased pathol-
ogy in a dry AMD model, whereas it reduces lesions in a wet AMD model. These findings
highlight the need for additional investigation into the role of secondary inflammation
and sex-based differences on AMD.

Keywords: age-related macular degeneration, rheumatoid arthritis, choroidal neovascu-
larization, optical coherence tomography

ge-related macular degeneration (AMD) is a multifac-

torial disease involving genetic variants (including but
not limited to CFH,'"* C2/CFB/SKIV2L>° ARMS2/HTRA1,~°
and C3),'° environmental risk factors including smoking'!
and diet,'? and traits such as race'® and sex.!* As the lead-
ing cause of blindness among the elderly in the United
States, AMD is estimated by the National Eye Institute of the
National Institutes of Health to affect more than 3.5 million
individuals by 2030.'> AMD is characterized as either exuda-
tive, also known as wet AMD, or nonexudative, also known
as dry AMD. Blindness from wet AMD is primarily the result
of new blood vessel growth emanating from the chorio-
capillaris and breaking through into the retina, a process
referred to as choroidal neovascularization (CNV). An esti-
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mated 15% to 20% of wet AMD cases are believed to be the
result of retinal angiomatous proliferation, in which blood
vessels from the retina invade the subretinal space.!%-'8
Alternatively, dry AMD is the result of chronic degeneration,
characterized by loss of retinal pigment epithelium (RPE),
choriocapillaris, and photoreceptors, leading to thinning of
the retina. With AMD onset typically occurring after age

60 years, it is likely that a number of these patients may also
have preexisting systemic diseases. However, the contribu-
tions of a preexisting inflammatory disease on AMD progres-
sion are largely unknown. To date, comorbidities such
as gout,'? diabetes,?® cardiovascular disease,’! and myelo-
proliferative neoplasm?> have been identified for AMD.
In addition, we identified an increased risk of dry AMD
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diagnosis among patients with rheumatoid arthritis (RA),
along with an earlier time of diagnosis, through retrospec-
tive analysis of a Medicare patient database.”® This study
also identified an increased risk of AMD among female
patients with RA compared to males. While reports link-
ing an increased incidence of AMD among females in the
general population are conflicting, a higher prevalence of
females (65%) to males (35%) is diagnosed with AMD accord-
ing to the 2010 National Eye Institute consensus.'” Like-
wise, health care claims databases find that approximately
75% of patients with RA are females compared to ~25%
males.?* Like AMD, RA is an inflammatory disease associated
with, in part, an overactive complement system, increased
levels of cytokines, and a persistent effector T-cell response.
Both RA and AMD have altered levels of circulating factors
B>% and C3,'°%° as well as increased deposition of the
membrane attack complex,?’>?® in affected tissues. In addi-
tion, cytokines, including IL-6, IL-17, and TNF-«, are found
to be elevated in both AMD*~3! and RA .3

As RA, with its typical onset between the ages of 30
and 50 years, tends to precede AMD diagnosis, we question
whether systemic inflammation could lead to increased AMD
risk and faster disease progression. Medzhitov®® suggested
that parainflammation, a protective response having charac-
teristics between basal and inflammatory states and geared
toward maintaining tissue homeostasis, could be lost during
prolonged or sustained stress generated by a chronic inflam-
matory disease. As we have observed an increased incidence
of dry AMD in patients with RA, and as AMD and RA are
found to be more prevalent in females, we sought to further
analyze these questions within our analysis, using mouse
models. Therefore, in this study, we investigate the role of
a systemic disease on local inflammation in the eye using
mouse models for AMD and RA in both male and female
mice.

MATERIALS AND METHODS
Animals

C57BL/6] mice were purchased from Jackson Laboratories
(stock number 000664; Bar Harbor, ME, USA) and housed
under a 12:12-hour light/dark cycle with access to food and
water ad libitum. Experiments were performed in accor-
dance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and were approved by the
Medical University of South Carolina Institutional Animal
Care and Use Committee.

Collagen-Induced Arthritis Model

Anesthetized (20 mg/kg xylazine and 80 mg/kg ketamine
intraperitoneally) 8-week-old C57BL/6] mice were injected
subcutaneously at the base of the tail with 100 pL of an
emulsification of collagen type II (CID) from calf articular
joints (2 mg/mL; Elastin Products Company, Owensville, MO,
USA) and incomplete Freund’s Adjuvant (Voigt Global Distri-
bution, Lawrence, KS) containing heat-inactivated Mycobac-
terium tuberculosis (2 mg/mL; H37RA; Voigt Global Distri-
bution) on days 0 and 21.3% Arthritis developed 4 to 5 weeks
after the first collagen injection and was monitored by the
appearance of redness on the fore- and hindlimbs, as well
as by ELISA analysis of IgG1 antibody responses to CII, as
previously described.?>3
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Optokinetic Responses

Visual acuity and contrast sensitivity were measured as
previously described,”*® using the OptoMotry setup (Cere-
bral Mechanics, Lehtbridge, Alberta, Canada). Mice were
placed on the center of an elevated pedestal surrounded by
four computer monitors. Using OptoMotry software, stimu-
lus gratings were displayed on the computer screens. Visual
recordings of mouse head responses to rotating vertical grat-
ing were recorded through use of an overhead closed-circuit
television camera. Visual acuity results were based on a
constant speed of 12°/s and 100% contrast by means of a
staircase procedure. Contrast sensitivity was recorded at a
speed of 12°/s and a contrast threshold of 0.131 cycles per
degree. The reciprocal of the contrast threshold was used
to record contrast sensitivity as a percentage (0%-100%). A
mean screen luminance of 52 cd m~? was used for all optoki-
netic response (OKR) tests.

Electroretinography

Electroretinography (ERG) recordings to measure electrical
responses of RPE (c-waves) were performed in control and
collagen-induced arthritis (CIA) mice and 5 days after laser-
induced CNV or 10 days after sodium jodate (NalO3) treat-
ment. Mice were dark-adapted overnight, and the following
day, mice were anesthetized as described above and pupils
dilated (2.5% phenylephrine hydrochloric acid [HCI] and 1%
atropine sulfate). Corneal loop electrodes were applied to
the mouse eye with a drop of Goniovisc (Rancho Cuca-
monga, CA, USA) applied to maintain electrical contact
between cornea and electrode. Needle electrodes were
inserted into the scalp to provide reference and into the
tail to provide ground. Response of c-waves was performed
as previously described using the UTAS E-4000 System
(LKC Technologies, Gaithersburg, MD, USA), with c-waves
measured from the baseline to peak maximum in responses
to a 100-cd*s mm~2 flash.%:3°

OCT Analysis

Optical coherence tomography (OCT) measurements were
performed following ERG analysis using the Bioptigen
spectral-domain optical coherence tomography system
(Bioptigen, Durham, NC, USA) as previously described.®
Eyes were kept hydrated with sterile lubricant eye
drops. Five days after laser-induced CNV, rectangular
volume scan images set at 1.6 x 1.6 mm, consisting of
100 B scans (1000 A scans per B scan), were acquired.
Using the en face fundus reconstruction tool, the cross-
sectional area of each lesion was measured as previously
described, with the axial interval positioned at the level
of the RPE/choroid complex.*! The hyporeflective area
produced on the fundus image was measured with verti-
cal calipers set at 0.1 mm using ImageJ software (Wayne
Rasband, National Institutes of Health, Bethesda, MD, USA).
Final lesion size was calculated based on the size of individ-
ual pixels (1.6 x 1.6 pm). Retinal structure was assessed 10
days following NalOj; treatment. The average of five sepa-
rate scans (each consisting of 33 B scans, 1000 A scans per
B scan) was taken to generate a high-resolution image by
which to measure the thickness of individual retinal layers
within the eye as previously described.*> Scans were taken
from the nasal quadrant, with measurements taken 350 pm
from the optic disk.
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TasLE 1. Quantitative RT-PCR Primer Sequences

Gene Name Symbol Forward Primer Reverse Primer
Complement component 3 Cc3 5'-TCAGATAAGGAGGGGCACAA-3  5-ATGAAGAGGTACCCACTCTGGA-3
Ionized calcium binding adaptor molecule 1 Ibal 5'-GTCCTTGAAGCGAATGCTGG-3’ 5'-CATTCTCAAGATGGCAGATC-3/

Cluster of differentiation 68 CD68 5-TGGATTGAGGAAGGAACTGG-3'  5-GTAACGGCCTTTTTGTGAGG-3'

C-X-C motif chemokine ligand 9 Cxcl9  5-TTTTGGGCATCATCTTCCIGG-3  5-GAGGTCTTTGAGGGATTTGTAGTGG-3/
C-X-C motif chemokine ligand 10 Cxcl10  5'-CCAAGTGCT GCC GTCATTTT-3’  5'-CTC AAC ACG TGG GCAGGATA-3'
Actin, B Actb  5'-AGCTGAGAGGGAAATCATGC-3'  5'-ACCAGACAGCACTGTGTTG-3'

Acid ribosomal phosphoprotein PO 36B4 5'-TCACTGTGCCAGCTCAGAAC-3’ 5'-AATTTCAATGGTGCCTCTGG-3'

Immunohistochemistry

Following removal of the lens, anterior structures, and
retina, eyecups were fixed overnight at 4°C with 4%
paraformaldehyde.*> Eyecups were washed with 1x PBS
prior to overnight incubation with blocking solution (10%
normal goat serum and 0.4% Triton X-100 in Tris-buffered
saline) containing ZO-1 antibody (1:200 cat. 61-7300; Invit-
rogen, Grand Island, NY, USA). Eyecups were washed
and incubated with a secondary antibody (1:400 Alexa
Fluor 488 goat anti-rabbit, cat. A-11008; Invitrogen). Four
relaxing cuts were made to flatten the eyecups, which
were then mounted to slides using Fluoromount (Southern
Biotechnology Associates, Birmingham, AL, USA). Fluores-
cent microscopy (Zeiss, Thornwood, NY, USA) was used to
image the flatmounts.

RPE Morphology

Images of ZO-1 staining of the peripheral region of
RPE/choroid flatmounts were imported into Image]J software
for analysis. Images of equal size and exposure were used
for comparison of RPE cell area and form factor in control
and treated groups. Form factor was defined as the circular-
ity (4n*area/perimeter2) of each cell and determined using
the shape descriptor settings under set measurements. As
described by Image]J, cells with values approaching 0.0 were
indicative of an increasingly elongated shape, and a value of
1.0 equaled perfect circularity. Results were exported into
GraphPad Prism software (GraphPad Software, La Jolla, CA,
USA) for statistical analysis.

Laser-Induced Choroidal Neovascularization

Age-matched mice in the presence and absence of CIA were
anesthetized (xylazine and ketamine, 20 and 80 mg/kg,
respectively) and pupils dilated (one drop of 2.5% phenyle-
phrine HCl and 1% atropine sulfate). Using argon laser
photocoagulation (532 nm, 100-um spot size, 0.1-second
duration, 10 mW), four laser lesions were generated around
the optic nerve of both eyes. Proper ruptured of Bruch’s
membrane was confirmed by visual bubble formation. 445

NalO3-Induced Retinal Degeneration

To induce RPE cell death and loss of outer blood-retina
barrier function followed by outer retina loss, CIA mice and
age-matched control mice were treated by intraperitoneal
injection of 50 mg/kg NalO; (Sigma-Aldrich, St. Louis, MO,
USA) diluted in 0.9% sterile sodium chloride.*®

Quantitative RT-PCR

On day 6 following laser-induced CNV and day 11 following
NalOj3-induced retinal degeneration, individual RPE/choroid
fractions were isolated from mice and stored at —-80°C until
use. RNA was isolated using the miRNEASY Kit (Qiagen,
Valencia, CA, USA). Absorbance A260/A280 ratio (Take 3
Micro-Volume Plates; Biotek, Winooski, VT, USA) was used
to measure the purity of RNA, and samples with measure-
ments of 1.8 to 2.1 were used to generate first-strand
cDNA (Qiagen). Using the Realplex 2 Mastercyler (Eppen-
dorf, Hauppauge, NY, USA), PCR amplifications for genes of
interest (Table 1) were performed as previously described.?’
Quantitative values were obtained using cycle number (Ct
value) with values normalized to either B-actin or 36B4.%8

Statistics

Data are presented as mean £+ SEM and statistical anal-
ysis performed using GraphPad Prism software. Single
comparisons were analyzed using unpaired #-tests. One-way
ANOVA using Tukey’s multiple comparison test was used to
analyze multiple comparisons between one variable. Two-
way ANOVA using Sidak’s multiple comparison test was used
to measure two variables between multiple groups. Signifi-
cance was reported at P < 0.05.

RESULTS

Functional Readouts and Retinal Morphology
Following Collagen-Induced Arthritis

To determine ocular manifestations of CIA, struc-
ture/function tests were performed. OKR assessment
indicated a significant decrease in spatial acuity in the CIA
mice compared to controls (Fig. 1A; P < 0.0001). A large
decrease was also observed in contrast sensitivity between
control and CIA mice (Fig. 1B; P < 0.001). No significant
difference was observed between CIA male and female mice
for either spatial frequency tuning (P = 0.1908) or contrast
sensitivity (P = 0.9957). However, female but not male
mice were found to have a significant difference between
control and CIA values for visual acuity (P < 0.001) and
contrast sensitivity (P < 0.05). ERG c-wave analysis, docu-
menting RPE function, revealed no changes in response
between control and CIA mice (Fig. 1C; P = 0.1126) and
no significant differences between male and female CIA
mice (P = 0.3849). Nonetheless, male control mice in the
absence of CIA exhibited a significant decrease in c-wave
response when compared to female controls (P < 0.05).
Retina and RPE morphology were evaluated by fundus
photography, OCT, and staining of RPE/choroid flatmounts
with anti-zonula occludens 1 (ZO-1) antibodies, a cell
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Ficure 1. Analysis of visual function following collagen-induced arthritis. Optokinetic responses and ERG amplitudes were recorded
2 weeks following the induction of collagen-induced arthritis along with age-matched control mice. (A) Visual acuity was determined
by measuring the spatial frequency threshold at a contrast of 100% and constant speed of 12°/s, where visual acuity was decreased in
the CIA mice (# = 19-21 mice per condition). However, when mice were analyzed according to sex, only female mice had a significant
decrease in visual acuity (z = 9-12 mice per sex and condition). (B) The reciprocal of the contrast threshold at a fixed spatial frequency
(0.131 cyc/deg) and constant speed (12°/s) was used to measure contrast sensitivity. Here we observed a significant decrease in contrast
sensitivity in the CIA mice (#z = 19-24 mice per condition). Analysis according to sex again only demonstrated a significant difference
between female control and CIA mice (7 = 7-14 mice per sex and condition). (C) ERG analysis, determining c-wave amplitudes as a measure
of RPE health, did not demonstrate any significant changes in response between the control and CIA mice, but a significant difference
in c-wave amplitudes was observed between female and male control mice (7 = 6-8 mice per sex and condition). Data are expressed as

mean £ SEM (*P < 0.05, **P < 0.001, ***P < 0.0001).

junction marker. Here we observe both the control and CIA
mice to have a healthy-looking fundus, and retinal thick-
ness, as measured by OCT (Figs. 2A, 2B), was comparable
between the two groups. Interestingly, sex-based differences
were observed in the outer nuclear layer (ONL) of CIA but
not control mice. In CIA, male mice had increased ONL
thickness compared to females (Fig. 2B; P < 0.05). These
differences in ONL thickness translated into differences in
whole retina (WR) thickness, resulting in decreased WR
thickness in female CIA mice compared to female controls
(Fig. 2B; P < 0.05) and increased WR thickness in male
CIA mice compared to male controls (Fig. 2B; P < 0.05).
Male CIA mice also demonstrated a significant increase
in WR thickness compared to CIA females (P < 0.001).
Finally, RPE morphology was found to be unaffected by
CIA, with normal cell area and hexagonal shape associated
with healthy RPE observe in flatmounts of both control and
CIA mice (Figs. 2C, 4E, 4F).

CNV Lesion Size Is Reduced in the Presence
of CIA

The laser-induced CNV model is a well-characterized model
for angiogenesis and fibrosis in wet AMD.*’ For our exper-
iments, CNV was used in the presence and absence of CIA
to evaluate the role of systemic inflammation on CNV size.
Two weeks following the CIA booster injection, CNV was
induced with four laser lesions around each optic nerve.
On day 5 following laser, CNV lesion size was measured
by OCT (Fig. 3A). Quantification of lesion size indicated a
30% decrease in CNV lesion size in CIA mice compared to

the control mice (Fig. 3B; P < 0.001). Comparison between
the sexes revealed a significant decrease in lesion sizes in
the male CIA mice compared to the female CIA mice (Fig.
3B; P < 0.05), and within each sex, both female and male
CIA mice had significantly smaller lesion sizes compared to
their sex-matched controls (P < 0.05 and P < 0.001, respec-
tively). No sex-based difference was observed for CNV lesion
sizes in control mice (Fig. 3B). RPE function, determined
by assessing c-wave responses, was not affected in an addi-
tive fashion. The c-wave amplitudes were not affected by
CIA alone, and the drop in c-wave amplitude observed in
CNV animals was driven mostly by females (female control
mice compared to CNV alone and CIA + CNV; P < 0.01).
Finally, as previously reported,”® c-wave response ampli-
tudes in untreated female mice were observed to be slightly
higher than in male control mice (P < 0.05).

Increased NalOj-Induced Retinal Damage in the
CIA Mice

There currently are no mouse models available to mimic
every aspect of dry AMD. We chose to use the NalO3; model,
a model resulting in photoreceptor damage by primar-
ily affecting the RPE>! and that has a timeline of induc-
tion/degeneration that can be overlaid with the CIA model.
Two weeks following the CIA booster injection, mice were
injected with 50 mg/kg NalO;. Ten days following NalOj;
injection, retinal morphology and function were assessed
(Fig. 4). Fundus photography demonstrated severe mottling
of the RPE in NalOj-treated animals (Fig. 4A) compared
to controls or CIA mice (Fig. 2A). While retinal thickness
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and CIA mice (top graph). However, a separate analysis of the mice analyzed in A and B (top graph), grouped by sex (B, bottom graph),
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measurements, resulting in significant differences between the control and CIA for both female (P = 0.0258) and male (0.0172), as well as
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Ficure 3. CNV is attenuated in the presence of CIA. Laser-induced CNV was induced in age-matched control and CIA mice in which arthritis
had been induced by collagen immunization 4 to 5 weeks prior. On day 5 following laser, CNV was measured using OCT; RPE function was
assessed by c-wave analysis. (A) Representative fundus (en face) and b-scan (borizontal) images, obtained by OCT demonstrate differences
in CNV lesion size in CIA animals. White arrowhbeads point to hyperreflective spots observed in CIA mice. (B) Quantitative analysis of CNV
images obtained by OCT demonstrated a significant decrease in CNV lesion size in CIA mice (**P < 0.001), as well as a significant difference
between control female and CIA female mice (*P < 0.05) and control male versus CIA male mice (***P = 0.0001; » = 11-14 mice per sex and
condition). (C) ERG analysis following CNV in the absence and presence of CIA demonstrated no significant differences between groups.
Sex-based analysis revealed a higher c-wave amplitude at baseline for female mice (*P < 0.05) and significant changes between control and
CNV and CIA 4+ CNV (**P < 0.01), whereas few disease-associated changes were observed in males (7 = 6-8 mice per sex and condition).
Data shown are average values (=SEM) per lesion.
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decrease in RPE health in the NalOs-treated mice, which was exacerbated in the presence of CIA. (E) A significant increase in RPE cell size
was observed for NalOs-treated mice compared to either control or CIA mice. Cell size was further increased in CIA + NalOsz-treated mice
compared to control or CIA mice. No significant difference was observed between control and CIA mice. (F) Form factor (circularity) was
decreased in the presence of NalOs compared to control and CIA mice, with an additive decrease observed in CIA + NalOz-treated mice
compared to NalOj3 alone. No significant difference was observed between control and CIA mice (7 = 5-7 mice per treatment condition for
morphology analyses. Data are expressed as mean = SEM (*P < 0.05, ***P < 0.001, ***P < 0.0001, +P < 0.0001 compared to control, p<

0.0001 compared to CIA). Scale bar: 20 pm.

again demonstrated no change between control and CIA
mice alone, thickness was decreased by ~20% in NalOs-
treated mice compared to controls. This decrease was further
exacerbated by the presence of CIA, suggesting an additive
effect (Figs. 4A, 4B; P < 0.05). Please note that the damage
caused by NalO3; made it too difficult to discern the differ-
ent layers of the retina for additional and more detailed
quantifications. Retinal thickness between female and male
mice was found to be significantly different between NalO;
(P < 0.05) and CIA + NalO; mice (P < 0.05; Fig. 4B).
However, a significant difference was observed only in the
male mice between NalO; and CIA + NalOjz (P < 0.05).
ERG c-wave responses were also decreased in the presence
of NaIO3 and CIA + NalO3 compared to control and CIA
mice (Fig. 4C; P < 0.0001). However, due to the greatly
diminished c-wave response caused by NalOj, differences
between NalOj3 and CIA + NalO; were indiscernible. These
results were also true for c-wave comparisons made between
sexes. However, as previously reported, c-wave responses in
male mice were significantly lower than in female mice.”®
ZO-1 staining in the peripheral area of RPE/choroid flat-
mounts demonstrated a loss of normal RPE hexagonal shape

documented in control and CIA mice (Fig. 2C) in the pres-
ence of NalOj (Fig. 4D), indicative of a very unhealthy RPE,
and damage that appeared to be further increased in the
presence of CIA. Quantification of cell area (Fig. 4E) and
form factor (Fig. 4F) was used to confirm these observa-
tions. Here we observed no significant difference between
RPE cell area and form factor (a measurement of circular-
ity) between control and CIA mice. Significant increases in
cell area were observed in NalOj-treated mice compared to
control (P < 0.001) and CIA (P < 0.05) mice (Fig. 4E). This
increase in size was further augmented in CIA + NalO3 mice
compared to control (P < 0.0001) and CIA (P < 0.0001).
Importantly, CIA + NalO; demonstrated an added increase
in cell area compared to NalOj; alone (P < 0.05). Likewise,
NalOj;-treated and CIA + NalOs-treated mice both exhib-
ited a decrease in RPE form factor compared to control
(P < 0.0001) and CIA (P < 0.0001; Fig. 4F) mice, and an
even greater decrease in form factor was found in CIA +
NalO; mice compared to NalO3 alone (P < 0.0001). These
results indicate that NalOj treatment leads to an increase in
elongated cell size and loss of the normal hexagonal shape
observed in healthy RPE cells, both of which are further
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FIGURE 5. Analysis of mRNA expression of genes involved in inflammation. (A) mRNA expression analysis shows no significant change in
gene fold expression in C3, CDG68, Ibal, or Cxcl10 in the presence of CIA, CNV, or CIA + CNV. Significant differences for Cxcl9 fold expression
were observed in CIA versus CNV, as well CIA versus CIA + CNV. (B) Gene expression comparison between the sexes shows a significant
increase in Cxcl9 expression in CIA males compared to CIA females, as well as a significant increase in male CIA + CNV compared to
female CIA + CNV. In addition, male mice had a significant decrease in CIA versus CNV and a significant increase in CNV versus CIA + CNV.
(C) Mice treated with NalOs3 in the presence and absence of CIA also demonstrated significant differences in Cxcl9 expression alone. Here
we observed a significant decrease in Cxcl9 in the presence of NalOz compared to CIA and an increase in expression in the presence of CIA
+NalOs3. (D) Analysis between the sexes in the NalO3 model demonstrated a significant decrease in Cxcl9 in the male CIA mice compared
to the female CIA mice. Sex-related differences were also observed between male and female CIA + NalO3 mice, in which a significant
increase in Cxcl9 was observed in the male mice. In addition, female CIA mice had a significant decrease in Cxcl9 in NalOs-treated and CIA
+ NalOsz-treated mice. Male mice had a significant increase in Cxcl9 expression in CIA + NalOs-treated mice compared to male CIA and a
decrease in NalOs-treated versus CIA + NalOj. Data are expressed as mean £ SEM with # = 5-8 mice per sex and condition (**P < 0.01,
=P < 0.001, ***P < 0.0001, 7P < 0.0001 female: NalOj3 versus CIA, TP < 0.0001 female: CIA + NalOj3 versus CIA, ‘P < 0.0001 male: NalO3

versus CIA; Ap < 0.05 male: CIA + NalOj3 versus CIA).

increased in the presence of CIA. No significant differences
were observed between sex (data not shown).

Increased Inflammatory Gene Expression in the
Presence of CIA

Expression levels of genes involved in inflammatory
responses were analyzed in both the CNV and NalOj; experi-
mental models in the presence and absence of CIA. Here we
measured fold change expression of complement compo-
nent, C3; cluster of differentiation (CD) 68, a macrophage
marker; ionized calcium-binding adapter molecule 1 (Ibal),
a microglia/macrophage marker; and chemokine ligand 9
(Cxcl9) and C-X-C motif chemokine ligand 10 (Cxcl10),
two chemokines sharing the receptor CXCR3. The selec-
tion of markers was based in part on the observation
of pronounced hyperreflective spots surrounding the CNV
lesions of the CIA mice (Fig. 3A). These hyperreflective spots
have been suggested to be the result of increased inflam-
matory cell invasion, including macrophages,>* potentially
recruited by C3a anaphylatoxin production.”® In addition,
M1 macrophage-related markers tend to be upregulated in
the early stages of disease in mouse models of AMD .5
While an approximately two- and fourfold increase in
respective CD68 and Ibal expression was observed in the

CIA and CIA + CNV mice, no significance was observed
compared to the CNV mice alone. No significant changes
were observed in the NaIO3 model or between sex in either
model. These results, however, may be due in part to the
time point when the RPE/choroid samples were collected
(day 6 after CNV and day 11 after NalO3), as an earlier
time point may have revealed significant changes in gene
expression.

While C3 and Cxcl10 did not show significant differences
in expression among the groups investigated, expression
of Cxcl9 was greatly increased in CIA compared to CNV
mice (P < 0.0001; Fig. 5A) and NalOjs-treated mice (P <
0.0001; Fig. 5C). Cxcl9 levels, however, were driven by CIA
only, since levels in CIA and CIA + CNV or CIA and CIA
+ NalOj did not differ (n.s.). Analysis between the sexes
revealed a significant difference in Cxcl9 expression levels
between female CIA and male CIA mice. Samples collected
from male CIA mice as part of the CNV experiment had a
greater increase in Cxcl9 expression compared to female
mice of the same cohort (P < 0.0001; Fig. 5B), whereas
the reverse was true in CIA mice in the NalOj test group
(P < 0.001; Fig. 5D). Sex differences in Cxcl9 expression
were also observed in CIA + CNV mice (P < 0.0001) and
CIA + NalOj-treated mice (P < 0.01), both of which were
found to exhibit increased expression levels in the male
mice.
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DISCUSSION

The role of systemic inflammation AMD is largely unknown.
In this present study, we used animal models for CNV and
retinal degeneration and tested them in the presence of a
second chronic condition, a model for rheumatoid arthritis.
Using these models, we observed differences in the sever-
ity of CNV and retinal degeneration in the presence of
systemic inflammation caused by collagen induced arthritis.
Additionally, subtle differences in disease severity and gene
expression were observed between male and female mice.
Together, these results suggest that systemic inflammation
may play a role in AMD pathology, which may be further
exacerbated between the sexes.

The eye is considered a site of immune privilege, with
characteristics that provide protection from inflammatory
insult while also offering a site of therapeutic interest.
Although this asset allows the eye to deter various stressors,
immune privilege can be lost as the result of breaches to the
blood-retinal barrier caused by injury and aging. As genet-
ics and environment impact individual aging processes, so
does chronic inflammation. Described as “inflammaging,”®
chronically elevated levels of immune response and stress
are believed to lead to greater comorbidity and mortality.”®
In addition to genetics and a healthy lifestyle, individuals
who live longer lives are found to have increased levels
of anti-inflammatory markers, while increased proinflam-
matory markers are associated with increased disease (as
reviewed by Franceschi®”). Our patient database analysis,?
as well as studies performed by others, observed increased
number of AMD cases in the presence of systemic disease,
suggesting a role for inflammaging in AMD risk and patho-
genesis.

As we previously identified an increased risk and earlier
time of diagnosis of dry AMD among patients with RA,?®> we
sought to investigate how systemic inflammation may affect
disease severity in animal models of AMD. Using the CIA
model for RA, the CNV laser-induced model to assess angio-
genesis associated with wet AMD, and the NalOs-induced
retinal degeneration model to model RPE and photorecep-
tor degeneration in dry AMD, we found that systemic inflam-
mation affected AMD pathology differentially. CIA alone did
not result in significant differences in RPE health as indi-
cated by c-wave responses (ERG; Fig. 1) or RPE morphology
(OCT, ZO-1; Fig. 2), but retinal function was impaired based
on a reduction in visual acuity and contrast sensitivity. While
the results on visual performance suggest a loss in retinal
function, effects on subcortical circuits known to control the
OKR response (diencephalon, the accessory optic system,
pons, and dorsal medulla) cannot be excluded.’® In CIA
mice, significant changes in voluntary behavior have been
reported,” as well as loss of locomotion and equilibrium,®
all of which could affect the OKR response. In addition,
in patients with RA, ocular manifestations include dry eye
syndrome, episcleritis, scleritis, peripheral ulcerative kerati-
tis,*! and optic neuritis,’>% which can be associated with
decreased visual acuity and contrast sensitivity; however,
those pathologies were not tested in our mice.

RA has been associated with new vessel growth in the
synovial tissues, involving cytokines such as TNF-« and IL-6
either directly or indirectly, stimulating the release of VEGF
from synovial fibroblasts.** Since VEGF, TNF-o,%> and IL-
6% together and individually can promote CNV, we antic-
ipated an increase in CNV lesion size in the presence of
CIA. Therefore, we were surprised to see that, rather than
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an additive effect on CNV lesion size, we uncovered a signif-
icant decrease in lesion size by ~30% (Fig. 3). He and
Marneros®’ reported an increase in monokine induced by
IFNy, also known as Cxcl9, expression in the presence of
doxycycline, a broad-spectrum antibiotic found to decrease
CNV.% This led us to examine Cxcl9 levels within our disease
models. In addition, we examined expression of interferon
y inducible 10 kd, also known as Cxcl10. Both Cxcl9 and
Cxcl10 are interferon-inducible CXC chemokine receptor 3
(CXCR3) ligands, and both have been found to have angio-
static properties.®®>”° In addition, Cxcl10 and Cxcl9 are found
to inhibit neovascularization® and to be elevated in the fluid
of patients with RA.®' Also included in our molecular anal-
ysis were C3, CD68, and Ibal, inflammatory genes found
to be increased in synovial fluid or tissue of patients with
RA.7!1-73 Of the genes tested, significance between disease
groups and sex was only identified for Cxcl9 (Fig. 5). Here
we observed a >100-fold increase in Cxcl9 expression in
CIA mice over control mice and a similar increase in mice
treated with CIA + CNV. Mice with CNV alone had no
significant change in Cxcl9 expression (Fig. 5A). Similarly,
Cxcl10 expression was also increased in the presence of
CIA, but the differences did not reach statistical significance.
Increased levels of Cxcl9 and Cxcl10 were also present in the
NalO3; model of dry AMD (Fig. 5C). In addition, sex-specific
differences were observed in Cxcl9 expression. Interest-
ingly, samples collected from male CIA mice as part of the
CNV experiment had a greater increase in Cxcl9 expres-
sion compared to female mice of the same cohort (Fig. 5B),
whereas the reverse was true in CIA mice in the NalOj
test group (Fig. 5D). These observed differences may be
due to the timing by which the RPE/choroid fractions were
collected. Mice in the NalOj; treatment group were collected
at a later time point than the CNV cohort (day 11 versus day
6) and therefore had a greater lapse of time between colla-
gen treatment and tissue collection. Sex differences were
also observed in the CIA mice in the presence of our AMD
models for wet and dry AMD. Here we observed male mice
with CIA + CNV (Fig. 5B) or CIA + NalOj; (Fig. 5D) had a
greater increase in fold gene expression compared to female
mice. These results suggest that the increased presence of
Cxcl9 may be the reason why CNV lesion size is reduced in
the presence of CIA and why CIA males are found to have
a significantly smaller CNV lesion size than CNV females
(Fig. 3B). In a previous study analyzing inflammation of the
liver, testosterone treatment was found to suppress inflam-
mation through the regulation of Cxcl9 and Cxcl10.7% While
the interaction of testosterone and Cxcl9 is one hypothesis
that might explain our observed differences, this requires
further experiments, by suppressing or supplementing sex-
specific hormones.

While CIA did not provide an additive effect in the
mouse CNV model, we did observe an additive effect in the
NalOj;-induced retinal degeneration model of AMD. Here we
found that NalO; in the presence of CIA further increased
retinal degeneration based on retinal thickness than with
NalOj alone (Figs. 4A, 4B). Staining with ZO-1 also revealed
increased damage to the RPE in the presence of CIA and
NalO;, which was demonstrated by the severe loss of the
normal hexagonal shape and the transition to an elongated,
fibrotic cell shape (Figs. 4D-4F). These combined results in
the CNV and retinal degeneration models correlate with our
Marketscan analysis of Medicare patients, which identified
an increased risk of dry AMD, and not wet AMD, in the pres-
ence of RA.?> Together, these results suggest that systemic
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inflammation and the corresponding immune response in
CIA or RA affect pathology in dry and wet AMD differen-
tially. While systemic inflammation in CIA or RA was partially
protective and resulted in reduced choroidal neovascular-
ization or no increased risk for wet AMD, respectively, CIA
was found to augment RPE damage and loss of retinal thick-
ness, and RA increased the risk for dry AMD. As CIA led to
increased levels of Cxcl9 and Cxcl10 in mouse RPE/choroids,
we suggest that these CIA-primed chemokines led to the
different disease severities in the CNV and retinal degenera-
tion models of AMD. In this context, it is important to note
that Cxcl9 is both angiostatic as well as cytotoxic, reducing
angiogenesis but also disrupting barrier function” and trig-
gering epithelial-mesenchymal transition.”® These intrigu-
ing results shed additional light on the complexities that
secondary inflammatory diseases may have on the pathogen-
esis of AMD. In our future studies, we plan to further explore
the role of chemokines in our disease models and the mech-
anism by which they alter disease severity and progression.

AMD and RA are two diseases with noted sex differ-
ences. Both diseases are found to be more prevalent
among females. In general, testosterone is found to be
anti-inflammatory and estrogen to be proinflammatory.”’
Immune responses in mice are also found to be associ-
ated with increased proinflammatory cytokine responses, T-
cell proliferation, and antibody responses in females when
compared to males (as reviewed by Klein and Flanagan’®).
Hence, we hypothesized that female mice might exhibit
increased disease severity. What we did observe were slight
differences between female and male mice for CNV lesion
size, retinal thickness and c-wave amplitudes, and Cxcl9
gene expression. Differences between male and female ONL
have been documented among healthy individuals, where
mean thickness of ONL was reported to be greater in women
than in men.”” ONL thinning has previously been identified
to correlate with loss of visual acuity®® and visual field sensi-
tivity®! in patients with retinitis pigmentosa. In addition,
patients with acute optic neuritis as the result of systemic
autoimmune disease had changes in ONL + photoreceptor
inner and outer segment thickness over time, an observa-
tion believed to be due to retinal inflammation.®> In our
analysis, we observed that females with CIA had a signifi-
cantly thinner ONL compared to CIA males. This observed
difference in ONL thickness may explain why only a signifi-
cant decrease in both visual acuity and contrast sensitivity is
present in the female CIA cohort. While these changes may
appear minor, they provide additional clues to sex-based
differences in inflammatory responses. Interestingly, the trig-
gers for the disease models (CNV- and NalOs-induced reti-
nal degeneration) had a more significant impact on the male
mice compared to females for several of our analyses. This
finding may be indicative of the timing of our experiments
and the susceptibility of males to acute inflammation, which
is what both of our models of CNV and retinal degeneration
represent.

In summary, our data, demonstrating that systemic
inflammation by CIA increased disease progression in a
retinal degeneration model but reduced progression in a
CNV model of AMD, correlate with our observation that
RA in patients increases prevalence and accelerates onset
of dry AMD but does not affect wet AMD risk. However, the
observed differences in disease severity between female and
male mice, which are opposite of that observed in human
patients, highlight the need for future experiments, incorpo-
rating age and chronic mouse models of disease.
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