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Abstract

Age-related macular degeneration (AMD) is a major disease affecting central vision, but the pathogenic mechanisms are not
fully understood. Using a mouse model, we examined the relationship of two factors implicated in AMD development:
oxidative stress and the immune system. Carboxyethylpyrrole (CEP) is a lipid peroxidation product associated with AMD in
humans and AMD-like pathology in mice. Previously, we demonstrated that CEP immunization leads to retinal infiltration of
pro-inflammatory M1 macrophages before overt retinal degeneration. Here, we provide direct and indirect mechanisms for
the effect of CEP on macrophages, and show for the first time that antigen-specific T cells play a leading role in AMD
pathogenesis. In vitro, CEP directly induced M1 macrophage polarization and production of M1-related factors by retinal
pigment epithelial (RPE) cells. In vivo, CEP eye injections in mice induced acute pro-inflammatory gene expression in the
retina and human AMD eyes showed distinctively diffuse CEP immunolabeling within RPE cells. Importantly, interferon-
gamma (IFN-y) and interleukin-17 (IL-17)-producing CEP-specific T cells were identified ex vivo after CEP immunization and
promoted M1 polarization in co-culture experiments. Finally, T cell immunosuppressive therapy inhibited CEP-mediated
pathology. These data indicate that T cells and M1 macrophages activated by oxidative damage cooperate in AMD
pathogenesis.
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that occurs in ~10% of total cases when blood vessels from the
underlying choroid abnormally grow into the outer retina, a
process called choroidal neovascularization (CNV) [4,5]. Laser-
induced CNV (although technically involving a wound healing
response) serves as a valuable model of wet AMD in many species,
and intraocular anti-VEGF therapy, which inhibits the angiogen-
esis associated with CNV, is useful for the treatment of wet AMD
[6]. Unfortunately, there is no treatment for dry AMD and the
pathogenic mechanisms remain to be fully elucidated. Recent
evidence now implicates the immune system in the development of

Introduction

Age-related macular degeneration (AMD) is a complex and
heterogeneous collection of retinal diseases representing the
leading cause of blindness in industrialized countries [1,2]. There
are two major classifications of AMD: dry and wet AMD. Dry
AMD is a result of dysfunctional retinal pigment epithelial (RPE)
cells, which are in charge of nourishing and protecting the retina,
especially the photoreceptor (PR) cells [3]. Clinical features of dry
AMD include the presence of drusen (accumulated debris in the

form of visible yellow spots), geographic atrophy (focal loss of the
RPE layer), PR cell death and ultimately loss of central vision. In
contrast, wet AMD is a more severe, end-stage form of the disease
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AMD [7,8], as immune-related proteins are found in drusen from
AMD eyes [9] and genome-wide association studies have linked

February 2014 | Volume 9 | Issue 2 | 88201


http://creativecommons.org/licenses/by/4.0/

specific polymorphisms in complement factor genes with the
development of AMD [10-15]. In this light, it has been suggested
that AMD can be viewed as a chronic inflammatory disease [16—
19]. Thus, the detailed analysis of immune responses at the onset
of disease opens the door for a greater understanding of AMD
etiology mechanisms.

The immune system can be broadly divided into innate
(general, non-specific immune system) and adaptive (specific)
immunity. While many aspects of the interplay between innate
and adaptive immune systems have been studied in the setting of
acute bacterial or viral infections [20,21], much less is known
about their mechanistic crosstalk in the context of chronic
inflammatory diseases, such as cancer, atherosclerosis and heart
disease [22]. Information related to the AMD disease process
could apply to chronic inflammation in general. Two relevant cell
types that merit attention are macrophages and T cells.
Macrophages are essential components of the innate immune
system and have been the subject of close inspection in the context
of AMD [23-29], although their specific roles at different stages of
disease progression remain controversial. Macrophage differenti-
ation is mostly dictated by the microenvironment and has
profound implications for proper activation and function
[30,31]. Pro-inflammatory M1 macrophages produce tumor
necrosis factor-alpha (TNF-o) and interleukin-12 (IL-12), and are
associated with tissue destruction, whereas M2 macrophages,
characterized by production of the immunosuppressive cytokine
IL-10, play a role in tissue homeostasis and repair. On the other
hand, T cells are major effector cells of the adaptive immune
response, providing the antigen specificity required for proper
immune responses. Two major classes of T cells include CD4+
helper T (Th) cells and CD8+ cytotoxic T lymphocytes (C'TLs)
[32,33]. Th cells mainly shape the type of response based on the
cytokines they release and help the recruitment and function of
other immune cells, while CTLs are capable of directed killing of
target cells. Our present knowledge regarding the role of T cells in
AMD is surprisingly limited. Robert Nussenblatt and colleagues
have shown that complement component 5a (Cba) induces the
expression of IL-17 and IL-22 by human CD4+ T cells and that
blood from AMD patients contains higher levels of these cytokines
compared to controls [34]. Recently, AMD was also associated
with age-related changes in peripheral T cells in humans, lending
support to the idea that AMD can be a systemic disease [33].
However, the identity of antigen-specific T cells that potentially
mediate AMD pathology and how they may interact with other
immune cells (e.g. macrophages and B cells) in chronic retinal
inflammation remains to be determined.

A potential link between innate and adaptive immune responses
in disease is oxidative stress, a known contributing factor in the
development of pathological inflammatory conditions, including
atherosclerosis and AMD [36]. Lipid peroxidation has been shown
to produce oxidation specific epitopes (OSEs) that can function as
new antigens for immune recognition [37]. One of the best-
characterized OSEs in the context of AMD is carboxyethylpyrrole
(CEP) a protein adduct resulting from an oxidation fragment of
docosahexaenoic acid (DHA) [38]. AMD donor eyes contain more
CEP-modified proteins in the outer retina and drusen than age-
matched controls [9], although the precise histological localization
patterns of CEP within the healthy or diseased human retina have
not been described. CEP-modified proteins and CEP autoanti-
bodies are also more abundant in AMD plasma than in control
samples [38,39]. Our laboratory immunized mice with CEP-
adducted mouse serum albumin (CEP-MSA) and produced a
novel mouse model with dry AMD-like pathology [40,41],
effectively making the connection between an adaptive immune
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response (due to the presence of CEP-specific antibodies) and the
onset of AMD. Furthermore, we recently showed that pro-
inflammatory M1 macrophages are recruited to the retina of CEP-
immunized mice prior to overt degeneration [26]. While the laser-
induced CNV model of wet AMD has provided great insight into
the disease process and potential therapies (especially in the
context of angiogenesis), the CEP model is to date the only one
available for the immunological study of the dry form of the
disease in genetically unmanipulated animals.

Here we provide evidence that CEP serves as an initiating signal
for the cooperation of innate and adaptive immunity in the
pathogenesis of AMD. CEP acts directly and indirectly to
influence M1 macrophage polarization. It can directly activate
macrophages, leading to M1 gene expression. We also find CEP-
specific T cells from CEP-immunized mice that produce the
inflammatory cytokines interferon-gamma (IFN-v) and IL-17 that
are able to induce M1 macrophage polarization i vitro. Surpris-
ingly, we observed CEP-mediated retinal pathology in mice
lacking mature B cells, indicating that AMD-like pathology in our
model is antibody-independent and T cell-mediated. Analysis of
mice with defects in several T cell differentiation pathways suggests
that Th1 (IFN-y producing) cells are important for development of
disease. Finally, pharmacological inhibition of T cell activation
prevents retinal pathology in our model, providing proof of
concept for the use of immunotherapy in AMD treatment. This
study provides cellular and molecular mechanisms that explain the
role of inflammation in AMD: M1 macrophages and antigen-
specific T cells activated by oxidative damage-induced products
work together at the early onset stage of dry AMD. Disruption of
this cooperation could lead to innovative therapies for this highly
prevalent disease.

Materials and Methods

Ethics Statement

Protocols for use of experimental animals in this study adhered
to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and were approved by the Institutional
Animal Care and Use Committee of the University of Miami
Miller School of Medicine (Protocol 11-321). All surgical
procedures were performed under anesthesia and all efforts were
made to minimize suffering.

Mice

The following mice were obtained from The Jackson Labora-
tory: BALB/¢J (stock #000651) wild type mice, C57BL/6] (stock
#000664) wild type mice, pMT—/— (B6.129852-Ighm<<im1Cgn>/
7 stock #002288), Stat6—/— (BALB/¢ background, C.12982-Stat6<
tm1Gru> /7, stock #002828), and Tbx21—/— (B6.12956-Tbx21<
tmlGlm> /7, stock #004648). Th2—/— (B6) mice were kindly
provided by Dr. Dmitry Ivanov, along with corresponding
littermate controls (Bascom Palmer Eye Institute). /l17a—/—
(BALB/¢) mice were kindly provided by Dr. Abul Abbas (UCSF).
All mice were housed in a room exposed to 300 lux (outside the
cage) in a 12 hr dark/light cycle.

Antigen

CEP-MSA was prepared from commercially available mouse
serum albumin (Sigma-Aldrich), which was converted to CEP-
modified MSA following previously published procedures [42].

Immunizations

The CEP-MSA immunization protocol has been described
previously [40]. In summary, mice were primed by hind leg
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mjections of 200 ng CEP-MSA in complete Freund’s adjuvant
(CFA; from DIFCO) at 8-12 wecks of age. At day 10 post-
immunization (p.i.), the mice were challenged in the neck with
100 ug CEP-MSA in incomplete Freund’s adjuvant (IFA; from
DIFCO), followed by a final boost with 100 pg CEP-MSA in CFA
in the neck seven days before harvest. As described in Cruz-
Guilloty et al., 2013 [26], mice harvested at 40-90 days p.i. were
defined as early recovery times, those harvested at 100200 days
pi. were defined as intermediate recovery times, while those
harvested after day 200 p.i. were considered late recovery times.
Anti-CEP antibody titers at days 40-60 p.i. were quantified by
ELISA as previously described [40] and used to determine
efficiency of immunization. All immunized mice were compared
with age-matched naive, sham-MSA or CFA only controls. As
previously reported [26,40], there are no significant differences
among the control mice (with low to undetectable anti-CEP titers)
in terms of retinal pathology and are therefore used interchange-
ably, depending on experimental setup, and collectively labeled as
“control”. For each mouse strain that was analyzed in this study, 2
or 3 independent experiments were performed with n=3-5 mice
per group per time point.

Histology

Eyes were harvested at early (40-90 days), intermediate (100—
200 days) and late (over 200 days) recovery times post-
immunization (p.i.). Right eyes were used for histology and were
fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M
PO, buffer (pH = 7.4) overnight and dehydrated in graded ethanol
and propylene oxide. After polymerization in a resin mixture
containing Polybed 812 (Polysciences) and Araldite 502 (Poly-
sciences), semi-thin (0.7 pm) sagittal sections of each eye were
stained with toluidine blue and analyzed for histopathology with
light microscopy using a Zeiss microscope (equipped with an
AxioCam digital camera) using a 63x oil-immersion lens.

Pathology Scoring: Quantification of Lesions and
Inflammatory Cells in the IPM

Each individual mouse in this study was scored for retinal
pathology on a masked fashion, using 10 sections of the right eye
with at least 25-30 pm intervals between each section. Scoring
was divided in 2 subclasses: 1) the retinal lesion count represents
the sum of RPE areas showing abnormal vesiculation, swelling,
thinning, pyknosis, and cell lysis; 2) inflammatory cells were
defined as dark nuclear stains of macrophage-like cells observed
and counted only within the interphotoreceptor matrix (IPM)
compartment at the level of the photoreceptor outer segments and
the apical border of the RPE. The overall pathology score for each
eye is the sum of the two subclasses. The data is always presented
as pathology (cells and lesions combined) per section unless
specified otherwise. A total of 3-5 mice were used in the analysis at
each time point. At least two independent experiments were
performed for each strain reported in this study. Repeat
experiments with similar results were analyzed separately because
of the use of independent batches of CEP-MSA.

Immunohistochemistry

Identification of inflammatory cells in the mouse retinas was
performed as previously described (Cruz-Guilloty et al, 2013).

The following was the protocol for analysis of human eyes.
Autopsy eyes (n = 10) were obtained from the Wilmer Eye Institute
Pathology Division after approval from the Human Subjects
Committee at Johns Hopkins University. “Unaffected” eyes (n = 5)
had no AMD history or microscopic evidence of drusen, basal
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deposits, or loss of RPE cuboidal epithelial morphology. Early
AMD donors (n=15) had an AMD history and macular drusen,
but no late stage disease. Eyes were fixed in 4% formaldehyde,
paraffin embedded, sectioned to 4 um thickness, and deparaffi-
nized with xylene and an ethanol gradient. Antigens were
retrieved with the Target Retrieval System (Dako, Inc., Carpin-
teria, CA). Sections were incubated with blocking serum for 1 h;
with mouse monoclonal anti-CEP antibody (30 pg/ml) or
equivalent concentrations of mouse IgG1 isotype control overnight
at 4°C; with biotinylated anti-mouse IgG for 60 min, and then
with ABC-AP (Vector labs, Burlingame, CA) for 30 min. The
chromagen was developed with blue substrate working solution
(Vector labs) supplemented with levamasole. The IgG1 monoclo-
nal anti-CEP antibody described here was produced by our lab in
conjunction with Genscript, Inc. (Piscataway, NJ) following our
standard immunization protocol and was tested (by ELISA and
Western blots) for specificity against a variety of CEP-modified
proteins and lacked recognition of other lipid-derived modifica-
tions (data not shown).

Enzyme-linked Immunosorbent Assay (ELISA) for the
Quantification of Cytokines in Culture and Serum

ELISAs for cytokine detection were performed, as per
manufacturer’s instructions, using paired antibodies against IFN-
v, IL-17A, IL-2, IL-4, IL-1B, IL-12, TNF-o. and IL-10 (all
purchased from eBioscience, San Diego, CA). Purified recombi-
nant cytokines from the same vendor were used to develop
standard curves. In summary, flat bottom, high binding 96-well
plates were coated with 100 pul of primary (capture) antibody in
PBS, and washed with 150 pl of washing solution (PBS, 0.1%
Tween-20). Blocking was done with 100 pl of the dilution buffer
(PBS, 0.1% Tween-20, 1% BSA) followed by additional washes
before adding 100 pl per well of protein (purified cytokine)
standards or samples (undiluted CEP culture supernatants or 1:25
serum dilution). After incubation and washing, 100 pl per well of
secondary (biotin-labeled) antibody were added, followed by
addition of 50 ul per well of Avidin-Alkaline Phosphatase
(Sigma-Aldrich). After incubation, 50 ul of developing solution
(Phosphatase Substrate from Sigma-Aldrich in DEA buffer at
1 mg/ml) were loaded per well and the absorbance was measured
in a microplate reader at 405 nm.

Gene Expression Analysis of Acute Retinal Inflammation
by Quantitative Real Time PCR (RT-PCR)

Intravitreal injections were performed as follows. C57BL/6j
mice (male and female, 2 months old) were anesthetized and the
pupils dilated. Using a dissecting microscope, intravitreous
injections into one eye of each mouse (n=5 per group) were
performed with a pump microinjection apparatus (Harvard
Apparatus, Holliston, MA) and a glass micropipette that was
calibrated to deliver 1 pl of vehicle containing either BSA (2 pg),
CEP-BSA (2 pug), MSA (2.44 pg), or CEP-MSA (2.44 ug) on
depression of the foot switch. Mice were sacrificed 6 and 24 hours
later, eyes were enucleated, and the RPE/choroid and retinas
were dissected. Total RNA was extracted using the RNeasy mini
kit (Qiagen, Valencia, CA) according to the manufacturers
protocol, and reverse transcription was perform using the High
Capicity RNA-to-cDNA kit (Life Technologies, Grand Island, NY)
following the manufacturer’s protocol. Analyses of selected genes
were performed with TagMan Gene Expression Assays (Life
Technologies, Grand Island, NY), using the StepOnePlus Taq-
Man System Fast Mode (Life Technologies, Grand Island, NY).
Data were analyzed using the comparative CT method. Primer
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and probe sets were as follows: IL-1f, Mm01336189_m1; TNF-u,
Mm00443258_m]1; 1L-6, MmO00446190_m1; 1L-12,
MmO00434165_m1; Cel2, Mm00441242_m1; IL-10,
Mm00439614_m1; KC, Mm 04207460_m1.

In vitro Culture and Stimulation of Primary Macrophages,
RPE Cells and Splenocytes (CEP-specific T cells)

For in vitro macrophage cultures, bone marrow-derived macro-
phages (BMDM) were used. Bone marrow cells were differentiated
in DMEM (Invitrogen) supplemented with 10% heat-inactivated
FBS (Atlanta Biologicals) and 15% 1929 cell-conditioned media
(as a source of M-CSF) for seven days. Macrophage culture purity
was determined by flow cytometry and cultures were >97%
double positive for F4/80 and CDI11b. Macrophages were
stimulated in fresh DMEM with CEP-MSA (100 pg/ml), sham-
MSA (100 pg/ml), or left untreated for 4-24 hours. The CEP-
MSA and sham-MSA preparations were tested for endotoxin
contamination using the ToxinSensor Chromogenic LAL Endo-
toxin Assay Kit (GenScript) and endotoxin levels were determined
to be below 1 endotoxin unit (EU)/mL, with similar levels in both
solutions. Lipopolysaccharide (LPS; from Sigma) at 100 ng/ml
and Pam3CSK4 (InvivoGen) at 500 ng/ml were used as controls.
After stimulation, the cells were used for RNA extraction (46 hr
time point), while the supernatant was used for detection of
secreted factors (24 hr time point). For detection of secreted
proteins (TNF-o, IL-12 and IL-1B), ELISAs were performed as
described above using antibody pairs and recombinant protein
standard curves as per manufacturer’s instructions (eBioscience).

For in vitro RPE cultures, eyes were enucleated from mice and
bisected along the ora serrata. The anterior portions (cornea, lens,
etc.) were discarded and the neuronal retina was carefully removed
and separated from the posterior eyecups. Next, the posterior
eyecups were incubated in 0.25% trypsin-EDTA (Invitrogen) at
37°C for 1 h. Then, the RPE cells were removed from the
posterior eye cups, pelleted and washed with DMEM/F12
(Invitrogen) containing 20% heat-inactivated FBS (Atlanta Bio-
logicals). RPE cells were seeded into 12-well culture plates in
DMEM/F12 containing 20% heat-inactivated FBS and cultured
for 4-8 wecks. RPE cells were stimulated in fresh DMEM with
CEP-MSA (100 pg/ml), sham-MSA (100 pug/ml), or left untreated
for 4 hours.

To 1solate CEP-specific T cells, splenocytes from mice
immunized with CEP-MSA (or control mice) were stimulated
in vitro with 100 ug/ml of antigen (CEP-MSA or Sham-MSA) in
complete DMEM media. After 4 days, cultures were divided in
two, with recombinant human IL-2 (20 units/ml; eBioscience)
added to one of the two samples, followed by two more days of
incubation. Flow cytometry acquisition (FACS Diva software on
LSR-II cytometer) and analysis (Flow]Jo software) were performed
at different time points using antibodies specific for CD3, CD4,
CD8, B220, CD19, CDI11b, NKI1.1, CD69, F4/80 (all from
eBioscience). For T cell-macrophage co-culture experiments,
CEP-specific T cells and naive BMDM were co-cultured at
different ratios and different time points (6, 12, 24 and 48 hr).
Data shown here were obtained from the optimal conditions of 1:1
T cell-BMDM ratio and 24 hr co-culture period. The superna-
tants were collected to measure cytokine production by ELISA.
For RT-PCR analysis of macrophage gene expression (as
described below), T cells were removed from the cultures by
vigorous pipetting and extensive washes in PBS (5 times),
considering that BMDM are extremely adherent cells. Purity of
the BMDM (~95% F4/80+ cells) after co-culture was confirmed
by flow cytometry.
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Gene Expression Analysis of BMDM by Quantitative Real
Time PCR (RT-PCR)

Total RNA was isolated from cells using the RNeasy kit
(Qiagen), then cDNA was generated with the Maxima First Strand
cDNA Synthesis Kit (Fermentas). Gene expression was measured
by real-time quantitative PCR (qQPCR) using various primers (see
below). qPCR was performed using 1Q SYBR Green Supermix
(Bio-Rad) on a Roche Light Cycler real-time PCR instrument.
Relative gene expression was calculated using the AAC, method,
with gene expression normalized to Gapdh expression. Each
treatment is represented as relative-expression (i.e., fold-expression
over reference group), where the control sample served as the
reference with a set value of 1.

The following primer sets were used:

iNOS (For: GTTCTCAGCCCAACAATACAAGA, Rev:
GTGGACGGGTCGATGTCAC).

TNF-o0  (For: CTGAACTTCGGGGTGATCGG, Rev:
GGCTTGTCACTCGAATTTTGAGA).

IL-12A (For: CAATCACGCTACCTCCTCTTTT,

Rev: CAGCAGTGCAGGAATAATGTTTC).

IL-1b  (For: GCAACTGTTCCTGAACTCAACT, Rev:
ATCTTTTGGGGTCCGTCAACT).

IL-10  (For: GCTCTTACTGACTGGCATGAG, Rev:
CGCAGCTCTAGGAGCATGTG).

Arginase-1 (For: CTCCAAGCCAAAGTCCTTAGAG,

Rev: AGGAGCTGTCATTAGGGACATC).

HO-1 (For: AAGCCGAGAATGCTGAGTTCA, Rev:
GCCGTGTAGATATGGTACAAGGA).

Srxnl  (For: CCCAGGGTGGCGACTACTA, Rev:
GTGGACCTCACGAGCTTGG).

Ccl2 (For: TTAAAAACCTGGATCGGAACCAA,

Rev: GCATTAGCTTCAGATTTACGGGT).

IL-6 (For: CTGCAAGAGACTTCCATCCAG, Rev:
AGTGGTATAGACAGGTCTGTTGQG).

KC  (For: ACTGCACCCAAACCGAAGTC, Rev:
TGGGGACACCTTTTAGCATCTT).

Vegf-A (For: GCACATAGAGAGAATGAGCTTCC, Rev:
CTCCGCTCTGAACAAGGCT).

Vegf-B (For: GCCAGACAGGGTTGCCATAC, Rev:
GGAGTGGGATGGATGATGTCAG).

Gapdh (For: AGGTCGGTGTGAACGGATTTG, Rev:
TGTAGACCATGTAGTTGAGGTCA).

Animal Treatment with the Immunosuppressive Drugs
Cyclosporine A and Rapamycin

Wild-type (8-week old) BALB/c¢J mice were immunized with
CEP-MSA in CFA and treated with a combination therapy of
cyclosporine A (CsA; “Sandimmune” from Novartis, East Han-
over, NJ) and rapamycin (Rapa; “Rapamune” from Wyeth
Pharmaceuticals, Philadelphia, PA) with daily intraperitoneal
(i.p.) injections for 21 or 40 days (starting on the first day of
immunization). Blood was collected at day 50 p.i. for anti-CEP
titer evaluation and eyes were harvested at day 60-100 p.i. (early
recovery time) for histological analysis. The stock solutions where
diluted in sterile PBS for 100 pl i.p. injections at the following
doses: CsA =5 mg/kg/day; Rapa=0.5 mg/kg/day.

Statistics

Results shown in graphs are presented as means +/— S.D. Data
for direct comparison of two samples were analyzed using two-
tailed Student’s t test with Prism software (GraphPad). Analyses for
3 groups or more were performed using one-way analysis of
variance (ANOVA) followed by Newman-Keuls multiple compar-
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ison tests, also with Prism software. P-values <0.05 were
considered significant.

Results

CEP Directly Activates Macrophages, Leading to M1
Polarization In vitro

We recently reported that CEP immunization in mice leads to
Ccl2/Ccr2-mediated M1 macrophage recruitment to the outer
retina before AMD-like pathology ensues [26]. However, the
mechanisms by which CEP promotes M1 polarization remained
to be elucidated. Because oxidized phospholipids and their
resulting protein modifications have been shown to activate
macrophages [29,43], we tested whether CEP has a direct effect
on macrophage activation using an  vitro system. Bone-marrow
derived macrophages (BMDM) were differentiated i wvitro and
stimulated with CEP-MSA, Sham-MSA (non-adducted MSA) or
left untreated, followed by quantitative PCR (qPCR) analysis of
gene expression. We used two different wild type strains (BALB/c
and C57BL/6]), since we have shown that both develop CEP-
mediated pathology [26,40]. As shown in Fig. 1, CEP-MSA
specifically induced the expression of M1 marker genes (iNOS, IL-
1B, TNF-o, IL-12) in both BALB/c (Fig. 1A) and C57BL/6]
(Fig. 1B) macrophages, but did not have a significant effect on the
expression of M2 markers (Arg-1, IL-10) or genes (HO-1, Srxnl)
expressed in a recently described class of macrophages activated
by oxidized phospholipids termed Mox cells [43] (Figure S1). In
addition to the M1 marker genes mentioned above, CEP induced
macrophage expression of other pro-inflammatory cytokines such
as IL-6 and KC, but did not have an effect on the pro-angiogenic
genes Vegf-A and Vegf-B (Figure S2). Furthermore, the CEP-
induced M1 polarization was confirmed at the protein level, as
stimulated cells secreted IL-1B, TNF-a, and IL-12 (Fig. 2).

CEP Promotes Acute Inflammatory Responses in RPE
Cells In vivo and In vitro

As previously described [40], systemic CEP immunization leads
to a chronic, low-grade inflammatory response in the mouse
retina, but experimental evidence for its i situ effects has not been
reported to date. This is particularly relevant for the effects of CEP
on the RPE, the cell type mostly affected in AMD. To further
probe the ability of CEP to induce pro-inflammatory conditions in
the retina, we performed intravitreal injections of CEP-MSA or
Sham-MSA, followed by gene expression analysis of MI-
associated transcripts in RPE/choroid samples isolated 6 hrs
post-injection. As shown in Fig. 3A, injection of CEP-MSA (but
not Sham-MSA) specifically induced the expression of a subset of
MI-related genes (such as IL-1p, IL-12 and Ccl2), but not others
(such as TNF-a, Figure S3). In addition, @ vitro CEP stimulation of
primary RPE cells (in the absence of choroid) also led to pro-
inflammatory gene expression, including the production of the
monocyte chemoattractant Ccl2 (Fig. 3B). Taken together, these
data show that CEP can indeed promote a retinal microenviron-
ment conducive to the recruitment of circulating monocytes
(through the Ccl2/Ccr2 axis) and M1 polarization.

CEP is Distinctively Localized within the RPE of Human
AMD Eyes, but not in Healthy Eyes

Our CEP mouse model of dry AMD is based on observations
from human AMD patients that show elevated levels of CEP in
drusen and CEP autoantibodies [9,38]. However, a detailed
description of the CEP localization patterns in normal versus dry
(non-neovascular) AMD retinas is still lacking. We took advantage
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of a new mouse IgGl monoclonal antibody against CEP
developed in our laboratory to perform CEP immunolabeling in
human retinas (Fig. 4). Distinct differences in CEP immunolabel-
ing were observed between maculas of unaffected control (n=5;
average age 85.4 yrs) and dry (non-neovascular) AMD donors
(n=>5; average age 73.8 yrs). To our surprise, CEP was identified
in unaffected control donor maculas, including the ganglion cell
layer, inner plexiform layer, inner nuclear layer, and photorecep-
tor outer segments (Fig. 4A-B). Within the PR cells, CEP was
more prominent in cones relative to rods. The RPE had minimal,
if any, CEP labeling. When present, CEP was seen in inner
Bruch’s membrane. Minimal labeling for CEP was present in the
choroid. Like unaffected controls, CEP was identified in the inner
retinal layers of AMD maculas, including the ganglion cell layer,
inner plexiform layer, and inner nuclear layer (Fig. 4C). However,
CEP immunolabeling was more prominent in the inner aspect of
photoreceptors compared to outer segments. In addition, im-
munolabeling for CEP was diffusely seen within RPE cells of dry
AMD eyes (Fig. 4C-G). CEP immunolabeling within drusen
ranged from absent to prominent labeling. The presence of CEP
within RPE of dry AMD patients complements our data on CEP-
induced retinal inflammation in mice by suggesting that CEP
signaling in the RPE associates with AMD pathology.

CEP-induced Retinal Pathology is Antibody-independent
and T Cell-mediated

Besides the apparent deleterious role of innate cells (Ml
macrophages) in our CEP model of dry AMD [26], we have
already published evidence for the role of the adaptive immune
system. Not only does CEP immunization result in elevated titers
of anti-CEP autoantibodies in wild type mice, but the same
immunization protocol in RAG—/— mice (which lack mature T
and B cells) fails to produce retinal pathology [40]. We now
provide evidence for a leading role of antigen-specific T cells in the
immune response against CEP. We observed specific antibody
isotype switching (indicative of a T cell-dependent humoral
response) from IgM (which was detected early at day 20 post-
immunization, data not shown) to IgG1 (Fig. 5A), but not IgG2a
or IgG2b (data not shown), in CEP immunized mice on both
C57BL/6 and BALB/c backgrounds. Anti-CEP antibody pro-
duction requires complete Freund’s adjuvant (CFA), as other
adjuvants, such as Alum, fail to induce high titers (Figure S4).
Because T cells are known for their ability to secrete cytokines, we
quantified several types of cytokines in serum by ELISA and found
elevated levels of the pro-inflammatory cytokines IFN-y (44.5 ng/
ml vs undetectable) and IL-17A (2.8 ng/ml vs 0.97 ng/ml) in
serum of CEP-immunized compared to control mice (Fig. 5B). In
addition, we observed a similar pattern of cytokine production ex
vivo when splenocytes from CEP-immunized or control mice were
stimulated with the cognate antigen (Fig. 5C). Production of the
Th2-type cytokine IL-4 was not detected in these cultures (data not
shown). To confirm the presence of CEP-specific T cells, we
performed flow cytometric analysis of the i vitro stimulated
splenocytes and found a clear population of activated T cells
(gate in forward and side scatter plots) when cells from CEP-
immunized mice (but not control mice such as mice immunized
with CFA only) were cultured in the presence of CEP-MSA
(Fig. 5D). T cell activation was absent in control conditions with
Sham-MSA, irrelevant antigen (ovalbumin) and media only (data
not shown). Both CD4+ and CD8+ T cells were present in the
CEP-specific cultures, with increased expansion of the CD8+
population when IL-2 (a T cell growth and differentiation factor)
was added to the cultures, most likely due to the known increased
sensitivity for IL-2 and proliferation ability of CD8+ CTLs [44].

February 2014 | Volume 9 | Issue 2 | 88201



T Cell and Macrophage Cooperation in AMD

A BALB/c Macrophages
iNOS * IL-1B TNF-a IL-12
301 151 %* 201 % 159 *
[ = c [
s § § 5
2 2 2 154 @
2 20 o 101 o o 10
3 3 3 3
i 1] w104 L
(] (] () (]
£ 107 2 57 2 £ 57
o) i} 8 54 )
[] [} [ []
14 (14 o 4
0 0o o 0o
> & oF d o o d o o d o oF
[} () (9 <
é‘& OQ' ‘}\'D (f/ é& éo@ (5"
B C57BL/6J Macrophages
iNOS IL-1B TNF-a IL-12
* * *
200+ * 40+ 601 15-
c [=4 (= (=
s 8 s 8
@ 1501 2 30 @ @
$ 8 S 40 S 10
=y 3 3 &
w 1004 w 204 w w
(] (] [ (]
2 2 £ 207 £ 51
5 50 = 101 S 5
& & & &
0- 0- 0- 0-
S o oF > o o S o o d o oF
& & & & N & XS & & ¥
& ¢ © & & & T ¢

Figure 1. CEP directly activates macrophages in vitro, leading to M1 polarization. (A) Bone marrow-derived macrophages (BMDM) from
BALB/c mice were stimulated for 4 hrs with CEP-MSA (100 pg/ml), Sham-MSA (100 ug/ml) or left untreated. RNA was isolated and qPCR was used for
gene expression analysis. Each treatment is represented as relative-expression (i.e., fold-expression over reference group), where the control
(untreated) sample served as the reference with a set value of 1. CEP specifically induced the expression of M1 markers (iNOS, IL-18, TNF-o and IL-12A)
but had no effect on M2 or Mox marker genes (Figure S1). (B) BMDM from C57BL/6 mice were stimulated and analyzed as described above. Data from
4 independent experiments were pooled and two-tailed Student’s t tests were used for statistical analysis (* denotes p<<0.05); error bars represent

S.D.
doi:10.1371/journal.pone.0088201.g001

To formally test the role of antibody-producing B cells in our
model, we immunized mice lacking only mature B cells (uM7T—/
— mice) with CEP-MSA (Fig. 6). While, as expected, anti-CEP
antibody titers were not detectable in CEP-immunized uMT—/—
mice (data not shown), CEP-specific T cell activation was
observed, with most cells being CD8+ T cells (Fig. 6A, left
panel). This result proves that T cells can be activated in the
absence of B cells, which also function as antigen presenting cells
(APCs). Importantly, CEP-mediated retinal pathology was ob-
served in uMT—/— mice (Fig. 6B, quantification in Fig. 6C, left
panel), indicating that AMD-like pathology in our model does not
require antibodies and can be mediated by T cells only. To dissect
which pathways of T cell differentiation may be more relevant to
CEP-induced pathology, we immunized several knockout (ko)
mice with specific defects in Th1, Th2 and Th17 responses. Anti-
CEP antibody titers were not significantly affected in any of the
tested ko mice (data not shown). Mice with impaired Th2
differentiation (Stat6 ko mice) or lacking IL-17A production (IL-
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17A ko mice) developed CEP-mediated pathology similar to W'T
mice (all on the BALB/c background; data now shown). However,
T-bet ko mice (on the B6 background), with known defects in Thl
differentiation and IFN-y production, did not develop retinal
pathology after CEP immunization (Fig. 6C, right panel), even
though CEP-specific T cells with increased IL-17A production
were detected ex viwvo (Fig. 6A, right panel and data now shown).
Taken together, these results indicate that T' cells, not B cells or
antibodies, lead the adaptive immune response to CEP and are
required for development of disease. Furthermore, Thl differen-
tiation (or IFN-y production in general) seems to play an essential
role in this process.

CEP-specific T Cells Induce M1 Macrophage Polarization
in Co-culture Experiments

Our combined data suggests that both macrophages and T cells
are needed to generate CEP-mediated retinal degeneration.
Activation or function of just one of the two cell types is not
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Figure 2. CEP induces secretion of M1-type cytokines by activated macrophages. Bone marrow-derived macrophages from BALB/c mice
were stimulated for 24 hrs with CEP-MSA (100 ug/ml), Sham-MSA (100 pg/ml) or left untreated. Supernatants were collected and used for detection
of secreted proteins by ELISA. CEP specifically induced the secretion of M1 cytokines (TNF-o, IL-12 and L-1p). Data from at least 2 independent
experiments were pooled and ANOVA was used for statistical analysis (* denotes p<<0.05); error bars represent S.D.
doi:10.1371/journal.pone.0088201.g002
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Figure 3. CEP induces pro-inflammatory gene expression in RPE cells in vivo and in vitro. (A) Intravitreal injections of CEP-MSA or Sham-
MSA (2 ug total) were performed, RNA was isolated after 6 hrs from the RPE/choroid, followed by Tagman gene expression analysis (n=5). Mean
values from one of two independent experiments are shown; error bars represent S.D. (*) denotes statistically significant differences (p<<0.05) based
on two-tailed Student’s t tests. (B) Primary mouse RPE cultures were stimulated for 4 hrs with CEP-MSA (100 pg/ml), Sham-MSA (100 pg/ml) or left
untreated. RNA was isolated and gPCR was used for gene expression analysis. Each treatment is represented as relative-expression (i.e., fold-
expression over reference group), where the control (untreated) sample served as the reference with a set value of 1. Data are pooled from at least 2
independent experiments and include RPE cells from both BALB/c and B6 mice. Mean values from a total of four experiments are shown; error bars
represent S.D. (*) denotes statistically significant differences (p<<0.05) based on two-tailed Student’s t tests.
doi:10.1371/journal.pone.0088201.g003
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Figure 4. CEP immunolabeling in normal healthy eyes and dry AMD eyes. (A) Macula from a 77 yo unaffected female with CEP
immunolabeling (blue) in the ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), and photoreceptor outer segments (POS).
Minimal labeling is seen in the RPE. Thin immunolabeling is seen at the RPE basement membrane. (B) Magnified view of the region labeled with red
asterisks in A. POS are prominently labeled, especially cones (c). CEP immunolabeling at the basal RPE in inner Bruch’s membrane is more obvious. (C)
Macula from a 51 yo male with dry (non-neovascular) AMD with CEP immunolabeling in the nerve fiber layer and GCL, IPL, INL, and photoreceptors.
Labeling in photoreceptors is more prominent in the inner regions than in the POS. The RPE is diffusely labeled. (D) Magnified view of the region
labeled with red asterisks in C shows diffusely labeled RPE. A prominent drusen is minimally labeled for CEP. (E) 69 yo female with non-neovascular
AMD. The RPE cells overlying a large drusen are diffusely labeled for CEP. The drusen has a speckled labeling pattern for CEP. (F) 83 yo female with
dry AMD. The drusen has prominent CEP immunolabeling with diffuse labeling within the overlying RPE. (G) IgG control from a 61 yo male with non-
neovascular AMD. Ch, choroid; Bar=25 pum.

doi:10.1371/journal.pone.0088201.g004
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Figure 5. 1gG1 isotype switch, pro-inflammatory cytokine production and CEP-specific T cell priming in CEP-MSA immunized mice.
(A) Significant amounts of anti-CEP antibody titers are detected in serum from immunized mice. Isotype switch to IgG1 from IgM (undetectable
levels) was observed. Naive controls show undetectable levels of anti-CEP titers. ANOVA was used for statistical analysis (* denotes p<<0.05). (B)
Serum levels of IFN-y and IL-17A were measured by ELISA. While both cytokines were present at higher levels in serum from CEP-immunized mice
compared to control (naive) mice, IFN-y levels were predominantly elevated. Two-tailed Student’s t test was used for statistical analysis (* denotes p<
0.05). (C) T cells from CEP-MSA immunized, but not naive, mice produce IFN-y and IL-17A when stimulated in vitro with the CEP-MSA antigen. (D)
Splenocytes from WT B6 mice immunized with either CEP-MSA or CFA only were stimulated in vitro with CEP-MSA for 6 days ex vivo. At day 4 the
cultures were divided in two, and IL-2 was added to the indicated samples. Cells were stained with anti-CD4 and anti-CD8 and analyzed by flow
cytometry. Forward and side scatters are shown on the left with a “live lymphocyte” gate, CD8-CD4 plots show cells within this gate. Results shown
here are mean values representative of more than 5 independent experiments for C57BL/6 mice (with n>3 for each experiment); error bars represent

S.D. Similar results are observed with BALB/c mice (not shown).
doi:10.1371/journal.pone.0088201.9005

sufficient for disease development. M1 macrophages are the main
effector cells at the site of injury [26]; we have not detected T cells
of any kind within the outer retina, although some T cells are
present in the choroid of CEP-immunized mice (data not shown).
Macrophages need to be recruited to the retina for the pathology
to ensue, even if CEP-specific T cell activation and antibody
production are normal, as is the case in Ccr2-deficient mice ([26]
and data not shown). On the other hand, T cell activation is
required for pathology even if a normal monocyte/macrophage
compartment is present, as is the case in RAG—/— mice [40] and
T-bet ko mice (this study). Therefore, we addressed the issue of T
cell-macrophage interactions by setting up a simplified co-culture
system using CEP-specific T cells and “naive” bone marrow-
derived macrophages (BMDM). As shown in Fig. 7A, CEP-
specific T cells promote (in an antigen-specific manner) a distinct
pattern of M1 polarization i vitro by inducing the expression of at
least a subset of Ml-related genes (INOS and IL-12A but not
TNF-0). The effect of CEP-specific T cells on M1 macrophage
polarization does not require cell-cell contacts, as T cell-secreted

PLOS ONE | www.plosone.org

factors (in purified CEP stimulation supernatants) induce a similar
pattern of gene expression in BMDM (Fig. 7B). Notably, the
supernatant effect is not simply due to the presence of IFN-y or IL-
17A in the supernatants (Fig. 5C), since similar concentrations of
the purified cytokines fails to reproduce this effect. Importantly,
expression of M2-related genes (such as Arg-1) is not significantly
enhanced in the presence of T cells or their secreted factors
(Figure 7).

Proof-of-principle: Pharmacological Inhibition of T Cell
Activation Prevents CEP-induced Retinal Pathology

One of the ultimate goals of our research program is to learn the
basic mechanisms involved in the AMD disease process so that we
can attempt to translate such information into meaningful
therapeutic strategies in the future. While immunotherapy has
been proposed as an alternative for the treatment of AMD [16],
there is no current published data formally proving the efficacy of
this approach. As a proof-of-concept, we treated CEP-immunized
mice with a combination drug therapy aimed at suppressing T cell
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Figure 6. CEP-induced retinal pathology is antibody-independent and Th1 cell-mediated. (A) B cell deficient (uMT—/—) or T-bet deficient
(Tbx21—/—) mice were immunized with CEP-MSA and splenocytes were activated ex vivo with CEP-MSA as described above. Forward and side
scatters are shown on the left with a “live lymphocyte” gate, CD8-CD4 plots show cells within this gate. CEP-specific T cells were observed in the
cultures for both strains. (B) CEP-MSA immunized uMT—/— mice develop AMD-like pathology. Pictures are representative of histological analysis
using plastic sections as described in Ref. 24. (C) Retinal pathology scores for the indicated groups at the late time point (day 200+ p.i.; n=3). Mean
values are shown; error bars represent S.D. Data from one representative experiment for each strain were used for this analysis; similar results were
obtained in at least one separate independent experiment per strain.

doi:10.1371/journal.pone.0088201.g006

responses [45]. In general, T cells require two signals for complete clarify the role of antibodies in the CEP model of dry AMD by

activation: T cell receptor (TCR) signaling and co-stimulation. showing that CEP immunization leads to retinal lesions even in the
Cyclosporine A (CsA) is an inhibitor of calcineurin, a phosphatase absence of B cells. Moreover, CEP-specific T cells can induce M1
downstream of TCR signaling required for activation of NFAT macrophage polarization  vitro and pharmacological suppression
and IL-2 production. Rapamycin (Rapa, also known as Sirolimus) of T cell function prevents AMD-like pathology.

inhibits the mTOR pathway, which is downstream of co- Previous evidence, including data from our lab, suggests that
stimulatory molecules (such as CD28) and cytokine receptors. macrophages play a crucial role in the AMD disease process, but

Treatment of CEP-immunized BALB/c mice with both CsA and there is still controversy in this regard. It is possible that this
Rapa lead to two important results: downregulation of anti-CEP discrepancy is partly due to the different stages of AMD

titers (Fig. 8A) and prevention of CEP-induced retinal pathology progression: macrophages could have varied roles at the onset of
(Fig. 8B). dry AMD in response to oxidative damage, during the accumu-

lation of drusen and during the transition from dry to wet AMD. It
Discussion has been shown that iNOS-expressing macrophages infiltrate the

Bruch’s membrane of AMD patients [46]. In addition, an
intriguing pilot study by Chi-Chao Chan and colleagues showed
that human AMD eyes had more M1 macrophages compared to
normal eyes, which contained more M2 macrophages [47].

This report provides several novel findings of great potential
significance for the study of AMD pathogenesis, specifically, and
chronic inflammatory diseases in general. We show that the innate
and adaptive immune systems work in concert for disease
development over extended periods of time, and we provide
precise cellular and molecular mechanisms for this cooperation
(Fig. 9). The lipid peroxidation product CEP serves as the
functional link, capable of directly activating both M1 macro-
phages and antigen-specific T cells. CEP eye injections can also
induce acute inflammation in the retina and human eyes have a
distinctive CEP localization pattern in the retina, with diffuse
presence within RPE of dry AMD patients. Our data help to

However, we cannot rule out the possibility that, in some
instances, M2 or other types of macrophages (e.g. Mox?) can
drive the dry AMD pathology. For instance, the important
distinction between retinal resident microglia and macrophages
recruited from the circulation awaits the development of
microglia-specific markers. Regardless, the likely determining
factor in macrophage polarization and AMD outcomes will be
the patient-specific onset factors, which in our case is CEP. Our
data on CEP tilting the balance toward M1 polarization i vivo and
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Figure 7. CEP-specific T cells induce M1 macrophage polarization in vitro. (A) Splenocytes from CEP-immunized mice were stimulated
in vitro with CEP-MSA (or left unstimulated). At day 4 of stimulation, live cells were isolated and used for co-culture with primary macrophages for
24 hrs. After co-culture period, macrophages were isolated, RNA was extracted and gPCR used for gene expression analysis. Each treatment is
represented as relative expression (fold-expression over Macrophage only). IL-10 showed no CEP effect (data not shown). Data from at least 3
independent experiments were pooled for each analysis. Two-tailed Student’s t test was used for statistical analysis (* denotes p<<0.05). (B)
Supernatants (secreted factors) from CEP-stimulated or unstimulated splenocytes were used for primary macrophage stimulation for 4 hrs. Purified IL-
17A (1 ng/ml) and purified IFN-y (1 ng/ml) were used for control stimulations. Each treatment is represented as relative expression (fold-expression
over macrophages stimulated in Media only). Data from at least 3 independent experiments were pooled for each analysis. ANOVA was used for
statistical analysis (* denotes p<<0.05).

doi:10.1371/journal.pone.0088201.9g007

in vitro, in conjunction with the specific localization of CEP in the CEP-MSA-immunized mice, its role in macrophage differentiation
RPE of dry AMD eyes reported here, may explain the increased is not known. Here we clearly show that CEP activation leads to
MI1/M2 ratios observed in AMD patients [47]. Differences in an (MI) inflammatory response associated with tissue damage,
drusen CEP patterns may also explain the focal nature of RPE which correlates with our published i vivo findings [26]. Whether

lesions and geographic atrophy. Drusen with high CEP content there is a connection between macrophage polarization and
could be hubs of inflammatory microenvironment. It was also inflammasome priming/activation in the context of AMD remains
interesting to find increased levels of CEP in cone photoreceptor to be determined. Further characterization of the CEP receptor-
(PR) cells of healthy donors, since the macula contains the highest mediated signaling events and transcriptional regulation in
concentration of cone cells in the eye. Is this a potential signal of macrophages and RPE cells is under current experimentation in
propensity to develop AMD? The precursor for CEP, DHA, has our lab.
been shown to be increased in cone versus rod PR cells in the What about the role of the adaptive immune system in AMD?
gecko [48], but the specific content of CEP itself within PR Most of the evidence for adaptive immunity in AMD comes from
subtypes of humans (and mice) requires further investigation. the presence of anti-retinal autoantibodies in AMD patients [51—
Unfortunately, we could not perform a similar CEP immunolabel- 53], which is recapitulated in our CEP mouse model [40].
ing analysis in eyes from CEP-immunized and control mice due to However, it is not clear if these antibodies (in humans) have
high non-specific background using our mouse monoclonal deleterious or protective effects, or if they arise as secondary events
antibody. and have no direct role in disease pathogenesis or progression. We
The first type of cells shown to directly respond to CEP were have addressed this major question in our model by immunizing
endothelial cells, which promote angiogenesis through TLR2 mice deficient in mature B cells (uM7T/mice), which resulted in

signaling [49]. Here, we show that two cell types relevant to dry strong retinal lesions, indicating that the CEP-induced pathology is
AMD, macrophages and RPE cells, can directly respond to CEP. independent of antibodies. Because RAG-deficient mice do not
Doyle et al. [50] recently reported that macrophages could develop AMD-like lesions [40], this result indicates that T cells are
respond to CEP i vitro, priming the NLRP3 inflammasome the major players within the adaptive immune system associated
through TLR2 ligation. While they report that NLRP3 is active in with disease in our model. This result, however, does not eliminate
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Figure 8. Proof of concept experiment showing that T cell inhibitory drugs Cyclosporin A and Rapamycin prevent CEP-induced
retinal pathology. (A) WT BALB/c mice were immunized with CEP-MSA and treated every day (starting at day of immunization) with combined
CsA+Rapa for either 21 or 40 days p.i. Control PBS injections were also performed. Serum was isolated at day 47 p.i. and anti-CEP titers were evaluated
by ELISA. (B) Eyes were harvested at day 60 p.i. Retinal pathology scores for the indicated groups are shown (n=3). ANOVA was used for statistical
analysis (* denotes p<<0.05). Results are representative of two independent experiments.

doi:10.1371/journal.pone.0088201.9g008

the possibility that antibodies may be involved in the AMD disease
process. It may be possible for some anti-retinal antibodies to fix
complement in the outer retina or to induce macrophages to
damage the RPE. Conversely, some autoantibodies could actually
serve a protective role. Regardless of their specific functions,
autoantibodies represent useful targets for the development of
AMD biomarkers. In this context, we suggest profiling autoanti-
body signatures, instead of single antibodies, to gain a better
diagnostic and therapeutic picture.

To our knowledge, CEP-specific T cells are the second example
of OSE-specific T cells in the literature. Malondialdehyde (MDA)
is another lipid peroxidation product that serves as a marker of
oxidative stress. MDA is formed upon peroxidation of polyunsat-
urated fatty acids present in phospholipids of low density
lipoprotein (LDL), and has been associated with a number of
oxidative stress-related diseases, such as atherosclerosis and AMD
[29,54]. Binder et al. [54] showed that immunization of mice with
MDA-modified LDL (MDA-LDL) leads to an adaptive T cell-
dependent immune response, with expansion of antigen-specific
Th2 cells that mainly secrete IL-5. Therefore, these lipid
modifications of self-proteins function as haptens and can actually
dictate the T cell differentiation pathways (cytokine production
profiles) of the responding cells. Recognition of oxidation by-
products by T cells is an emerging paradigm in disease
development, as it has also been shown that immune responses
against oxidized lipoprotein is associated with atherosclerosis [55].
In the case of AMD, pro-inflammatory cytokine production by
CEP-specific T cells contributes to the polarization of macro-
phages toward the M1 phenotype, providing a functional link
between adaptive and innate immunity in the onset of disease.

T cell-produced cytokines can also integrate the antibody
production to complete the response against CEP, as we have
detected specific class isotype switching to IgG1. This switch is
usually associated with Th2 (IL-4-mediated) responses, but we
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have not detected IL.-4 production by CEP-specific T cells. In this
regard, IFN-y may not influence class switching but could
certainly impact macrophage M1 polarization. This is supported
by the lack of retinal macrophages in CEP-immunized T-bet ko
mice. We attribute this result to the absence of Thl cell
differentiation and not to an intrinsic effect on T-bet ko
macrophages, which have been reported to behave normally
[56]. On the other hand, IL-17A may be more relevant to the
antibody response, as there is some evidence that Th17 cells can
promote IgG1 switching [57]. Even if IL-17A ko mice develop
CEP-induced pathology, we do believe that IL-17 does play a
significant role in AMD because 1L-17 levels are elevated in AMD
patients [34] and the IL-17RC promoter region is preferentially
hypomethylated in AMD patients [58]. In fact, it has been shown
in a retinal disease model that either Thl or Th17 cells are capable
of mediating disease [59]. Examining the role of IL-17-family
cytokines (such as IL-17A and IL-17F) and their relationship with
IFN-v in AMD pathogenesis should clarify this issue in the future.

The use of pharmacological inhibition of T cell-mediated
pathology in our model is a significant novel aspect of this work.
We selected a strategy aimed at maximizing the possibility of T cell
immunosuppression using both CsA and rapamycin. While we
recognize that these two drugs may have other targets besides T
cells, our interpretation of their effects in our model are based on
complementary data, such as the results on B cell-deficient and T-
bet ko mice. We have been careful in analyzing control mice and
have seen no effect of this treatment on the retina. Specifically,
control (CsA+rapa treated, without CEP immunization) mice
remained healthy throughout the dosing period and their retinas
looked normal. Similar results have been published in the context
of the retina [60], at least in the case of i.p. rapamycin treatment
(at higher doses of 3 mg/kg). To substantiate our approach, it is
important to note that there are several ongoing clinical trials
testing immunotherapy for AMD, including treatments that target
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Figure 9. Working model for the cooperation of antigen-specific T cells and M1 macrophages in the development of AMD. Oxidative
damage in the outer retina initiates a cascade of events that activate both innate and adaptive immune responses that ultimately lead to retinal

damage.
doi:10.1371/journal.pone.0088201.9g009

TNF-a (one of the key effector molecules upregulated by CEP) and
mTOR (the molecular target of rapamycin) [8]. Of course, there
are important questions that need answers to complete our
understanding of the macrophage and T cell pathways involved in
the AMD disease process. What is the identity of the CEP
receptor(s) in macrophages? Do macrophages reciprocally influ-
ence T cells? The precise mechanisms of antigen presentation of
OSEs and TCR signaling dynamics are not known. Cloning OSE-
specific TCR and generating transgenic mice (efforts currently
underway in our lab) will certainly help address these issues. The
subsequent analysis of such transgenic mice should provide
valuable insight into the molecular mechanisms underlying
nitiation of immune-mediated AMD and could be used to test
immunotherapies. Our proof-of-concept experiment with T cell
suppression is a first step. Since we used a systemic, non-specific
immunosuppressive approach, it would be interesting to develop
antigen-specific therapies, such as depletion/suppression of CEP-
specific T cells. Targeting the macrophage arm of the immune
response could also have a beneficial outcome. For example,
strategies that specifically prevent recruitment of blood-borne
monocytes to the retina or that inhibit M1 polarization & situ may
prove useful as AMD treatments. Our CEP model provides a great
setting to test these and other protocols in future pre-clinical
studies.
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Supporting Information

Figure S1 CEP does not induce M2 or Mox gene
expression in BALB/c macrophages in vitro. Bone mar-
row-derived macrophages from BALB/c mice were stimulated for
4 hrs with CEP-MSA (100 pg/ml), Sham-MSA (100 ug/ml) or
left untreated. RNA was isolated and qPCR was used for gene
expression analysis. Each treatment is represented as relative-
expression (i.e., fold-expression over reference group), where the
control (untreated) sample served as the reference with a set value
of 1. CEP did not influence expression of M2-related genes (Arg-1
and IL-10) or Mox-related genes (HO-1 and SXRN-1).

(T1F)

Figure S2 CEP induces pro-inflammatory, but not
angiogenic, gene expression in BALB/c macrophages
in vitro. Bone marrow-derived macrophages from BALB/c mice
were stimulated for 4 hrs with CEP-MSA (100 pg/ml), Sham-
MSA (100 pg/ml) or left untreated. RNA was isolated and gPCR
was used for gene expression analysis. Each treatment is
represented as relative-expression (i.e., fold-expression over
reference group), where the control (untreated) sample served as
the reference with a set value of 1. CEP specifically induced the
expression of inflammation genes (IL-6 and KC) but had no effect
on angiogenesis-related genes (Vegf-A and Vegt-B). As opposed to
RPE cells, CEP did not induce Ccl2 expression in BMDM @ vitro.
Two-tailed Student’s t test was used for statistical analysis.

(TTF)
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Figure S3 CEP induces selective pro-inflammatory gene
expression in RPE cells in vivo. Intravitreal injections of
CEP-MSA or Sham-MSA (2 pg total) were performed, RNA was
isolated after 6 hrs from the RPE/choroid, followed by Tagman
gene expression analysis (n = 5). While TINF-o. expression was not
upregulated upon CEP injections, KC levels were elevated in
response to CEP. Mean values from one of two independent
experiments are shown; error bars represent S.D. (¥) denotes
statistically significant differences (p<<0.05) based on two-tailed
Student’s t tests.

(TIF)

Figure S4 Anti-CEP antibody production is maximized
with CFA adjuvant. WT BALB/c mice were immunized with
CEP-MSA in the presence of either complete Freund’s adjuvant
(CFA) or Alum. Anti-CEP titers were measured 40 days post-
immunization (p.i.) (n=5 per group). (*) denotes statistically

References

1. Bird AC (2010) Therapeutic targets in age-related macular discase. J Clin Invest
120: 3033-3041.

2. Coleman HR, Chan CC, Ferris FL. 3rd, Chew EY (2008) Age-related macular
degeneration. Lancet 372: 1835-1845.

3. Buschini E, Piras A, Nuzzi R, Vercelli A (2011) Age related macular
degeneration and drusen: neuroinflammation in the retina. Prog Neurobiol
95: 14-25.

4. Bressler SB, Maguire MG, Bressler NM, Fine SL (1990) Relationship of drusen
and abnormalities of the retinal pigment epithelium to the prognosis of
neovascular macular degeneration. The Macular Photocoagulation Study
Group. Arch Ophthalmol 108: 1442-1447.

5. Sarks SH, Van Driel D, Maxwell L, Killingsworth M (1980) Softening of drusen
and subretinal neovascularization. Trans Ophthalmol Soc U K 100: 414-422.

6. Ambati ], Fowler B] (2012) Mechanisms of age-related macular degeneration.
Neuron 75: 26-39.

7. Ambati J, Atkinson JP, Gelfand BD (2013) Immunology of age-related macular
degeneration. Nat Rev Immunol 13: 438-451.

8. Whitcup SM, Sodhi A, Atkinson JP, Holers VM, Sinha D, et al. (2013) The role
of the immune response in age-related macular degeneration. Int J Inflam 2013:
348092.

9. Crabb JW, Miyagi M, Gu X, Shadrach K, West KA, et al. (2002) Drusen
proteome analysis: an approach to the etiology of age-related macular
degeneration. Proc Natl Acad Sci U S A 99: 14682-14687.

10. Edwards AO, Ritter R 3rd, Abel KJ, Manning A, Panhuysen C, et al. (2005)
Complement factor H polymorphism and age-related macular degeneration.
Science 308: 421-424.

11. Gold B, Merriam JE, Zernant J, Hancox LS, Taiber AJ, et al. (2006) Variation
in factor B (BF) and complement component 2 (C2) genes is associated with age-
related macular degeneration. Nat Genet 38: 458-462.

12. Hageman GS, Anderson DH, Johnson LV, Hancox LS, Taiber AJ, et al. (2005)
A common haplotype in the complement regulatory gene factor H (HF1/CFH)
predisposes individuals to age-related macular degeneration. Proc Natl Acad
Sci U S A 102: 7227-7232.

13. Haines JL, Hauser MA, Schmidt S, Scott WK, Olson LM, et al. (2005)
Complement factor H variant increases the risk of age-related macular
degeneration. Science 308: 419-421.

14. Klein RJ, Zeiss C, Chew EY, Tsai JY, Sackler RS, et al. (2005) Complement
factor H polymorphism in age-related macular degeneration. Science 308: 385
389.

15. Yates JR, Sepp T, Matharu BK, Khan JC, Thurlby DA, et al. (2007)
Complement C3 variant and the risk of age-related macular degeneration.
N Engl ] Med 357: 553-561.

16. Nussenblatt RB, Ferris I 3rd (2007) Age-related macular degeneration and the
immune response: implications for therapy. Am J Ophthalmol 144: 618-626.

17. Nussenblatt RB, Liu B, Li Z (2009) Age-related macular degeneration: an
immunologically driven disease. Curr Opin Investig Drugs 10: 434-442.

18. Parmeggiani F, Romano MR, Costagliola C, Semeraro F, Incorvaia C, et al.
(2012) Mechanism of inflammation in age-related macular degeneration.
Mediators Inflamm 2012: 546786.

19. Tuo J, Grob S, Zhang K, Chan CC (2012) Genetics of immunological and
inflammatory components in age-related macular degeneration. Ocul Immunol
Inflamm 20: 27-36.

20. Iwasaki A, Medzhitov R (2010) Regulation of adaptive immunity by the innate
immune system. Science 327: 291-295.

21. Palm NW, Medzhitov R (2009) Pattern recognition receptors and control of
adaptive immunity. Immunol Rev 227: 221-233.

22. Lichtman AH, Binder C]J, Tsimikas S, Witztum JL (2013) Adaptive immunity in
atherogenesis: new insights and therapeutic approaches. J Clin Invest 123: 27—
36.

PLOS ONE | www.plosone.org

T Cell and Macrophage Cooperation in AMD

significant differences (p<0.05) based on two-tailed Student’s t
tests.

(T1F)

Acknowledgments

We thank B. Ksander, T. Malek, Z. Chen, C. Binder, R. Apte and
members of the Perez Lab for valuable discussions, L. Buffa and M.
Abdulreda for critical comments on the manuscript, E. Hernandez for
expert animal care, G. Gaidosh for help with confocal microscopy, and D.
Ivanov for reagents and technical help/discussions.

Author Contributions

Conceived and designed the experiments: FCG VLP. Performed the
experiments: FCG AMS SD MC KBE AB YT JTH. Analyzed the data:
FCG JTH VLP. Contributed reagents/materials/analysis tools: HW JML
RGS. Wrote the paper: FCG VLP.

23. Ambati J, Anand A, Fernandez S, Sakurai E, Lynn BC, et al. (2003) An animal
model of age-related macular degeneration in senescent Ccl-2- or Ccr-2-
deficient mice. Nat Med 9: 1390-1397.

24. Apte RS, Richter J, Herndon J, Ferguson TA (2006) Macrophages inhibit
neovascularization in a murine model of age-related macular degeneration.
PLoS Med 3: e310.

25. Cousins SW, Espinosa-Heidmann DG, Csaky KG (2004) Monocyte activation
in patients with age-related macular degeneration: a biomarker of risk for
choroidal neovascularization? Arch Ophthalmol 122: 1013-1018.

26. Cruz-Guilloty F, Saced AM, Echegaray JJ, Duffort S, Ballmick A, et al. (2013)
Infiltration of proinflammatory m1 macrophages into the outer retina precedes
damage in a mouse model of age-related macular degeneration. Int J Inflam
2013: 503725.

27. Kelly J, Ali Khan A, Yin J, Ferguson TA, Apte RS (2007) Senescence regulates
macrophage activation and angiogenic fate at sites of tissue injury in mice. J Clin
Invest 117: 3421-3426.

28. Sene A, Khan AA, Cox D, Nakamura RE, Santeford A, et al. (2013) Impaired
cholesterol efflux in senescent macrophages promotes age-related macular
degeneration. Cell Metab 17: 549-561.

29. Weismann D, Hartvigsen K, Lauer N, Bennett KL, Scholl HP, et al. (2011)
Complement factor H binds malondialdehyde epitopes and protects from
oxidative stress. Nature 478: 76-81.

30. Biswas SK, Mantovani A (2010) Macrophage plasticity and interaction with
lymphocyte subsets: cancer as a paradigm. Nat Immunol 11: 889-896.

31. Sica A, Mantovani A (2012) Macrophage plasticity and polarization: in vivo
veritas. J Clin Invest 122: 787-795.

32. Kaech SM, Cui W (2012) Transcriptional control of effector and memory CD8+
T cell differentiation. Nat Rev Immunol 12: 749-761.

33. Yamane H, Paul WE (2012) Cytokines of the gamma(c) family control CD4+ T
cell differentiation and function. Nat Immunol 13: 1037-1044.

34. Liu B, Wei L, Meyerle C, Tuo J, Sen HN, et al. (2011) Complement component
Cbha promotes expression of IL-22 and IL-17 from human T cells and its
implication in age-related macular degeneration. J Transl Med 9: 1-12.

35. Faber C, Singh A, Kruger Falk M, Juel HB, Sorensen TL, et al. (2013) Age-
Related Macular Degeneration Is Associated with Increased Proportion of
CD56 T Cells in Peripheral Blood. Ophthalmology.

36. Cruz-Guilloty F, Perez VL (2011) Molecular medicine: Defence against
oxidative damage. Nature 478: 42-43.

37. Handa JT (2012) How does the macula protect itself from oxidative stress? Mol
Aspects Med 33: 418-435.

38. Gu X, Meer SG, Miyagi M, Rayborn ME, Hollyfield JG, et al. (2003)
Carboxyethylpyrrole protein adducts and autoantibodies, biomarkers for age-
related macular degeneration. J Biol Chem 278: 42027-42035.

39. GuJ, Pauer GJ, Yue X, Narendra U, Sturgill GM, et al. (2010) Proteomic and
Genomic Biomarkers for Age-Related Macular Degeneration. Adv Exp Med
Biol 664: 411-417.

40. Hollyfield JG, Bonilha VL, Rayborn ME, Yang X, Shadrach KG, et al. (2008)
Oxidative damage-induced inflammation initiates age-related macular degener-
ation. Nat Med 14: 194-198.

41. Hollyfield JG, Perez VL, Salomon RG (2010) A hapten generated from an
oxidation fragment of docosahexaenoic acid is sufficient to initiate age-related
macular degeneration. Mol Neurobiol 41: 290-298.

42. Lu L, Gu X, Hong L, Laird J, Jaffe K, et al. (2009) Synthesis and structural
characterization of carboxyethylpyrrole-modified proteins: mediators of age-
related macular degeneration. Bioorg Med Chem 17: 7548-7561.

43. Kadl A, Meher AK, Sharma PR, Lee MY, Doran AC, et al. (2010) Identification
of a novel macrophage phenotype that develops in response to atherogenic
phospholipids via Nrf2. Circ Res 107: 737-746.

February 2014 | Volume 9 | Issue 2 | 88201



44.

46.

47.

48.

49.

50.

51.

52.

Pipkin ME, Sacks JA, Cruz-Guilloty F, Lichtenheld MG, Bevan MJ, et al. (2010)
Interleukin-2 and inflammation induce distinct transcriptional programs that
promote the differentiation of effector cytolytic T cells. Immunity 32: 79-90.

. Barshes NR, Goodpastor SE, Goss JA (2004) Pharmacologic immunosuppres-

sion. Front Biosci 9: 411-420.

Cherepanoff S, McMenamin P, Gillies MC, Kettle E, Sarks SH (2010) Bruch’s
membrane and choroidal macrophages in early and advanced age-related
macular degeneration. Br J Ophthalmol 94: 918-925.

Cao X, Shen D, Patel MM, Tuo J, Johnson TM, et al. (2011) Macrophage
polarization in the maculae of age-related macular degeneration: a pilot study.
Pathol Int 61: 528-535.

Yuan C, Chen H, Anderson RE, Kuwata O, Ebrey TG (1998) The unique lipid
composition of gecko (Gekko Gekko) photoreceptor outer segment membranes.
Comp Biochem Physiol B Biochem Mol Biol 120: 785-789.

West XZ, Malinin NL, Merkulova AA, Tischenko M, Kerr BA, et al. (2010)
Oxidative stress induces angiogenesis by activating TLR2 with novel
endogenous ligands. Nature 467: 972-976.

Doyle SL, Campbell M, Ozaki E, Salomon RG, Mori A, et al. (2012) NLRP3
has a protective role in age-related macular degeneration through the induction
of IL-18 by drusen components. Nat Med 18: 791-798.

Morohoshi K, Goodwin AM, Ohbayashi M, Ono SJ (2009) Autoimmunity in
retinal degeneration: autoimmune retinopathy and age-related macular
degeneration. J Autoimmun 33: 247-254.

Morohoshi K, Ohbayashi M, Patel N, Chong V, Bird AC, et al. (2012)
Identification of anti-retinal antibodies in patients with age-related macular
degeneration. Exp Mol Pathol 93: 193-199.

PLOS ONE | www.plosone.org

15

53.

54.

56.

57.

58.

59.

60.

T Cell and Macrophage Cooperation in AMD

Morohoshi K, Patel N, Ohbayashi M, Chong V, Grossniklaus HE, et al. (2012)
Serum autoantibody biomarkers for age-related macular degeneration and
possible regulators of neovascularization. Exp Mol Pathol 92: 64-73.

Binder CJ, Hartvigsen K, Chang MK, Miller M, Broide D, et al. (2004) IL-5
links adaptive and natural immunity specific for epitopes of oxidized LDL and
protects from atherosclerosis. J Clin Invest 114: 427-437.

. Hermansson A, Ketelhuth DF, Strodthoff D, Wurm M, Hansson EM, et al.

(2010) Inhibition of T cell response to native low-density lipoprotein reduces
atherosclerosis. J Exp Med 207: 1081-1093.

Lugo-Villarino G, Maldonado-Lopez R, Possemato R, Penaranda C, Glimcher
LH (2003) T-bet is required for optimal production of IFN-gamma and antigen-
specific T cell activation by dendritic cells. Proc Natl Acad Sci U S A 100: 7749~
7754.

Mitsdoerffer M, Lee Y, Jager A, Kim HJ, Korn T, et al. (2010) Proinflammatory
T helper type 17 cells are effective B-cell helpers. Proc Natl Acad Sci U S A 107:
14292-14297.

Wei L, Liu B, Tuo J, Shen D, Chen P, et al. (2012) Hypomethylation of the
IL17RC promoter associates with age-related macular degeneration. Cell Rep 2:
1151-1158.

Luger D, Silver PB, Tang J, Cua D, Chen Z, et al. (2008) Either a Th17 or a
Th1 effector response can drive autoimmunity: conditions of disease induction
affect dominant effector category. J Exp Med 205: 799-810.

Zhao C, Yasumura D, Li X, Matthes M, Lloyd M, et al. (2013) mTOR-
mediated dedifferentiation of the retinal pigment epithelium initiates photore-
ceptor degeneration in mice. J Clin Invest. 121(1): 369-383.

February 2014 | Volume 9 | Issue 2 | 88201



