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Abstract

We report on a novel autoantigen expressed in human macular tissues, identified following an
initial Western blot (WB)-based screening of sera from subjects with age-related macular
degeneration (AMD) for circulating auto-antibodies (AAbs) recognizing macular antigens.
Immunoprecipitation, 2D-gel electrophoresis (2D-GE) and liquid chromatography-tandem mass
spectrometry (LC-MS/MS), direct enzyme-linked immunosorbent assays (ELISA), WBs,
immunohistochemistry (IHC), human primary and ARPE-19 immortalized cell cultures were used
to characterize this novel antigen. An approximately 40-kDa autoantigen in AMD was identified
as the scavenger receptor CD5 antigen-like protein (CD5L), also known as apoptosis inhibitor of
macrophage (AlIM). CD5L/AIM was localized to human RPE by IHC and WB methods and to
retinal microglial cells by IHC. ELISAs with recombinant CD5L/AIM on a subset of AMD sera
showed a nearly 2-fold higher anti-CD5L/AIM reactivity in AMD vs. control sera (p=0.000007).
Reactivity =0.4 was associated with 18-fold higher odds of having AMD (X2=21.42, p=0.00063).
Circulating CD5L/AIM levels were also nearly 2-fold higher in AMD sera compared to controls
(p=0.0052). The discovery of CD5L/AIM expression in the RPE and in retinal microglial cells
adds to the known immunomodulatory roles of these cells in the retina. The discovery of AAbs
recognizing CD5L/AIM identifies a possible novel disease biomarker and suggest a potential role
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for CD5L/AIM in the pathogenesis of AMD in situ. The possible mechanisms via which anti-
CDS5L/AIM AAbs may contribute to AMD pathogenesis are discussed. In particular, since CD5L
is known to stimulate autophagy and to participate in oxidized LDL uptake in macrophages, we
propose that anti-CD5L/AIM auto-antibodies may play a role in drusen biogenesis and
inflammatory RPE damage in AMD.

Graphical Abstract

Sera of subjects with age-related macular degeneration exhibit auto-antibodies directed against an
antigen that, following 2D gel and mass spectrometry experiments, was discovered to be the CD5-
like (CD5L) protein, a secreted scavenger receptor known to be produced by macrophages.
Immunohistochemical experiments reveal that this antigen is expressed also throughout the
cytoplasm and, more discretely, at the nuclear level (inset) by human retinal pigment epithelium
cell lines. Confocal immunohistochemical microscopy experiments show also that CD5L
reactivity in human macular neuroretinal tissue section colocalizes with reactivity for Ibal, a
known microglial specific marker.
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1. Introduction

Age-related macular degeneration (AMD) is a highly prevalent, multifactorial polygenic
complex disease. Increased AMD risk is associated with advanced age as well as with
modifiable factors such as smoking (Age-Related Eye Disease Study Research Group,
2000). Cholesterol and oxidized lipids are well known key components of drusen (Malek et
al., 2003; Curcio et al., 2005a; Curcio et al., 2005b), which represent the clinical hallmark of
AMD. Over the past two decades, there has been a significant increase in the understanding
of how and why the lipidic component of these deposits may accumulate underneath the
retinal pigment epithelium from a histochemical, biochemical, genetic and mechanistic point
of view (Curcio et al., 2001; Zareparsi et al., 2004; Li et al., 2005; Curcio et al., 2009; Chen
et al., 2010; Curcio et al., 2010; Neale et al., 2010; Wang et al., 2010; Curcio et al., 2011; Yu
etal., 2011a; Yu et al., 2011b; Cougnard-Gregoire et al., 2014; Oak, Messinger and Curcio,
2014; Pikuleva and Curcio, 2014).

At the same time, a role for inflammation and the immune system in the pathogenesis of
AMD has also become far better appreciated, especially since the seminal studies on drusen
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composition by Hageman et al. (Hageman et al., 2001) and Crabb et al. (Crabb et al., 2002)
paved the way to the identification of complement factor H (CFH) genetic variants
associated to greater odds of having AMD (Edwards et al., 2005; Hageman et al., 2005;
Haines et al., 2005; Klein et al., 2005). Since then, numerous other loci, many of which are
involved with the complement pathways and regulation of inflammation and of the immune
system, have been linked to increased (Montezuma, Sobrin and Seddon, 2007; Fritsche et
al., 2013) as well as reduced (“protective variants™) odds of having AMD (Spencer et al.,
2007a,2007b). Statistical genetic approaches to AMD have consistently confirmed the strong
role of genetic factors in AMD (Swaroop et al., 2007; Hageman et al., 2011; Grassmann et
al., 2012; Yu et al., 2012), yet these approaches do not achieve full discrimination of AMD
vs. control samples even when environmental modifiable factors are included in the models,
especially when population samples without clear-cut, preexisting advanced AMD are
included in the analyses (Spencer et al., 2011). This is at least in part because there are
additional layers of complexity underlying AMD pathogenesis than genetic and
environmental/lifestyle factors alone that need to be investigated and taken into account
(Newman et al., 2012). Among these, even though AMD certainly cannot be characterized
as an autoimmune disease, a potential role for autoantibodies (AAbs) as biomarkers of AMD
of possible pathogenetic relevance has also become increasingly appreciated following the
first reports thereof in the 1990s (Penfold et al., 1990). For example, autoreactivity against
carboxy-ethyl-pyrrole (CEP) and CEP serum levels has been strongly linked to increased
odds of exudative AMD (Gu et al., 2003), CEP-modified proteins have been shown to be
proangiogenic (Ebrahem et al., 2006), the disease pathogenicity of developing autoreactivity
towards CEP adducts has been demonstrated in animal models (Hollyfield et al., 2008;
Hollyfield, Perez and Salomon, 2010), and the combined use of genomic and serological
biomarkers like CEP and anti-CEP AAbs has been shown to be a better predictor of AMD
odds than genomic biomarkers alone (Gu et al., 2009).

We have recently expanded and refined studies of autoimmunity in AMD by screening
serum samples from over 350 elderly subjects with and without AMD for AAbs recognizing
antigens from human macular tissue lysates (lannaccone et al., 2012). Comparative analyses
by Western blot (WB) criteria identified a number of bands that are significantly more
frequent and/or more intensely positive in AMD sera [Lenchik N, et al. Identification of
Human Macular Tissue Antigens Recognized by Serum Auto-Antibodies (auto-Abs) in
Patients with Age-Related Macular Degeneration (AMD). /nvest Ophthalmol Vis Sci2013;
54(6): E-Abstract 4103] and (lannaccone et al., 2015). By 2D gel electrophoresis (2D-GE)
and liquid chromatography-tandem mass spectrometry (LC-MS/MS), these studies have
recently led us to identify conclusively five human macular autoantigens targeted by AAbs
in the serum of AMD subjects that, because of their known physiological roles in ocular
tissues and their altered expression levels in AMD human tissues, appear to be involved with
AMD pathogenesis: two members of the HSP70 family, HSPA8 and HSPA9; HSPB4/
CRYAA; Annexin A5; and Protein S100-A9/calgranulin B. By ELISA testing with
recombinant proteins, we have confirmed that AMD subjects have AAbs against these
specific antigens (lannaccone et al., 2015). Herein, we present additional and novel evidence
that also the secreted scavenger receptor CD5 antigen-like protein/apoptosis inhibitor of
macrophage (CD5L/AIM) is physiologically expressed in the retinal pigment epithelium
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(RPE) and human retinal microglial cells, that CD5L/AIM is another autoantigen involved in
autoreactivity in AMD, and that its circulating serum levels are also elevated in AMD.
CDS5L/AIM is a glycosylated, secreted protein member of the scavenger receptor cysteine-
rich (SRCR) class B subfamily of proteins and is a pattern recognition receptor (PRR)
known in the literature also as Spa., IgM-associated peptide, and Api6 (Sarrias et al., 2005;
Li et al., 2011). Finally, we propose a hypothetical framework via which CD5L/AIM - and
AADbs directed against it — may contribute to AMD pathogenesis in ways that could bring
together, at least in part, the lipidic, inflammatory and immunological sides of the disease.

2. Methods

Our study was conducted with the approval of the University of Tennessee Health Science
Center Institutional Review Board and in compliance with the Declaration of Helsinki.
Written informed consent was obtained from each participant before enroliment.

2.1. AMD participants and human serum samples

A selection of 28 AMD samples was used for the 2D-GE to achieve antigen identification
via LC-MS/MS, and 18 of these for the ELISA experiments. Subjects with AMD were 63—
91 years old (mean £ SD, 77.3 £ 5.5), 64% female, and all but two participants were White.
Controls (n=21 for the 2D-GE and LC-MS/MS experiments, and n=15 for the ELISA
experiments) were 69-84 (75.0 £ 4.5) years old, 76% female, and all but one participant
were White (please see Supplemental Methods and Supplemental Tables 1 and 2 for further
details). Serum samples used in this investigation were selected out of a repository of 131
AMD subjects and 231 controls who participated in the Age-Related Maculopathy Ancillary
(ARMA) Study, ancillary to the NIA-sponsored Health ABC Study. The Health ABC Study
is a study of health, age, and body composition in highly functional elderly subjects
conducted at two sites, Memphis and Pittsburgh. ARMA is an approved ancillary study of a
subset of participants from the Memphis site that was designed to improve our
understanding of the relationship between inflammation (and, in this case, autoimmunity)
and nutritional factors in macular aging and ARM. Details about, and findings from the
ARMA Study population have been published previously (Gallaher et al., 2007; lannaccone
et al., 2007; Spencer et al., 2011; Vishwanathan et al., 2014). To minimize confounding, all
ARMA participants were chosen to be free of diabetes, rheumatologic or autoimmune
diseases, any history of or ongoing inflammatory systemic or ocular disorders, glaucoma,
and/or retinal diseases other than AMD. Sera were collected from all participants according
to the Health ABC study protocol, as previously reported (lannaccone et al., 2007).
Additional details about patient demographics and serum collection methods are provided
under Supplemental Methods and Supplemental Tables 1 and 2. The age and gender of the
participants included in this sub-investigation was representative of the average age range of
the entire ARMA Study population, and there was no statistically significant difference in
these parameters between the 2DGE and ELISA sub-samples or between AMD and control
samples (p>0.05 in all cases). All AMD cases were classified according to the 2001 AREDS
classification scheme based on the original study protocol and were from AMD patients
AREDS grade =3 (which encompasses a range of early-to-mid AMD, mainly depending on
abundance of drusen) (Age-Related Eye Disease Study Research Group, 2001). All AMD
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subjects had at least one eye with grade-3 disease, and 16 of them had at least one eye with
advanced AMD (grade 4), 10 of whom had bilateral advanced disease. All subjects meeting
AREDS grading criteria 0-2 (thus, including subjects with hard drusen, which were always
presented in limited fashion, and/or RPE changes but no soft drusen) were grouped in this
study as controls (Age-Related Eye Disease Study Research Group, 2001). Please see the
Supplemental methods section and Supplemental Tables 1 and 2 for further details on the
participant population and the grading of their fundus changes.

2.2. Preparation and processing of human donor eyes, immunoprecipitation (IP), 2D gel
electrophoresis (2D-GE) and liquid chromatography tandem mass spectrometry (LC-

MS/MS)

Human eyes (n=17) from donors age 62-94 years old were obtained from the Mid-South
Eye Bank, (Memphis, TN), the Arkansas Lions Eye Bank (Little Rock, AR), the Eye Bank
for Sight Restoration (New York, NY), and the National Disease Research Interchange
(NDRI, Philadelphia, PA). All donor eyes used for this investigation were from Caucasian
donors, and free of AMD. Death-to-collection time for the donor eyes ranged between 3.7
and 12.0 hrs (mean + SD: 7.79 + 3.03 hrs). The procedures we used to prepare human donor
macular tissue homogenates have been described previously [(lannaccone et al., 2012;
lannaccone et al., 2015) and Lenchik N, et al. Identification of Human Macular Tissue
Antigens Recognized by Serum Auto-Antibodies (auto-Abs) in Patients with Age-Related
Macular Degeneration (AMD). /nvest Ophthalmol Vis Sci 2013; 54(6): E-Abstract 4103]
and are further detailed in the Supplemental Methods. Macular tissue homogenates
harvested from these donor tissues were pooled, and aliquots were immunoprecipitated with
AMD and control sera, separated on 2D-GE gels, stained by SYPRO-Ruby Gel Stain
(BioRad) and analyzed with Progenesis software (Nonlinear USA). The 2D-GE protein
spots of interest were digested with trypsin as described previously (Giorgianni et al., 2004;
Pabst et al., 2008; lannaccone et al., 2015), and the digests were analyzed with LC-MS/MS
performed on an ion trap tandem mass spectrometer. Further details are provided in
(lannaccone et al., 2015) and in the Supplemental Methods section.

2.3. Estimation of serum autoreactivity by enzyme-linked immunosorbent assays (ELISA)

To confirm the reactivity of serum AAbs against the identified protein (CD5L/AIM, see
results), aliquots of the serum samples used in the 2D-GE and LC-MS/MS experiments were
tested at 1:500 dilution in ELISA for reactivity against recombinant CD5L/AIM protein
(R&D Systems). Immobilon IV 96-well plates (Millipore) were coated with 5 ug
recombinant human CD5L/AIM and probed in duplicate with 0.2 pl serum from either
normal or AMD subjects for 2 hrs at room temperature. Plates were then washed and probed
with 1:3,000 goat HRP-conjugated anti-human 1gG secondary Ab (ThermoFisher
Scientific), which does not cross react with human IgM. ELISA reactivities were measured
in triplicate on all samples with a microQuant Spectrophotometer (BioTek) and expressed as
optical density (OD450) values relative to background values, as previously reported
(lannaccone et al., 2015). Wells coated with purified rabbit 1gG (ThermoFisher Scientific)
probed as above were used as negative control (see Supplemental Methods section for
additional details).
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2.4, Tissue expression and localization procedures

From mouse EST and /n situ hybridization data, CD5L/AIM had been reported as expressed
in the eye, including the retina (Mouse Genomics Institute and NEIBank). However, no
information existed on its cellular localization, or on its expression in the human retina or
RPE. Thus, a series of experiments were performed using a variety of techniques to
specifically confirm the expression of the CD5L/AIM protein in human macular tissues.

Since CD36, another member of the scavenger receptor superfamily and binding partner of
CDS5L/AIM, is known to be expressed in the RPE (Ryeom, Sparrow and Silverstein, 1996;
Kauppinen et al., 2012; Niu, Zhang and McNutt, 2013), is a receptor for CD5L/AIM, and
mediates CD5L/AIM endocytosis in macrophages (Kurokawa et al., 2010; Amezaga et al.,
2014; Sanjurjo et al., 2015b; Sanjurjo et al., 2015c), we sought to determine whether RPE
cells expressed CD5L/AIM. To test this specific hypothesis, two approaches were taken.
First, total protein was extracted from two distinct primary human RPE cell lines and from
ARPE-19 cells via sonication for WB use. Cells were cultured in serum free medium (SFM)
to avoid potential confounding from any serum-derived CD5L/AIM. Fluorescent IHC by
confocal microscopy was performed on SFM-cultured ARPE-19 cells to localize the
expression of CD5L/AIM at the subcellular level. In brief, cells were probed using
polyclonal rabbit anti-CD5L primary Abs raised against a 16 amino acid peptide from near
the N-terminal region of human CD5L (ab45408, Abcam). Cells were washed and probed
with goat anti-rabbit IgG secondary antibodies conjugated to AlexaFluor488
(LifeTechnologies, green stain). Nuclei were stained using DAPI (blue stain). Further details
about the methods used for these cell culture studies are provided in the Supplemental
Methods section.

Secondly, we sought to confirm CD5L/AIM expression at the mRNA level via end-point
PCR from ARPE-19 cells grown in 10-mm plates until confluency. mRNA was extracted
with a Qiagen kit. After purification, the mMRNA concentration was measured by the nano-
drop method. Before PCR amplification, the mRNA solution was treated with DNAse |
(Invitrogen). The PCR amplification reaction (40 cycles) was performed using the following
conditions: initial denaturation at 95°C for 5 min, 95°C for 30 s, 65°C for 30 s and 72°C for
1min. The following primer pairs were used: 5'-TGG GAC ATT AAG GAC GTG GC -3’
(forward) and 5"-CGG TCT CTG AAG GAG GGA GA -3’ (reverse) for CD5L/AIM, and
5-ACC ACA GTC CAT GCC ATC AC -3” (forward) and 5'-TCC ACC ACC CTG TTG
CTG TA -3 (reverse) for GAPDH. The PCR product was analyzed by agarose gel
electrophoresis. After gel electrophoresis, the CD5L/AIM DNA band was cut from the gel
and analyzed by DNA sequencing to confirm the expected CD5L/AIM transcript.

In addition, since CD5L/AIM is also known to be expressed by macrophages, we sought to
determine if the resident immunocompetent cells of the retina, the microglia, expressed
CDS5L/AIM as well. To test this specific hypothesis, formalin-fixed human macular 8-um
thick cryosections collected 5 hrs. post-mortem by the National Disease Research
Interchange (NDRI, Philadelphia, PA) from a 74-year old White female donor on charged
slides were obtained. The donor died from cancer-related complications, and had no
significant ocular history other than cataract surgery. Sections were probed with a goat
polyclonal anti-CD5L/AIM antibody (Santa Cruz Biotech) and a microglial-specific marker,
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a rabbit polyclonal anti-Iba-1 (Wako Chemicals), followed by applying Alexa-fluor
conjugated secondary antibodies, an anti-goat 1gG conjugated to Alexa-Fluor 488 (green
CDS5L/AIM stain) and an anti-rabbit 1gG conjugated to Alexa-Fluor 555 (red stain for Iba-1).
Nuclei were stained with TOPRO3 (Life Technologies, blue stain). See Supplemental
Methods section for further details about the methods used.

2.5. Estimation of serum CD5L levels by Western blot

Lastly, since CD5L/AIM is a secreted protein, and since elevated circulating levels of
another important autoimmune biomarker of AMD, CEP, have also been reported in
conjunction with elevated anti-CEP AAb titers (Gu et al., 2003; Gu et al., 2009, 2010), we
performed fluorescent WBs on the sera of our participants who underwent ELISA testing for
anti-CD5L AAbs to measure also the circulating levels of CD5L/AIM and test the
hypothesis that the latter could be elevated in AMD sera as well. Briefly, 1.5 pL of serum
was run per lane on a 15% SDS-PAGE. Electrophoretically separated proteins were then
transferred to nitrocellulose. Following blocking in 3% bovine serum albumin, blots were
incubated in a 1:500 of rabbit anti-CD5L/AIM (Abcam-ab45408) and goat anti-transferrin
(Abcam-ab19177) to serve as a loading control followed by incubation in 1:10,000 of
secondary Abs. Additional details about the methods used are provided in the Supplemental
Methods section. Blots were then imaged on Odyssey Imaging System (Licor) and bands
densitometrically quantitated using ImageJ software (Rasband WS, ImageJ, U. S. National
Institutes of Health, Bethesda, MD, http://imagej.nih.gov/ij/, 1997-2014).

2.6. Statistical Analyses

3. Results

Quantitative data are presented as mean + 1 standard deviation (SD) of the OD450 values
(ELISA for anti-CD5L AADbs) or the intensity of the WB bands (serum CD5L) quantified as
above and expressed in arbitrary units (A.U.). Statistical comparisons of these reactivities
were conducted by means of two-tailed, unpaired student’s #test for equal or unequal
variances, as applicable. The spot intensity on 2D-GE was evaluated automatically by the
Progenesis protein quantification software by one-way ANOVA. The 2x2 contingency table
analysis for ELISA reactivity yielding the XZ value, the odds ratio (OR), and the 95% Cl,
sensitivity, specificity, Positive Predictive Value (PPV), estimating the probability of a true
positive test result (i.e., for ELISA reactivities 0.4, i.e., 2SD above control reactivity) and
Negative Predictive Value (NPP) estimating the probability of a true negative test result (i.e.,
for ELISA reactivity <0.4) were conducted with SAS statistical software (Cary, NC). The p-
value for the 2x2 contingency table was estimated by Fisher exact test. An alpha level of
0.05 was used for all analyses.

3.1. Identification of CD5L/AIM as a target of serum antibodies

2D-GE revealed various spots from AMD sera that were more intense than those from
unaffected subjects and/or uniquely present in the former (Fig. 1A, B). This is consistent
with our recent observation that other AAbs exist in AMD sera (lannaccone et al., 2015).
From this analysis, we identified in multiple serum samples a specific spot that migrated at
approximately 40 kDa and with an isoelectric point of approximately 5.2, which stained
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more intensely (by one-way ANOVA performed with Progenesis protein quantification
software, p=0.041) in lysates immunoprecipitated with AMD sera. This finding is in line
with our previously reported frequent and intense autoreactivity at or around 38-40kDa by
WB criteria as well (lannaccone et al., 2015). The protein corresponding to the spot seen by
2D-GE, highlighted in Fig. 1C-D, was identified as the 38kDa CD5L/AIM protein. A total
of five unique peptides were mapped by LC-MS/MS, with 23% protein sequence coverage
(Fig. 1E) and an overall Sequest HT protein identification score of 32.89. Additional details
about the outcome of the LC-MS/MS analyses are presented in Supplemental Table 2 in the
Supplemental Results section. Identification of CD5L/AIM by LC-MS/MS was confirmed
from several distinct 2D-GE gels.

3.2. Confirmation of serum IgG binding with ELISA and Estimation of circulating CD5L/AIM

levels

ELISA using recombinant human CD5L/AIM protein was used to confirm that the antigen
identified by LC-MS/MS was truly CD5L/AIM. In this assay (Fig. 2A), AAbs from AMD
patient sera (n=18) bound to CD5L/AIM protein at a ratio 1.73-fold higher than sera from
unaffected subjects (n=15). This difference was highly significant (p=0.000007). Reactivity
in negative control experiments was always negligible. An ELISA reactivity =0.4 against
CD5L/AIM was associated with 18-fold higher likelihood of being from an AMD sample
[X2:21.42; p=0.00063; odds ratio (OR)=18.2, 95% confidence interval (Cl)=2.99, 110.69],
and had good sensitivity (point estimate=0.72, 95% CI1=0.46, 0.89) and high specificity
(point estimate=0.88, 95% CI1=0.60, 0.98) in discriminating between AMD and control
samples. The Positive Predictive Value (PPV), estimating the probability of a true positive
test result (i.e., for ELISA reactivities =0.4) was 0.87 (95% CI=0.58, 0.98) and the Negative
Predictive Value (NPV) estimating the probability of a true negative test result (i.e., for
ELISA reactivities <0.4) was 0.74 (95% CI1=0.49, 0.90).

Furthermore, WBs on the same serum samples (Fig. 2B) showed that AMD sera exhibited
1.64-fold higher circulating levels of secreted CD5L/AIM (10.26 £ 4.82, mean = SD A.U.)
compared to control subjects (6.28 + 2.65 A.U.). Although significant overlap between
AMD and control sera was seen (Fig. 2C), also this difference was statistically significant
(p=0.0052).

Lastly, in an attempt to glean insight into the mechanisms leading up to production of AAb
against CD5L, we explored whether elevated CD5L serum levels could be correlated either
directly or inversely with anti-CD5L levels. Plotting one vs. the other in this limited
discovery dataset among either the AMD or the control subjects, we observed only a weak
trend towards lower serum CD5L levels in subjects with higher anti-CD5L reactivity in both
subgroups (Fig. 2D).

3.3. CD5L/AIM expression in the human RPE and retina

Cellular localization experiments on cultured immortalized ARPE-19 cells by IHC confocal
microscopy showed (Fig. 3A) that, in SFM culture conditions as described above,
CDS5L/AIM is discretely expressed at both the nuclear level and, in a more diffuse and
granular pattern, throughout the cytoplasm of the cell (green stain — see also inset in Fig.
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3A). No expression was seen in negative control conditions (Fig. 3B). We confirmed further
these findings by performing end-point PCR, demonstrating expression of the expected
CDS5L/AIM transcript in ARPE-19 cells (Fig. 3C) and by performing WBs on human RPE-
specific protein lysate from human primary RPE cell lines and immortalized ARPE-19
identically cultured in SFM, which showed CD5L/AIM expression in both (Fig. 3D, green
asterisk, CD5L/AIM band; red asterisk, RPE65 control band). Sequencing of the band seen
by end-point PCR shown in Fig. 3C confirmed the expected CD5L/AIM mRNA sequence.

Retinal CD5L/AIM localization experiments were first performed on human macular retinal
tissue sections at relatively low magnification to generally confirm expression. In these
experiments, CD5L/AIM positive staining was seen both in a discrete pattern in the inner
half of the neuroretina and, very prominently, at the RPE level (Fig. 4A). Confocal
microscopy IHC experiments via co-staining for CD5L/AIM and the microglial cell marker,
Ibal, were repeated on neuroretina-only tissue sections at higher magnification, and showed
a CD5L/AIM staining pattern that was consistent with what seen in the initial experiments
(Fig. 4B) and that coincided with that for Iba-1 (Fig. 4C-D). This finding suggests that
CDS5L/AIM is physiologically expressed by resident retinal microglial cells.

4. Discussion

CDS5L/AIM was initially reported to be expressed exclusively in macrophages (Haruta et al.,
2001), but is has been since localized also to the alveolar lung epithelium (Lian et al., 2005;
Lietal., 2011). CD5L/AIM has also been detected in human and mouse serum
(Gangadharan et al., 2007; Gray et al., 2009), and elevated CD5L/AIM serum levels have
been reported in a number of inflammatory diseases (Sanjurjo et al., 2015c¢). Our study
provides evidence that CD5L/AIM is physiologically expressed in the RPE and in resident
microglial cells, thus adding another type of epithelial cell and immunocompetent cell to the
shortlist of cells expressing CD5L/AIM in the human body. In addition, our data shows that,
in AMD, circulating AAbs recognizing CD5L/AIM are present at significantly higher levels
compared to control samples, and that also serum levels of secreted CD5L/AIM are elevated
in AMD.

Binding of pathogen-associated molecular patterns (PAMPSs) and damage-associated
molecular patterns (DAMPS), which are modified (e.g., oxidized) self-antigens (Kauppinen
etal., 2012; Niu et al., 2013), is a primary function of the innate immune system to
discriminate between self and non-self through PRRs. To date, five major PRR families have
been associated with the innate immune system: a) complement-associated receptors; b) toll-
like receptors (TLRs); c) advanced glycation end-products (RAGE) receptors; d) NOD-like
receptors (NLRs); and €) the scavenger receptor (SR) family to which CD5L/AIM belongs
(Martinez et al., 2011).

The role of autoimmunity and inflammation in neurodegenerative diseases has been subject
of intense investigation during the past two decades, and especially in more recent years.
Although AMD is not considered a classic inflammatory disease, and should not be
considered a primary autoimmune one either, it has now been conclusively shown that
inflammation and the immune system play an integral role in disease pathogenesis
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(Hageman et al., 2001; Anderson et al., 2002), that immunocompetent cells such as
macrophages, microglia and giant cells localize near drusen at the Bruch’s membrane level
and in choroidal neovascular membranes (Hageman et al., 2001; Chen, Forrester and Xu,
2011), and that drusen, an integral biomarker for AMD, represent not just inert waste
deposits and debris that cannot be eliminated, but in fact lipid-laden formations that are the
likely byproduct of local active inflammatory processes, possibly contributed to by the lipid
accumulation itself (Hageman et al., 2001; Anderson et al., 2002; Malek et al., 2003; Rudolf
et al., 2008). The discovery of CD5L/AIM physiological expression by the RPE and retinal
microglia and of AAbs recognizing this secreted member of the SR protein family expressed
by the RPE and retinal microglial cells in the serum of AMD subjects, together with the
finding that serum levels of this protein are also elevated, is intriguing because it dovetails
nicely with the emerging inflammatory and immune-mediated profile of AMD, and because
it offers a plausible link also with the role of lipids in drusen (see below). The reactivity
levels in AMD and the capacity of anti-CD5L/AIM autoreactivity to discriminate between
AMD and control samples are closely comparable to those exhibited by anti-CEP AAbs, a
biomarker of established importance for AMD with highly probable pathogenetic
implications that also provides a link between autoimmunity towards a lipid-linked ocular
antigen and oxidative damage (Gu et al., 2003; Hollyfield et al., 2008; Gu et al., 2009;
Hollyfield et al., 2010; Doyle et al., 2012; Cruz-Guilloty et al., 2013; Renganathan et al.,
2013; Wang et al., 2014; Wang et al., 2015). Thus, we propose that anti-CD5L/AIM
autoreactivity may represent a novel biomarker of AMD that could also have pathogenic
relevance. Interestingly, anti-CD5L/AIM AAbs — and elevated circulating CD5L/AIM levels
— were found also in subjects with early to mid-stage AMD. Thus, we conclude that these
CDS5L/AIM-related serological changes do not reflect an expression of late-stage disease or
after-the-fact biomarkers but that, in fact, they could be a biomarker of AMD also in its
earlier stages.

How could CD5L/AIM and AAbs directed against this protein play a role in AMD? The
RPE plays an essential role in the survival of retinal photoreceptors and in retinal defense
mechanisms at the outer blood retinal barrier interface. This interface and the cellular
phenotypes expressed by the RPE in AMD have been recently object of elegant combined
high resolution ex vivo histological and immunohistochemical and in vivo imaging studies
(Pang et al., 2015; Zanzottera et al., 2015a; Zanzottera et al., 2015b). In addition to its role
in the regeneration of visual chromophores in the visual cycle, and its photoreceptor
nutritional and homeostatic role (Simo et al., 2010; Saari, 2012), the RPE is also responsible
for: a) secretion of molecules critical to photoreceptor survival, such as pigment epithelium-
derived factor, a potent neutrophin for photoreceptor outer segments and a very important
anti-angiogenic factor (Jablonski et al., 2000, 2001; Barnstable and Tombran-Tink, 2004;
Becerra, 2006); b) the production of vascular endothelial growth factor, a key molecule in
the neovascularization processes that characterize exudative AMD (Miller et al., 2013); c)
the release of, and response to various inflammatory and immune-related molecules and
stimuli (Elner et al., 1991; Elner et al., 1996; Crane et al., 2000; Bian et al., 2001; Bian et al.,
2011; Yang et al., 2011); d) PAMP and DAMP binding (Kauppinen et al., 2012; Niu et al.,
2013); and e) phagocytosis of photoreceptor outer segment tips, mediated at least in part via
CD36, another member of the scavenger receptor superfamily expressed by the RPE (Ryeom
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et al., 1996; Kauppinen et al., 2012; Niu et al., 2013). CD36 is also a receptor for
CD5L/AIM and mediates CD5L/AIM endocytosis in macrophages (Kurokawa et al., 2010;
Amezaga et al., 2014; Sanjurjo et al., 2015b; Sanjurjo et al., 2015c). Hence, it is possible
that CD36 may be a receptor for CD5L/AIM also in the RPE. Furthermore, it has been
recently demonstrated that CD5L/AIM promotes the clearance of oxidized low-density
lipoprotein (oxLDL) (Amezaga et al., 2014). Since oxLDL is known to be a component of
drusen (Amaral and Rodriguez, 2011), we propose that CD5L/AIM may physiologically
play a role, possibly together with CD36, in the clearance of oxLDL from the sub-RPE
environment and, thus, be a potentially important role player in limiting the formation of
drusen with age. We further propose that AAbs directed against CD5L/AIM, as the ones we
discovered in our investigation, may compromise CD5L/AIM functions in the RPE and/or
impede its binding to oxLDL, CD36, or both, and potentially facilitate drusen biogenesis via
impaired oxLDL clearance. We have recently obtained in vitro evidence that this mechanism
could be indeed at play [Koirala et al. The CD5-like (CD5L) protein is expressed by retinal
pigment epithelium (RPE) cells and is a key role player in the uptake of oxidized low-
density lipoproteins (oxLDL), Invest. Ophthalmol. Vis. Sci. 2016; 57(5): E-Abstract 5014].
Further studies on this particular aspect are in progress.

In addition, it has been recently shown that CD5L/AIM activates autophagy through CD36
in macrophages (Sanjurjo et al., 2015b). The potential importance of impaired autophagy in
AMD and its role in causing phenotypes with multiple features of human AMD in rats and
mice with genetically compromised autophagy pathways has been recently revealed (Zigler
et al., 2011; Kaarniranta et al., 2013; Celkova, Doyle and Campbell, 2015; Yao et al., 2015).
When autophagy is compromised, an activation of the NLRP3 inflammasome, another
member of the DAMP/PAMP-recognizing PPR family, occurs. The importance of NLRP3
inflammasome activation in AMD has recently emerged (Celkova et al., 2015). Thus, it is
plausible that AAbs directed against CD5L/AIM could impair CD5L/AIM-mediated
autophagy activation, promote NLRP3 inflammasome activation, and exacerbate AMD at
least in part also via a direct autophagy-mediated mechanism. This additional potential
pathogenetic mechanism is not mutually exclusive with the drusen biogenesis one and is
particularly appealing, also in light of our recent discovery of other macular autoantigens in
AMD, all of which share potential implications with the regulation of autophagy
(lannaccone et al., 2015). Additional studies will be necessary to test this hypothesis further.

The biological significance of the finding of elevated CD5L/AIM circulating levels in AMD
sera is uncertain. It is not presently known whether the observed increase would precede the
formation of the anti-CD5L/AIM AADs. It is also unknown whether it may reflect the
generalized inflammatory state underlying AMD as seen in other inflammatory diseases
(Sanjurjo et al., 2015c), and thus may be a trigger for AAb formation, or whether CD5L/
AlIM-secreting cells may increase CD5L/AIM release as a compensatory phenomenon
following the development of the AADbs. There is precedent for an autoimmune response
against a ubiquitous self-antigen to result in tissue-specific manifestations. For example, in
systemic lupus erythematosus, anti-DNA AAbs arise and lead to immune deposits in the
kidneys, which, over time, impairs the function of the basement membrane and results in
glomerulonephritis (Bonanni et al., 2015). Thus, anti-CD5L/AIM AAbs could contribute to
the gradual damage of macular tissues in ways other than a direct effect on CD5L/AIM
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hypothesized functions within the RPE and retinal microglial cells. This hypothesis will
require further testing at the clinical, preclinical and in vitro level.

Microglial cells are normally quiescent resident retinal immunocompetent cells involved in
both innate and adaptive immunity (Langmann, 2007; Karlstetter, Ebert and Langmann,
2010; Karlstetter and Langmann, 2012, 2014). Aging microglial cells aggregate in the outer
retina, accumulate large amounts of by-products of lipid oxidation, and develop significantly
reduced mobility (Ma et al., 2013). Retinal microglial cells can also act as antigen presenting
cells (Gregerson, Sam and McPherson, 2004) and, in autoimmune eye disease, microglia
both initiate disease and limit subsequent inflammation (Chen, Yang and Kijlstra, 2002).
Microglial cells activated by retinal injury transform into microglial foam cells, and migrate
to the injured outer retina (Combadiere et al., 2007), where they participate in the
phagocytosis of debris (Egensperger et al., 1996). Activated microglial cells, however, can
also produce proinflammatory cytokines and chemokines that create a neurotoxic milieu that
can contribute to disease progression (Langmann, 2007). There is robust evidence indicating
that retinal microglial cells may play a role in the pathogenesis of both retinal dystrophies
and AMD (Gupta, Brown and Milam, 2003; Langmann, 2007; Karlstetter et al., 2010;
Adamus et al., 2012; Karlstetter et al., 2014; Indaram et al., 2015; Lad et al., 2015).
Recently, much attention has been given to the discovery that modulation of microglial cell
activation in retinal degenerative diseases may have immediate therapeutic implications
(Zhao et al., 2015). To our knowledge, the role of CD5L/AIM in retinal microglial cells has
not yet been studied, but its role in inflammatory cells elsewhere in the body, and especially
in circulating macrophages, has been well characterized (Arai et al., 2005; Chawla, Nguyen
and Goh, 2011). Early studies have demonstrated the importance of CD5L/AIM for
macrophage survival when challenged by either a microbial load (Joseph et al., 2004) or
oxidized products of cellular metabolism (Arai et al., 2005; Hamada et al., 2014). More
recent work has provided new evidence for a role of CD5L/AIM in clearance of oxLDL
(Amezaga et al., 2014) and autophagy in macrophages (Sanjurjo et al., 2015a). Thus, AAbs
directed against CD5L/AIM could interfere with the local immunoregulatory role of
microglial cells in the human retina and contribute at least in part to AMD pathogenesis via
this route. How exactly this may be possible, though, remains to be elucidated and warrants
further investigations.

Lastly, ARPE-19 cells showed a dispersed, granular immunofluorescence pattern throughout
the cytoplasm and prominent clumpy nuclear staining (Fig. 3A). Since CD5L/AIM is a
secreted protein, there are at least two possible mechanisms for how CD5L/AIM could
accumulate in the nucleus of RPE cells. One possible route could use alternatively spliced
isoforms of CD5L/AIM, provided at least one lacks the secretion leader peptide and is
therefore translated into a cytoplasmic protein. If a mechanism for nuclear entry exists,
CDS5L/AIM could accumulate at certain sites in the nucleus. Alternatively, CD5L/AIM may
be taken up again by the cells after having been secreted. The engulfed protein may utilize
an incompletely characterized mechanism to escape the endocytic vesicle and migrate from
there to the cytoplasm and then to the nucleus. Support for the second potential mechanism
comes from studies by Kurokawa et al. (Kurokawa et al., 2010). In their study, these authors
used ca5l/aim™" mice as recipients for intravenously injected recombinant CDSL/AIM. The
recombinant protein was found to enter monocytic cells in these animals and, by confocal
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microscopy, it was shown that CD5L/AIM emerged from endosomes prior to their fusion
with lysosomes. Some of the nuclei in these cells also exhibited anti-CD5L/AIM staining.
Now that the intranuclear localization of CD5L/AIM is confirmed, attention should focus
also on the potential nuclear functions of this protein.

5. Conclusions

In summary, our discovery of the in situ expression of CD5L/AIM by human RPE and
retinal microglia and the finding of anti-CD5L/AIM AAbs (alongside elevated circulating
CD5L/AIM protein levels) in AMD suggest a plausible role for CD5L/AIM in human eye
physiology and disease, identify a potential novel serum biomarker for AMD, and provide a
possible link between AMD and immune-mediated processes, oxXL DL metabolism, and
autophagy that may be of mechanistic and pathogenetic relevance for drusen biogenesis and
AMD development.
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Highlights

. Human retinal pigment epithelium and retinal microglia express the CD5
antigen-like protein (CD5L), also known as apoptosis inhibitor of
macrophages (AIM)

. AMD patients exhibit autoantibodies against CD5L/AIM

. Anti-CD5L/AIM ELISA reactivity 0.4 is associated with 18-fold higher
odds of AMD

. Anti-CD5L/AIM autoreactivity could be a potential novel AMD biomarker
with possible pathogenic potential
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Figure 1. Example of 2D gel electrophoresis (2D-GE) findings and mass spectrometry (LC-
MS/MS) results

H

uman macular lysates from donor eyes were immunoprecipitated with whole serum from

age-matched participants that were either affected or unaffected with age-related macular
degeneration (AMD). These precipitates were run on 2D gels and spots unique to the AMD
sera gels were identified by mass spectrometry. Panel A shows a representative unaffected
participant serum gel and Panel B shows a representative affected (AMD) serum gel. The
insets in Panels C and D show the area of the gel in which the spot later identified as

C

D5L/AIM migrated. Panel E displays the protein sequence of human CD5L/AIM (UniProt

accession number O43866). The peptides identified by LC-MS/MS are highlighted in bold
font. Note that other spots appear differentially present on the AMD 2D-GE shown in B
compared to the control one in A. This is consistent with our finding that additional
autoreactivities exist in AMD sera, and that different AMD sera will exhibit qualitatively
and quantitatively distinct (i.e., different in identity, relative intensity, or both) autoreactivity
profiles.
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Figure 2. Serum from subjects with AMD reacts specifically with CD5L/AIM and exhibits also
elevated circulating CD5L/AIM levels

Circulating AAbs from a selection of AMD-affected study participants (n=18) specifically
reacted with recombinant CD5L/AIM protein in a direct enzyme-linked immunosorbence
assay (ELISA) over unaffected subjects (CTRL, n=15). The individual reactivities are shown
as a scatterplot in Panel A. The average reactivity £ 1SD is also shown next to the
scatterplots. The difference in anti-CD5L/AIM AAbs was highly significant (p=0.000007).
An ELISA autoreactivity =0.4 against CD5L/AIM was associated with 18-fold higher
likelihood of being from an AMD sample. The serum levels of free circulating CD5L/AIM
measured by Western blots (WB) were also elevated in the serum of these AMD participants
compared to the unaffected controls. Representative WB examples are illustrated in Panel B
[red bands: transferrin (control); green bands: CD5L/AIM] and the individual reactivities are
shown as a scatterplot in Panel C. The average reactivity + 1SD is also shown next to the
scatterplots. The difference was significant (p=0.0052). A linear correlation analysis
between the AAD levels as detected by ELISA and the serum CD5L/AIM levels as measured
by WB is plotted in Panel D, showing a weak trend towards an inverse correlation for both
data subsets (AMD and control sera).

400bp
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CD5L (nRet/RPE)  CD5L (nRet) Iba1 (nRet)

Figure 3. Expression of CD5L/AIM in the retinal pigment epithelium
Panel A, confocal microscopy on immortalized human ARPE-19 cells cultured in serum-

free medium (SFM). CD5L/AIM immunofluorescence is shown in green (blue, DAPI
nuclear stain). Note the diffuse granular cytoplasmic reactivity seen in the ARPE-19 cells
and the more discrete, clump-like nuclear localization of the reactivity (see also magnified
view in the inset in the top right hand corner, corresponding to the cropped area in Panel A).
Panel B, negative control for ARPE-19 cells cultured in SFM labeled only with secondary
antibody and DAPI for blue nuclear stain. Bar in Panels A and B = 50um. Panel C, results
of end-point PCR demonstrate expression of the expected CD5L/AIM transcript in
ARPE-19 cells, which was further confirmed by sequencing of the band (GAPDH, positive
control; empty lane, negative control). Panel D, results of Western blots performed on cell
culture lysates of a primary human RPE cell line (hRPE) and an immortalized ARPE-19 cell
line (green asterisk: CD5L/AIM band), confirming expression of CD5L/AIM also in both
cell lines (red asterisk: RPE65 control band; last lane: human recombinant CD5L/AIM,
positive control).
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Figure 4. Expression of CD5L/AIM in retinal microglial cells
Immunostaining of a healthy human donor macular section with CD5L/AIM-specific Ab

(green, Panel A) shows discrete staining in the inner half of the retina and very strong RPE
staining, confirming the findings from Fig. 3. Note that a portion of the RPE signal was due
to age-related autofluorescence and seen (in lesser amount) also in control experiments (not
shown). The experiments summarized in Fig. 3 were conducted in part to overcome this
issue. Subsequent confocal, higher magnification microscopy experiments were conducted
on macular neuroretinal sections only (no RPE) also for this reason. Co-staining of a healthy
human donor macular neuroretinal section with the same CD5L/AIM-specific Ab (green,
Panel B) or the microglial specific marker Ibal (red, Panel C) and a fluorescence-
conjugated secondary Ab shows that CD5L/AIM colocalizes with Ibal (merge, Panel D) in
the same discrete fashion at the GCL, IPL and ONL level as seen in Panel A. DAPI (blue)
was used as a nuclear stain. Abbreviations, nRet: neuroretina; PIS/POS: photoreceptor inner
segment/outer segment; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner
nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Bar in Panels A and B =
20pm.
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