@° PLOS | ONE

Check for
updates

G OPEN ACCESS

Citation: Appelbaum T, Santana E, Aguirre GD
(2017) Strong upregulation of inflammatory genes
accompanies photoreceptor demise in canine
models of retinal degeneration. PLoS ONE 12(5):
€0177224. https://doi.org/10.1371/journal.
pone.0177224

Editor: Thomas Langmann, University of Cologne,
GERMANY

Received: January 10, 2017
Accepted: April 24, 2017
Published: May 9, 2017

Copyright: © 2017 Appelbaum et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported in part by
Foundation Fighting Blindness [GDA]; National Eye
Institute Grant EY-06855 [GDA]; National Eye
Institute Grant EY-17549 [GDA]; Core grant for
Vision research P30EY-001583 [GDA is Module
co0-Pl); The Alcon Research Foundation [GDA];
Hope for Vision [GDA]; Van Sloun Fund for Canine
Genetic Research [GDA]. The funders had no role
in study design, data collection and analysis,

RESEARCH ARTICLE

Strong upregulation of inflammatory genes
accompanies photoreceptor demise in canine
models of retinal degeneration

Tatyana Appelbaum¥*, Evelyn Santana, Gustavo D. Aguirre*

Section of Ophthalmology, School of Veterinary Medicine, University of Pennsylvania, Philadelphia,
Pennsylvania, United States of America

* tatyanak @upenn.edu (TA); gda @vet.upenn.edu (GDA)

Abstract

We have analyzed the complex pattern of the inflammatory response in early-onset canine
models of human retinitis pigmentosa, rcd1, xlpra2 and erd, as well as late-onset xlpra1i, in
comparative manner. The time course of immune response genes and proteins expression
was examined along the timeline of photoreceptors degeneration. Gene expression analysis
of the early-onset models prior to and after the peak of photoreceptors death identified the
involvement of multiple immune response genes including those encoding constituents of
the NLRP3 inflammasome, its substrates, pro-IL1B, pro-IL18, and common components of
IL1B, IL18 and TLR4 pathways. Out of two activated caspase-1 cleavage products, IL1B
and IL18, only IL1B was detected in rcd1 and xlpra2 while precursor IL18 remained unpro-
cessed in the same protein extract highlighting prominence of IL1B pathway. An overall
immune response was most prominent in rcd1 followed by xlpra2 and least prominent in
erd. Noticeably, in rcd1 and xlpra2, but not in erd, early induction of the immune response
was accompanied by sustained intraretinal migration and activation of retinal microglia.
Lastly, delayed activation of the anti-inflammatory factors in all early-onset models was
insufficient to counterbalance rapidly progressing inflammation. In contrast to early-onset
models, in late-onset xlpra1 retinas a subset of the pro-inflammatory genes was highly upre-
gulated long before any disease-related structural changes occurred, but was counterbal-
anced by an adequate anti-inflammatory response. Results point out to upregulated
immune response accompanying disease progression in animal models of retinal degenera-
tion, and to potential benefits of early anti-inflammatory therapy.

Introduction

Retinitis pigmentosa (RP) is a heterogeneous group of inherited retinal degenerative diseases
leading to photoreceptor cell death and severe vision loss. In RP, the initial defect occurs in the
photoreceptors, either rods exclusively or rods and cones, followed by abnormalities in the
adjacent retinal pigment epithelium (RPE) and deterioration of cones. Although RP is caused
by mutations in over 60 different genes (http://www.retnet.org (latest entry 2017)), there now
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is increasing evidence supporting a prominent role for inflammation underlying disease path-
ogenesis [1-4].

When cells die in vivo they trigger an inflammatory response that can cause tissue damage,
thereby contributing to the disease progression, and the manner of cell death and the resulting
inflammatory responses are tightly linked processes. Necrotic cell death readily elicits a host
inflammatory response while apoptotic cell death usually doesn’t provoke inflammation [5,6].
Moreover, apoptotic cells can stimulate macrophages to generate mediators such as interleukin
10 (IL10) or transforming growth factor beta (TGFB) that inhibit inflammation [5]. However,
the statement that apoptosis is non-inflammatory is not always correct. Apparently, if the apo-
ptotic cells are not rapidly cleared by phagocytes, over time they undergo a process known as
secondary necrosis in which their membrane becomes permeable to macromolecules and
incites an inflammatory response [5].

Under these conditions, release of damage-associated molecular patterns (DAMPs), includ-
ing dsRNA, crystalline urea, extracellular ATP, cholesterol and degraded extracellular matrix
components [7-11] can lead to activation of NLRP3 inflammasome, a key driver of inflamma-
tion that is formed after the oligomerization of NOD-like receptor NLRP3 and subsequent
recruitment of the adaptor PYCARD and pro-caspase-1 [12,13]. Inflammasome activation
leads to activation of caspase-1 (CASP1) and a consequent increase in caspase-1-dependent
processing and secretion of the mature pro-inflammatory cytokines interleukin 1 beta (IL1B)
and interleukin 18 (IL18). In addition, NLRP3 inflammasome activation leads to the induction
of pyroptosis, a pro-inflammatory cell death pathway that eliminates the diseased cell [12,13].
In retinal disorders, retinal pigment epithelium (RPE), microglia and infiltrating macrophages
are reported to be the cellular source of active caspase-1 [14-16], suggesting inflammasome-
dependent inflammatory responses may contribute to disease progression.

Microglia are resident monocytes in the retina and central nervous system that are func-
tionally similar to macrophages, and possess all inflammasome derived machinery [17-19].
Microglia activation in the degenerating retina is thought to be triggered by the endogenous
DAMPs, and activated microglia have two distinct phenotypes, classically activated (M1) and
alternatively activated (M2) [20-22]. The M1 phenotype is characterized by the production of
high levels of oxidative metabolites and pro-inflammatory cytokines, e.g. IL1B, IL18, IL6 and
tumor necrosis factor (TNF). Alternatively, M2 cells secrete anti-inflammatory factors, neuro-
trophic molecules as well as low levels of pro-inflammatory cytokines; thus M2 cells are impli-
cated in inhibiting inflammation and restoring homeostasis. During disease progression both
M1 and M2, as well as their intermediate phenotypes, may be present. Several cytokines,
including interleukins IL4 [23], IL13 [23], IL10 [24] and TGFB [25,26], promote the M2 phe-
notype. In addition, recent finding showed that microglial phagocytosis and activation under-
lying photoreceptor degeneration are managed by astrocyte derived neurotrophic factor
(MANTF) and fractalkine (CX3CL1) signaling [27,28]. As microglia are in constant communi-
cation with neurons and other retinal cells [28-30], the overall inflammatory response is gov-
erned by the balance between pro- and anti-inflammatory cytokines likely regulating disease
severity and progression rate (Fig 1). Therefore, detailed knowledge of how inflammatory
responses are regulated in the retina is critical for understanding the pathogenesis of complex
diseases such as retinal degeneration (RD), and may provide an insight into prevention strate-
gies and potential treatment options.

Here, we investigated inflammatory events in the retina in four canine models of RP. These
included three non-allelic diseases characterized by abnormal photoreceptor development and
early degeneration, i.e. early-onset disorders: rod cone dysplasia 1 (rcd1), early retinal degener-
ation (erd) and X-linked progressive retinal atrophy 2 (xlpra2) caused respectively by muta-
tions in rod cyclic GMP phosphodiesterase 8 subunit (PDE6B) ([31,32]), Serine/Threonine
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Fig 1. Functional cell-cell interactions in retina responsible for stimulating and suppressing inflammation. Schematic
representation of glia-photoreceptor interactions in the retina. The connections are based on reported cellular interactions (for description,
please see text). Microglia, the residentimmune cells, are responsible for initiating an inflammatory response. Microglia activation in the
degenerating retina is triggered by different DAMPs. Although some trigger molecules which activate microglia are predicted to be released
from injured cells, e.g. ATP, other molecules have not yet been identified. Activated microglia are capable of acquiring diverse phenotypes
that display different cell-surface and intracellular markers, secrete different factors, and exhibit different functions. Two extreme microglial
phenotypes are shown: the classically activated (M1) phenotype that promotes a pro-inflammatory response, and the alternatively activated
(M2) phenotype that facilitates an anti-inflammatory response. Microglia can control their own polarization through autocrine and paracrine
mechanisms. M1-polarized microglial phenotype is promoted by several cytokines, including TNF, IL1B and IL18. On the other hand,
microglia can be driven to M2 phenotype by stimuli like IL4, IL13, IL-10, TGFB, CX3CL1 and MANF. Microglia, using receptors and signals,
are in constant communication with neurons and other retinal cells. In pathological conditions this tight communication between cells
mediate adaptive responses within the retina. Comments: Three basic types of glial cell in the retina are shown: Mdiller cells, astroglia, and
microglia phenotypes are resting or activated, M1 or M2. Pro-inflammatory cytokines/receptors are in red and anti-inflammatory/
neuroprotective factors are marked in blue. In addition, since MANF receptor is not identified yet, it's marked by “?”.

https://doi.org/10.1371/journal.pone.0177224.9001

Kinase 38 Like (STK38L) ([33,34]) and a 2-bp microdeletion in RPGR gene ([35]), and a post-
developmental (late-onset) disorder, X-linked progressive retinal atrophy 1 (xlpral), caused by
a 5-bp microdeletion in RPGR [35]. The phenotypes associated with rcd1, xlpra2 and erd are
quite severe and manifest themselves in the course of retinal development. In contrast, the dis-
ease phenotype of late-onset xlpral is manifested only after normal photoreceptor morpho-
genesis is completed, and disease progression is gradual [35,36].

We previously demonstrated that the initial phases of photoreceptor degeneration in the
three early-onset disease models were accompanied by upregulation of several genes of the
TNF superfamily and apoptotic pathways [37]. Although the study highlighted a potential role
for signaling through the extrinsic apoptotic pathways in early photoreceptor cell death events,
the study also showed upregulated gene expression of the two critical kinases that mediate
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TNF-dependent necroptosis (a programmed form of necrosis): RIP1/RIPK1 (receptor-inter-
acting protein kinase 1) and RIP3/RIPK3 (receptor-interacting protein kinase 3) in rcd1 and
xlpra2 during period of chronic photoreceptors death. These data suggest a possible contribu-
tion of an alternative cell death mechanism such as necroptosis [6] at later time points. Puta-
tive involvement of different types of cell death in pathogenesis of retinal degeneration in rcdl
and xlpra2 is also supported by sustained downregulation of X-linked inhibitor of apoptosis
(XIAP) found in red1 throughout the peak of photoreceptors death and after, while in xIpra2
decreased XIAP levels were detectable only after the peak of cell death [37]. While XIAP has
been thought to act primarily as a suppressor of cell-death proteases, recent study indicates
that XTAP controls activation of RIPK3 that drives cell death and triggers inflammasome
assembly and activation [38] as well as loss of XIAP can facilitate switch to TNF-induced
necroptosis [39].

As the host immune response was not thoroughly investigated in the previous study [37],
we could not determine if non-apoptotic cell death mechanisms also contributed to degenera-
tion. Additionally no information is available on a mechanism underlying retinal degeneration
in late-onset xlpral disease. To this end, we now have analyzed the complex pattern of the
inflammatory response in these models, and expanded the analysis of immune response genes,
including those encoding the inflammasome constituents, major components of the IL1B,
IL18 and toll like receptor 4 (TLR4) pathways, several pro-inflammatory cytokines, and a sub-
set of genes encoding neuroprotective and anti-inflammatory proteins. As involvement of
anomalous epigenetic modifications in inflammatory diseases as well as in retinal neuron sur-
vival has been recently recognized [40-42], we also have characterized expression patterns of
13 genes encoding histone acetyltransferases (HATs) and histone deacetylases (HDACs). The
complete list of 57 genes analyzed in this study with the corresponding descriptions is reported
in S1 Table. The expression profiles were tested at different time points relevant to the disease
progression.

Materials and methods
Ethics statement

The research was conducted in full compliance and strict accordance with the Association for
Research in Vision and Ophthalmology (ARVO) Resolution on the Use of Animals in Oph-
thalmic and Vision Research. All the studies have been approved by the University of Pennsyl-
vania Institutional Animal Care and Use Committee (IACUC).

Tissue samples

Retinal samples used were those used in our previous studies [37,43,44]. Four different canine
RD models were examined: three early-onset (rcd1, xlpra2 and erd) and one late-onset post-
developmental photoreceptor degeneration (xlpral).

As previously reported for rcdl, xlpra2, and erd, abnormalities and retinal degeneration
begin early at different time points during retinal development [45-47]. Briefly, abnormal
development of photoreceptors was recognizable as early as ~ 4 weeks (wks) of age for rcd1
and xlpra2 with the peak of photoreceptors death occurring at ~ 5 wks for rcd1 and ~7 wks for
xlpra2 [44,45]. The fact that rcdl is more severe is supported by the results of the TUNEL (ter-
minal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling) and ONL (outer nuclear
layer) thickness analyses [37]. In erd, the mutation impairs the late phase of photoreceptor
development. Examined erd mutant retinas showed maximum of TUNEL-positive photore-
ceptor cells approximately at 10.5-12 wks of age, however the ONL thickness is preserved until
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at least 14.1 wks [33,37] as there is compensatory proliferation of a subset of photoreceptor
cells [37,48].

Similar to our previous study [37], rcdl, and xlpra2 retinas were examined in this study by
gene and/or protein expression analysis at the most relevant disease-related phases of photore-
ceptors cell death: before cell death peak (induction; 3 wks); at cell death peak (execution; 5 and
7 wks) and during sustained but reduced cell death rate (chronic cell death; > 14 wks). In com-
parison to rcd1 and xlpra2, a more limited age sampling was available for erd: 9.6-12 wks (exe-
cution phase; gene expression analysis), 8-12 wks (western blot analysis), and 8-14.1 wks
(immunohistochemistry).

In contrast to the early-onset disease models, the retina develops and functions normally in
xlpral, and photoreceptor degeneration begins after 11-18 months [36] showing remarkable
phenotypic variability [36,43]. For the present study, three severity grades were defined: Mild-
degeneration present only in the periphery after 1.5 years of age or later; Moderate-degenera-
tion develops between 11 and 15 months of age; and Severe-photoreceptor degeneration pres-
ents centrally and peripherally earlier that 11 months of age [36,43]. For the present studies,
xlpral retinas with established disease severity phenotypes (34 years old) were used for
immunohistochemistry, and pre-degenerate, structurally normal (16 wks old) mutant retinas
were used for gene expression and western blot analysis.

RNA extraction and cDNA synthesis

Total RNA was isolated from canine tissues using a modified TRIzol and single chloroform
extraction protocol as previously described [43]. First strand cDNA was synthesized in 20 uL
reactions using the High Capacity RNA-to cDNA kit (Applied BioSystems, Foster City, CA)
following the manufacturer’s recommendations.

Relative quantification (ddCt) assay

All qRT-PCR (quantitative real-time polymerase chain reaction) experiments complied with
the MIQE (Minimum Information for Publication of Quantitative Real-Time PCR Experi-
ments [49]) guidelines. Gene expression was determined in age-matched 3, 5, 7, and 16 wks
old normal, rcd1, and xlpra2-mutants, and at 9.6, 9.9 and 12 wks of age in erd mutants; each
time point included three dogs/disease group. Additionally, six xlpral retinas at 16 wks of age
were analyzed. Fig 1 illustrates the major genes putatively involved in retinal inflammation and
neurodegeneration, or genes that act to suppress the inflammatory response. Specifically, 57
genes were analyzed by qRT-PCR, and the primer sequences are listed in S1 Table. In addition
to the common set of 57 genes, four more genes (TNF, IL6, IL10 and FGF2) were analyzed for
xlpral, as these were included in a previous study of the three early-onset disease models [37].

qRT-PCR was performed in a total volume of 25 uL in 96-well microwell plates on the
Applied Biosystems 7500 Real-Time PCR System. All PCRs were performed using cDNA gen-
erated from 20 ng DNAase-treated RNA. The SYBR green platform was used for gene expres-
sion analysis using a primer concentration of 0.2 uM. The TBP gene expression level was used
to normalize the cDNA templates and calculate of the ratio of diseased vs. normal using the
ddCT method [50]. Amplification data were analyzed with the 7500 Software version 2.0.1
(Applied Biosystems). Unpaired t-test was used for statistical analysis. Genes with p<0.05 and
fold changes (FC) > +/- 2 were considered differentially expressed.

Fluorescent immunohistochemistry (IHC)

The procedures used for tissue preparation, and sectioning were previously described [45].
Cryosections were washed and treated with the primary antibodies in PBS solution, 3% normal
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horse serum, 1% BSA and 0.3% Triton X-100 overnight followed by incubation with appropri-
ate fluorescent secondary antibodies (Alexa Fluor Dyes, 1:300; Molecular Probes, Eugene,
OR). Validated primary antibodies used for IHC are listed in S2 Table. Primary antibodies that
were tested but failed to detect the specific antigen by IHC or western blot are listed in S3
Table. Staining was examined by epifluorescence microscopy with a Zeiss Axioplan micro-
scope (Carl Zeiss Meditech, Oberkochen, Germany). Images were digitally captured (Spot 4.0
camera; Diagnostic Instruments, Inc., Sterling Heights, MI), and imported into a graphics pro-
gram (Photoshop; Adobe, Mountain View, CA) for display. IHC was done on retinal section
in 3,5, 7 and 16 wks rcd1 and xlpra2; 20-23 wks and 3-4 years old xlpral; 8 and 14.1 wks erd.
Note that although the entire retinal expanse was examined in the immunolabeled sections,
the images used in the illustrations were taken at 6,000 um central to the ora serrata; this area
is approximately the midpoint between the edge of the optic disc and the ora serrata.

Western blot analysis

Western blots were carried out essentially as previously described [43]. The primary antibodies
used in for western blot are listed in S2 Table. Protein concentrations were determined by
BCA Protein Assay (Thermo Fisher Scientific, Rockford, IL), and equal micrograms of protein
analyzed. Quantification of proteins on western blot was carried out with Li-COR Odyssey Fc
software. Briefly, experiment was done a minimum of three times for each disease (rcdl, erd,
xlpra2, and xlpral) and time points analyzed. After scanning as done by Li-COR Odyssey Fc,
the resulting relative fluorescence value from each band was normalized with respect to the
housekeeping protein actin beta (ACTB). Next, normalized values from each disease in every
experiment were represented as fold-changes as compared to the normal tissue value. For each
disease, the mean value and standard error were calculated and graphed. Student t test (95%
confidence intervals) was used for statistical analysis. Western blot was carried out in total reti-
nal protein extracts in 7 and 16 wks old rcd1 and xlpra2; 8 and 12 wks erd; 16 wks xlpral as
well as age-matched normal control.

Results
Modulation of inflammatory gene expression in RD

Early-onset diseases. We have used the schematic diagram (Fig 1) to display some of the
major genes and pathways putatively involved in retinal inflammation and neurodegeneration,
or genes that act to suppress the inflammatory response. To characterize inflammatory events
in the retina, we have analyzed 23 pro-inflammatory immune response genes (see S1 Table
(group 1). Those genes that were either differentially expressed or unaffected by the disease
process were further filtered and shown in Table 1 and S4 Table, respectively.

At the time points tested, the highest number of differentially expressed genes were found
in redl, in agreement with the observation that this disease is more aggressive and earlier in
onset than the others. Of the 23 genes tested, eight encoded inflammasome components
(NLRP3, CASPI and PYCARD) as well as inflammasome substrates (IL1B and IL18) along with
their receptors (ILIRI, ILIR2 and IL18R1I). The earliest changes in gene expression were noted
in rcdl at 3 wks (induction phase of the disease), and were characterized by slight upregulation
of ILIRI and IL18. The number of differentially expressed genes in rcd1 gradually increased
from 3 wks towards 5 wks and 7 wks (execution phase), and the entire subset of eight genes
studied was highly upregulated by 16 wks (chronic cell death phase).

Although the pattern of differential gene expression in xlpra2 at 16 wks (chronic cell death
phase) was similar to rcdl at the same age, first changes at mRNA level were present at 7 wks,
and even then, not all genes upregulated in rcd1 were comparably altered in xlpra2. More
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Table 1. Comparative analysis of differentially expressed (DE) genes by qRT-PCR in study models: Pro-inflammatory immune response group.
DE genes (p<0.05 and FC>+/-2) between rcd1, xlpra2, erd and xlpra1 mutants compared to normal at different ages.

DE genes FC rcd1 vs. normal FC xlpra2 vs. normal FC erd vs. normal FC xlpral vs. normal
3 wks 3 wks
IL1R1 2.0 n.s.*
IL18 2.2 n.s.
CXCL8 2.7 n.s.
5 wks 5 wks
IL1R1 3.1 n.s.
IL1R2 2.4 n.s.
IL18 2.2 n.s.
CXCL8 -2.0 n.s.
7 wks 7 wks
NLRP3 3.9 n.s.
CASP1 2.8 n.s.
PYCARD 6.7. 21
IL1B 8.6 n.s.
IL1R1 9.0 2.7
IL1R2 2.7 n.s.
IL18 7.4 2.0
TLR4 5.2 n.s.
IRAK4 2.6 n.s.
P2RX7 2.1 n.s.
CXCL8 2.0 n.s.
CSF1R 2.4 n.s.
CD74 3.2 n.s.
16 wks 16 wks 9.6-12 wks 16 wks
NLRP3 8.3 4.7 2.0 n.s.
CASP1 14.4 13.7 2.6 n.s.
PYCARD 10.3 3.9 2.6 n.s.
IL1B 5.6 n.s. n.s. 55.7
IL1R1 10.3 3.5 4.2 n.s.
IL1R2 8.4 n.s. n.s. n.s.
IL18 12.8 5.6 2.5 n.s.
IL18R1 114 10.1 2.6 n.s.
TLR4 5.4 2.7 2.0 15.2
MYD88 3.3 2.0 n.s. n.s.
IRAK4 5.2 6.3 n.s. n.s.
P2RX7 2.4 n.s. n.s. 2.5
CXCL8 3.7 n.s. -3.6 n.s.
SYK n.s. 2.7 n.s. n.s.
CSF1R 4.4 3.9 n.s. 2.4
CD200R 4.2 4.2 n.s. n.s.
CD74 10.8 4.9 n.s. n.s.
Notes:

*n.s. = not statistically significant

https://doi.org/10.1371/journal.pone.0177224.t001
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specifically, mRNA levels of ILIRI, IL18 and PYCARD were slightly elevated at 7 wks, and at
16 wks these three genes as well as NLRP3, CASP1 and IL18RI were significantly upregulated.
The same six genes were upregulated in erd retinas between 9.6 wks and 12 wks of age (execu-
tion phase), with a maximal 4.2-fold increase for ILIRI, while IL1B and ILIR2 were not differ-
entially expressed.

Next, we examined the expression of a group of genes involved in inflammasome activation
(P2RX7, SYK, TLR4) [5], and common components of IL1B, IL18 and TLR4 pathways
(MYD88, IRAK4 and TRAF6). TRAF6 was not differentially expressed in any early-onset dis-
ease models. However, in rcd1, we found TLR4, IRAK4 and P2RX7 were increasingly upregu-
lated at 7 wks (execution) and 16 wks (chronic cell death), with an overall 5.4-fold increase in
TLR4 at 16 wks. Also MYD88 was upregulated in rcd1 (3.3-fold) but only at 16 wks. In xIpra2,
four genes (SYK, TLR4, MYD88 and IRAK4) were upregulated only at 16 wks (chronic cell
death), with a maximum 6.3-fold increase in IRAK4. Of six genes analyzed in erd (9.6-12 wks,
execution phase), only TLR4 gene expression was upregulated by 2.0-fold.

Lastly, we evaluated expression level of the remaining subset of nine genes that mediate
pro-inflammatory immune response, including CXCL8, TXNIP, PTGES, CD74, CSFIR,
CD200R, VEGFA, FLT1 and KDR. TXNIP, PTGES, VEGFA and its two receptors (FLT1 and
KDR) were not differentially expressed in any of the three models, suggesting low functional
role of the VEGF (angiogenesis pathway) or prostaglandin E (acute inflammatory response)
pathways in pathogenesis of retinal degeneration. The remaining three genes that are involved
in microglia/macrophages activation and survival, CXCL8, CD74 and CSFIR, were only slightly
upregulated in rcd1 at 7 wks (execution), but, along with CD200R, were prominently upregu-
lated at 16 wks (chronic cell death) with an overall maximal 10.8-fold increase for CD74. Nota-
bly, in rcd1 the chemokine gene CXCL8 was downregulated at 3 and 5 wks. On the other hand,
expression of these three genes in xlpra2 was elevated only at 16 wks, while the rest of the
genes examined were unchanged. Lastly, in erd, just one out of nine analyzed genes (CXCL8)
was differentially expressed, but in this case the expression was decreased by 3.6-fold.

Gene expression changes in late-onset disease. The same set of 23 genes was analyzed in
the late-onset xlpral (Table 1 and S4 Table). In pre-degenerate mutant retinas at 16 weeks of
age, a time when the retina is structurally normal [36] but rod opsin is mislocalized [44], we
observed strong upregulation of IL1B and TLR4 along with more subtle expression increases
for P2RX7 and CSFIR. There were no differences in expression of the remaining 19 genes.
Because of the magnitude of IL1B and TLR4 upregulation, we increased the sample size from
three to six to verify our results. This analysis confirmed the initial findings and showed that
IL1B and TLR4 were upregulated by 55.7-fold and 15.2- fold, respectively. Finally, since the
mRNA levels of the pro-inflammatory cytokines TNF and IL6 has been previously reported to
be elevated in early-onset rcdl, xlpra2 and erd [37], we also examined mRNA levels of TNF
and IL6 in late-onset xlpral, and found them unchanged.

Together, these findings suggest prompt initiation and sustained increase in host immune
response via activation of broad range of pro-inflammatory genes expression along the time-
line of photoreceptor death in all early onset RD models. In terms of magnitude of differential
expression of pro-inflammatory genes at the peak of photoreceptors death erd occupies inter-
mediate position between rcdl and xlpra2. In contrast, in late-onset xlpral, strong upregula-
tion of several pro-inflammatory genes long precedes the onset of photoreceptor degeneration.

Inflammatory protein expression in RD models

Early- and late-onset diseases. Western blot analysis: immune response gene expression
is tightly regulated at transcriptional and translational levels, but there can be a poor
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correlation between mRNA expression and the abundance of its encoded protein [51,52]. It is
thought that control of gene expression, mRNA stability and protein translation all act in con-
cert to fine-tune and modulate the initiation, duration and magnitude of the innate immunity
inflammatory response [52]. To examine whether the increased transcription of the inflamma-
tory genes resulted in a concomitant increase in protein expression and activation of the
inflammasome multiprotein complex in the studied disease models, we next determined the
relative amounts of 11 proteins (CASP1, NLRP3, PYCARD, IL1B, IL1R1, IL18, IL18R1,
MYD88, IRAK4, TLR4 and CSF1R) in rcd1 and in xlpra2 retinas at 7 and 16 wks, in erd retinas
at 8 and 12 wks, and in xlpral retinas at 16 wks using western blot analysis (Figs 2 and 3).

Despite the observed increases in gene expression, the variations in protein expression were
not statistically significant for CASP1, NLRP3, IL1B-precursor, ILIR1, TLR4 and CSFIR in
any of the four disease models. However, several other proteins were differentially expressed
in early-onset models, rcd1 and xlpra2. In rcd1 we observed a 4.1-fold increase in PYCARD
protein levels accompanied by an increase in the mature form of IL1B (17 KDa) at 16 wks,
indicative of inflammasome-dependent caspase-1 activation. The protein expression levels of
MYD88, IRAK4 and IL18-precursor (48 KDa homodimer [53]) were drastically decreased in
rcdl, while mature 18 KDa IL18 was not detected at all.

In xlpra2, we found increased PYCARD levels at 7 (2.3-fold) and 16 wks (2.7-fold), while
the mature IL1B was upregulated only at 7 wks. The IL18-precursor was downregulated by
3.3-fold at 7 wks but returned to normal control level at 16 wks. The variations in MYD8S8,
IRAK4 expression were not significant at either 7 wks or 16 wks, while mature IL18 was again
undetectable, similar to what was found in rcd1. There was no apparent change in protein
expression in erd at 12 wks, or in late-onset xlpral at 16 wks. However, the IL18-precursor was
significantly decreased in erd at the earlier time point studied, similar to what was observed in
rcdl and xlpra2.

Immunohistochemical characterization: we first characterized the severity of retinal
inflammation in the early onset RD models by analyzing the expression pattern of several
proteins involved in the inflammatory response in normal and mutant retinas. First, we
examined expression of the allograft inflammatory factor-1, also known as IBA1, a micro-
glia/macrophage marker that is upregulated during the activation of these cells [54]. Analysis
of IBA1 labeling in rcd1 and xlpra2 showed significant upregulation of this microglia marker
from 7 wks onwards (Fig 4A1-4A3 and 4C1-4C3) but not in erd at 8 and 14.1 wks (Fig 4A4
and 4C4). Inflammasome component PYCARD immunolabeling showed significant overlap
with MHC class II expression by beta2 integrin (CD18) (immune surveillance marker)
expression patterns, but the protein also was present in CD18 negative microglia, mostly in
the inner retina. PYCARD immunolabeling was visibly increased in rcd1 and xlpra2 at 16
wks compared to 7 wks (Fig 4D1-4D3). The intensity of PYCARD labeling in erd at 8 and
14.1 wks was not changed and remained close to normal (Fig 4B4 and 4D4). In addition, we
have observed microglia/macrophage migration toward the outer retinal layers and
increased numbers of IBA"/CD18" cells as early as at 3 wks in rcd1 and at 5 wks in xlpra2 (S1
Fig). In contrast to rcd1 and xlpra2, where active migration of retinal microglia was first
noticeable prior to the peak of photoreceptors cell death and continued thereafter at all stud-
ied ages in disease retina, in erd no increase in microglia migration was detected neither at 8
wks nor at 14.1 wks of age. These findings clearly demonstrate that the immune response is
initiated early during the induction phases of retinal degeneration in both rcd1 and xlpra2
models. As expected, migration and activation of retinal microglia positively correlate with
thinning of ONL in these two diseases. Conversely, intraretinal migration and activation of
microglia were noticeably absent in erd at 14.1 wks, a time when the thickness of the ONL is
still normal [33].
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Fig 2. Western blot analysis of pro-inflammatory (A) and histone acetylation proteins (B) in study
models of retinal degeneration. (A) Representative western immunoblot was performed for the expression
of 11 proteins involved in pro-inflammatory signaling in total retinal protein extracts for normal and mutant
retinas at 7 wks (rcd1, xlpra2), 8 wks (erd), 12 wks (erd), and 16 wks (rcd1, xlpra2, xlpra1). The following
proteins were analyzed: inflammasome components (CASP1, NLRP3 and PYCARD), inflammasome
substrates (IL1B and IL18) and their receptors (IL1R1 and IL18R1), inflammasome receptor (TLR4), common
components of IL1B-, IL18- and TLR4-pathways (MYD88 and IRAK4) and macrophages expressing protein
(CSF1R). (B) Level of histone acetylation in retinal protein extracts from the same four disease models was
evaluated with acetylated-Lysine and acetyl-Histone H3 antibodies at the indicated time points.

https://doi.org/10.1371/journal.pone.0177224.9002

We next characterized the retinal response to disease by comparing expression pattern of
microglial markers IBA1 and CD18, PYCARD, TNF (a well-known master regulator of apo-
ptosis and necroptosis) and TLR4 (a sensor for a danger signal that alert the immune system to
tissue) in the late-onset xlpral disease model (Fig 5B1-5B4). As noted previously,
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Fig 3. Protein quantification in retinas of rcd1 (A), xlpra2 (B), erd (C) and xIpra1 (D) models. Quantification of pro-
inflammatory proteins on western blots (Fig 2A) normalized against the corresponding housekeeping protein (ACTB) was
done using Li-COR Odyssey Fc and represented as fold-changes compared to the normal tissue values. Differences in
relative fluorescence (Y-axis) for the proteins analyzed (X-axis) show CASP1, NLRP3, IL1B-precursor, IL1R1, TLR4 and
CSF1Rin disease (rcd1, xlpra2, erd, xlpra1) were similar to normal levels at all ages. In contrast, two proteins were
increased over normal levels: mature ILIB-17 KDa (7 wks xlpra2, 16 wks rcd1) and PYCARD (7 wks xlpra2, 16 wks xlpra2,
16 wks rcd1). Moreover, three proteins were below normal levels: MYD88 (7 wks rcd1, 16 wks rcd1), IRAK4 (7 wks rcd1,
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16 wks rcd1) and IL18-precursor (7 wks rcd1, 16 wks rcd1, 8 wks erd, 7 wks xlpra2). * indicates significance level 5%
(p<0.05).

https://doi.org/10.1371/journal.pone.0177224.9003

photoreceptor degeneration begins after 11-18 months of age, and shows remarkable variabil-
ity in disease progression although the factor(s) determining this variability are unknown
[43,55]. To investigate the pathogenic process that accompanies xlpral, we used retinas with
established disease, and examined the expression patterns of these proteins as well as their
colocalization to various cell types in retinas with different degrees of disease severity [36,43].
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Fig 4. Retinal localization of selected pro-inflammatory proteins in early-onset disease models. Immunolabeling of normal and early-
onset disease (rcd1, erd, xlpra2) retinas at various ages using IBA1, PYCARD and CD18 antibodies. IBA1 (red) labeling, a well-known
marker of reactive microglia, increases in rcd1 and xlpra2 at 7 and 16 wks (A2, A3, C2, C3) when compared to normal control (A1, C1),
suggesting microglial activation. IBA* cells demonstrate migration of microglia from inner retina towards the outer retinal layers of rcd1 (A2,
C2) and xIpra2 (A3, C3) at all ages tested. Additionally, double immunolabeling of the same retinal samples were also done with microglia/
macrophage marker CD18 (green) and the inflammasome component PYCARD (red) antibodies. PYCARD is expressed primarily in CD18*
positive cells, as shown by labeling overlapping (B2-B4, D2-D4) thus demonstrating inflammasome component expression specifically in
retinal microglia, albeit in two distinct subpopulations; CD18*/PYCARD" (yellow; arrow) and CD18/PYCARD" (red; arrowhead) cells.
PYCARD expression is observed at all studied ages in diseased (B2-B4, D2-D4) and normal (B1, D1) retinas, and is significantly
upregulated in rcd1 and xIpra2, especially at 16 wks of age. Conversely, IBA1 staining in erd retinas at 8 wks (A4) and 14.1 wks (C4) do not
significantly change when compared to normal (A1, C1) indicating no additional microglial activation is occurring. Similarly, PYCARD/CD18
staining in erd at 8 and 14.1 wks remains the same as normal retinas. Although two subpopulations of CD18/PYCARD cells are also
observed in erd retinas, increase in microglia migration to the outer retina layers as seen in rcd1 and xlpra2 was noticeably absent.

ONL = outer nuclear layer; OPL = outer plexiform layer; INL = inner nuclear layer; GCL = ganglion cells layer. Scale bar 40 um.

https://doi.org/10.1371/journal.pone.0177224.9004
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Fig 5. Retinal localization of pro-inflammatory proteins in late-onset xIpra1-affected retinas with different disease severity
phenotypes. Immunolabeling of normal and late-onset disease (xlpra1) retinas with Mild, Moderate and Severe phenotypes was done using
IBA1, CD18, PYCARD, TNF and TLR4 antibodies. Double immunolabeling with microglial markers CD18 (green) and IBA1 (red) antibodies
was done (A1-A4) to describe the phagocytes response characterized by their morphological changes and intraretinal migration. IBA1 and
CD18 show significant co-localization in xlpra1 retinas displaying a well-developed disease phenotype that includes reduction of ONL
(A2-A4). Both IBA1 and CD18 immunolabeling are robustly upregulated in disease retinas although highest expression is seen in Moderate
severity. Double staining (A1-A4) of IBA1 and CD18 shows three subpopulation of phagocytes are seen in xlpra1 retina: CD18*/IBA1*
(yellow), CD18%/IBA1" (green) and CD187/IBA1* (red). Additionally, aggressive invasion of retinal layers by activated microglia/macrophages
(arrowhead) is noticeable (A2-A4), particularly at Mild stage. Double immunolabeling of CD18 (green) with PYCARD (red) antibodies
(B1-B4) shows PYCARD expression in CD18" positive cells (yellow), with upregulation of both proteins in affected retinas. Robust infiltration
of ONL by activated microglia/macrophages (B2) is very prominent in Mild stage (arrow). TNF labeling in normal and diseased retinas
(C1-C4) shows TNF present in all retinal layers following the same pattern at all disease stages analyzed, however in Mild disease labeling
signal was highest while intensity decreases as disease progresses. TLR4 labeling is present in all layers of normal and diseased retinas
with labeling higher in Severe phenotype. PR = photoreceptors; ONL = outer nuclear layer; OPL = outer plexiform layer; INL = inner nuclear
layer; IPL = inner plexiform layer; GCL = ganglion cells layer. Scale bar 40 pm.

https://doi.org/10.1371/journal.pone.0177224.9005

Notably, IBA1 labeling is increased in xlpral, and this increase is associated with pheno-
type severity (Fig 5A1-5A4). In agreement with previously reported observations of substan-
tial heterogeneity in retinal population of resident microglia/macrophages characterized by
their differences in morphology, antigen expression and distribution [56,57], double staining
for IBA1 and CD18 showed three sub-populations of cells expressing IBA1, CD18 or both
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proteins (Fig 5A1-5A4). However, the proportion of IBA1*/CD18" cells was increased in
retinas with a more severe disease phenotype compared to normal. Notably, in xlpral,
immunolabeling of IBA1 revealed that photoreceptor degeneration induced a massive
response in phagocytes that was characterized by distinct morphological changes and intrar-
etinal migration.

Immunolabeling with PYCARD showed increased expression of this protein in mutant reti-
nas compared to normal, and double labeling with PYCARD and CD18 identified PYCARD
expression in microglia/macrophages cells at all disease phases (Fig 5B1-5B4). Similar to the
previously published data in red1, xlpra2 and erd [37], TNF labeling was most intense in the
Mild phenotype, and gradually decreased with disease severity characterized by severe photo-
receptor loss (Fig 5C1-5C4). Such pattern of TNF labeling differs previous observations in
rcdl and xlpra2 [37] which showed increased TNF immunolabeling with disease progression.

As it’s seen on (Fig 5D1-5D4) TLR4 localization and staining intensity was similar in nor-
mal and xlpral retinas with Mild and Moderate disease phenotype, however, more intense dis-
tribution and expression of the TLR4 labeling was observed in the Severe phenotype. TLR4 was
detected in inner retina, inner nuclear layer, outer plexiform layer, and at a lower level in RPE.
Rod opsin mislocalization manifests long before any structural changes appear in xlpral, and
can be detected as early as 20 wks of age [44]. We took advantage of the patchy retinal degener-
ation that occurs in heterozygous carrier females to determine if diseased retinal patches, evi-
dent by areas of rod opsin mislocalization, were associated with signs of macrophage/
monocyte infiltration. We observed redistribution of CD18" cells from inner toward outer ret-
inal layers in xlpral carriers (S2 Fig), and CD18" cells concentrated in areas of rod opsin mis-
localization, suggesting that this is an early retinal response to the disease (52 Fig).

Expression profiles of neuroprotective and anti-inflammatory genes

The overall effect of the immune response in diseased retina is determined by the balance of
pro-inflammatory and anti-inflammatory/neuroprotective factors. To this end, we examined
expression of a subset of selected genes involved in anti-inflammatory response and neuropro-
tection. The expression levels of 21 genes were evaluated in the four RD models, and the results
are presented in Table 2 and S5 Table. The panel was composed of a subset of genes encoding
neurotrophic factors and their receptors (MANF, LIF, FGFR1, CNTFR, NTRK2, NTRK3 and
IGF1), regulators of cells proliferation, differentiation and growth (TGFBI, TGFB2, PDGFA,
PDGFB, PDGFRA and PDGFRB), anti-inflammatory factors (IL4, IL13, CX3CL1, CX3CRI,
EGF and EGFR) and inhibitors of IL1B and IL18 signaling (ILIRN and IL18BP, respectively). It
should be noted that while we placed EGF and EGFR into the anti-inflammatory group, EGF/
EGFR-signaling may act as either anti-inflammatory or pro-inflammatory, depending upon
the local tissue conditions [58,59].

The expression of ten genes (IL18BP, PDGFB, PDGFRA, CNTFR, MANF, TGFB2,IL13,
NTRK2, NTRK3 and IGFI) remained similar to normal in all four diseases. The remaining
eleven genes (Table 2) were upregulated in rcd1 at 16 wks, with an overall maximal 20.6-fold
increase in expression of the IL1B antagonist gene, ILIRN. In rcdl, the expression of five genes
(CX3CLI, LIF, IL4, EGF, and EGFR) was elevated at 7 wks, while LIF was also upregulated as
early as at 5 wks. Similar to rcd1, ILIRN, CX3CL1, LIF, TGFBI and EGFR were upregulated in
xlpra2 at 16 wks, while LIF was increased at 7 wks. In erd, ILIRN, TGFBI and two of PDGF
pathway genes (PDGFA and PDGFRB) exhibited mild to moderate upregulation at 9.6-12 wks.

The same set of genes was analyzed at 16 wks late-onset xlpral, a pre-degeneration time
point. Of 21 genes examined, only three genes studied showed significant differences in
expression. Of these three, PDGFRB was significantly downregulated by 2.1 folds, whereas LIF
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Table 2. Comparative analysis of differentially expressed genes in study models: Neuroprotective and anti-inflammatory group. DE genes between
rcd1, xlpra2, erd and xlpra1 mutants compared to normal at different ages.

DE genes

LIF

CX3CR1
LIF
IL4

EGF
EGFR

IL1RN
CX3CL1
CX3CR1

PDGFA
PDGFRB
LIF
TGFB1
IL4
EGF

EGFR

FGFR1

FGF2

https://doi.org/10.1371/journal.pone.0177224.t1002

FC rcd1 vs. normal FC xlpra2 vs. normal FC erd vs. normal FC xlpral vs. normal

5wks 5 wks
6.1 n.s.

7 wks 7 wks
2.1 n.s.
291 5.0
2.4 n.s.
2.6 n.s.
3.4 n.s.

16 wks 16 wks 9.6-12 wks 16 wks
20.6 10.8 2.0 n.s.
2.9 n.s. n.s. n.s.
11.4 4.2 n.s. n.s.
2.4 n.s. 4.9 n.s.
3.8 n.s. 2.0 -2.1
8.7 17.4 n.s. 3.0
3.7 4.5 2.8 n.s.
2.1 n.s. n.s. 14.9
2.8 n.s. n.s. n.s.
9.0 2.6 n.s. n.s.
6.1 n.s. n.s. n.s.

3.9

and IL4 were elevated, with IL4 being the highest 14.9-fold increase. Also, two additional
genes, anti-inflammatory cytokine IL10 and neuroprotective factor FGF2, were analyzed in
xlpral. These two genes were previously studied in rcdl, erd and xlpra2 [37], though never in
xlpral. In this study we found IL10 expression remained close to normal, but FGF2 expression
was upregulated by 3.9-fold.

Altogether, our results point to an active dynamic interaction between pro- and anti-
inflammatory/neuroprotective pathways in all RD models. However, there is a common ten-
dency for a delayed anti-inflammatory/neuroprotective response following initiation of the
pro-inflammatory gene expression in all early-onset RD models. In contrast, there appears to
be a prompt initiation of anti-inflammatory/neuroprotective response in the early phases of
the disease in late-onset xlpral, long before there are any significant structural alterations or
photoreceptor cell death. This results in a more balanced dynamic regulation between pro-
inflammatory and anti-inflammatory/neuroprotective genes in late-onset xlpral.

Expression of Histone deacetylases and acetyltransferases in RD
models

Several studies have related the response of activated immune cells to histone modifications of
specific inflammatory genes [42,60-62]. In this study, we examined the expression profiles in
the four disease models of a representative subset of HDACs and HATs by comparing mRNA
transcripts levels of nine HDAC:s of class I (HDAC1, HDAC2 and HDACS3), class II (HDAC4,
HDACS5, HDAC6 and HDACY) and class III (SIRT1 and SIRT2) as well as four HATs (KAT21,
EP300, CREBBP and TAF1). Results are shown in the S6 Table. In addition, we evaluated the
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level of histone acetylation in all four retinal disease models by western blot analysis using anti-
bodies against acetylated-Lysine and acetyl-Histone H3.

In early-onset diseases, there were no significant changes in mRNA expression levels; out of
total nine HDAC genes, only HDAC4 and HDAC5 were mildly downregulated in xlpra2 at
7wks, and HDAC9 was mildly downregulated in erd at 9.6-12 wks. Of the 13 genes analyzed,
only EP300 was downregulated by 2.0-fold in late-onset xIpral.

Western analysis with acetylated-Lysine antibody detected ~17 KDa and ~14 KDa bands
that corresponded to the reported molecular weight of different histones (Figs 2B and 6). Inter-
estingly, there was a unique pattern of intensity of 17 KDa and 14 KDa bands that was specific
to each disease. For instance, the intensity of both 17 KDa and 14 KDa bands was significantly
reduced in rcd1 at 7 wks but remained close to levels detected in normal retinas at 16 wks. In
xlpra2, the intensity of the 17 KDa band was highly increased in 7 and 16 wks, while the 14
KDa band was decreased ~10 fold at 7 wks and remained close to normal at 16 wks. In erd, the
17 KDa band was upregulated at 8 and 12 wks but the intensity of the 14 KDa band remained
close to normal. For comparison, the intensity of the 17 KDa band also was upregulated in
xlpral at 16 wks, and the intensity of the 14 KDa band remained close to the level in normal
retina. Finally, western blots with the acetyl-Histone H3 specific antibody showed clear upre-
gulation of the acetylated histones H3 (detects a band of approximately 17 KDa (predicted
molecular weight: 15 KDa)) at 16 wks in xlpra2, but no detectable changes in the acetylated H3
in other RD retinas (Fig 2B).

Discussion

In this study we expand on our previous work [37] that examined the role of pro-apoptotic
pathways in three early-onset canine models of retinal degeneration (rcdl, xlpra2 and erd).
Here we focus on the broad nature of immune response along the time line of retinal degener-
ation (RD) in the same three early-onset models as well as in late-onset xlpral. To characterize
immune response in these four RD models, we have analyzed expression of a subset of key
pro-inflammatory and anti-inflammatory/neuroprotective genes (Fig 1, S1 Table). We have
also examined the protein expression of these genes as well as the potential activation of the
inflammasome multiprotein complex.

In the early-onset models we found an upregulation of pro-inflammatory genes already
begins at the induction and execution phases of RD. These genes include NLRP3 inflamma-
some components (NLRP3, PYCARD and CASP1I), as well as the caspase-1-dependent pro-
inflammatory cytokines (IL1B and IL18) and their receptors. Expression of common compo-
nents of IL1B-, IL18- and TLR4- signaling pathways, e.g. MYD88, IRAK4 and TRAFS, are also
elevated. The observed upregulation takes place at various time points specific to the RD
model, and it is in line with the morphological changes and time course of the photoreceptor
cell death [33,37,45,46].

As expected for highly dynamic processes, gene expression and protein levels do not always
correlate. Indeed, gene expression in immune cells is tightly regulated at both transcriptional
and post-transcriptional levels to insure both rapid induction of the immune response and its
timely shutdown to avoid excessive tissue damage. This notion has been highlighted in a recent
study of translational regulation in the early phase of the macrophage response that showed
quick translational activation of many feedback inhibitors of the inflammatory response,
including NF-kB, a p38 MAPK antagonist and post-transcriptional suppressors of cytokine
expression [63]. Therefore, we also focused on the protein levels of several pro-inflammatory
and anti-inflammatory/neuroprotective genes and also determined the cell types in which they
were expressed.
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Fig 6. Quantification of histone acetylation level in red1, xlpra2, erd and xIpra1 retinas. Quantification of histone acetylation on
western blots (Fig 2B) normalized against the corresponding housekeeping protein (ACTB) was done using Li-COR Odyssey Fc and
represented as fold-changes compared to the normal tissue values. Differences in relative fluorescence (Y-axis) for the proteins analyzed
(X-axis) show 14 KDa-Acetyl-Lysine levels decrease in rcd1 and xIpra2 at 7 wks but remain the same as normal in all other samples. 17
KDa-Acetyl-Lysine was increased in all samples except in 7 wks rcd1 (decreased) and 16 wks rcd1 (same as normal). In contrast, acetylated
H3 histone shows mostly unchanged pattern, except in 16 wks xlpra2 where it was increased. * indicates significance level 5% (p<0.05).

https://doi.org/10.1371/journal.pone.0177224.g006
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The secretion of pro-inflammatory IL1B and IL18 is an important part of the innate
immune response [64-66] which, if left unregulated, may cause damage to host tissues and
even cause host-cell death. Therefore, protein expression and secretion of these cytokines are
tightly regulated to ensure that potent inflammatory response occurs only in the presence of a
bona fide stimulus [67-69]. To evaluate putative roles of IL1B and IL18 pathways in the disease
progression we examined production of mature IL1B and IL18 in retinal protein extracts in
early-onset diseases by western blot analysis. While we were not able to detect mature IL18 in
any of the models, we observed an increase in mature IL1B levels in rcdl at 16 wks and in
xlpra2 at 7 wks, an indication of caspase-1 activation during disease progression. These find-
ings point to different mechanisms that control production and secretion of IL18 and IL1B
cytokines in diseased retinas, and implicate importance of the IL1B pathway in the early-phase
neuro-inflammatory responses in rcd1 and xlpra2 retinas.

Our results suggests that there is a bias toward the inflammatory M1 phenotype inside
mixed microglia/macrophage population in early-onset diseases, particularly in rcd1 and
xlpra2. This suggestion is indirectly supported by our previous results that showed upregula-
tion of miR-155 in these diseases [70] as this microRNA is known to play an essential role in
driving the M1 inflammatory phenotype [71]. Notably, double staining with PYCARD and
CD18 identified microglia and infiltrating macrophages as the source of the inflammasome
expression suggesting that the degenerating visual cells activate the inflammasome resulting in
IL1B secretion and enhancing the degenerative process. In addition, activated IBA1" micro-
glia/macrophages invaded outer retinal layers in all diseased rcd1 and xlpra2 retinas (Figs 4
and 5). As our data indicate that microglia express inflammasome components, we postulate
that damage-associated molecular patterns released during dysregulated retinal homeostasis
initiate and perpetuate retinal glial cells response that further drives disease progression.
Together, our results are consistent with published data indicating that secretion of IL1B by
microglia in rd10 mice facilitates photoreceptor cell death [16].

In contrast to early-onset disease models, in late-onset xlpral, we observed initiation of the
immune response as early as at 16 wks, long before the time when the earliest structural changes
and photoreceptor degeneration become apparent [36]. Such finding was not unexpected as we
previously have found significant upregulation of GFAP transcript and protein levels in the same
retinas, suggesting a disturbance in retinal homeostasis in the early phases of the disease [43]. It
is possible that the early rod opsin mislocalization [44] induces release of inflammatory media-
tors that serve as an early initiation signal to the immune system. Indeed, we have identified
early reactivity of retinal microglia in pre-degenerate retinas, supported by microglia redistribu-
tion from inner toward outer retinal layers (S1 Fig). However, dramatic increase in expression of
IL1B and TLR4 in xlpral in pre-degenerate retinas was not accompanied by upregulation of nei-
ther IL18 nor any other components of IL1B and IL18 pathways. Future studies will be directed
at identifying still other key genes and pathways to clarify the pathogenesis of xlpral.

Inflammation, as a physiological response to tissue injury, should be resolved in a timely
manner through the induction of endogenous anti-inflammatory mediators to minimize its
deleterious consequences. In the present study, we examined the potential resolution of
inflammation in early-onset diseases by analyzing the expression of 21 genes involved in anti-
inflammatory and neuroprotective response. We found that the expression of most of these
genes is similar to normal in 3 wks, 5 wks and 7 wks in both rcdland xlpra2 models as well as
in erd at 9.6-12 wks retinas.

We then focused on a subset of genes capable of moderating microglia/macrophage-medi-
ated immune response, such as IL4, IL13, CX3CL1, MANF, TGFBI and TGFB2. A similar
increase in TGFBI expression was present in rcd1 and xlpra2 at 16 wks, and in erd at 9.6-12
wks. Also, IL4 was slightly upregulated in rcdl at 7 and 16 wks, and CX3CLI was increased in
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rcdl at 16 wks. However, upregulated gene expression of these moderating cytokines, did not
appear to be sufficient to counteract expression of the pro-inflammatory genes (this study and
[37]), and was not able to prevent apoptotic death of photoreceptors (previous study [37]),
although it may have played a role in moderating early onset disease process.

In contrast, the early rise in expression of IL4 and FGF2 in the pre-diseased xlpral retinas
may manifest more efficient counterbalancing act between pro- and anti-inflammatory cyto-
kines potentially responsible for the slow disease progression and prolonged visual cell survival
in xlpral.

Lastly, we examined the expression of a subset of genes encoding HDACs and HATs in a pilot
analysis to determine if changes in the level of histone acetylation in canine retinal disease models
are associated with altered expression of immune response genes. Histone acetylation and deace-
tylation play critical roles in the control of pro-inflammatory gene transcription by regulating the
access of transcription factors to pro-inflammatory gene promoters. Disruption of the acetyla-
tion/deacetylation balance may lead to sustained transcription of pro-inflammatory genes con-
trolled by NF-kB and AP-1, resulting in increased influx of activated microglia/macrophages to
already inflamed tissue and potentially creating the chronic cycle of inflammation that is the hall-
mark of neurodegenerative diseases [62]. While we detected only a mild decrease in expression
of a small subset of HDAC genes in early-onset xlpra2 and erd, we have observed variable inten-
sity of 17 KDa and 14 KDa bands that correspond to the molecular weight of histones in all four
disease models. Western blot analysis with acetylated-Lysine antibody shows a misbalance in
total histone acetylation level that is accompanied by expression changes of in immune response
genes. Future studies will address the physiological significance of this important observation.

In summary, analyses of the inflammatory response in the current study allows us to re-
interpret conclusions drawn based on characterization of pro-apoptotic pathways in our previ-
ous study [37]. Fast developing host immune response in rcd1 and xlpra2, as evaluated by
upregulation of expression of pro-inflammatory genes, intraretinal migration and activation of
microglia as well as secretion of mature IL1B, indicate timely shift from apoptotic to necropto-
tic and/or caspase-1 dependent cell death pathways for degenerating photoreceptors. In con-
trast, in erd, a fairly strong pro-inflammatory response at the peak of photoreceptors death
was not accompanied by neither increase in intraretinal migration and activation of microglia
nor by secretion of mature IL1B pointing out to possibility of secondary necrosis of apoptotic
photoreceptors due to deficiency in clearance of apoptotic cells by resident microglia.

In comparison to early onset models, in late-onset xlpral the pro-inflammatory genes acti-
vated long before development of the disease phenotype are promptly counterbalanced by an
adequate anti-inflammatory response. An intricate balance between pro- and anti-inflamma-
tory factors may be the underlying cause of delayed progression in xlpral disease. However
further studies are required to clarify the exact mechanism underlying progression of retinal
degeneration in xlpral.

Our studies further suggest that anti-inflammatory therapeutic intervention may be consid-
ered to moderate the inflammatory process that accompanies some of the inherited retinal
degenerations.

Supporting information

S1 Fig. Double immunolabeling with CD18 and IBAlantibodies in rcd1 and xlpra2 at 3
wks (A1-A3) and at 5 wks (B1-B3). Immunolabeling of younger (3 wks, 5wks) normal and
disease (rcdl, xlpra2) retina was done using CD18 (green) and IBA1 (red) antibodies. CD18
and IBA1 labeling is evident in normal, rcd1 and xlpra2 at all ages studied however labeling is
more prominent in disease retinas, especially as disease progresses. CD18 and IBA1 co-localize
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in both redl (A2, B2) and xlpra2 (A3, B3), yet, distribution of labeling varies among ages and
diseases. At 3 wks age, prior to the reported peak of cell death for rcd1 (5 wks) and xlpra2 (6
wks), redistribution of immunolabeled cells towards upper layers is evident, nevertheless,
intensity is higher in rcd1 (A2), whereas number of migrating cells in upper layers is higher in
xlpra2. Furthermore, the distribution of 3 subpopulations of immunolabeled cells differs
between diseases. In rcd1 most CD18¥/IBA1" cells (yellow) is located in IPL and GCL (A2)
whereas xlpra2 shows CD18"/IBA1" in the OPL as well (A3). Interestingly, CD18 /IBA1" cells
(red) are more prominent in OPL and INL (arrow) of xlpra2 (A3). At the peak of cell death (5
wks), CD18" and IBA1™ cells number is more abundant than at 3wks of age, and they are pres-
ent in IPL, INL and OPL (B2 and B3). At 5 wks, CD18/IBA1" cells (red) are present in OPL
and INL in both diseases. Notes: ONL = outer nuclear layer; OPL = outer plexiform layer;
INL = inner nuclear layer; GCL = ganglion cells layer. Scale bar 40 pum.

(TIF)

S2 Fig. Immunohistochemical analysis of xlpral pre-degenerate carrier retina. Immunola-
beling of normal and pre-degenerate carrier (xlpral) retinas was done using rod opsin,
PYCARD and CD18 antibodies. Immunolabeling with microglia/macrophage marker CD18
(green) antibody demonstrate migration of CD18™ cells toward upper retinal layers in xlpral
carrier (A2, B2) in comparison with normal retina (A1, B1). In contrast, PYCARD intensity in
carrier xlpral (A2) remains similar to normal retina of similar age (A1), however, carrier
xlpral contain increased CD18"/PYCARD" cell density (A2). Double immunolabeling with
CD18 (green) and rod opsin (red) antibodies shows an increased density of CD18" cells in
proximity to the patches of rod opsin delocalization (B2) in carrier xlpral, which represent the
mutant region in the retina (arrows). The delocalization is visualized best without DAPI.
Notes: ONL = outer nuclear layer. Scale bar 40 pm.

(TIF)

S1 Table. List of genes tested by qRT-PCR. Genes are divided into three groups: (1) pro-
inflammatory immune response; (2) neuroprotective and anti-inflammatory; (3) histone dea-

cetylases and histone acetyltransferases.
(DOCX)

S2 Table. List of primary antibodies successfully used in the current study.
(DOCX)

S3 Table. List of primary antibodies that were tested but failed to detect by IHC or western
blot the canine specific antigen.
(DOCX)

S$4 Table. Non-differentially expressed genes in study models: Pro-inflammatory immune
response group. Results show fold changes that did not reach statistical significance between
rcdl, xlpra2, erd and xlpral mutants compared to normal at different ages.

(DOCX)

S5 Table. Non-differentially expressed genes in study models: Neuroprotective and anti-
inflammatory group.
(DOCX)

S6 Table. Comparative analysis of gene expression in study models: Histone deacetylases
and histone acetyltransferases group. Differentially expressed genes (p<0.05 and FC>+/-2)
are marked in red.

(DOCX)
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