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Inflammation and outer blood-retina barrier (BRB) compromise
following choroidal murine cytomegalovirus (MCMY) infections
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Purpose: The purpose of this study was to determine whether the blood—retina barrier is compromised by choroidal
murine cytomegalovirus (MCMV) infection, using electron microscopy.

Methods: BALB/c mice were immunosuppressed with methylprednisolone and monoclonal antibodies to CD4 and CDS.
At several time points post-MCMYV intraperitoneal inoculation, the eyes were removed and analyzed with western blot-
ting and immunoelectron microscopy for the presence of MCMYV early antigen (EA) and the host protein RIP3. Posterior
eyecups from RIP37 and RIP3"* mice were cultured and inoculated with MCMV. At days 4, 7, and 11 post-infection,
cultures were collected and analyzed with plaque assay, immunohistochemical staining, and real-time PCR (RT-PCR).
Results: MCMV EA was observed in the nuclei of vascular endothelial cells and pericytes in the choriocapillaris.
Disruption of Bruch’s membrane was observed, especially at sites adjacent to activated platelets, and a few RPE cells
containing some enlarged vesicles were found directly beneath disrupted Bruch’s membrane. Some virus particles
were also observed in the enlarged vesicles of RPE cells. Levels of the RIP3 protein, which was observed mainly in
the RPE cells and the basement membrane of the choriocapillaris, were greatly increased following MCMV infection,
while depletion of RIP3 resulted in greatly decreased inflammasome formation, as well as expression of downstream
inflammation factors.

Conclusions: The results suggest that systemic MCMV spreads to the choroid and replicates in vascular endothelia
and pericytes of the choriocapillaris during immunosuppression. Choroidal MCMYV infection is associated with in situ

inflammation and subsequent disruption of Bruch’s membrane and the outer blood—retina barrier.

Retinitis induced by human cytomegalovirus (HCMV)
is a serious ocular complication in patients with AIDS [1-7],
and before the advent of combination antiretroviral therapy
(cART), AIDS-related HCMV retinitis resulted in vision
loss and blindness in about 30% of patients with HIV/AIDS
[1,2]. Although cART has resulted in a substantial reduction
in new cases of AIDS-related HCMYV retinitis, it remains
a considerable problem in patients with AIDS who do not
respond to or who discontinue cART therapy [3-7]. In recent
years, numerous reports have tied HCMV retinitis to patients
who are HIV-negative [8] while the occurrence of HCMV
retinitis in immunosuppressed patients who were undergoing
solid-organ or bone marrow transplantation has also been
accumulating [9,10]. Other, more recent evidence suggests
that HCMV retinitis may even occur after local ocular
immunosuppression in patients with no systemic immune
dysfunction [11-13]. Chronic HCMYV infection has also been
shown to be a novel risk factor for wet age-related macular
degeneration (AMD) [14,15].
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The study of CMV is complicated by the fact that CM Vs
are species-specific so HCMV cannot be studied in animal
models. Therefore, we and others have used murine cyto-
megalovirus (MCMV) infection of immunosuppressed mice
to investigate the mechanism of HCMV-induced retinitis
[16-31]. In the course of systemic MCMYV infection, virus
spreads to the uveal tract of the eye in immunosuppressed
mice [29-31], and although viral antigens were not detected
in the inner retina [29-31], infection of the choroid was asso-
ciated with death of terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL-positive) photoreceptors
in the overlying retina [32]. Nevertheless, it is still unclear
whether choroidal MCMYV infection induces in situ inflam-
mation and compromise of the blood—retina barrier (BRB).
Increasing evidence suggests that RIP kinases 1 and 3 are
key decision makers in cell death, inflammation, and innate
immunity against pathogens [33-35]. Production of RIP3
is greatly increased post-ocular MCMYV infection [20,36].
However, the exact roles of RIP kinases in the defense against
ocular infection remain unknown. Therefore, the aim of this
study was to determine whether the blood—retina barrier is
compromised by choroidal MCMYV infection and whether
RIP kinases promote inflammation subsequent to choroidal
MCMYV infection.
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METHODS

Cells and virus: MCMV strain K181 was originally provided
by Dr. Edward Morcarski (Emory University, Atlanta, GA).
Virus isolation and titer determination have been described
previously [37]. A fresh aliquot of virus stocks was thawed
and diluted to the appropriate concentration for each
experiment.

Antibodies: Anti-MCMYV early antigen (EA) [38] was labeled
with fluorescein isothiocyanate (FITC; Sigma-Aldrich, St.
Louis, MO) as previously described [39]. Anti-RPE65 was
kindly provided by Dr. Michael Redmond (National Eye
Institute, National Institutes of Health, Bethesda, MD).
Anti-caspase 1, antiphosphorylated NF«B (p-p65), anti-RIPI,
anti-RIP3, goat anti-rabbit immunoglobulin G horseradish
peroxidase (IgG-HRP), and goat anti-mouse IgG-HRP were
purchased from Cell Signaling Technology, Inc. (Danvers,
MA). Anti-B-actin was purchased from Sigma-Aldrich (St.
Louis, MO). Texas Red—labeled anti-rabbit IgG was obtained
from Vector Laboratories (Burlingame, CA).

Mice: Six- to eight-week-old female BALB/c mice (Taconic
Inc., Germantown, NY) were used in all in vivo experiments.
Breeding pairs of RIP3”~ mice and control C57BL/6 (RIP3"*)
were obtained from Genentech Corp (San Francisco, CA). The
mice were negative for the mutation of 7d8 as assayed with
PCR and were housed in accordance with National Institutes
of Health guidelines. The treatment of animals in this study
conformed to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and was approved by the
Institutional Animal Care and Use Committee of Augusta
University.

In vivo experimental plan: Mice were immunosuppressed by
intramuscular injection of methylprednisolone acetate (2 mg
per mouse) every 3 days and by intravenous injection of anti-
CD4 and anti-CD8 antibodies as previously described [31].
This treatment typically depletes greater than 99% of CD4*
and CD8" T cells as assayed with flow cytometry of spleno-
cytes [31]. Mice were infected with 5 x 10> PFU of MCMV
K181 or medium as control by intraperitoneal injection 1 day
following the administration of antibodies. Mice were eutha-
nized by intramuscular injection of an overdose (5.0 ml/kg)
of a mixture of 42.9 mg/ml ketamine, 8.57 mg/ml xylazine
at various times post-infection, and the eyes were removed
for analysis. In some mice, posterior eyecups (consisting of
the RPE, choroid, and sclera) were separated from the neural
retinas and further analyzed.

Posterior eyecup culture: Three- to four-week-old RIP3™~
or RIP3"* mice were euthanized as described above, and
the eyes were harvested. Following removal of muscle,

© 2018 Molecular Vision

connective tissue, and conjunctiva, the anterior portion of the
eye was discarded by an incision below the level of the ciliary
body. Subsequent to removal of the lens, vitreous, and neural
retina, the posterior eyecup (consisting of the sclera, choroid,
and a monolayer of the RPE) was attached, with the sclera
side facing down, to a sterile membrane filter (Schleicher &
Schuell, Dassel, Germany), which was then mounted on a
coverslip (Nalge Nunc International, Rochester, NY) with
a drop of Matrigel (BD Biosciences, Bedford, MA). The
coverslip with the attached eyecup was inserted in a culture
tube in 1 ml of culture medium (Dulbecco’s modified Eagle’s
medium [DMEM, GIBCO, Gaithersburg, MD], 10% FBS
[fetal bovine serum, Hyclone, Logan, UT]) and incubated in
a roller incubator at 37 °C with a rotation rate of 10—15 rpm.
Culture medium was changed after 1 day and twice weekly
thereafter. Some cultures were inoculated with MCMV (5
x 10° PFU/well) for 3 h. At days 4, 7, and 11 post-infection,
the cultures were harvested and analyzed with plaque assay,
immunofluorescence staining, or real-time PCR as described
below.

Electron microscopy and immunogold staining: The eyes of
the experimental and control mice were immersed in fixa-
tive (4% paraformaldehyde, 0.5% glutaraldehyde in 0.1 M
cacodylate buffer) overnight at 4 °C. They were then washed
in cacodylate buffer, dehydrated in a graded ethanol series,
and embedded in resin (Pure Embed 812 mixture; Electron
Microscopy Science, Hatfield, PA). Ultrathin sections were
stained with uranyl acetate and lead citrate and visualized in
a JEM 1230 transmission electron microscope (JEOL USA
Inc., Peabody, MA) at 110 kV and imaged with an Ultra-
Scan 4000 CCD camera and a First Light Digital Camera
Controller (Gatan Inc., Pleasanton, CA). For immunogold
staining, additional ultrathin sections were cut and collected
on 200 mesh nickel grids. Following etching with 2% H,O, in
PBS (1X; 120 mM NaCl, 20 mM KCl, 10 mM NaPO,, 5 mM
KPO,, pH 7.4) for 20 min, I M ammonium chloride in PBS
was applied to the grids for 1 h. The grids were then washed,
blocked with 0.1% bovine serum albumin (BSA) in PBS for
2—4 h, and floated in primary antibody (anti-MCMV EA
or anti-RIP3) overnight at 4 °C. Secondary antibody in the
form of either anti-mouse IgG or anti-rabbit IgG Nanogold™
was applied for 2 h at room temperature, and the Nanogold
particles were enhanced for 3—8 min with silver enhancement
solution (HQ Silver Enhancement kit, Nanoprobes, Yaphank,
NY). Following washing with distilled H,O, the grids were
stained with 2% uranyl acetate in 70% EtoH and lead citrate,
air-dried, and visualized in the electron microscope. For the
MCMYV EA and RIP3 double antibody labeling experiments,
the grids were initially treated with anti-MCMYV EA and the
appropriate secondary antibody before silver enhancement
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with HQ Silver™ for a total of 4 min. The grids were then
exposed to anti-RIP3, and following treatment with secondary
antibody, the grids were silver enhanced for a further 4 min.

Immunofluorescence staining: Posterior eyecup cultures were
embedded in optimum cutting temperature (OCT) compound,
frozen, and sectioned on a cryostat. The sections were then
fixed with 4% paraformaldehyde for 15 min and stained for
RPE-65 and/or MCMV EA as described previously [39,40].

Western blotting analysis: The eyecups and the neural retinas
were separated from the eyes of the MCM V-infected immu-
nosuppressed mice, non-infected immunosuppressed control
mice, or healthy mice. Proteins were extracted from frozen
tissue samples in each group (each sample contain pool of at
least four eyecups or neural retinas), and western blotting was
performed as previously described [41-43].

Real-time PCR: RNA was extracted from tissues (each
sample contained a pool of at least four eyecups) using an
Ambion™ PureLink™ RNA Mini Kit (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. The
expression of 84 key genes involved in the function of inflam-
masomes, including genes encoding inflammasome compo-
nents (as well as genes involved in downstream signaling and
inhibition of inflammasome function), were detected with
real-time PCR (RT-PCR; ABI 7900HT, Applied Biosystems,
Carlsbad, CA) with the RT? Profiler™ gene PCR array kit
from QIAGEN Inc (Germantown, MD) according to the
manufacturer’s instructions. Briefly, 400 ng total RNA were
mixed with buffer GE to eliminate the DNA at 42 °C for 5
min followed by adding same volume of reverse-transcription
mix. Reverse transcription (RT) were performed at 42 °C for
15 min and terminated by heating at 95 °C for 5 min. 10 pl
amplification reactions subjected to the thermal cycling. The
cycling conditions included 10 min at 95 °C followed by 40
cycles of 95 °C for 15 seconds and 60 °C for 1 min.

Statistical analysis: All data were expressed as means + stan-
dard error of the mean (SEM), with n representing the number
of mice used in each experimental group. Statistical analyses
were used to determine the significance of observed differ-
ences between treatment groups in all experiments. Statistical
significance was calculated with a ¢ test (and a nonparametric
test) under column analyses using the GraphPad Prism 7
Analysis tool. A p value of less than 0.05 were considered
statistically significant.

RESULTS

Electron microscopy reveals in situ inflammation and a
compromised outer blood—retinal barrier: Our previous
studies indicated that systemic MCMYV disseminated to the
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choroid of deeply immunosuppressed mice. Although infec-
tion of the choroid was associated with the death of photore-
ceptors in the overlying retina, MCMYV antigens were never
detected in the RPE layer, and the outer blood—retina barrier
appeared intact when visualized with light microscopy [31].
To investigate more closely whether choroidal MCMYV infec-
tion is associated with in situ inflammation and whether the
blood—retina barrier is compromised, we resolved to use elec-
tron microscopy. The BALB/c mice were immunosuppressed,
and at day 10 post-MCMYV intraperitoneal inoculation, eyes
were removed from four mice and examined with electron
microscopy using routine uranyl acetate staining and immu-
nogold labeling for MCMV EA.

Immunogold-labeled MCMV EA was observed in the
nuclei of some vascular endothelial cells and pericytes in
the choriocapillaris (Figure 1B), but no gold particles were
observed in the RPE layer or in the inner retina. Adherent
leukocytes and platelets were also observed in the choriocap-
illaris, and some appeared activated and were attached to the
vessel wall (Figure 1C,D). Bruch’s membrane showed areas of
disorganization, and some disruption was observed in areas
adjacent to activated platelets that were attached to vascular
endothelia (Figure 1D). Although the majority of RPE cells in
infected mice were indistinguishable from RPE cells in unin-
fected controls (Figure 1E), a few RPE cells (less than ten in
one section) containing some enlarged vesicles were noted
directly beneath areas of disruption in Bruch’s membrane
(Figure 1D,F). Although immunogold-labeled MCMV EA
was not observed in the RPE layer, surprisingly, we observed
a few virus particles (Figure 2A,B) in the enlarged vesicles
of RPE cells located directly beneath disruptions of Bruch’s
membrane (Figure 2C). Future experiments will determine
whether there are any changes in RPE tight junctions in these
samples. No infiltrating inflammatory cells were noted in the
inner retina.

Activation of inflammasomes following in vivo choroid
MCMYV infection: To determine whether an innate immune
response and inflammation are induced via activation of
inflammasomes or NFkB following in vivo choroid MCMV
infection, caspase 1 and NF«kB were analyzed in the eyecups
and inner retinas of MCM V-infected and control mice with
western blotting. Although similar levels of active NF«xB
were detected in the eyecups of the MCM V-infected and
control mice (Figure 3), the expression of cleaved caspase
1 was increased in the eyecups after MCMV infection
(Figure 3), indicating that inflammasomes are activated
in the eyecups following systemic MCMYV infection of the
deeply immunosuppressed mice. Most likely due to immu-
nosuppression, the basal level of cleaved caspase 1 in the
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Figure 1. Representative electron microscopic images in eyes from MCM V-injected immunosuppressed mice at day 10 post-infection. A:
A negative control stained with secondary antibody alone. This shows negligible background staining in the eyes of MCMYV infected mice.
B: Immunogold staining of MCMV EA showing Immunogold-labeled MCMV EA in the nuclei of some vascular endothelial cells (arrows)
and pericytes (arrow head) in the choriocapillaris. C: Adherent leukocytes in the choriocapillaris. D: Disorganization and disruption of
Bruch’s membrane in areas adjacent to activated platelets which were attached to vascular endothelia. Circles indicate disrupted CC-BM
(choriocapillaris basement membrane) and RPE-BM (RPE basement membrane). E: The majority of RPE cells in the infected eye were
indistinguishable from RPE cells in uninfected controls. F: An RPE cell which contained enlarged vesicles was found directly beneath
disrupted Bruch’s membrane.
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Figure 2. Representative electron microscopic images in eye from a MCM V-infected immunosuppressed mouse at day 10 post-infection. A:
Virus particles in the enlarged vesicles of RPE cells directly beneath disrupted Bruch’s membrane. B: Virus particles in enlarged vesicles

of RPE cells (arrows). C: Disrupted RPE-BM (arrows).

immunosuppressed control group was lower than that in the
non-immunosuppressed healthy group (CTR versus Healthy,
Figure 3A). There was no difference in the levels of active
NF«B and caspase 1 between the inner retinas of the MCM V-

infected mice and the control mice.
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To investigate which inflammasomes were involved and
to identify downstream signaling genes, RNA was extracted
from the eyecups of the MCM V-infected and control mice,
and the expression of 84 key genes involved in the function
of inflammasomes, including genes encoding inflamma-
some components (as well as genes involved in downstream
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signaling and inhibition of inflammasome function), were
measured with real-time PCR. The results showed that 47
of the 84 genes showed no statistically significant difference
(less than twofold) between the viral infected and control
mice, whereas 33 genes were upregulated by twofold or more
after viral infection (Table 1). Multiple NOD-like receptors
(NLRs), including NLRCS, NLRP3, NLRP4, NLRP6, and
the PYHIN family member AIM2, were upregulated in the
eyecups of the MCM V-infected mice, indicating that multiple
NLRs and AIM2 participate in the formation of inflamma-
somes. Many inflammatory factors downstream of inflam-
masome activation, including Nfkbib, Tnf, Ccl12, Ccl5, Ccl7,
Cxcl3, Cxcll, Ifnbl, 116, and Irf1, were also upregulated in the
eyecups of mice systemically infected with MCMV.

Expression of RIP kinases in the eyecups and retinas
following in vivo choroidal MCMYV infection: Increasing
evidence suggests that RIP kinases 1 and 3 are key decision
makers in cell death, inflammation, and innate immunity
against pathogens [33-35]. The preliminary studies also
showed that RIP kinases play unique roles in the death of
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retinal cells, as well as in innate immunity against retinal
viral infection following intraocular MCMYV infection. To
determine whether the production and activation of RIP
kinases are affected by choroidal MCMYV infection, eyecups
and neural retinas were separated from eyes of MCM V-
infected and uninfected control mice, and western blotting
was performed to detect relative levels of RIP1 and RIP3
proteins. As shown in Figure 4, similar amounts of full-length
RIP1 were observed in the eyecups of the MCM V-infected
immunosuppressed mice, immunosuppressed control mice,
and non-immunosuppressed control mice. In contrast, RIP3
levels were greatly increased in the eyecups of the MCM V-
infected immunosuppressed mice, compared to the eyecups
of the immunosuppressed or non-immunosuppressed control
mice. Although a small amount of cleaved RIP1 was observed
in the eyecups of the control mice, more cleaved RIP1 was
detected after MCMYV infection. Similar amounts of full-
length RIP1 and cleaved RIP1 were detected in the retinas of
the MCM V-infected immunosuppressed mice and the control
mice. RIP3 was almost undetectable in the inner retina of
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TABLE 1. UPREGULATED GENES IN EYE CUP BY SYSTEMIC INFECTION OF MCMYV (MCMY vVERsus CONTROL).

Gene Symbol Gene Description Fold
Regulation
Aim2 Absent in melanoma 2 332
Bel2ll Bcl2-like 1 9.35
Birc3 Baculoviral IAP repeat-containing 3 2.71
Caspl Caspase 1 3.69
Caspl2 Caspase 12 2.32
Ccll2 Chemokine (C-C motif) ligand 12 11.99
Ccl5 Chemokine (C-C motif) ligand 5 53.79
Ccl7 Chemokine (C-C motif) ligand 7 52.00
Cd40lg CD40 ligand 2.34
Ciita Class II transactivator 7.31
Cxcll Chemokine (C-X-C motif) ligand 1 53.38
Cxcl3 Chemokine (C-X-C motif) ligand 3 11.04
Ifnbl Interferon B1, fibroblast 19.06
Ifng Interferon y 244.50
1112a Interleukin 12A 34.22
I11b Interleukin 1P 10.22
116 Interleukin 6 40.69
Irfl Interferon regulatory factor 1 5.35
Mefv Mediterranean fever 3.92
Myd88 Myeloid differentiation primary response gene 88 2.08
Naipl NLR family, apoptosis inhibitory protein 1 3.20
Naip5 NLR family, apoptosis inhibitory protein 5 8.42
Nfkbib Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, beta 16.56
Nlrc5 NLR family, CARD domain containing 5 37.03
Nlrp3 NLR family, CARD domain containing 3 2.95
Nlrp4b NLR family, CARD domain containing 4B 16.51
Nlrp6 NLR family, CARD domain containing 6 3.43
Nod1 Nucleotide-binding oligomerization domain containing 1 40.81
Nod2 Nucleotide-binding oligomerization domain containing 2 2.64
Tnf Tumor necrosis factor 10.21
Tnfsfl11 Tumor necrosis factor (ligand) superfamily, member 11 164.90
Tnfsf14 Tumor necrosis factor (ligand) superfamily, member 14 2.70
B2m Beta-2 microglobulin 6.55

the immunosuppressed and non-immunosuppressed control
mice. In contrast, a small amount of RIP3 was observed in the
inner retina after systemic infection. As antibody to cleaved
RIP3 is not available, we were unable to determine whether
RIP3 activation was affected in the eyecup or retina after
infection.

Immunogold staining was performed to identify cells in
which RIP3 expression was increased following infection.
Only sporadic immunogold-RIP3 particles were present
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in the choroid and RPE cells of the uninfected control
mice (Figure 5B), whereas in the choroid and RPE cells of
the MCM V-infected mice we observed an approximately
100-fold increase (Figure 5C,D). Some of these RIP3-stained
structures inside RPE cells appeared to be mitochondria
(Figure 5C, indicated by circles). In addition, many immu-
nogold-RIP3 particles were also observed in the basement
membrane of vascular endothelial cells in the choriocapil-
laris after systemic MCMYV infection (Figure 5D). Because
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MCMYV EA was also observed in some endothelial cells
and pericytes in the choriocapillaris, immunogold double
staining was performed to colocalize MCMV EA and RIP3
in the choriocapillaris. As shown in Figure SE, RIP3 (smaller
particles indicated by arrows) was observed mainly in the
basement membrane of the choriocapillaris between MCMV
EA-stained endothelial cells and pericytes. Although a small
amount of RIP3 was detected with western blotting in the
inner retina after systemic infection, we did not observe any
specific immunogold-RIP3-stained cells in the inner retina.

Depletion of RIP3 decreases the activation of inflammasomes
following in vitro MCMYV infection of eyecups: As choroidal
MCMYV infection is associated with increased produc-
tion of RIP3 in the choroidal capillaries and RPE cells, we
hypothesized that RIP3 might play an important role in the
initial innate immune response of resident immune cells in
response to choroidal infection. To investigate this possibility
and to preclude interference by systemic immune cells or
inflammatory cells in the in vivo experiments, an in vitro
MCM V-infected eyecup culture model was established to test
this hypothesis. In this in vitro model, the posterior eyecup,
consisting of the sclera, choroid, and a monolayer of RPE, was
attached to a filter which was then mounted on a coverslip
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with a drop of Matrigel. The coverslip and the filter were
inserted into a culture tube in 1 ml of culture medium and
incubated at 37 °C at a rotation rate of 15 rpm. The eyecups
remained attached to the filters throughout the culture period.
Following inoculation with MCMYV, replicating virus was
recovered from the infected cultures (Figure 6A) while the
overall architecture of the cultured eyecups was maintained
(Figure 6B). Double staining for MCMV EA and RPE65
showed that RPE-65-positive RPE cells were present at day
11 post-culture MCM V-infected and were infected with
MCMYV (Figure 6B). In addition, MCM V-infected cells were
also observed in the choroid and sclera (Figure 6B). To deter-
mine whether the depletion of RIP3 decreased inflammasome
formation and the subsequent innate immune response in
eyecups following MCMYV infection, posterior eyecups were
isolated from the eyes of RIP3~~ and RIP3"" mice, cultured,
and infected with MCMV in vitro. At day 7 post-infection,
the infected and uninfected control eyecup cultures were
collected and prepared for plaque assay and real-time PCR,
to measure the expression of 84 key genes involved in the
function of inflammasomes. As shown in Table 2, 23 genes
were upregulated in the RIP3*" eyecups by a factor of two
or greater at day 7 post-infection. Similar to mRNA expres-
sion in the eyecups of the in vivo MCM V-infected mice
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Figure 5. Representative electron microscopic images in eyes from MCM V-infected immunosuppressed mice at day 10 post-infection or
from an uninfected control mouse. A: A negative control micrograph stained with secondary antibody alone. This shows minimal labeling
in the eye of an MCMYV infected mouse. B: Immunogold staining of RIP3 in the eye of an uninfected control mouse. This shows sparse
immunogold-RIP3 particles in the choroid and RPE cells. C: Immunogold staining of RIP3 in the eye of an MCMYV infected mouse. Many
immunogold-RIP3 particles were observed inside the RPE cells, some of these RIP3 stained structures appeared to be mitochondria
(circles). D: Immunogold staining of RIP3 in the eye of an MCMYV infected mouse. Immuogold-RIP3 particles were observed in the base-
ment membrane of vascular endothelial cells in the choriocapillaris. E: Double immunogold staining of MCMV EA (Larger particles) and
RIP3 (smaller particles) in the eye of an MCMYV infected IS mouse. RIP3 (arrows) was observed mainly in the basement membrane of the
choriocapillaris between MCMV EA (circled larger particles in the nuclei) stained endothelial cells and pericytes.
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Figure 6. MCMYV infected eye-cups. A: Titer of MCMYV (Logl0 £ SEM PFU/ml) in eye-cups isolated from RIP3"* and RIP3" mice at day
4,7 and 11 post MCMYV inoculation. Data are shown as mean + SEM (n = 4). B: Photomicrograph of MCMV EA (green), RPE65 (red) and
DAPI (blue) in an MCM V-infected cultured eye-cup at day 11 pi. RPE-65 positive cells were present and were infected with MCMV. MCMV
infected cells were also observed in the choroid and sclera. Original magnification, x200.

as shown in Table 1, multiple NLRs, including NLRCS,
NLRP3, and NLRP6, were upregulated in the RIP3"* eyecup
cultures following MCMYV infection. Some inflammatory
factors downstream of inflammasome activation, including
Nfkbia, Tnf, Ccl12, Ccl5, Ccl7, Cxcll, Cxcl3, Ifnbl, 116, and
Irf1, were also upregulated in the RIP3** eyecup cultures
following MCMYV infection. Although similar amounts of
MCMYV were detected in the RIP3™ and RIP3™* eyecups
(Figure 6A), only seven genes were upregulated by a factor
of two or greater in RIP3™ eyecups at day 7 post-infection.
In addition, the levels of these seven upregulated genes in the
MCM V-infected RIP3~~ eyecups were lower than in those in
the MCM V-infected RIP3** eyecups (Table 2).

DISCUSSION

As we previously reported [29-31], the data indicate that
virus-infected cells are present in the choroid following
systemic inoculation of MCMYV into deeply immunosup-
pressed mice. Although neither virus-infected cells nor infil-
trating inflammatory cells were noted in the inner retina, the

experiments presented in this study demonstrate for the first
time that choroidal MCMYV infection is associated with in
situ inflammation and disruption of the blood—retina barrier.
This barrier, which is present at the base of the RPE (the outer
BRB) and the retinal vascular endothelium (the inner BRB),
plays an important role in the prevention of virus dissemina-
tion to the retina. Compromise of the BRB in HIV-infected
individuals has been suggested to promote HCMV infection
of the retina leading to retinitis [44-49]. The presence of
HIV infection in the retinal vasculature has been reported in
patients infected with HIV-infected [46,47] while dual HIV
and CMV infection of individual cells in the retinal vascu-
lature has also been noted [48]. Cotton wool spots (CWSs)
are the most common fundus finding in HIV infection and
occur in almost 50% of patients [44]. It is believed that CWSs
are induced either by deposition of immune complexes in
the microvasculature or infection of vascular endothelia,
resulting in vessel occlusion, and eventually disruption of the
BRB [44,45]. However, CWSs are absent in many patients
with CMYV retinitis [44] while CMV retinitis is not limited
to patients with HIV/AIDS [8]. Furthermore, cases of CMV

388


http://www.molvis.org/molvis/v24/379

Molecular Vision 2018; 24:379-393 <http://www.molvis.org/molvis/v24/379>

© 2018 Molecular Vision

TABLE 2. UPREGULATED GENES IN CULTURED EYE CUP INFECTED
wITH MCMYV (MCMYV VERsUs CONTROL)

Genes RIP3* RIP3”"
Caspl 3.38 2.06
Ccll2 15.71 4.09
Ccl5 17.59 3.50
Ccl7 14.78 4.55
Cxcll 437 1.29
Cxcl3 3.78 1.13
Ifnbl 2.63 1.13
Ifng 4.83 1.20
IL6 13.62 4.84
Irfl 3.40 1.30
Mefv 4.96 1.13
Naip5 4.52 1.41
NFKbia 2.30 1.13
Nlrc5 19.66 18.11
Nlrpl2 2.79 0.82
Nlrp3 5.58 1.55
Nlrp6 2.06 1.13
ptgs2 277 1.67
Tnf 2.24 1.36
Tnfsf1l 7.27 0.83
Tnfsf4 2.06 1.00
Txnip 2.05 1.20
B2m 5.81 2.76

retinitis in patients who are immunosuppressed for solid-
organ or bone marrow transplantation have been accumu-
lating [9,10] while recent evidence suggests that CMV retinitis
may even occur in patients who exhibit no systemic immune
dysfunction but only local ocular immunosuppression [11-13].
Therefore, there may be multiple routes by which CMV can
gain entry into the retina. As the development of CMV reti-
nitis is associated with an elevated viral load and a prolonged
period of viremia [10], CMV infection of endothelial cells
and pericytes in the choroid capillaries, local inflammation,
and disruption of Bruch’s membrane in the outer blood—retina
barrier should be considered a potential route by which virus
enters the retina during periods of viremia.

The present results also suggest that the formation of
inflammasomes leading to caspase 1 activation plays an
important role in local inflammation following choroidal
MCMYV infection. Inflammasomes are large, multiprotein
complexes formed on a scaffold of cytosolic pattern recog-
nition receptors (PRRs) belonging to the NLR and PYHIN

protein families [50-52]. Activation of inflammasomes occurs
following the recognition of pathogen-associated molecular
patterns (PAMPs) or host-derived damage-associated molec-
ular patterns (DAMPs) by PRRs, resulting in the recruitment
and activation of caspase-1 which stimulates the innate
immune response through the production of proinflammatory
cytokines. The present results indicate that multiple NLRs,
including NODI1, NOD2, NLRCS5, NLRP3, NLRP4, NLRP6,
and the PYHIN family member AIM2, are upregulated in
the posterior eyecup following systemic MCMV infection.
Among these PRRs, NLRP3, NLRCS5, and NLRP6 are also
upregulated in eyecup cultures following MCMYV infection in
vitro, indicating that these three NLRs might play a critical
role in the initial innate immune response of resident cells,
such as choroidal capillary endothelia and RPE cells against
viral infection. Previous studies in other laboratories have
also shown that these three NLRs are expressed in endothelia
and RPE cells [53-56] and play important roles in regulating
inflammation and innate immune responses against viruses
and bacteria [51,52,57-62]. NLRP3, for instance, is expressed
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in many types of cells, including vascular endothelia [53-55]
and RPE cells [56], where it may induce inflammation
when activated by DNA or RNA viruses [51,52]. NLRCS is
expressed in most cell types [51] and appears to have context-
dependent functions. For instance, NLRC5 has been shown to
act as a negative regulator of innate immunity through inhibi-
tion of NF-kB and type I IFN-mediated signaling pathways
[57,58], whereas NLRCS5 can also form inflammasomes with
NLRP3 in response to NLRP3 agonists, including bacterial
PAMPs and crystals [59]. NLRCS is activated in human fore-
skin fibroblasts infected with CMV [59] where NLRCS plays
an important role in the cellular antiviral response by stimu-
lating interferon (IFN) production [60]. NLRP6 is involved in
inflammation and host defense against intestinal microorgan-
isms and is highly expressed in intestinal epithelial cells upon
challenge with bacteria [61,62].

Several chemokines are expressed downstream of
inflammasome activation, including Ccl5, Ccl7, Ccll2, Cxcll,
and Cxcl3, and they are also upregulated in the posterior
eyecup following either in vivo systemic or in vitro MCMV
infection. These potent chemokines may be involved in the
recruitment and activation of leukocytes, thus amplifying the
inflammatory response at sites of virus infection. Platelets
have been reported to be key regulators of host intravascular
immunity and inflammation [63-66], and the present results
suggest that some platelets are activated and attached to
the walls of damaged capillaries following viral infection.
Inflammation induced by activated platelets could contribute
to disruption of Bruch’s membrane as we often observed
membrane compromise at sites near platelet attachment to
walls of blood vessels.

RIP kinases 1 and 3 are key decision makers in inflamma-
tion and innate immunity against pathogens [33-35] because
they participate in activation of the inflammasome/caspase
1 [67-70], and in the case of RIP3 at least, this appears to be
independent of its role in programmed necrosis [21,68-70].
Furthermore, RIP kinases have been shown to play diverse
tissue-specific roles [71-74], and different disease models
in the same organ (liver) have shown various functions for
RIP1 and RIP3 [75]. In our experiments, RIP3 production
was greatly increased in choroidal capillary walls and RPE
cells following systemic MCMV infection, and depletion
of RIP3 greatly decreased inflammasome formation, as
well as expression of downstream inflammatory factors in
MCM V-infected eyecup cultures. Therefore, we conclude that
RIP3 plays an important role in the initial innate immune
response of in situ residential cells against choroidal MCMV
infection via formation and activation of inflammasomes, as
this in vitro model of virus infection eliminates potentially

© 2018 Molecular Vision

confounding effects caused by invasion of systemic immune
or inflammatory cells.
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