ClinsichT

Zika virus infects cells lining the blood-retinal barrier and
causes chorioretinal atrophy in mouse eyes

Pawan Kumar Singh, ... , Fu-Shin Yu, Ashok Kumar
JCI Insight. 2017;2(4):€92340. https://doi.org/10.1172/jci.insight.92340.
GEETE(L WG -l  Infectious disease = Ophthalmology

Zika virus (ZIKV) is an important pathogen that causes not only neurologic, but also ocular, abnormalities. Thus, it is
imperative that models to study ZIKV pathogenesis in the eye are developed to identify potential targets for interventions.
Here, we studied ZIKV interactions with human retinal cells and evaluated ZIKV’s pathobiology in mouse eyes. We
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were highly permissive and susceptible to ZIKV-induced cell death. Direct inoculation of ZIKV in eyes of adult C57BL/6
and IFN-stimulated gene 15 (ISG15) KO mice caused chorioretinal atrophy with RPE mottling, a common ocular
manifestation of congenital ZIKV infection in humans. This response was associated with induced expression of multiple
inflammatory and antiviral (IFNs) response genes in the infected mouse retina. Interestingly, ISG15 KO eyes exhibited
severe chorioretinitis, which coincided with increased retinal cell death and higher ZIKV replication. Collectively, our study
provides the first evidence to our knowledge that ZIKV causes retinal lesions and infects the cells lining the BRB and that
ISG15 plays a role in retinal innate defense against ZIKV infection. Our mouse model can be used to study mechanisms
underlying ZIKV-induced chorioretinitis and to gauge ocular antiviral therapies.
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Zika virus (ZIKV) is an important pathogen that causes not only neurologic, but also ocular,
abnormalities. Thus, it is imperative that models to study ZIKV pathogenesis in the eye are
developed to identify potential targets for interventions. Here, we studied ZIKV interactions with
human retinal cells and evaluated ZIKV'’s pathobiology in mouse eyes. We showed that cells lining
the blood-retinal barrier (BRB), the retinal endothelium, and retinal pigment epithelium (RPE) were
highly permissive and susceptible to ZIKV-induced cell death. Direct inoculation of ZIKV in eyes of
adult C57BL/6 and IFN-stimulated gene 15 (ISG15) KO mice caused chorioretinal atrophy with RPE
mottling, a common ocular manifestation of congenital ZIKV infection in humans. This response
was associated with induced expression of multiple inflammatory and antiviral (IFNs) response
genes in the infected mouse retina. Interestingly, ISG15 KO eyes exhibited severe chorioretinitis,
which coincided with increased retinal cell death and higher ZIKV replication. Collectively, our study
provides the first evidence to our knowledge that ZIKV causes retinal lesions and infects the cells
lining the BRB and that ISG15 plays a role in retinal innate defense against ZIKV infection. Our
mouse model can be used to study mechanisms underlying ZIKV-induced chorioretinitis and to
gauge ocular antiviral therapies.

Introduction

The recent Zika virus (ZIKV) epidemic has posed significant challenges for health care and for the econo-
my of Brazil and other affected countries (1, 2). While ZIKV infection during pregnancy has been linked
primarily to microcephaly, a birth defect, the overall magnitude of risk remains uncertain (3—7). In view of
limited data, microcephaly may represent only one possible adverse outcome among a spectrum of condi-
tions of congenital Zika syndrome (4). Indeed, several clinical studies have reported ocular abnormalities,
specifically in the retina and choroid, of infants with congenital ZIKV infection (8-13). Although currently
undetermined, if a causal link between ZIKV infection and ocular disorders is established conclusively, it
will have significant long-term economic, psychological, and health implications. Vision problems may be
an underreported effect of the mosquito-transmitted ZIKV, which has spread in recent years from Africa
and Asia to the Caribbean, Latin America, and parts of the United States (14). Thus, there is an urgent
need to understand the pathogenesis of ZIKV in the eye and develop strategies to prevent potential vision
loss due to ZIKV and other viral infections.

The involvement of the eye in ZIKV was first reported in 10 of 29 microcephalic Brazilian babies with
presumed congenital ZIKV infection whose eyes showed circumscribed variably sized areas of chorioreti-
nal atrophy (11 eyes), circumscribed pigment mottling (11 eyes), optic nerve abnormalities (8 eyes), iris
colobomas (2 eyes), and lens subluxation (1 eye) (9). Later, Miranda et al. described an extended spectrum
of ocular manifestations of ZIKV in the eyes of 3 infants from northern Brazil born with microcephaly (8).
Among these additional findings were hemorrhagic retinopathies, absence or early termination of retinal
blood vessels, and torpedo maculopathy. As microcephaly from other causes (e.g., genetic) has also been
reported to cause retinal abnormalities (15-17), the ocular findings described in these reports have been
debated (13, 18). However, the ocular manifestations of ZIKV closely resemble those caused by other RNA
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viruses, such as chikungunya (19-21), dengue virus (DENV) (22-24), and West Nile virus (WNV) (25, 26),
in adults, including optic neuritis, retinal hemorrhages, and retinal edema. Therefore, it is highly unlikely
that the microcephaly itself causes retinal abnormalities. Indeed, a recent report shows chorioretinal scars
in an infant without microcephaly (11). Given the heterogeneity of ocular manifestations of ZIKV, and the
importance of defining the cause-and-effect relationship between ZIKV infection and ocular abnormalities,
there is a need to develop animal models of this disease.

Recently, Miner et al. described the first animal model of ZIKV-induced eye disease, by subcutaneous
injection of ZIKV in immunocompromised, type I IFN receptor KO (IFNRA1~-) mice, and demonstrated
panuveitis and shedding of viral RNA in tears of ZIKV-infected mice (27). This study also revealed the
presence of ZIKV RNA in various ocular tissues, including the retina of IFNRA 17~ mice, suggesting the
entry of ZIKV into the eye. However, the mechanisms by which ZIKV gains access to the eye and causes
inflammation remain to be determined. Similarly, the specific retinal cell(s) that support ZIKV replication
in the eye and the immune response of human retinal cells to ZIKV challenge is currently unknown.

To fill in these knowledge gaps, we describe a model of direct inoculation of ZIKV in the eye to study
its pathophysiology in causing ocular sequelae. Our data showed that ZIKV caused retinal lesions in immu-
nocompetent (C57BL/6) and ISG15-deficient mouse eyes, with pigment clumping and retinal pigment epi-
thelium (RPE) atrophy that mimicked ocular abnormalities described in humans (9). We also demonstrated
that ZIKV infection caused cell death in primary human RPE and human retinal vascular endothelial cells
(HRVEC), the cells lining the outer and inner blood-retinal barrier (BRB), respectively. Furthermore, our
study is the first to our knowledge to report an important role of ISG15 in retinal innate immunity to ZIKV.
Collectively, our in vitro and in vivo studies provide insights into the pathogenesis of ZIKV in the eye.

Results

ZIKV infects multiple retinal cell types and induces cell death. Eyes of infants with congenital ZIKV infec-
tion show pigmentary maculopathy, chorioretinal scarring, hemorrhage, and optic nerve and retinal
blood vessel abnormalities (15-17), which suggest that the retina is the primary target of ZIKV in
the eye. However, how ZIKV enters the eye and which retinal cells can support its replication are
unknown. We hypothesized that cells lining the BRB are the first to encounter the blood-borne patho-
gens and tested ZIKV infectivity in vitro (Figure 1). ZIKV (strain PRVABC59, PR 2015) infected and
replicated in both human primary RPE (Pr. RPE) cells and the ARPE-19 cell line, as evidenced by a
time-dependent increase in the fluorescence intensity of viral staining in virus-infected cells (Figure
1B). Interestingly, Pr. RPE cells seemed to be more permissive to ZIKV infection than ARPE-19 cells,
with overall higher infectivity. Similarly, ZIKV was found to infect primary HRVEC and Macaca pri-
mary choroidal endothelial cells (CEC), with HRVEC being more permissive to ZIKV replication (Fig-
ure 1). To determine whether ZIKV can infect other retinal cells, we tested the infectivity of human
retinal Miiller glia (MIO-M1 cell line) (28-30) and mouse cone photoreceptor cells (661W cell line)
(31). While ZIKV-infected retinal Miiller glia readily, photoreceptor cells seemed less permissive to
ZIKYV, as evidenced by fewer viral positive cells, even at later time points.

Because all retinal cells were found to be permissive to ZIKV to varying degrees, we next determined
whether ZIKV induces cell death, a phenomenon commonly observed in viral infection. We used caspase-3 as a
marker (32-34) and assessed its expression following ZIKV infection in the most permissive cell types, Pr. RPE
cells and HRVEC. ZIKV significantly induced the expression of caspase-3 mRNA in a time-dependent manner,
as assessed by quantitative PCR (qPCR) (Figure 2A). This finding was further confirmed by immunostaining of
cleaved caspase-3 at the cellular level (Figure 2B). To ascertain ZIK V-induced cell death, the TUNEL assay was
performed; the number of TUNEL-positive cells correlated with cleavage/activation of caspase-3 in RPE and
HRVEC (Figure 2C). Similarly, ZIKV induced the cleavage of caspase-3 in the ARPE 19 cell line, retinal Miiller
glia, and CEC but not in the photoreceptor cells (Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/jci.insight.92340DS1). Collectively, these results demonstrate that ZIKV can read-
ily infect cells lining the BRB and induce cell death in the retina.

ZIKV induces the expression of TAM receptors in retinal cells. Three homologous type I receptor tyrosine
kinases — TYRO3, AXL, and MERTK (TAMs) — have been implicated in ZIKV entry in various cell
types, including fibroblasts, keratinocytes, dendritic cells, placental cells, and neuronal cells (35-37). As
the first step to determine the potential role of TAM receptors in ZIKV invasion in the eye, we assessed
their expression in human Pr. RPE cells and HRVEC. Compared with the mock control, ZIKV challenge
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Figure 1. ZIKV infects multiple human retinal cell types. (A) Human primary retinal pigment epithelial cells (Pr. RPE), the immortal RPE cell line (ARPE-19),
primary retinal vascular endothelial cells (HRVEC), the immortal retinal Miiller glia cell line (MI0-M1), choroidal endothelial cells (CEC), and the retinal cone
photoreceptor cell line (661W) were challenged with ZIKV (strain PRVABCS9, PR 2015, MOI of 1) for the indicated time points; uninfected cells served as
mock control. Control and ZIKV-infected cells were subjected to immunostaining for antiflavivirus group antigen 4G2, and representative images show the
presence of ZIKV (green) and DAPI (blue, a cell nuclear stain). hpi, hours postinfection. Original magnification, x20. (B) Image] quantification of the mean
fluorescence intensity (MFI) for viral staining (mean + SEM; n = 3; ***P < 0.0007; 1-way ANOVA).

significantly upregulated the expression of TAM receptors at the mRNA level in a time-dependent man-
ner (Figure 3A). Since AXL was identified as the main candidate receptor for ZIKYV, its expression was
confirmed at the cellular level by immunostaining (Figure 3B) and at the protein level by Western blot
(Figure 3C) analyses. Similar to RPE and HRVEC, ZIKYV infection induced the expression of AXL in
all retinal cell types except photoreceptor cells (Supplemental Figure 2). To further investigate the role
of AXL as an entry/attachment factor to retinal cells, we used a selective inhibitor of AXL R428, and
our results show that inhibition of AXL receptor completely blocked ZIKV infection to the Pr. RPE cells
(Figure 3D). These findings suggest that ZIKV may use TAM receptors for entry in certain retinal cells.

ZIKV elicits antiviral innate response in retinal cells. As ZIKV was found to infect multiple retinal cell types
and to induce the expression of multiple potential entry receptors, we next determined whether ZIKV-
infected retinal cells elicit an innate immune response. TLRs have been shown to play an important role
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(strain PRVABC59, PR 2015, MOI of 1) (mean + SEM; n = 3;
*P < 0.05, **P < 0.005; Student’s t test). (B) Representa-
tive immunofluorescence images showing immunostaining
for cleaved caspase-3 (CL Casp.3, green), ZIKV (red), and
DAPI (blue) in Pr. RPE cells and HRVEC 48 hours following
ZIKV infection and mock treatment. See also Supplemental
Figure 1. (C) Representative images showing TUNEL-positive
cells (green) and DAPI (blue) in Pr. RPE cells and HRVEC 48
hours after ZIKV infection and mock treatment. Original
magnification, x20.
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in orchestrating retinal innate responses in microbial
infection (30, 31, 38—41), with TLR3 being implicated
in viral infection. Our data showed that 7LR3 mRNA
expression was significantly upregulated in both ZIK'V-
infected Pr. RPE cells (Figure 4A) and HRVEC (Fig-
ure 5A) in a time-dependent manner. TLR3 expression

was further confirmed by Western blot analysis (Figure
4B and Figure 5B). The expression of other receptors
involved in viral recognition, such as RIGI and MDAS,
was also upregulated in ZIK V-infected cells in compar-
ison to the control. However, their expression peaked
at 24 hours in Pr. RPE cells and at 48 hours in HRVEC
followed by a time-dependent decline while 7LR3 levels remained elevated.

To determine the biological relevance of ZIKV-induced innate immune receptor expression, we assessed
the expression of proinflammatory mediators, IFNs, and IFN-stimulated antiviral genes. The qPCR analyses
revealed increased mRNA transcripts of proinflammatory cytokines TNFA, IL1B, and IL6; chemokines CCL5
and CXCLI10; and IFNs IFNA2, IFNBI, and IFNG in ZIKV-infected Pr. RPE cells (Figure 4A) and HRVEC
(Figure 5A); but these transcripts varied in their expression pattern. Pr. RPE cells showed a time-dependent
increase in the levels of TNFA and IL6, whereas IL1B peaked at 24 hours followed by a gradual decline. In
contrast, in HRVEC, TNFA and IL6 peaked at 72 and 48 hours, respectively, and then decreased with time,
while IL1B showed a time-dependent increase. The expression time course of IFNs and antiviral chemo-
kines CCL5 and CXCLI0 also varied between Pr. RPE cells and HRVEC. Coinciding with IFN expression,
we observed significant upregulation of IFN-stimulated antiviral response genes, specifically, ISG15, OAS2,
and MX1, in ZIKV-infected Pr. RPE cells and HRVEC. The expression of ISG15 at the protein level was con-
firmed by immunostaining (Figure 4C and Figure 5C). These results indicate that human retinal cells possess
the ability to respond to ZIKV and elicit an inflammatory and antiviral response.

Ocular inoculation of ZIKV caused chorioretinal atrophy in adult mouse eyes. Having shown that ZIKV
infects retinal cells, induces an inflammatory response, and causes cell death, we sought to determine
whether ZIKV causes ocular pathology similar to that seen in human patients. First, ZIKV was admin-
istrated subcutaneously in adult B6 mice (10° PFU/mouse) followed by a daily eye exam for up to 7
days; we did not observe ocular pathology in the eyes of adult B6 mice (data not shown). Next, we
tested whether direct inoculation of ZIKV causes ocular pathology and followed the consequences of
ZIKV infection of the eye over time. While uninfected control eyes had clear media, flat optic discs,
normal blood vessels, and clear maculae without foveal reflexes, ZIKV-injected eyes developed white
subretinal lesions with soft edges radiating from the optic discs within 24 hours. At 48 hours after
ZIKV infection, the media became slightly hazy, the optic discs and rims became less apparent, and
large white subretinal lesions with early stages of chorioretinal atrophy with poorly defined edges
appeared. As the disease progressed at 72 and 96 hours, the white subretinal lesions exhibited RPE
atrophy and pigment mottling within large fibrotic chorioretinal scars (Figure 6A).

Due to ZIKV-induced expression of ISG15 in Pr. RPE cells and HRVEC (Figures 4 and 5), and the
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Figure 3. ZIKV induces TAM receptor expres-
sion in Pr. RPE cells and HRVEC. (A) gRT
PCR showing upregulation of TAM receptors
TYRO3, AXL, and MERTK in primary retinal
pigment epithelial (Pr. RPE) cells and human
retinal vascular endothelial cells (HRVEC)
following ZIKV infection (strain PRVABC59,
PR 2015, MOl of 1) (mean + SEM; n = 3; *P <
0.05, **P < 0.005, ***P < 0.0005; Student’s
t test). (B) Representative immunofluo-
rescence images showing immunostaining
for AXL (green), ZIKV (red), and DAPI (blue)
at 48 hours after ZIKV infection in Pr. RPE
cells and HRVEC. (C) Western blot showing
expression of AXL in Pr. RPE cell and HRVEC
lysates 24 and 48 hours after ZIKV infec-
tion. The bar graph represents densitometry
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analysis of Western blots using Image] with
respect to HSP30 as housekeeping control
(mean £ SD; *P < 0.05; Student’s t test). See
also Supplemental Figure 2. (D) Representa-
tive immunofluorescence images showing
immunostaining for ZIKV (green) and DAPI
(blue) following AXL inhibition using R428 (1
uM for 2 hours) followed by ZIKV infection for
48 hours in Pr. RPE cells. (B and D) Original
magnification, x 20.

J3A¥H 3dYd d

ZIKV I48hi

AXL/HSP90

well-established antiviral role of ISG15
(42, 43), we postulated that ISG15 might
play a role in retinal defense against
ZIKV. To test this, we used ISG157~ mice
and assessed ocular pathology following

o

24h 48h

R428+ZIKV ZIKV

intravitreal ZIKV infection. The time-
course study revealed that, similar to WT
mice, retinal lesions in ISG157~ mice
were visible within 24 hours of ZIKV
infection. However, in comparison with
WT mice, the eyes of ZIKV-infected ISG15~~ mice showed severe chorioretinitis, characterized by RPE
atrophy, clumping, and mottling, with marbleization at later time points, i.e., 72 and 96 hours after infec-
tion (Figure 6, A and B). The increased severity of retinal lesions in ISG15~~ mice coincided with higher
levels of viral RNA (Figure 6C) and viral proteins (Supplemental Figure 3) in ISG15~ retinas. Histological
analysis of the ZIK V-infected retinas revealed an increased retinal cell death in ISG15~~ mice, with a higher
number of TUNEL-positive (+ve) cells (Figure 6D). Together, our data demonstrate that ZIKV causes reti-
nal lesions in adult mouse eyes, and ISG15 deficiency increases disease severity.

ISG15 deficiency diminishes the retinal antiviral response to ZIKV infection. Next, we determined whether ZIKV
evokes innate immune responses in the eye. Similar to our in vitro studies (Figures 4 and 5), ZIKV induced
the time-dependent upregulation of 7/73 and Rigl receptor mRNA expression in WT mice as compared with
ISG15” mice (Figure 7), whereas Mda5 receptor mRNA expression was similar. Among the TAM receptors,
the expression of Ax/ and Mertk was significantly higher in WT retinas versus ISG15~~ retinas at all time
points. We found significantly higher transcripts of /6 in WT mice as compared with ISG15~~ mice, while
Tnfa and 1115 transcript levels were comparable (Figure 7). Analysis of the IFN response showed higher levels
of Ifnlb at the 48-hour time point and of Ifig at the 24-hour time point in WT mice as compared with ISG15-
/= mice, indicating an early IFN response in WT mice. At the later time points, the IFN transcripts were
comparable in both animals. Similarly, the levels of antiviral chemokines (Cxc/10 and Ccl5) and IFN-induced
anti-viral genes (Isg/5, Oas2, and MxI) showed a time-dependent increase in WT mice versus ISG15~~ mice.
Collectively, these results indicate the existence of a strong antiviral immune response in WT mice versus
ISG15-deficient mice toward ZIKV infection in the eye.
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Figure 4. ZIKV evokes innate inflam-
matory and antiviral responses in

Pr. RPE cells. (A) gRT PCR showing
mRNA expression of PRRs (TLR3, RICI,
and MDAS), inflammatory mediators
(TNFA, IL1B, IL6, CCL5, and CXCL10),
IFNs (IFNA2, IFNB1, and IFNC), and
IFN-induced genes (0OAS2, ISG15, and
MX1) following ZIKV infection (strain
PRVABC59, PR 2015, MOI of 1) (mean
+ SEM; n = 3; *P < 0.05, **P < 0.005,
***p < 0.0005, Student’s t test). (B)
Western blot showing expression

of TLR3 in primary retinal pigment
epithelial (Pr. RPE) cell lysates 24 and
48 hours after ZIKV infection. The

bar graphs represent densitometry
analysis of Western blots using Image|
with respect to B-actin housekeeping
control (mean + SEM; n = 3; *P < 0.05;
Student’s t test). (C) Representative
immunofluorescence images showing
staining for ISG15 (green), ZIKV (red),
and DAPI (blue) 48 hours after ZIKV
infection and mock treatment. Original
magnification, x 20.

Discussion

The emergence of ZIKV in both
endemic and nonendemic regions
of the world has been accompa-
nied by an unprecedented rise in
the spectra of ZIKV-associated
diseases. It is becoming increas-
ingly clear that ZIKV infection has
broad implications beyond micro-
cephaly, as infants born with con-
genital ZIKV have pathology of
their eyes, ears, limbs, and perhaps
other organs (44). Consequently,
there has been significant interest
in understanding the pathogenesis
of ZIKV in nonneurological dis-
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eases. Because clinical studies have linked ZIKV to ocular abnormalities, primarily in the retina of infants
(8, 12) and adults (45, 46) and uveitis in adults (45), it is important to study ZIKV pathogenesis in the
eye to identify potential targets for intervention. We have shown that direct inoculation of ZIKV in the
adult mouse eye results in retinal lesions with a clinical presentation (chorioretinal atrophy and RPE mot-
tling) resembling some of the features of ZIKV-associated ocular pathology described in humans. We also
observed that ZIKV infects multiple retinal cell types and incites an antiviral innate response in the retina.
Most importantly, ISG15 was discovered as a key player in restricting viral replication in the retina/eye.
Thus, our study reveals the cellular basis of ZIKV infectivity in the eye and provides experimental models
to gauge antiviral or other immunotherapies to ameliorate potential vision loss due to ZIKV infection.
The major protective mechanism that controls the influx of innate immune cells and pathogens into
the posterior segment of the eye is the presence of BRB, consisting of the inner retinal vascular endothe-
lial cells and outer RPE cells (40, 41, 47). Previous studies from our laboratory and others have shown
that BRB dysfunction allows the entry of infectious agents into the retina/vitreous cavity and causes
inflammation and tissue damage (48, 49). A recent study by Miner, Apte, and colleagues provided the
insight.jci.org  https://doi.org/10.1172/jci.insight.92340
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47 MDAS * 251 IFNA2 analysis of Western blots using Image) with
3 _3-__ * 20 B c 24h 48h respect to B-actin housekeeping control
1 * S P B . mean + SEM; n1 = 3; *P < 0.05; Student's t
21 * 9] TLR3 &” iest) (ORe tative i fl -
10 ) . presentative immunofluores
o 1 | p-actin NN esmmm cence images showing staining for ISG15
'-":” - ﬂ | pe e l"l 4 (green), ZIKV (red), anq DAPI (blue) 48
] C 24h 48Bh 72h 96h - C 24h 48h 72h 96h - * hours after ZIKV infection and mock treat-
5 %01 TNFA ok 5007 JENB1 § 3 * -+ ment. Original magnification, x20.
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20
G5 L If e
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C 24h 48h 72h 96h c Zdh 43 ?Zh sﬁh c first evidence of ZIKV RNA in the
10004 /IL1B - 157 IENG eyes of subcutaneously challenged
poos ™ ** =  IFNRAI’ mice (27), but the cel-
1 . . .
400 - %* 0 g lular mechanisms by which ZIKV
20: A 5 ¥ * * ol invaded the eye were not elucidat-
?—{ Nuliinin AR ﬂ ed. We hypothesized that, being a
C 24h 48h 72h 96h " C 24h 48h 72h 96h N blood-borne pathogen, ZIKV must
801/L6 *.* ok 30 OASZ“:* *k = overcome the BRB to cause retinal
60 i 20 1 s < lesions, the key manifestation of
40 ’_I-| m .| % g ZIKV infection in the eye.
zg? l_;_l | | | | | | 10 ﬁ * = Because RPE and HRVEC con-
filmal P . oless | 11 11 m stitute the outer and inner BRB,
C 24h 48h 72h 96h respectively, we evaluated the effects
v of ZIKYV infection on these cell types
and demonstrated that these cells
are permissive to ZIKV replication.
Moreover, our data showed that ZIK V-infected RPE and HRVEC exhibited caspase-3 activation, coinciding
with increased TUNEL positivity, evidence of cell death. Time-course studies revealed that Pr. RPE cells
and HRVEC are more susceptible to ZIKV. These observations are significant on several levels: (a) RPE and
retinal endothelial cells are likely among the principal retinal cell types infected by ZIKV, (b) ZIKV may
gain access to the eye by directly infecting the cells lining the BRB, and (c) ZIKV-infected BRB cells may
serve as a reservoir of ZIKV and facilitate viral dissemination to other organs, including the brain.

TAM receptors have been shown to facilitate the attachment and entry of several viruses (50), includ-
ing the members of flaviviridae such as WNV (51), DENV (52), and ZIKV (53). To investigate the role
of TAMs in ZIKV infection of the eye, we assessed the expression of TAMs — TYRO3, MERTK, and
AXL — in retinal cells, specifically Pr. RPE cells and HRVEC. Our data showed that the expression
of TAM receptors is significantly increased in cultured retinal cells following ZIKV infection. Simi-
lar to in vitro studies, ZIKV induced the expression of TAM receptors in the mouse retina, implying
their involvement in ZIKV infection of the retina. Although deficiency of AXL and MERTK receptors
has been shown to increase susceptibility to WNV infection (51), Miner et al. demonstrated that AXL
and MERTK deficiency does not affect ZIKV replication in the eye, suggesting that these receptors are
not required for CNS or ocular infection in mice (27). However, they did not completely rule out the
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B 100 wWT . Figure 6. ZIKV causes retinal lesions in
v = ISG15™ — . mouse eyes with chorioretinitis, RPE
c 80 } mottling, and cell death. Eyes of 4- to
] = } E 6-week-old C57BL/6 and ISG15~/ mice (n =
0 o 60+ * L . . .
@ F . 7-10/group) were injected intravitreally with
=< 40 * - - 10% PFU of ZIKV (strain PRVABC59, PR2015).
W .o i f
:E i ; ¥ . (A) Representative funduscopic images
& 20 * t showing the time course of retinal lesion/

; g 8 ’ 5 chorioretinal atrophy and RPE mottling in
c C 24h 48h 72h 96h WT and ISG157/- mice. (B) Quantification

of the percentage area with retinal lesions
-+ WT - per eye in WT and ISG157" mice at indicated
* 156157 time points (24, 48, 72, and 96 hours) using
Image) analysis (mean + SD; *P < 0.05, ***p
< 0.0005; Student’s t test). (C) gRT PCR
showing intracellular viral RNA quantifica-
tion in WT and I1SG157/- mouse retinas at
various time points (mean + SD; *P < 0.05,
**P < 0.005; Student’s t test). (D) Repre-
sentative images showing TUNEL-positive
cells (green, indicated by the red arrows)
and DAPI (blue) in various layers of the
retinas of ZIKV-infected eyes (96 hours) and
mock treatment. ONL, outer nuclear layer;
INL, inner nuclear layer; GCL, ganglion cell
layer. Original magnification, x 20.
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possibility that AXL is required as an
entry factor for ZIKV in specific reti-
nal cell types. In contrast, our study
showed that inhibition of AXL signal-
ing using a selective AXL inhibitor,
R428, markedly blocked ZIKV replica-
tion in Pr. RPE cells. This finding also
corroborated the study showing that
AXL inhibition impaired ZIKV infec-
tion in the human blood-brain barrier
endothelial cell line, \CMEC/D3 (54).
These findings suggest that ZIKV may
use AXL as an entry receptor to gain
access to BRB cells and cause pathol-

yz.

yse

ogy in the retina.

Upon viral entry, host cells employ intracellular pathogen-recognizing receptors (PRRs), such as TLRs
and RIG-I-like receptors, for recognition and initiation of innate immune responses, particularly, the gen-
eration of type I IFNs (36, 55). Our data show that ZIKV induced the expression of TLR3, RIGI, and
MDADS5 in Pr. RPE cells and HRVEC as well as in the retina, suggesting that these PRRs might be involved in
recognition of ZIKV in the eye. PRR activation leads to the production of various inflammatory mediators,
including cytokines, chemokines, and IFNs. The type I and type II IFNs have been shown to restrict flavivi-
rus propagation, including DENV, WNV, and ZIKV (56, 57). Our results corroborate enhanced TNFA, IL6,
ILIB, CXCLI10, CCL5, IFNA, IFNB, and IFNG gene expression following ZIKV challenges both in vitro and
in vivo. Moreover, ZIKV infection induced the expression of several IFN-induced antiviral genes, includ-
ing ISG15, OAS2, and MX]I. These IFN-stimulated genes (ISGs) have been shown to exert strong antiviral
effects and restrict the viral replication of flaviviruses like DENV and WNV (58, 59). Marked upregulation
of these ISGs suggests a role for type I IFNs in controlling ZIKV infection and replication in vivo.

To date, whether ZIKV can cause ocular pathology in animal models, similar to those reported in human
patients, is not known (8, 9, 45, 60). Thus, the availability of suitable animal models that can define the tis-
sue pathology associated with the disease manifestations may provide better insight into the pathogenesis and
potentially future prevention and treatment of ZIKV infections. In this study, we demonstrate that direct inocu-
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Figure 7. ZIKV incites innate inflammatory
and antiviral immune responses in the
retina. Eyes of 4- to 6-week-old C57BL/6
and ISG157/~ mice (n = 7 each time point)
were challenged intravitreally with 104 PFU
PRVABC5S. Neural retinas were eviscerated
for RNA isolation and gRT PCR analysis. qRT
PCR showing expression of PRRs (T/r3, Rigi,
and Mda5), TAM receptors (Ax/ and Mertk),
inflammatory mediators (Tnfa, I11b, 116,
Cxcl10, and Ccl5) IFNs (Ifnb1 and Ifng), and
IFN-induced antiviral genes (/sg15, Oas2, and
MxT1) following ZIKV infection (mean + SD;
*P < 0.05, **P < 0.005, mock vs. ZIKV in WT
mice; § P<0.05, §§ P<0.005, mock vs ZIKV in
ISG157/- mice; TP < 0.05, TP < 0.005, WT vs.
ISG157/; Student’s t test).

lation of ZIKV resulted in development of
retinal lesions in adult WT mice, with evi-
dence of choroidal inflammation and RPE
damage/atrophy. Our intravitreal inocula-
tion method bypasses the BRB and infects
the retina directly. We acknowledge the
limitations of our animal model, in par-
ticular, in deciphering if and how ZIKV
crosses the BRB. However, the observed
ocular pathology in our model that closely
resembles ZIKV-induced retinal lesions in
humans provides advantages over IFN-
RA1”~ mice (27) for studying the mecha-
nisms of pathogenesis of chorioretinal
atrophy. Given the ZIKV RNA shedding
in the tears of infected animals, the present
study shows the sequelae of direct intraoc-
ular inoculation of ZIKV that may occur
during an intravitreal injection or intraocu-
lar surgery, highlighting the importance of
avoiding the aforementioned clinical prac-
tices in ZIK V-infected patients.

Another major finding of our study
is that type I IFN-induced ISG15 plays a
protective role in the retina against ZIKV

infections. While generally considered an antiviral gene, ISG15 has been shown to influence viral replication

in both a positive and a negative manner (43). Our data showed a marked increase in the expression of ISG15
in ZIKV-challenged retinal cells and mouse retinas. Our study revealed that ZIKV induced severe chorioreti-
nitis in ISG15~7~ mice and that the retinas of these mice had higher ZIKV RNA copies, indicating a higher

viral burden. This suggests that ISG15 plays a role in inhibiting ZIKV replication in the eye. Moreover, the
mRNA levels of inflammatory cytokines 7nfa and /16 and chemokines Ccl5 and Cxcl10 were similar in WT
and ISG15 mice, while the mRNA levels of IFNs (Ifizb and Ifng) and IFN-stimulated antiviral genes (Isg/5,
Oas, and MxI) were significantly lower in ISG15~~ mice, suggesting that ISG15 plays a role in the positive
loop of regulation of IFN signaling. Whether ISG15 functions as an ISGylation protein, as a free intracellular

antiviral factor, and/or as an extracellular antiviral mediator remains to be determined.
In summary (Figure 8), our study demonstrated that retinal cells (RPE and HRVEC) are permissive to

ZIKV replication and express receptors for its entry. The increased ZIKV replication and severe retinal lesions

in ISG15~~ mice indicate an essential role of ISG15 in providing retinal defense against ZIKV infection. Impor-
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Figure 8. Schematic presentation of ZIKV pathogenesis in the eye. Intravitreal injections of ZIKV cause chorioretinal atrophy and RPE mottling in mice.
ZIKV infects retinal cells lining the blood-retinal barrier, induces cell death, and initiates antiviral innate immune response.

tantly, our mouse model in which direct ZIKV inoculation in the eye results in retinal lesions can be used to
investigate the mechanistic basis of ZIKV-induced ocular abnormalities and to screen new classes of therapeu-
tics to mitigate or prevent ocular manifestations of ZIKV infection. Further studies are in progress to assess the
extent of ZIKV-induced chorioretinal atrophy and the consequences this atrophy on visual outcomes in addition
to studies to define molecular signatures of ZIKV infection using systems biology approaches.

Methods

Cells and culture conditions. Human Pr. RPE cells were purchased from Lonza and cultured in RtEGM Bul-
letkit media (Lonza). Immortal human RPE cells, ARPE-19 (ATCC CRL-2302), were grown in DMEM-
F12 media supplemented with 10% FBS, 10 ug/ml L-glutamine, and 1% Penicillin and Streptomycin (Invi-
trogen). Primary HRVEC (ACBRI 181) were maintained in M131 media supplemented with 5% FBS, 1%
Penicillin and Streptomycin solution, and Microvascular Growth supplement (Gibco, Thermo Scientific).
Macaca primary CEC (RF/6A) were grown in EMEM supplemented with 10% FBS, 10 pug/ml L-glu-
tamine, and 1% Penicillin and Streptomycin solution. Both HRVEC and CEC were a gift from Xiaoxi
Qiao (Henry Ford Hospital, Detroit, Michigan, USA). Immortal human retinal Miller glia cells (MIO-
M1) (30, 61), provided by Astrid Limb (Moorfields Eye Hospital, London, United Kingdom), were grown
in complete DMEM media supplemented with 10% FBS, 10 pg/ml L-glutamine, and 1% Penicillin and
Streptomycin solution. The mouse photoreceptor cell line, 661W (31, 62, 63), provided by Muayyad Al-
Ubaidi (University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma, USA), was grown
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in DMEM supplemented with 10% FBS, 10 pg/ml L-glutamine, 1% Penicillin and Streptomycin, 40 pg/1
hydrocortisone, 40 pg/1 progesterone, 32 mg/1 putrescine, and 40 pl/1 B-mercaptoethanol.

Mice. Both male and female mice, at 4 to 6 weeks of age, were used in all experiments. C57BL/6
(WT) mice were purchased from Jackson Laboratory. ISG157~ (B6 background) mice were provided by
Fu-Shin Yu (Wayne State University, Detroit, Michigan, USA) and bred in-house. Animals were housed in
a restricted-access DLAR facility, maintained on a 12-hour light/dark cycle, and fed LabDiet rodent chow
(LabDiet Pico lab Laboratory) and water ad libitum.

Virus strain and infection. ZIKV strains PRVABCS59 (NR-50240) originally isolated from human blood in
Puerto Rico in December 2015, was obtained through BEI Resources, National Institute of Allergy and Infec-
tious Diseases, NIH. ZIKV was propagated in ATCC CCL-81 Vero cell line, and titers were determined by
standard TCID,, and plaque assays. All cultured cells were infected with ZIKV at a MOI of 1 unless specified
otherwise. For AXL inhibition studies, Pr. RPE cells were treated with a selective AXL inhibitor, R428 (1 pM)
(APExBio), for 2 hours prior to ZIKV challenge, and DMSO-treated cells along with ZIKV served as vehicle
control. For in vivo studies, mice were injected with ZIKV (~1 x 10* PFU/eye) intravitreally in the right eye.
The contralateral eyes were injected with vehicle and served as mock control. At the desired time points after
infection, funduscopic examination was performed using Micron III (Phoenix Research Lab). The animals
were then euthanized, and enucleated eyes were subjected to viral burden determination, inflammatory cyto-
kine/chemokine assays, and histology as described in the following sections.

Immunofluorescence staining and Western blotting. For immunostaining procedures, all cells were cul-
tured in a 4-well chamber slide (Fisher Scientific) and infected with ZIKV at a MOI of 1. At 24, 48,
and 72 hours after infection, ZIK V-infected and mock-treated cells were fixed overnight with 4% para-
formaldehyde in PBS at 4°C. For in vivo samples, 5-um-thick retinal cryosections were fixed in 4%
paraformaldehyde, as stated above. After washing, the cells/retinal sections were permeabilized and
blocked with 1 % (w/v) BSA, 10% (v/v) goat serum, and 0.4% Triton X-100 made in PBS for 1 hour
at room temperature. Cells/retinal sections were incubated with primary mouse monoclonal antibody
4G2 (1:100) (Millipore, catalog MAB10216), cleaved caspase-3 (1:100 dilution, Cell Signaling, catalog
9664S), AXL (1:100 dilution, Cell Signaling, catalog 8661S), or ISG15 (1:100, Cell Signaling, catalog
2758S) overnight at 4°C. Following removal of the primary antibody, the cells/retinal sections were
washed extensively with PBS and incubated for 1 hour with anti-mouse/rabbit FITC/Alexa Fluor
594—conjugated secondary antibody (1:200) at room temperature. Finally, the cells/retinal sections
were extensively washed with PBS, and the slides were mounted in Vectashield anti-fade mounting
medium (Vector Laboratories) and visualized using an Eclipse 90i fluorescence microscope (Nikon).
The Western blotting for AXL (Cell Signaling; catalog 8661S), TLR3 (Cell Signaling; catalog 69615),
HSP90 (Cell Signaling; catalog 4874S), and B-actin (Sigma-Aldrich; catalog A2228) was performed
using ZIK V-infected and control cell lysates as described earlier (31, 32).

TUNEL. ZIKV induced cell death was assessed by TUNEL staining. Cells were grown and challenged
with ZIKV in a 4-well chamber slide (Fisher Scientific) for the indicated time points. TUNEL staining was per-
formed using the ApopTag Fluorescein In Situ Apoptosis Detection Kit as per the manufacturer’s instructions
(Millipore). The TUNEL-stained cells were visualized using an Eclipse 90i fluorescence microscope (Nikon).

Cell RNA extraction and gRT-PCR. Total RNA was extracted from ZIKV-infected cells and mouse retinas
using the RNeasy Mini kit (Qiagen), as per the manufacturer’s instructions. cDNA was synthesized using
1 pg of total RNA using a Maxima first-strand cDNA synthesis kit, as per the manufacturer’s instructions
(Thermo Scientific). The cDNA was amplified using gene-specific PCR primers. qRT-PCR was conduct-
ed in a StepOnePlus Real-Time PCR system (Applied Biosystems) using TagMan probes against various
inflammatory cytokines/chemokines (TNFA, ILIB, IL6, CXCL10, and CCL5), IFNs (IFN1A4, IFNB2, and
IFNG), TLR3 (TLR3) and SYBR Green-based primers against receptors tyrosine kinases TYRO3, AXL,
and MERTK (TAM), RIGI, and MDAS5 as well as ISGs, such as ISG15, OAS2, and MXI. All primers and
TagMan probes (Prime Time Mini qPCR Assay) were purchased from Integrated DNA Technologies. The
quantification of gene expression was determined via the comparative AACT method. Gene expression
in the test samples was normalized to the endogenous reference GAPDH level and were reported as fold
change relative to GAPDH gene expression.

Viral RNA isolation and qRT-PCR for viral quantification. Viral RNA was isolated from cell culture super-
natant and whole-eye lysates at the desired time points after infection using a QIAamp viral RNA mini kit
(Qiagen), as per the manufacturer’s instructions. Viral RNA transcripts were quantified using a TagMan
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probe-based qRT-PCR by plotting a standard curve produced using serial 10-fold dilutions of ZIKV RNA
as described previously (57, 64, 65). qRT-PCR was performed in a 96-well plate on a StepOnePlus Real-
Time PCR system (Applied Biosystems).

Statistics. All data are expressed as the mean = SEM unless indicated otherwise. Statistical differences
between experimental groups were determined using unpaired 2-tailed Student’s ¢ test and 1-way ANOVA. All
statistical analyses were performed using GraphPad Prism 7.02 (GraphPad Software). A value of P < 0.05 was
considered statistically significant. All experiments were performed at least 3 times unless indicated otherwise.

Study approval. Mice were treated in compliance with the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic and Vision Research. All procedures were approved
by the Institutional Animal Care and Use Committee of Wayne State University under protocol A 16-06-102.
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