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Abstract

As the SARS-CoV-2 coronavirus continues to evolve and infect the global population, many individuals are likely to suffer from post-acute
sequelae of SARS-CoV-2 infection (PASC). Manifestations of PASC include vision symptoms, but little is known about the ability of SARS-
CoV-2 toinfect and impact the retinal cells. Here, we demonstrate that SARS-CoV-2 can infect and perturb the retinal pigment epithelium
(RPE) in vivo, after intranasal inoculation of a transgenic mouse model of SARS-CoV-2 infection, and in cell culture. Separate lentiviral
studies showed that SARS-CoV-2 Spike protein mediates viral entry and replication in RPE cells, while the Envelope and ORF3a
proteins induce morphological changes. Infection with major variants of SARS-CoV-2 compromised the RPE barrier function and
phagocytic capacity. It also caused complement activation and production of cytokines and chemokines, resulting in an inflammatory
response that spread across the RPE layer. This inflammatory signature has similarities to that associated with the onset of age-
related macular degeneration (AMD), a major cause of human blindness, resulting from RPE pathology that eventually leads to
photoreceptor cell loss. Thus, our findings suggest that post-acute sequelae of SARS-CoV-2 infection of the RPE may have long-term
implications for vision, perhaps comparable to the increased occurrence of AMD found among individuals infected by HIV, but with
greater public health consequences due to the much larger number of SARS-CoV-2 infections.
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Significance Statement

SARS-CoV-2 continues to infect humans worldwide, with a variety of symptoms, including neurological symptoms, occurring long
beyond the acute phase of infection. Little is understood about the ability of SARS-CoV-2 to infect and impact the retina. Here, we
demonstrate that different variants of SARS-CoV-2 can efficiently and productively infect the retinal pigment epithelium (RPE), cause
cellular damage, and compromise RPE functions. SARS-CoV-2 infection alsoinduced an inflammatory response that spread across the
RPE and sub-RPE layers and is comparable to the underlying RPE pathology reported for age-related macular degeneration, in which
RPE impairment eventually leads to photoreceptor damage and loss of central eyesight. Thus, SARS-CoV-2 infection of the RPE may
have a significant long-term impact on vision.

Introduction to several neurological symptoms characteristic of PASC, includ-

Although hospitalization rates and mortalities resulting from se-
vere COVID-19 have declined significantly (1-3), infection and re-
infection with SARS-CoV-2 variants persist, and there are
numerous reports of post-acute sequelae of SARS-CoV-2 infection
(PASC or long-COVID) (4-6). Notably, viral neuroinvasion can lead

ing visual impairment, loss of smell or taste, “brain fog,” head-
aches, and other neurocognitive sequelae (7). Mechanisms of
neuroinvasion of SARS-CoV-2 and associated brain damage in-
clude entry of SARS-CoV-2 through binding with the host cell re-
ceptor, ACE2, and utilization of host proteases like TMPRSS2 or
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olfactory retrograde trans-synaptic and vascular routes of viral
neuroinvasion (8). However, a somewhat overlooked area in the
pathogenesis of SARS-CoV-2 infection is the infection of the eye,
particularly the retinal cells, and the potential long-term effects
on vision. The retina is part of the central nervous system, and
SARS-CoV-2 has been shown to infect primary human retinal cells
(9) and human retinal organoids in vitro (10). However, little is
known about the ability of different SARS-CoV-2 variants of con-
cern (VOC) to infect retinal cells and how they might impact their
long-term function.

Experimental animal studies have shown that other coronavi-
ruses can infect various retinal cell types regardless of the inocu-
lation route, and the infection elicits both acute and long-lasting
negative effects on the retina, causing damage to both the photo-
receptors and the RPE (11-13). The SARS-CoV-2 receptor ACE2 has
been shown to be expressed by the human RPE (9, 14), makingit a
potential target cell type for SARS-CoV-2 infection. The vascular-
ization of the mammalian retina is supported by both the inner
retinal vessels and the choroid (15). Although located in the pos-
terior chamber of the eye, the retina is still accessible to
SARS-CoV-2, especially in the setting of viremia during
COVID-19 (16). Both SARS-CoV-2 viral protein and RNA have
been detected in human patient retinal tissue samples (17-19).
A very recent study, published during the preparation of this
manuscript, demonstrated that wild-type (WT) SARS-CoV-2 virus
can reach and infect both the anterior and the posterior chamber
of the eye following intranasal inoculation in a human ACE2
transgenic mouse model (20). However, the presence of
SARS-CoV-2 and its productive infection of the RPE has not been
clearly demonstrated.

The RPE plays a critical role in maintaining photoreceptor func-
tion (21). An impaired RPE precedes the loss of photoreceptor
function in most macular degenerations (22, 23). Therefore,
SARS-CoV-2 infection in the RPE could pose a detrimental long-
term effect on the outer retinal health, possibly contributing to
changes in vision reported in individuals ~6 months post-acute in-
fection (24), but perhaps more likely on an even longer timescale.
Of significance is that activation of complement and inflamma-
some pathways is associated with SARS-CoV-2 infection (25, 26)
and is also involved in age-related macular degeneration (AMD)
(27), the main cause of visual impairment in the industrialized
world, currently impacting the elderly with a worldwide preva-
lence of 170 million individuals (28, 29). In particular, persistent
complement dysregulation is associated with long-COVID (30),
and alleles of complement factor H (CFH) and other complement
genes represent major risk alleles for AMD (31-33). Any synergy
between SARS-CoV-2 infection and AMD risk factors that acceler-
ates the onset of AMD would have important public health
consequences.

In this study, we show that SARS-CoV-2 and its major VOCs
can reach and productively infect RPE cells in vivo, using two
transgenic mouse models that express human ACE2 and mimic
the human natural disease course. In addition, the virus also in-
duced inflammatory responses in the retina, similar to those
found in AMD (25, 27). Infection of RPE cell cultures resulted
in altered RPE physiology and impaired functions. Using two in-
dependent lentiviral systems, we demonstrated the effect of
Spike-mediated viral entry and viral proteins on RPE cells. Due
to the key role of the RPE in supporting the photoreceptors,
the significance of the RPE as a target for SARS-CoV-2 highlights
an increased risk for potential long-term effects on vision aris-
ing from SARS-CoV-2 infection.

Results

SARS-CoV-2 can reach and infect RPE and induce
local complement activation in a transgenic
mouse model

To determine whether SARS-CoV-2 can reach and infect the RPE,
following an intranasal inoculation, we conducted an in vivoinfec-
tion using the reference strain 2019-nCoV/USA_WA1/2020 (here-
after referred to as WT) in two different mouse models that
express human ACE2: Taconic AC70 mice and Jackson
Laboratory K18 mice (Fig. 1A). Although the K18 mouse is the
more widely used mouse model for SARS-CoV-2 infection, the
AC70 mouse better replicates the ACE2 expression pattern in hu-
man retinal cells, many of which have been reported to express
the ACE2 receptor (34, 35). Specifically, we found significant
ACE2 expression in AC70 RPE (Figs. 1B and S1A), consistent with
a previous report showing the RPE as one of the highest regions
of ACE2 expression in the human eye (9). The mice received intra-
nasal inoculation with 1 x 10* PFU WT virus (36), and their weight
change was recorded (Fig. 1C). The mice were euthanized at 5 days
post-infection (dpi) or 4 dpiif they met the humane endpoint soon-
er. All infected AC70 mice exhibited lethargy, gradual weight loss,
and were immobile prior to euthanasia, while only two out of five
infected K18 mice exhibited significant weight loss and milder
symptoms. Upon euthanasia, we harvested one eye for immuno-
fluorescence analysis, one for immuno-electron microscopy (EM)
analysis, and the lungs for viral replication analysis via qRT-PCR
(Fig. 1D). Details on the individual animals are summarized in
Table S1.

By immunofluorescence of fixed eyecup flat mounts, using an
anti-SARS-CoV-2 nucleocapsid (N) antibody (Fig. S1A), we did
not detect any N-positive staining in the RPE of the infected K18
mice, and we detected positive staining in only two out of six in-
fected AC70 mice euthanized at 4 dpi. However, all the AC70
mice that were euthanized later, at 5 dpi, contained clusters of
positive staining cells throughout the RPE (Fig. 1E, Table S1).
There was no relationship between lung viral titer and RPE infec-
tion (Table S1), so that a major factor for RPE infection appears to
be the amount of time since inoculation.

To further assess viral infection in the RPE cells, we conducted
immuno-EM with the same anti-SARS-CoV-2 N antibody. In
immunogold-labeled positive RPE cells, we found gold particles
throughout the RPE cell body (Fig. 1F), including the apical region
and the microvilli (Fig. 1G). At higher magnification, we observed
intact immunogold-labeled viral particles localized in the apical
region of the mouse RPE (Fig. 1H).

Recent reports have shown an association between comple-
ment dysregulation and COVID severity, as well as an increased
risk of long-COVID in patients (26, 30). Complement activation is
also linked to impaired RPE health and AMD pathogenesis (31~
33). Usingimmunofluorescence staining, we observed widespread,
increased accumulation of complement components C3b and
C5b-9 (MAC) across a region that appeared to include the basal
RPE, Bruch’s membrane, and choroid cells, in retinal sections of
the SARS-CoV-2-infected AC70 mice, in contrast to the respective
mock-infected animals (Fig. 11,]). The widespread labeling of these
complement components was evident even in areas where only a
few cells showed productive infection by SARS-CoV-2, asindicated
by SARS-CoV-2 N protein immunolabeling (Fig. 1]).

Together, these findings demonstrate that SARS-CoV-2 can in-
fect the RPE and induce widespread complement activation across
the RPE in mice expressing human ACE2.
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Fig. 1. SARS-CoV-2 canreach and infect the RPE in a transgenic mouse model. A) Intranasal inoculation of hACE2 mouse models. B) Immunofluorescence
image of total ACE2 (mouse and human version) expression in retinal cryosections from the AC70 hACE2 transgenic mouse line. Scale bars: 20 pm.

C) Percent weight change relative to starting weight of hACE2 mice infected with WT virus by 4 dpi. Each dot represents an individual mouse. The gray
dots indicate mice sacrificed on day 4 due to severe disease, while the black dots indicate mice sacrificed on day 5. D) Relative viral replication in the lungs
of hACE2 mice infected with WT virus, as measured by gRT-PCR. Each dot represents an individual mouse, as described in C. E) RPE flat mount from AC70
mice intranasally infected with mock or WT SARS-CoV-2 virus, showingimmunofluorescence (green) of the SARS-CoV-2 N protein, as an indicator of viral
presence. Scale bars: 50 um. F-H) Immuno-EM labeling of SARS-CoV-2 N protein in the RPE of AC70 mice, intranasally infected with WT SARS-CoV-2
virus. Dotted lines indicate apical or basal region. Mv, microvilli; Me, melanosome; Mt, mitochondria; Bi, basal infoldings; POS; Pg, phagosome. F) Gold
particles are evident throughout the RPE cell body of an infected mouse (but not a mock-infected mouse), indicating viral presence. G) Gold particles
indicate viral presence in the apical region of the RPE, including the microvilli (black arrowheads). H) A cluster of gold particles indicate an intact viral
particle (black arrowhead) inside an RPE cell. Scale bars: 2 pm (F, G), 200 nm (H). I) Retinal cryosections from AC70 mice intranasally infected with mock or
WT SARS-CoV-2 virus, showing complement components C3b (left) and C5b-9 (right), labeled in magenta; SARS-CoV-2 N protein in green; and DAPI in
blue. Scale bars: 20 pm. J) Lower magnification of a section through the RPE layer from an infected AC70 mouse: upper image, bright-field plus N protein
(green) and C3b immunofluorescence (magenta); lower image, C3b immunofluorescence alone. Widespread accumulation of C3b is evident, despite only
two small regions of N-protein expression. Scale bars: 50 um.
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SARS-CoV-2 can infect and replicate in human
RPE cells

To test that SARS-CoV-2 can infect human RPE cells via endogen-
ous receptors, we first confirmed whether human RPE cells ex-
press cell-entry receptors endogenously that are important for
SARS-CoV-2 replication. We examined ACE2 and TMPRSS2 ex-
pression level in several human RPE cell models. Consistent
with previous reports (14, 37), we found that both ACE2 and
TMPRSS2 were expressed in all the human RPE cell models we
tested at both RNA (Fig. 2A) and protein (Fig. 2B) levels. Using im-
munofluorescence staining and super-resolution microscopy, we
found that ACE2 was localized mainly to the apical region of the
RPE cells but was also found to a lesser extent on the basal-lateral
surface (Fig. S1B).

We then tested in vitro whether SARS-CoV-2 infects human
RPE cells. We investigated the response of the RPE to infections
with the WT and major SARS-CoV-2 VOCs: B.1.617.2 (Delta) and
BA.1 (Omicron). To visualize infection, we first incubated human
ES-derived RPE (hES-RPE) cells grown on Trans-well filters with
the SARS-CoV-2 WT strain tagged with mNeonGreen (WT-mNG)
(38) for 1 h, and then fixed the cells at 48 h post-infection (hpi).
We found that the RPE cells can be infected by the SARS-CoV-2
as indicated by the presence of the mNG+cells (Fig. 2C).
Infection was confirmed with immunofluorescence labeling for
SARS-CoV-2 N (Fig. 2D) and Spike (S) (Fig. 2E) proteins. This label-
ing gave mostly consistent detection of SARS-CoV-2 compared
with the mNG-tag (38), with an occasional difference in expres-
sion (Fig. S1C). Using transmission electron microscopy (TEM),
we observed infected RPE cells 48 hpi with both intracellular
vesicles filled with assembled viral particles, and viral particles at-
tached to the apical surface of the cells, suggesting active viral
production by infected RPE cells (Figs. 2F and S1D, E).

Next, we tested different factors that could affect SARS-CoV-2
infectability and viral production in RPE using the TCIDs, assay.
First, by using 4-day-, 4-week-, and 10-week-old hES-RPE cells,
we tested whether human RPE cultures of varying degrees of mat-
uration impacted SARS-CoV-2 replication in vitro (39). We found
that maximal viral production efficiency was similar regardless
of culture age, as shown by TCIDsq in cell culture supernatants
(Fig. 2G). Second, we tested whether newly produced
SARS-CoV-2 virions were released apically as reported for upper
airway epithelial cells (40), by comparing viral titer in the apical
vs. the basal chambers of the Trans-well cultures. We tested
both 4-day- and 4-week-old RPE cultures following an infection
with the WT strain, using the TCIDs assay. In both cases, we de-
tected significantly higher viral titer in the apical chamber of the
Trans-well than in the basal chamber, but the difference was lar-
ger in the more mature RPE cultures, possibly due to better devel-
oped barrier function (Fig. 2H). Third, we compared the
infectability of SARS-CoV-2 variants mNG (WT), B.1.617.2
(Delta), and BA.1 (Omicron) in RPE cells. We found that all three
variants can productively infect RPE cells. At 48 hpi, in cell culture
supernatants of infected RPE cell cultures, Delta had a similar lev-
el of viral production to that of WT, whereas Omicron produced
lower viral titers than WT and Delta (Fig. 2I). However, at 10 dpi,
immunofluorescence detection of viral protein showed that
Omicron viral production in the RPE cells is comparable to that
of the WT (Fig. 2]). Finally, we performed time-course experiments
with WT and Omicron to determine the duration of RPE cell infec-
tion. Time-course experiments showed that, although there were
differences in viral titer with respect to the viral strain and the
time post-infection, strikingly, a considerable amount of virus

was still detectable 10 dpi with all three variants (Figs. 2K and
S1F, G). Throughout the time course, we did not observe signifi-
cant damage to the RPE monolayer (Fig. S11).

Together, these results suggest that different SARS-CoV-2
VOCs can infect RPE cells, regardless of the maturity of the RPE
cells (39). Furthermore, once infected, RPE cells sustain a high lev-
el of viral replication for as long as 10 days, with newly assembled
viral particles released primarily from the apical surface of the
RPE.

SARS-CoV-2 infection negatively impacts RPE
morphology and physiology

To determine the effect of viral infection on RPE ultrastructure, we
examined WT and Omicron-infected cells using TEM. We observed
that many of the RPE cells infected with the WT virus were intact
(Fig. 3A). Compared with the adjacent uninfected cells, the infected
RPE cells had lost most of their apical microvilli. They also ap-
peared swollen and extended further apically than uninfected cells
(Fig. S2A). Remarkably, despite being inundated with fully as-
sembled viral particles, the cell still possessed healthy-looking or-
ganelles, including melanosomes and cristae-dense mitochondria
(Fig. 3A, inset). In contrast, many Omicron-infected RPE cells were
damaged. From observations of cell remnants containing fully as-
sembled viral particles, it appeared that the cells had undergone
necrosis (Figs. 3B and S2B). Phalloidin staining showed that there
was increased stress fiber formation in both WT and
Omicron-infected RPE cells (Fig. 3C), as well as an apparent reduc-
tion in actin-rich apical microvilli (Fig. 3C, Y to Z panel), consistent
with our TEM findings.

To tease apart the effects of different steps of the viral life cycle, we
first tested the specific effect of Spike-ACE2-mediated viral entry on
RPE by utilizing a Spike-pseudotyped lentivirus model (41). As indi-
cated by red fluorescent protein (RFP) expression, human RPE cells
could be infected by either the control VSVG-pseudotyped or the
Spike-pseudotyped lentivirus (Fig. S2C, D). Unexpectedly, we noticed
that the RFP expression pattern changed from diffuse, when infected
with the control VSVG-pseudotyped lentivirus, to localization within
specific cytoplasmic compartments, when cells were infected with
the Spike-pseudotyped virus (Fig. S2C, D). These findings suggest po-
tential changes in cell physiology induced by Spike-mediated viral en-
try. Moreover, a closer look at the Spike-pseudotyped virus-infected
RPE cells revealed altered RPE morphology, including abnormal mem-
brane protrusion/blebbing, increased presence of damaged cell deb-
ris, and basal deposits, when compared with cells infected with
VSVG-pseudotyped virus (Figs. 3D and S2E).

Next, we sought to determine the effect of specific SARS-CoV-2
proteins on the RPE cells. The presence of high levels of viral pro-
teins during viral replication and assembly can pose a huge burden
on the host cell (42). Moreover, many SARS-CoV-2 proteins are
found to interact with different parts of the host cells, interfering
with their normal cellular and biological processes (43). Previous
reports have shown that SARS-CoV-2 Envelope protein (E) and
ORF3a protein (3a) are both involved in host-viral protein-protein
interactions and are associated with cell immune responses (44).
The E protein was shown to specifically interrupt epithelial cell
junction stability (45), while 3a was shown to inhibit lysosomal
function (46), two aspects of RPE cell biology that support essential
functions of the RPE (21). To mimic SARS-CoV-2 viral replication,
we used lentiviral-mediated expression of the E and 3a proteins
and studied their effects on RPE morphology and physiology. We
generated a pure population of cells stably expressing the E and
3a proteins by applying puromycin selection following lentiviral
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Fig. 2. SARS-CoV-2 can infect and replicate in human RPE cells. A) gPCR and B) western blot analysis for expression of major SARS-CoV-2 viral entry
receptors, ACE2 and TMPRSS2, in different types of cells and tissues. Each dot in A represents a biological replicate. iPSC-RPE, human induced pluripotent
stem cell-derived RPE; hfRPE, human fetal RPE; hES-RPE, human embryonic stem cell-derived RPE; ARPE-19, human RPE cell line; hFib, human fibroblasts;
Calu3, human lung epithelial cell line; mBrain, mouse brain. C) Bright-field (left) and immunofluorescence (middle) image of hES-RPE cells infected by
fluorescently tagged WT SARS-CoV-2 virus (MOLI: 0.2), as indicated by mNeonGreen (mNG) signal. Scale bars: 50 pm. D-E) Immunofluorescence image of
hES-RPE infected by WT SARS-CoV-2 virus (MOI: 0.2), as indicated by positive staining of SARS-CoV-2 N (D) and S (E) proteins. F) TEM analysis showing
SARS-CoV-2 and infected hES-RPE in vitro with fully assembled viral particles. Black arrowheads indicate examples of individual viral particles on the
apical surface of the RPE. White arrows indicate examples of intracellular compartments containing fully assembled viral particles. Mt, mitochondria.
Scale bars: 2 um. G) SARS-CoV-2-mNG viral replication and release by hES-RPE cells of different culture lengths 48 hpi (MOI: 1), measured by TCIDs, in
Vero6 cells. H) Viral titer released by hES-RPE cells infected with WT SARS-CoV-2 virus in the apical vs. basal chamber of the Trans-well cultures, 48 hpi.
Each dot represents an individual culture. I) Average viral production of mNG (WT), Omicron, and Delta by hfRPE cells 48 hpi. Each dot represents an
individual culture. J) Immunofluorescence images of hfRPE cells 10 dpi with mock (top left panel), mNG (MOI: 1, top right panel, MOI: 0.2, bottom right
panel), and Omicron (MOI: 0.2, bottom right panel), stained with antibodies against SARS-CoV-2 N and S proteins, both labeled in green. Scale bars: 50 pm.
K) Representative viral production kinetics of mNG (WT) and Omicron in the apical vs. basal chamber of the Trans-well culture over time. Dotted line
signifies the upper and lower detection limit of the assay. G-I) Graph shows median with 95% CIL.
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basal infoldings; BLD, basal laminar deposit; TWM, Trans-well membrane. Red boxes indicate remnants of tight junctions between adjacent cells. Scale
bars: 2 ym. E) Representative bright-field images of differentiated ARPE-19 cells, expressing control RFP or SARS-CoV-2 E and 3a proteins. Arrows indicate
vacuole-like structures. Scale bars: 50 and 20 pm for the magnified panel. F) Representative phalloidin staining of ARPE-19 cells expressing control RFP or
SARS-CoV-2 E and 3a proteins showing an increased presence of stress fiber in cells expressing SARS-CoV-2 proteins. Scale bars: 5 pm. G) Average size of
ARPE-19 cells expressing RFP (control) vs. SARS-CoV-2 E and 3a proteins. Each dot represents an individual culture. H) Representative TEM images of
ARPE-19 cells, expressing either control RFP or SARS-CoV-2 E or 3a protein. Mv, microvilli; Mt, mitochondria; Nuc, nucleus; V, inter- or intracellular
vacuole. Red boxes indicate remnants of tight junctions between adjacent cells. Scale bars: 2 pm. I) Average microvillus density in ARPE-19 cells
expressing control RFP, SARS-CoV-2 E and 3a proteins, as identified in TEM images. J) Survival curves of ARPE-19 cells expressing control RFP or
SARS-CoV-2 E or 3a protein, following H,0O, treatment. Average results of three separate experiments. G), I) Data represent mean + SEM. J) Plot shows
mean with minimum and maximum value. One-way ANOVA with multiple comparison test. *P < 0.05, *P < 0.01, ***P < 0.005.

transduction. Expression of both viral proteins was confirmed by media to promote the formation of fully differentiated, confluent
RNA (Fig. S2F) and protein (Fig. S2G) analysis. For microscopy ana- monolayers (47, 48). Under low-magnification bright-field micros-
lysis, the E- and 3a-expressing cells, as well as control cells ex- copy, the only clear difference among the three lines was apparent

pressing an RFP construct, were seeded on Trans-well filters and vacuolization of some but not all 3a-expressing cells (Fig. 3E); va-
cultured for 4-6 weeks in nicotinamide-supplemented growth cuolization was also, but only rarely observed in some cultures
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Fig. 4. Effect of SARS-CoV-2 infection on RPE barrier function and phagocytic capacity. A) Representative average TEER measurements of 4-week-old
hfRPE culture over 10 dpi of mock, mNG (WT, MOI: 1), and Omicron (MOI: 0.2). Box and whisker graph shows mean with minimum and maximum values.
B) Percentage of cultures for each condition that showed a decrease in TEER values (i.e. lower than the preinfection value on day 0) within 10 dpi.

C) Representative fluorescence images of ARPE-19 cells expressing SARS-CoV-2 E and 3a proteins showing a reduction in ZO-1 junctional expression.
Scale bars: 50 pm. D) In vitro phagocytosis assay in iPSC-RPE and polarized ARPE-19 cells infected with VSVG-Control and Spike-pseudotyped lentivirus,
showing reduced phagosome binding following Spike-ACE2-mediated viral entry. E) Number of ingested POS phagosomes following a pulse-chase
experiment of in vitro phagocytosis assay, identified by inside-outside immunofluorescence labeling of rod photoreceptor opsin in ARPE-19 cells
expressing control RFP, SARS-CoV-2 E, and 3a proteins. F) Rate of POS phagosome degradation during the 3-h chase in the in vitro phagocytosis assay in
ARPE-19 cells expressing control RFP, SARS-CoV-2 E, and 3a proteins. D-F) Each dot represents an individual culture. Graph shows mean + SEM.

D, E) Unpaired equal-variance Student’s t test. A, F) One-way ANOVA with multiple comparison test. *P < 0.05, **P < 0.01, **P < 0.005.

of E-expressing cells. However, when stained with phalloidin, only
the control cells showed the characteristicf-actin organization of a
well-differentiated epithelial cell; some of both the E- and
3a-expressing cells possessed actin stress fibers (Fig. 3F). In add-
ition, the E- and 3a-expressing cells exhibited a somewhat larger
surface area relative to the control cells (Fig. 3G), characteristic
of a distressed RPE layer (49). TEM analysis revealed markers of cel-
lular stress, such as condensed chromatin, membrane blebbing,
and the presence of inter- and intracellular vacuoles in E- and
3a-expressing cells (Figs. 3H and S2H). In addition, the apical
microvilli in both E- and 3a-expressing cells were reduced
(Fig. 3H, 1).

A potential explanation for these observations is that the pres-
ence of viral proteins led to reduced RPE cell viability, which could
result from changes in the cell proliferation rate. To test this hy-
pothesis, we plated the cells at low density and evaluated their
proliferation rate over 72 h using an XTT assay. However, we did
not observe consistent changes in proliferation rate between con-
trol and viral protein-expressing cells (Fig. S2I).

SARS-CoV-2 3a is known to induce oxidative stress and cell death
in some mammalian cell types (50, 51). Therefore, we checked to see
whether the expression of viral proteins increased RPE sensitivity to
oxidative stress-induced cell death. We plated cells at confluency
and exposed them to increasing concentrations of H,0,. Using an
XTT assay again, we found that, although there was no decrease
in cell viability between the control and viral protein-expressing cells
in the absence of H,O, we observed a greater sensitivity to

H,0,-induced cell death in both E- and 3a-expressing cells compared
with the control cells (Fig. 3]). Overall, our findings suggest that
SARS-CoV-2, through ACE2-mediated viral entry and the production
of toxic viral proteins such as ORF3a, negatively impacts RPE cells by
causing morphological changes and increased RPE sensitivity to oxi-
dative stress.

SARS-CoV-2 infection impairs RPE barrier
function and phagocytic capacity

Located between the photoreceptors and the choroidal capillaries,
the RPE performs many important functions to maintain the health
and function of the outer retina (21, 22). Given the cellular damage
caused by SARS-CoV-2 in RPE cells (Fig. 3), we hypothesized that
SARS-CoV-2 infection would significantly interfere with RPE func-
tions. One such function is regulating material exchange between
the photoreceptors and the choroidal vessels by forming the outer
blood-retina barrier. To test whether SARS-CoV-2 infection inter-
feres with RPE barrier function, we measured the transepithelial
electrical resistance (TEER) over time in mock-infected cells and
those infected with different SARS-CoV-2 variants. We observed a
transient yet significant reduction in RPE barrier function following
Omicron infection (Fig. 4A). This reduction in TEER coincided with
peak viral production, at 6 dpi (Fig. 1H). We also observed an in-
creased incidence of the TEER value falling below that of day O (pre-
infection), following infections of all the strains (Figs. 4B and S4),
including Delta (three out of three cultures tested). Consistent
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production was determined by multiplex Luminex immunoassays in cell culture supernatants of mock- and SARS-COV-2-infected RPE cells at 6, 8, and
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with the loss of TEER value, we also found a reduction in the im-
munofluorescence labeling of the tight junction protein, ZO-1, in
both WT and Omicron-infected cells (Fig. 5B). Interestingly, the
presence of each of the SARS-CoV-2 proteins, E and 3a, alone, had
a large effect on ZO-1 localization (Fig. 4C).

Another important function of the RPE is the regular ingestion
of photoreceptor outer segment (POS) tips, which is followed by
intracellular trafficking and endolysosomal digestion of the re-
sulting phagosome. Using an in vitro phagocytosis assay (52)
and the Spike-pseudotyped lentiviral system, we first investigated
the effect of Spike-mediated viral entry on RPE phagocytosis of
POS. To identify only the extracellularly bound POS, following a
short-pulse feeding, we labeled with RHO antibodies without per-
meabilizing the cells. Compared with the cells infected with
VSVG-Control lentivirus, those infected with Spike-pseudotyped
lentivirus had significantly fewer bound POS (Fig. 4D).

POS binding to RPE is mediated by oavB5 integrin (53).
Interestingly, integrins were proposed to be potential co-receptors
for SARS-CoV-2 viral entry. According to an in silico meta-analysis,

avB5 and avp3 are the two integrins most likely responsible for
SARS-CoV-2 Spike protein binding and there was significant se-
quence homology between part of the Spike protein receptor-
binding domain and the binding sequence commonly recognized
by the integrin extracellular domains (54, 55). Therefore, we sought
to determine whether the reduced POS binding is due to the in-
volvement of avp5 in Spike-mediated viral entry into the RPE.
Using immunofluorescence labeling, we observed reduced avp5 ex-
pression by RPE cells following S-pseudo virus infection, compared
with VSVG-Ctrl virus infection (Fig. S3A). This was also observed in
RPE cells infected with the SARS-CoV-2 (Fig. S3B). To further test
the role of avB5 in Spike-mediated viral entry, we performed func-
tional blocking of avB5 using a monoclonal antibody against a com-
posite epitope on the avp5 native heterodimer integrin (56). We did
not observe any difference in cells infected with the VSVG-Ctrl vi-
rus, whether or not they were pretreated with the blocking anti-
body. However, we saw a significant reduction in RFP signal in
RPE infected with the S-pseudo virus, following blocking antibody
treatment, compared with cells that were not treated (Fig. S3C).
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Together, these data add to the recent reports demonstrating the
importance of integrin activation in SARS-CoV-2 viral entry and
pathology in different cell types (57-59).

It has been reported that SARS-CoV-2 hijacks the endolysoso-
mal pathway of the host cells for many steps of its life cycle (60).
Since the endolysosomal pathway is also critical to the digestion
of the POS phagosomes (21), we tested whether the presence of
SARS-CoV-2 proteins affected the phagosome degradative
capacity of RPE cells. We conducted an in vitro phagocytosis pulse-
chase assay in the control and viral protein-expressing cells, fol-
lowed by inside vs. outside labeling, using an antibody against
rhodopsin to identify ingested phagosomes containing POS mem-
branes (61). Comparing the pulse-only with pulse-chase cells, we
only saw a significant decrease in ingested phagosome number
in the RFP control cells, but not the ones expressing SARS-CoV-2
proteins (Fig. 4E). This translates into a significant reduction in
the degradation rate of POS phagosomes (Fig. 4F), suggesting that
the presence of viral proteins delayed phagosome degradation.
Collectively, our data demonstrate that SARS-CoV-2 infection of
RPE cells directly impairs their barrier function and phagocytic
capacity of POS by affecting avp5 integrins.

SARS-CoV-2 infection activates a prolonged
inflammatory response in RPE

Acute and secondary inflammation following SARS-CoV-2 infec-
tion has been associated with many COVID-19-related patholo-
gies, including long-term neurological symptoms (4, 25). Within
the visual system, the RPE is a major regulator of the inflamma-
tory response in the retina, which is an important factor in
many retinal degenerations, including AMD (62, 63). To test
whether SARS-CoV-2 infection in the RPE elicits an inflammatory
response, we examined complement activation as well as cyto-
kine and chemokine secretion by RPE cells.

Consistent with our in vivo findings, we observed increased
complement activation in the hRPE cultures infected with WT vi-
rus, as indicated by elevated expression of C3b and the membrane
attack complex (C5b-9 or MAC) at 48 hpi (Fig. 5A). Increased levels
of C5b-9 (MAC) were also observed at 10 dpi, although they were
higher in cells infected with WT virus than with Omicron
(Fig. 5B). Interestingly, using the Spike-pseudotyped lentiviral
model, Spike-mediated viral entry alone also elicited complement
activation in the RPE cells, along with downregulation of the ACE2
receptor (Fig. S5A).

The RPE is also known to contribute to the unique immune sta-
tus of the retina by secreting a variety of antiinflammatory as well
as proinflammatory cytokines and chemokines (63), some of
which are also associated with poor prognosis in AMD (27).
Using the Luminex multiplex cytokine array, we investigated the
secretion kinetics of various cytokines and chemokines in a time-
course experiment following a single 1-h infection (Fig. 5C). We
found that infection with WT SARS-CoV-2 resulted in higher se-
cretion of proinflammatory cytokines such as IL-1B, IL-6, IL-8,
and TNF-a into the apical chamber of RPE cells at 6, 8, and
10 dpi compared with uninfected RPE cells. Infection with the
Omicron variant induced secretion of IL-6 and IL-8 by RPE cells
at 8 dpi and of TNF-a at 6, 8, and 10 dpi compared with uninfected
RPE cells. Infection with WT SARS-CoV-2 also led to higher secre-
tion of proinflammatory chemokines such as CX3CL1 and CXCL1
into the apical chamber of RPE cells at 6 dpi compared with unin-
fected RPE cells, while consistent upregulation was not observed
at 8 and 10 dpi. Neither WT nor Omicron SARS-CoV-2 affected
the secretion of CCL2 and VEGF by RPE cells. Unlike WT

SARS-CoV-2, Omicron SARS-CoV-2 also had no effect on the secre-
tion of IL-1B, CX3CL1, and CXCL1 by RPE cells at any time point.
Infection of RPE cells with a similar amount of SARS-CoV-2
(MOI: 0.2) induced different proinflammatory signatures between
the WT and Omicron SARS-COV-2 variants in RPE cells; overall
Omicron SARS-CoV-2 induced a less prominent and more delayed
inflammatory response in RPE cells than WT SARS-CoV-2 did.

In summary, SARS-CoV-2 infection appears to induce a proin-
flammatory response in the RPE cells that involves complement
activation and increased production and secretion of inflamma-
tory cytokines. Moreover, specific differences in this response be-
tween the WT and Omicron SARS-COV-2 variants were observed.

Discussion

In the present study, we showed that SARS-CoV-2 can reach and
infect the RPE through its apical surface in transgenic mice that
express human ACE2; entry is most likely via ACE2 and avp5. To
address the consequences of infection on the human RPE, we in-
vestigated infection of human RPE cultures by major VOCs of
SARS-CoV-2. Using independent lentiviral systems, we found
that the SARS-CoV-2 Spike (S)-mediated viral entry alone, and
the presence of viral Envelope (E) and ORF3a (3a) proteins can in-
duce morphological changes and physiological damage to the RPE
cells. Infection with both the original strain (WT) and the Omicron
subvariant caused complement activation as well as the produc-
tion of cytokines and chemokines, including IL-1B, IL-6, IL-8, and
TNF-a. As a consequence of in vivo infection, the RPE cell layer
showed widespread complement activation, even when only
some RPE cells showed productive infection.

Route of SARS-CoV-2 to the RPE

Consistent with previous reports (14), we detected ACE2 and
TMPRSS2 expression in all human RPE cell culture types tested,
with ACE2 expressed primarily on the apical surface of the RPE,
and a minor portion on the basal-lateral membrane. Indeed,
mostretinal cell types are known to express the viral entry factors,
ACE2 and TMPRSS?2 (34, 35), supporting a plausible route of infec-
tion from the inner retina. We also identified RPE apical-specific
integrin avp5 (53) as a possible co-receptor for viral entry, similar
to its role in internalizing adenovirus (64, 65) and Zika virus (66).
Together, these data suggest that RPE infection primarily occurs
through its apical surface via interactions between the viral S pro-
tein and host integrins, ACE2 and TMPRSS2.

Interestingly, with two of the most used hACE2 mouse models
to study SARS-CoV-2 infection, we observed RPE infection only in
the AC70 mice, but not in the K18 mice. This observation could be
due to a difference between the two mouse lines with respect to
the cell types expressing hACE2, or, more specifically, with respect
to hACE2 expression levels in the brain and vascular endothelial
cells (67). Since we observed RPE infection in mice infected intra-
nasally, the virus likely reached the RPE apical surface either
through viremia (16) or infected immune cells migrating from
the inner retinal vasculature, or antero/retrograde transmission
from the optic nerve following CNS infection (68, 69). The neuron-
al route is strongly supported by a recent publication demonstrat-
ing limited systemic infection in the AC70 mouse model (70).
While we cannot rule out the chance of grooming behaviors caus-
ing infection through the corneal surface (71, 72) in the intrana-
sally infected mice, the absence of ocular infection in the K18
mice in our study and the debatable accessibility of the corneal
epithelium (73, 74) suggest that this is an improbable route. A
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provocative alternative hypothesis is that a gut-retina barrier
breach due to the CRB1 mutation harbored by the AC70 mice
(75) might have contributed to increased RPE susceptibility to viral
invasion.

Interestingly, we found no direct relationship between lung vi-
ral titer and RPE infection (Table S1), suggesting that ocular infec-
tion can occur regardless of the severity of the systemic disease.
Moreover, the infected animals that had no detectable RPE infec-
tion were all sacrificed on 4 dpi, while the infected AC70 mice sac-
rificed on 5dpi all showed productive infection in the RPE,
suggesting that a major factor for RPE infection is the time it takes
for the virus to travel to the RPE. Supporting this suggestion, a re-
cent study (20) reported detected SARS-CoV-2 in the retinas of K18
mice 7-21 days after intranasal inoculation with 4 x 10? PFU of vi-
rus. This viral titer was 25 times lower than that used by us, result-
ing in longer survival times, and thus allowing examination at a
longer interval after inoculation. Together, these data suggest
that ocular infection can occur regardless of viral dosage or sever-
ity of the systemic disease.

SARS-CoV-2 variants

We directly assessed differences among infections of the WT
strain and two major SARS-CoV-2 VOCs, Delta and Omicron. All
three strains readily infected and replicated in the RPE cells for
an extended period, albeit with slightly different kinetics. We
measured an overall lower viral titer with Omicron infection
than with either WT or Delta infections. This is possibly due to
cell loss from the cultures due to the increased cell death we ob-
served following Omicron infection. Alternatively, this may arise
from the interaction between host and viral proteins, resulting
in a cell type-specific effect on viral growth and genetic stability
(76). All three strains caused a transient reduction in RPE barrier
function, and similar types of cytokine and chemokine produc-
tion. However, Omicron infection appeared to have different cyto-
kine production kinetics than the WT virus with a latent but
strong and prolonged production of both IL-6 and IL-8. This result
points to the possibility that although Omicron might only cause
mild disease in lung tissues, it could be more severe with regard
to the long-term impact on organs such as the eye.

Effect of SARS-CoV-2 infection on RPE morphology

SARS-CoV-2 infection caused changes in RPE cell morphology.
One such change, which could be seen in low-magnification
bright-field images, is that the infected cells often protruded out
of the monolayer with an irregular appearance compared with
the adjacent noninfected cells. This effect could have been caused
by overall cell swelling or the apical accumulation of prerelease
vacuoles containing viral particles. Alternatively, it could have
been caused by specific viral proteins. The presence of
SARS-CoV-2 3a protein also led to the appearance of intra- or
intercellular vacuoles. These vacuoles could be linked to the
role of the 3a protein in promoting viral release via lysosomal exo-
cytosis as a viroporin or its interaction with host proteins such as
Z0O-1 (46, 50, 77, 78). Another observed change was the striking
loss of apical microvilli in SARS-CoV-2-infected RPE cells and cells
expressing viral proteins E and 3a. This loss could be due to a gen-
eral decline of cell physiology and structure, or a specific effect of
proteins E and 3a on a polarization-related pathway. These mor-
phological changes were not apparent in the in vivo model, likely
due to the short-term exposure of the in vivo experiment.

Effect of infection on RPE function

Studies have shown that SARS-CoV-2 E and 3a proteins interact
with host junctional proteins (79-81), and thus interfere with epi-
thelial cell polarity (77, 78). This effect is further confirmed in our
study with RPE cells, infected by SARS-CoV-2 or simply expressing
SARS-CoV-2 E and 3a: ZO-1 had lower expression and was mislo-
calized, and, in some cases, actin stress fibers became evident. We
also observed a transient reduction of TEER in RPE cells infected
with different SARS-CoV-2 variants, suggesting compromised
RPE barrier function. Loss of RPE junction integrity and increased
permeability have been associated with retinal edema (82).
Therefore, these findings could explain the occurrence of macular
edema, the most common acute ocular manifestation that affects
vision in patients with COVID-19 (83).

Another important role of RPE is its regular ingestion of POS
tips. Defects in any stage of this multistep process can lead to
RPE and photoreceptor damage and retinal degeneration (84).
Here, we identified avp5, the integrin thatis required for POS bind-
ing to initiate phagocytosis, as a potential viral entry co-receptor
in the RPE (53). The Spike-integrin-mediated viral entry leads to
a significant reduction in POS binding. This effect could result
from altered surface availability of avf5, following binding and ac-
tivation by the Spike protein (59). Consistent with this hypothesis,
we observed a reduction in avp5 expression in the RPE following
pseudovirus infection. In addition, we found that the presence
of SARS-CoV-2 proteins E and 3a also impairs POS phagosome deg-
radation. This effect might result from a general decline of cellu-
lar health and function from mitochondrial dysfunction,
oxidative stress, ER stress, and inflammation caused by these viral
proteins (50, 85, 86). Alternatively, it could be due to direct inter-
ference of these proteins with lysosomal pH and function.
SARS-CoV-2 E protein can increase the pH of intracellular organ-
elles such as lysosomes and ER-GIC, owing to its viroporin func-
tion (87). SARS-CoV-2 3a protein has also been identified as a
viroporin (44, 50), but, in addition, it can also interfere directly
with and hijack the endolysosomal pathway to facilitate viral re-
production and release (50). As the last step in RPE phagocytosis
of POS (21), defective lysosomal function can cause abnormal ac-
cumulation of POS phagosome material and RPE pathology under-
lying some retinal degenerations (22, 88-90). Further studies are
required to elucidate the specific roles of individual viral proteins
and their interaction with host proteins. Together, these data
demonstrate that SARS-CoV-2 infection impairs RPE function
and could have a lasting effect on photoreceptor and retina
health.

Inflammatory response and comparison
with AMD

Acute and secondary inflammation following SARS-CoV-2 infec-
tion has been associated with many COVID-19-related patholo-
gies, including those with long-term neurological impact (25).
Our data demonstrate that SARS-CoV-2 infection in RPE also leads
to complement activation and the production of numerous cyto-
kines, including TNF-q, IL-18, IL-6, and IL-8. These responses are
remarkably similar to those during retinal pathologies such as
AMD (27) and are consistent with the role of the RPE as the major
regulator of the retinal immune response (22, 62, 63, 91). In add-
ition, we found that, regardless of lung viral titer, increased accu-
mulation of complement components in the outer retina was
observed only in animals with RPE infection, implicating a local
complement response. Moreover, the complement activation
was not limited to the infected cells, but was widespread across
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the RPE cell layer, most likely due to the secretion of proinflamma-
tory cytokines to the extracellular space (26, 92, 93). Complement
hyperactivation and dysregulation have been associated with
COVID-19 severity (26, 30); single-nucleotide polymorphisms of
various complement pathway components, including CFH, ap-
pear to be risk factors for COVID morbidity and death (93).
Importantly, the persistence of increased complement activation
has been linked to increased risk of long-COVID (26, 30).

Dysregulated complement activation and mutations, especial-
ly in the CFH gene (31-33), but also other complement genes (e.g.
C3, BF/C2, and CFI) (94-96), are also major risk factors for AMD,
which is the main cause of visual impairment in the industrialized
world (28, 29). Our in vivo and in vitro findings on the inflamma-
tory response of the RPE to SARS-CoV-2 infection, combined
with reports of prolonged dysregulation of complement in
long-COVID (26, 30), therefore suggest that SARS-CoV-2 infection
could accelerate the onset and progression of AMD. Interestingly,
HIV infection has been associated with a significant increase in
the prevalence of AMD, especially at younger ages, with the sug-
gested involvement of activation of the innate immune system
(97-99).

AMD typically first affects the rod-rich region of the macula, by
shortening the rod POSs. This initial effect results in relatively
mild symptoms, such as decreased retinal sensitivity, delayed
dark adaptation, and reduced contrast sensitivity. As the disease
progresses more centrally in the macula, the cone photoreceptors
in the center of the macula (the fovea) become damaged, and a
patient’s vision is impacted severely as visual acuity declines
(100-104). Severe visual impairment from AMD thus takes a while
to develop andis typically found only among the elderly. However,
an earlier onset of AMD would increase the number of younger
people with impaired vision, and, if due to an effector as wide-
spread as SARS-CoV-2 infection, it would have significant implica-
tions for public health.

Materials and methods

All experimentation, including in vivo SARS-CoV-2 infection ex-
periments in BSL3 facilities at the University of Southern
California (USC) and UCLA, was approved and conducted in com-
pliance with IACUC and biosafety regulations: USC IACUC proto-
col 21274, IBC protocol APPL-21-00081; UCLA IACUC protocol
ARC-2021-012 (0.S.S.)), IBC protocols BUA-2018-088-012-CR
(D.S.W.) and BUA-2019-092-003-A (0.S.S.). Experimental details
are given in the Supplementary Information. Briefly,
SARS-CoV-2 viral stocks originated from the Biodefense and
Emerging Infectious Disease Unit at the National Institute of
Allergy and Infectious Disease (BEI-NIAID) were: (i) isolate
USA-WA1/2020 (WT), (i) isolate hCoV-19/USA/MD-HP05285/
2021 (Lineage B.1.617.2; Delta Strain), NR-55671, provided by
Andrew S. Pekosz; and (iii) isolate hCoV-19/USA/GA-EHC-2811C/
2021 (Lineage B.1.1.529; Omicron Strain), NR-56481, provided by
Mehul Suthar. The fluorescently tagged WT SARS-CoV-2
(icSARS-CoV-2-mNG; WT-mNG) was from Pei-Yong Shi's lab at
the University of Texas Medical Branch. All SARS-CoV-2 strains
were propagated in Vero-E6 or Vero-E6-TMPRSS2-hACE2
(Vero-T2A) cells. Viral titers were determined by assessing cyto-
pathic effect in median tissue culture infectious dose (TCID50) as-
says in Vero-T2A cells. For the in vivo experiment, 8-10-week-old
K18-hACE2 C57BL/6 (Jackson Laboratories) and AC70 (Taconic)
mice were infected with 1x 10* PFU of WT SARS-CoV-2 intrana-
sally and monitored daily.
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