Investigative Ophthalmology & Visual Science

Immunology and Microbiology

Host Immune Response and Associated Clinical Features
in a Primary Cytomegalovirus Eye Infection Model Using
Anterior Chamber Inoculation

Chien-Chia Su,'> Chia-Mao Gao,! Fu-Ti Peng,! Tzuu-Shuh Jou,>* and I-Jong Wang!~

!Department of Ophthalmology, National Taiwan University Hospital, Taipei, Taiwan
2Graduate Institute of Clinical Medicine, National Taiwan University, Taipei, Taiwan

3College of Medicine, National Taiwan University, Taipei, Taiwan

“4Center of Precision Medicine, College of Medicine, National Taiwan University, Taipei, Taiwan

Correspondence: I-Jong Wang, No. 7,
Chung-Shan S. Rd., Taipei, Taiwan;
ijjong@ms8.hinet.net.

Tzuu-Shuh Jou, No. 7, Chung-Shan
S. Rd., Taipei, Taiwan;
jouts@ntu.edu.tw.

Received: January 18, 2022
Accepted: April 25, 2022
Published: May 17, 2022

Citation: Su CC, Gao CM, Peng FT,
Jou TS, Wang IJ. Host immune
response and associated clinical
features in a primary
cytomegalovirus eye infection model
using anterior chamber inoculation.
Invest Ophthalmol Vis

Sci. 2022;63(5):18.
https://doi.org/10.1167/i0vs.63.5.18

Purrosk. To investigate the pathogenesis of cytomegalovirus (CMV)-associated anterior
segment infection in immunocompetent hosts and evaluate the effects of ganciclovir and
glucocorticoid treatment in management of the disease.

MerHops. We used an inoculation model to reproduce CMV anterior segment infection
in immunocompetent rats. Flow cytometry, cytokine analysis, histopathological sections,
and quantitative polymerase chain reaction were performed to investigate the immune
response after CMV infection. The effects of ganciclovir and glucocorticoid treatment
were also assessed.

Resurrs. Anterior chamber inoculation of CMV in rats provoked characteristic pathological
features of human CMV anterior segment infection. The innate and adaptive immunity
sequentially developed in an anterior segment after inoculation, and the elevation of
intraocular pressure (IOP) was highly associated with ocular infiltration and inflamma-
tion. Early ocular immune response reduced virus DNA in the anterior segment and alle-
viated viral lymphadenopathy. Early intervention with ganciclovir enhanced the release
of cytokines associated with T response and facilitated recruitment of NKT and T cells
in drainage lymph nodes. Glucocorticoid treatment, alone or combined with ganciclovir,
decreased elevation of IOP but also impeded DNA clearance.

Concrusions. The inoculation model reproduced characteristic pathological features of
human CMV anterior segment infection. The use of glucocorticoid in current practice
may hinder viral clearance, and ganciclovir therapy can assist cytokine expression to
combat the virus.

Keywords: cytomegalovirus, intraocular pressure, innate immunity, adaptive immunity

ytomegalovirus (CMV)-associated infection in the ante-

rior segment of the eyes in immunocompetent patients
presents with the specific characteristics,! including ante-
rior uveitis with anterior chamber inflammation and keratic
precipitates (KPs), elevated intraocular pressure (IOP),
and corneal endothelium cell damage, which are notably
different from the manifestation of immunocompromised
patients.? Clinical findings such as a typical owl’s-eye appear-
ance around the lesion of corneal endothelium on confo-
cal microscopy?® destroyed trabecular meshwork and sectoral
iris atrophy* have implied a mechanism of direct viral inva-
sion into ocular tissues.

Although the pathogenesis of CMV-associated anterior
segment infection remains unknown, the normal physiolog-
ical function of corneal endothelium and trabecular mesh-
work is surely disturbed after infection. Our previous study
found that CMV-positive eyes with longer disease duration
have poor control of IOP and may require glaucoma-filtering
surgery even after eradication of CMV with long-term topi-
cal ganciclovir therapy.’ In line with these clinical findings, a
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recent study using CMV AD169 strain to infect human trabec-
ular meshwork cell culture has demonstrated that cytopathic
features such as disorganization and decreased cellularity
of meshwork cells, enhanced production of transforming
growth factor-f1, a pathogenic cytokine to reduce extracel-
lular matrix turnover, increased meshwork cell contraction,
and increased outflow resistance.®

Human CMV establishes a lifelong latent infection after
primary infection and may be periodically reactivated. Voigt
et al. demonstrate broad ocular infection, chronic inflam-
mation, and a latent viral reservoir after systemic murine
CMV infection by intraperitoneal injection of CMV virus
stock.” In previous studies using anterior chamber inocula-
tion model, Bale et al.® has demonstrated murine CMV DNA
exists in cells of the iris, ciliary body, and, rarely, the retina
or choroid on days 4 and 7 of infection in immunocompe-
tent mice. The tissue tropism revealed by this model reflects
the clinical finding of CMV-associated anterior segment
infection. Nonetheless, the relationship of IOP elevation
and immune response in CMV-associated anterior segment
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infection remains unclear. In the current study, we investi-
gated the pathogenesis of CMV-associated anterior segment
infection. We compared the clinical feature, especially IOP
elevation, of CMV infection using anterior inoculation or
systemic infection. We used the anterior chamber inocula-
tion model and treatment with local glucocorticoid (GC) or
ganciclovir to clarify the role of the immune response in IOP
elevation and viral clearance.

MATERIALS AND METHODS
Reagents

Phosphate-buffered saline solution (PBS), trypsin, DAPI, and
Alexa Fluor 546 phalloidin were purchased from Invitro-
gen Corp. (Carlsbad, CA, USA). Alexa Fluor 647-conjugated
anti-CD3 (clone 1F4), PE-conjugated anti-CD11b/c (clone
0X-42), PerCP-conjugated anti-CD8 (clone OX-8), APC/Cy7
conjugated anti-rat CD4 (clone W3/25), PE/Cy7-conjugated
anti-rat CD45 (clone OX-1), and PE-conjugated anti-CD161
(clone 3.2.3) were purchased from BioLegend (San Diego,
CA, USA).

Antibodies used in histologic section included: anti-
cytomegalovirus antigen (BSB 5454; Bio SB, Santa Barbara,
CA, USA); anti-CD3 (DB 082; DB Biotech, Kosicky, Slovakia);
anti-CD4 (MCA55R), and anti-CD8x (MCA48R) from Bio-Rad
(Hercules, CA, USA); and anti-CD161 (ab197979; Abcam,
Cambridge, UK). To detect of cytomegalovirus DNA in
situ hybridization, digoxigenin-labeled CMV probe (T-1113-
400) was obtained from ZytoVision GmbH (Bremerhaven,
Germany).

Virus Amplification and Plaque Assay

The Rat2 cell line (CRL-1764) and Rat CMV Priscott strain
(VR 991) were purchased from the American Type Culture
Collection (Rockville, MD, USA) and cultivated in Dulbecco’s
modified Eagle’s medium with 5% fetal bovine serum at 37°C
in a humidified chamber containing 5% CO,. Rat2 cells were
cultivated in 24-well plate until more than 90% confluent
and then exposed to serum starvation for 24 hours before
CMV of specific titer was inoculated. After two hours, virus
medium with Dulbecco’s phosphate-buffered saline solution
buffer containing no calcium and magnesium cation was
replaced. Then, Dulbecco’s modified Eagle’s medium with
1% fetal bovine serum and 1% methylcellulose was added
and cells were kept cultivated until the plaques could be
enumerated. When viral cytopathic effects were visible to
be approximately 20~80 per well, cells were fixed with ice-
cold methanol for 30 minutes. After adding methylene blue
for 30 minutes, the virus titer was quantitated by estimating
the number of plaque-forming cells in the infected culture.
Plaque-forming unit (PFU) per millimeter was determined
before the virus-containing supernatant was stored with 35%
sorbitol in —80°C for further usage.

Animals

Six-week-old male Sprague-Dawley rats were obtained from
the Animal Resources Center (Lasco, Taiwan) and were
kept under pathogen-free conditions. Food and water
were supplied as desired. All procedures followed local
animal welfare regulations according to the Association for
Research in Vision and Ophthalmology statement for the use
of research animals.
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CMYV Infection

Animals were anesthetized with inhalation of oxygen and
nitrous oxide (4:1) and intramuscular injection of xylazine
(Ropum 2%, 5.6 mg/kg; Bayer Suisse, Lyssach, Switzer-
land) and tiletamine plus zolazepam (Zoletil 50, 18 mg/kg;
Virbac of Brazil, Sao Paulo, Brazil). Systemic infection was
provoked by intraperitoneal injection of 10°> PFU virus stock
of CMV (n = 10). Anterior segment CMV infection was
elicited by anterior chamber inoculation model. In brief,
intracameral injection (IC) of 0.01 mL virus stock of CMV
(10 and 10° PFU) (n = 10, each) was done after instillation
of 0.5% Alcaine Ophthalmic Solution (Alcon, Fort Worth, TX,
USA) into the right eye of each rat to minimize blink reflex.

The IOP was measured by rebound tonometer (Icare
TonoLab, Vantaa, Finland) every day post-infection for 12
days. To investigate the effect of different treatments on IOP
elevation, rats were divided into three groups (n = 10 in each
group). The primary CMV infection was induced by IC injec-
tion of 0.01 mL CMV virus (10’ PFU), 0.02 mL of 2 mg/mL
ganciclovir was injected intravitreally four hours after infec-
tion in group 1, whereas intravitreal injection of 0.02 mL
of 40 mg/mL methylprednisolone sodium succinate (MPSS)
was performed four hours after infection with replenishment
of 0.02 mL of 40 mg/mL MPSS every other day in group 2.
Concomitant 2 mg/mL ganciclovir and 40 mg/mL MPSS
was given four hours after infection with replenishment of
0.02 mL of 40 mg/mL MPSS every other day in group 3. The
measurement of IOP was performed every day after infec-
tion for six days.

Aqueous Humor Sampling for Flow Cytometry

After rats were sacrificed, the eyes were cleaned, and aque-
ous humor was collected with 31G syringes. A total of
80 pL aqueous humor from four rat eyes was placed in
1.5 mL microcentrifuge tubes on ice. After centrifugation at
300g for 10 minutes at 4°C, the supernatant was discarded,
and the cells were resuspended in 1 mL of cell staining buffer
(cat. 420201; BioLegend). The total cell number was counted
with a hemocytometer. A fixed proportion volume of stain-
ing buffer was added to make a diluted concentration of
10> cell/300 pL in each sample. Each sample was well mixed
and aliquot 300 pL of the sample was prepared for flow
cytometry, according to manufacturer’s instructions, with the
indicated antibodies. Data were processed using CellQuest
software (BD Biosciences).

Lymph Node Sample for Flow Cytometry

After euthanization of the rats, superficial and deep cervi-
cal lymph nodes were collected and homogenized. After
filtration with cell strainer (Falcon), the homogenates were
spun in a centrifuge at 200g for 10 minutes at 4°C. The
supernatant was discarded and the cells were immersed in
1 mL of cell staining buffer (cat. 420201; BioLegend). The
total cell number was counted by hemocytometer. A fixed
proportion volume of staining buffer was added to make
a diluted concentration of 10° cell/300 pL in each sample.
Each sample was well mixed and aliquot 300 pL of the
sample was prepared for flow cytometry, according to manu-
facturer’s instructions, using the indicated antibodies. Data
were processed using CellQuest software (BD Biosciences).
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Cytokine/Chemokine Magnetic Bead Panel

The whole blood was retrieved from inferior vena cava and
was centrifuged at 130g for 10 minutes at room temperature
to separate plasma for the following assay. The Milliplex Rat
Cytokine/Chemokine Magnetic Bead Panel kit (EMD Milli-
pore, Darmstadt, Germany) was used to detect the indicated
cytokines. The whole corneal button along with uvea tissue
was collected and kept frozen. The anterior segment tissue
was ground in liquid nitrogen using a chilled mortar and
pestle. Lysis buffer 1 mL (cat. 43-040, Milliplex) with Protease
Inhibitor cocktail (cat. 04 693 132 001, Roche) was added to
50 to 100 mg ground tissue. Each sample was incubated on
rocker at 4°C for 15 minutes and then spun in a centrifuge
at 10,000g for 10 minutes at 4°C. An aliquot of each sample
was quantified for total protein concentration with colori-
metric assay (Protein Assay Kit, Bio-Rad). The concentrations
of cytokines and chemokines were determined according to
the instruction from manufacturer by a linear curve fit.

Immunofluorescence

The whole eyeball was embedded in Tissue-Tek OCT
medium (Sakura Finetek, Torrance, CA, USA). Ten-
micrometer sections were fixed in 4% paraformaldehyde for
10 minutes, blocked with 5% BSA in PBS, and incubated
with the following primary antibodies at 4°C overnight:
mouse anti-rat CD4 (MCA55R; Bio-Rad), mouse anti-rat
CDS8a (MCA48R; Bio-Rad), rabbit anti-CD161 (ab197979;
Abcam). After washing twice with PBS for 15 minutes,
samples were incubated with FITC-conjugated secondary
antibody (cat. A-11001; Invitrogen) (1:100) at room tempera-
ture for one hour. Cell nuclei were counterstained with DAPI.
Confocal images were taken using Leica TCS SP5 confocal
microscope.

Immunohistochemistry and Hematoxylin and
Eosin Staining

The eyeball and dissected lymph nodes were perfused
with PBS followed by 4% paraformaldehyde overnight
to be processed for paraffin embedding. Five-micrometer
sections were cut from the paraffin blocks, mounted on
glass slides, and labeled with mouse anti- rat CD3 (DB-082;
DB Biotech) and anti-cytomegalovirus antigen (BSB 5454;
Bio SB). A Horseradish Peroxidase Labeling Kit (TAHCO03D;
BioTnA, Kaohsiung City, Taiwan) was used for detect
diaminobenzidine staining. Paraffin sections were stained
hematoxylin and eosin staining. Images were obtained with
MoticEasyScan Pro (Motic Asia, Hong Kong) and processed
with EasyScanner software.

Vital Dye Staining

The corneal buttons of rats were retrieved with scissors and
washed by sterile balanced salt solution (Alcon Laborato-
ries, Geneva, Switzerland). The corneal endothelial layer was
immersed with drops of 0.4% trypan blue for 60 seconds.
The corneal button was rinsed with balanced salt solution
twice, immersed with 0.5% alizarin red for 180 seconds, and
rinsed with balanced salt solution twice again before being
observed under a bright field microscope.
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Real-Time Quantitative Polymerase Chain
Reaction

The first set of primers were the forward primer (5'-
TTCGCTTCGGTGATGGAACA-3") and the reverse primer (5'-
CGTGGCCTGTAACATCTGGT-3") targeting 312 bp of intron
region in immediate-early (IE) gene with the reference
sequence U62396.° The primers were designed using
Primer3. The second set of primers were the forward primer
(5'-ATGACATCAAGAAGGTGGTG-3") and the reverse primer
(5'-CATACCAGGAAATGAGCTTG-3") targeting GAPDH gene
according to the previous reference.!®

CMV-infected eyes were dissected into the cornea, ante-
rior uvea (iris and ciliary body), and retina parts that were
separately processed for parallel RNA and DNA purification
using NucleoSpin RNA/DNA Buffer Set (Macherey-Nagel,
Diren, Germany). Real-time reverse transcription-
polymerase chain reaction (RT-PCR) (TagMan one-step
RT-PCR master mix reagents kit; Applied Biosystems, Foster
City, CA, USA) was performed and the RNA transcript
of immediate-early gene was quantitated using Applied
Biosystems 7300 Fast RT-PCR system (Applied Biosystems)
with the following cycling condition: hot start at 95°C for
two minutes, followed by 40 cycles of denaturation at 95°C
for five seconds, and combined annealing and extension at
60°C for 30 seconds. The real-time PCR was performed to
analyze the DNA of IE gene with similar PCR protocol. Data
acquisition and analysis were using CFX Manager software.
All DNA and RNA levels were normalized to GAPDH.

Statistics

The data are expressed as mean + SEM. Differences between
groups were compared by using the Mann-Whitney U test
and Student’s ¢ test test. Values of P < 0.05 were considered
to indicate statistical significance.

RESULTS

Anterior Chamber Inoculation of CMV in Rats
Provoked Characteristic Pathological Features

The IOP was monitored daily after anterior segment rat
CMV infection in susceptible rats that revealed IOP fluctu-
ated post-infection in a biphasic fashion with peaks noted
on day 2 and day 9. Higher virus titer (10° PFU) inocu-
lation elicited a greater IOP elevation, compared to lower
virus titer (10> PFU). By contrast, systemic rat CMV infec-
tion with an intraperitoneal injection (10° PFU) did not
increase in IOP (Fig. 1A, upper panels) highlighting the
effect of infectious route on developing the characteris-
tic IOP elevation commonly observed in the CMV infected
eyes of human subjects.>!! The examination of external rat
eyes performed on day 6 disclosed characteristic localized
corneal edema'? only in rats with anterior chamber inocu-
lation of CMV but not in rats with systemic CMV infection
(Fig. 1A, lower panels). The rat corneal buttons harvested on
day 12 revealed pathognomonic features of multinucleated
endothelial cell'® in the cornea of rats with anterior chamber
inoculation (Figs. 1B, 1C). In line with the above pathologi-
cal findings that implied the existence of CMV infection, both
CMYV antigens and genomes were documented in the trabec-
ular meshwork and wall of Schlemm’s canals of eyes from
rats infected by CMV through anterior chamber inoculation
(Figs. 1D, 1E). The inflammatory cells were predominantly
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Ficure 1. Pathological changes in the anterior segments of rat eyes after CMV infection. Primary CMV infection was induced by IC injection
of 0.02 mL CMV virus (103 and 10> PFU) or by intraperitoneal injection (10° PFU) (n = 10, each). Control rats received intracameral injection
of 0.02 mL PBS (n = 10). (A) Rodent IOP was measured by TonoLab tonometer from day 1 to day 12 after infection. Representative external
eye photographs from each group were taken six days after infection. The opacified region due to corneal edema was marked with white
arrowbeads. (B) The rat corneal buttons harvested on day 12 were processed for vital dye staining. (C-E) The anterior segments were
processed for hematoxylin and eosin staining (multinucleated cells were indicated with an arrow), and for immunofluorescent staining
using specific antibody detecting CMV antigen and CMV fluorescence in situ hybridization ISH). (F) CMV immediate early gene DNA and
RNA as well as the IE RNA/DNA ratio in the indicated eye compartments was detected and quantified by qPCR at day 1, day 3, or day 6

post-infection (n = 5~8). Scale bar: 100 pm *P < 0.05; **P < 0.01.

noted in the anterior segment, iris, and ciliary body without
any sign of retinitis (Supplementary Fig. S1). Taken together,
these data established our experimental scheme as a legit-
imate model that can reproduce the pathogenesis of CMV
eye infection.

We next assessed the amount of CMV immediate-early
gene DNA and RNA transcripts in separate eye compart-
ments at days 1, 3, and 6 after infection. The highest CMV
DNA was detected in the ciliary body and iris (anterior uvea),
followed by the cornea, and least viral DNA was present in
the retina and choroid (Fig. 1F). Quantitation of RNA tran-
scripts, as well as the ratio of RNA/DNA, followed a similar
distribution pattern.

Innate and Adaptive Immune Cells Infiltrate
Sequentially in Aqueous Humor After Anterior
Segment CMV Infection

To delineate local immune response in the anterior cham-
ber after CMV infection, we directly assessed the profiles
of inflammatory cells in aqueous humor. There was a
marked infiltration of inflammatory cells on days 2 and
6, as demonstrated by histological sections of iridocorneal

angle (Fig. 2A) and an increase in CD45" cells by flow
cytometry (Fig. 2D). Compared to control eyes, immunoflu-
orescence staining of the iridocorneal angle displayed a
pronounced surge of natural killer cells on day 2 after
infection, which quickly decreased, whereas CD4" T and
CDS8* T cells increased later during CMV infection (Fig. 2C).
Further detailed analysis showed that the antigen-presenting
CD11bc* cells and natural killer cells comprised the major-
ity of cells in aqueous humor at the earlier phase of infec-
tion; however, these innate immune cells decreased signifi-
cantly by day 6 after infection (Figs. 2B, 2F). In contrast to
the profiling of innate immunity, the adaptive immune cells,
including CD4" T cells, CD8" T cells, and NKT cells, grad-
ually increased in their absolute numbers and percentage
during the course of observation (Figs. 2B, 2F). The bivariant
plot of flow cytometry clearly demonstrated a shift of natural
killer cells to CD3" T cells during CMV infection (Fig. 2E).

Local But not Systemic Cytokines Were Involved
in the Host Immune Response to CMV Infection

To identify the source of the humoral factors involved in trig-
gering above mentioned cellular infiltration into the anterior
segment tissue after CMV infection, we examined multiple
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Ficure 2. Innate and adaptive immune cells infiltrated sequentially in aqueous humor after anterior segment Rat CMV infection. Primary
CMV infection was induced by intracameral injection of 0.02 mL CMV virus (10° PFU). Control rats received intracameral injection of 0.02 mL
PBS (n = 5~8, each). (A) Representative histological sections of iridocorneal angle were taken on day 2 or day 6 in both groups and stained
with hematoxylin and eosin. Scale bar: 50 pm. (B) Single cell preparations from aqueous humor (AQ) at day1, day 2 and day 6 post-infection
were prepared and stained for indicated cell markers. (C) The rats were sacrificed and processed for immunofluorescence staining using
indicated antibodies on day 2 and day 6. Scale bar: 100 pm. (D) Percentage of different cell types was calculated and compared between days.
(E) Representative bivariant FACS plot of CD3TNK™ expression by CD45" cells. (F) Absolute cell number of different cells was calculated
and compared between groups and days. *P < 0.05; **P < 0.01.
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Ficure 3. Local but not systemic cytokines were involved in eliciting the host immune response to CMV infection. Primary CMV infection
was induced by intracameral injection of 0.02 mL CMV virus (10> PFU). Control rats received intracameral injection of 0.02 mL PBS (n = 5~8,
each). The rats were sacrificed on day 1 and day 6 after infection. Tissue fluid retrieved from anterior segment and serum was possessed for
cytokine magnetic bead panel. *P < 0.05; **P < 0.01; **P < 0.001

chemokines and cytokines in both the anterior segment and significantly in the tissue of anterior segment with CMV
plasma of the infected rats (Fig. 3). On day 1, MCP-1, IL- infection. On day 6, MCP-1, IL-18, IL-2, IL-10, IL-18, TNF-«,
la, IL-18, IL-2, IL-6, IL-10, IL-18, TNF-«, and IFN-y elevated and IFN-y remained significantly higher.
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Ficure 4. Viral lymphadenopathy developed in cervical lymph node after intracameral CMV infection. Primary CMV infection was induced
by intracameral injection of 0.02 mL CMV virus (10° PFU). Control rats received intracameral injection of 0.02 mL PBS (n = 5~8, each).
(A) Representative histological sections of lymph nodes were taken on day 6 in both groups, and stained with hematoxylin and eosin or
processed for immunohistochemistry staining using CD3 antibody and specific antibodies detecting cytomegalovirus. Scale bar: 200 pm.
(B) The CMV antigen could be observed in the afferent lymphatic vessel (upper panel) and an owl’s eye cell was indicated with an arrowhead
(lower panel). (C) Single cell preparations from lymph nodes at day 1, day 2, and day 6 after infection were prepared and stained for the
indicated cell markers for flow cytometry. Absolute cell number of different cells was calculated and compared between groups and days.

*P < 0.05; *P < 0.01.

Viral Lymphadenopathy Developed in the Cervical
Lymph Node After CMV Infection

To study the extraocular involvement of CMV eye infec-
tion, we collected the drainage lymph nodes and processed
them for histological examination. In the noninfected control
group, follicular hyperplasia without T cell expansion was
found in the cervical lymph node, and the follicle margin was
clear (Fig. 4A, upper panel). In stark contrast, a moth-eaten
appearance with follicular depletion and parafollicular T cell

hyperplasia was observed in the lymph node section from
the CMV group. The lymph vasculitis was also found (Fig. 4A,
lower panel). These pathological findings were compatible
with viral lymphadenopathy. Indeed, CMV immunoreactivity
could be detected in the afferent lymphatic vessel (Fig. 4B,
upper panel) with a characteristic owl’s-eye feature (Fig. 4B,
lower panel).

Given such an inflammatory pattern, we performed
phenotypic screening of the resident cells in the drainage
lymph nodes (Fig. 4C). The CD11bc", NK, CD4" T, CD8"
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T, and NKT cells in the CMV group all outnumbered those
in the control group at every time point we surveyed after
infection. Moreover, an increasing trend of NKT cell infiltra-
tion in the drainage lymph nodes was found from day 1 to
day 6.

GC Alleviated the Elevation of Intraocular
Pressure but Also Impeded Viral DNA Clearance

We further investigated the effects of two mainstream treat-
ments of CMV eye infection (GC and ganciclovir) on the
disease course of our experimental rats. The IOP was
reduced effectively by either GC, ganciclovir, or in combi-
nation (Fig. 5A, upper panel). The treatment with ganci-
clovir alone or in combination with GC abated localized
edema completely on day 6 after infection. However, small
opacified regions caused by corneal edema could still be
observed in rat eyes treated with GC alone (Fig. 5A, lower
panel). The amount of CMV DNA in the tissue decreased
significantly from day 1 to day 6 after infection without any
specific treatment signifying the capability of host immu-
nity to combat the first wave of viral invasion in rat eyes
(Fig. 5B). In contrast to ganciclovir, which did not affect the
viral DNA clearance, GC usage, either alone or in combina-
tion with ganciclovir, significantly delayed viral DNA clear-
ance. Treatment with GC, either alone or combining ganci-
clovir, significantly increased the CMV RNA expression in the
tissue (Fig. 5B). Intriguingly, ganciclovir treatment reduced
the viral IE RNA transcript in the tissue on day 6 after infec-
tion.

Ganciclovir Alleviates Ocular Infiltrates and
Enhanced Late Cytokine Release to Upregulate T
Immune Response in the Drainage Lymph Nodes

Although both ganciclovir and GC could efficiently control
the elevation of IOP following anterior segment CMV infec-
tion (Fig. 5A), the effect of GC was quite transient that it
required continuous GC injection every other day to keep
the IOP under check (i.e., IOP would rebound on the second
day after one single dose of GC injection) (Supplementary
Fig. S2). Unlike GC, one single dose of ganciclovir lowered
down IOP throughout the experimental period. Ganciclovir
treatment significantly decreased the infiltration of NK and
CD11bc* cells, which were among the earliest inflamma-
tory cells recruited to the CMV-infected eyes (Fig. 2), in the
aqueous humor post-infection (Fig. 6A). In line with these
findings, significant reduction in MCP-1 and IL-18, which
have been demonstrated to facilitate recruitment of CD11
macrophage and priming of NK cells respectively,'*!> was
found in the anterior segment tissue of eyes treated with
ganciclovir on post-infection day 1 (Fig. 7). The proinflam-
matory cytokines, such as IL-18 and IL-6, were also reduced
with ganciclovir treatment on postinfection day 1 (Fig. 7).
Ganciclovir also reduced the CD11bc" cells in the
drainage lymph nodes on post-infection day 1 (Fig. 6B).
Although ganciclovir treatment alleviated the virus-
provoked T cell population in the anterior chamber, several
cytokines related to NKT and T cell responses (IL-1«, IL-2,
IL-18, TNF-a) were significantly increased compared to
other cytokines on post-infection day 6 (Fig. 7). Despite
the effect of ganciclovir in the eye was to decrease the
infiltration of immune cells, ganciclovir seemed to elicit
greater immune responses with a significant increase in
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NK cells and NKT cells and a trend of increasing T cells in
the cervical lymph nodes on post-infection day 6 (Fig. 6B).
Both ocular and extraocular infection had been identified in
CMYV inoculation model. Furthermore, intravitreal injection
of ganciclovir reduced not only the viral load in the eye and
thus eased inflammatory cells in the aqueous humor, but it
also facilitated better immune defense against extraocular
infection.

Local GC Treatment Temporally Inhibited Ocular
Infiltrates but Hampered Ganciclovir-Upregulated
Cytokine Response and Subsequent NKT and

T Lymphocytes Recruitment Into Regional Lymph
Nodes

Local GC treatment inhibited both innate and adaptive
immune cells infiltration into the aqueous humor after CMV
infection (Fig. 6A). Treatment with GC alone or combined
with ganciclovir significantly reduced expression of IL-18
and other pro-inflammatory cytokines, such as IL1-8 and IL-
6, at the early phase while suppressed expression of IFN-
y at the late phase (Fig. 7). Notably, concomitant GC and
ganciclovir treatment prevented the ganciclovir-dependent
up-regulated cytokine responses (IL-1a, IL-2, IL-18, TNF-o)
(Fig. 7), NKT cells recruitment as well as an increasing trend
of T cell infiltration in the drainage lymph nodes on day
6 post-infection (Fig. 6B, right panels). These effects can
potentially lead to an unfavorable delayed clearance of virus.

DiscusSION

This study used anterior chamber inoculation to investi-
gate the clinical manifestation and immune response after
primary CMV eye infection. The elevation of IOP after
infection and characteristic pathologic findings support the
appropriateness of current model in simulating clinical CMV
infection of the anterior segment among immunocompe-
tent subjects. Our histopathological and molecular biolog-
ical findings documented CMV DNA mainly in iris, ciliary
body, and cornea, but rarely in retina and choroid. This
presentation of tissue tropism is similar to clinical findings
of immunocompetent patients with CMV eye infection, who
manifested the involvement at anterior segment as iritis,
trabeculitis, and endotheliitis. The self-limited nature of CMV
ocular infection depends on the innate and adaptive immu-
nity built in the anterior chamber after infection. The current
findings are in line with previous model inoculated with
murine cytomegalovirus (MCMYV) 8 which found MCMV DNA
in cells of the iris, ciliary body, and rarely, the retina or
choroid on days 4 and 7 of infection in immunocompetent
mice. In contrast, abundant MCMV DNA was found in reti-
nal layers in cyclophosphamide-treated mice on day 14 of
infection.

The corneotrabecular endothelium, as well as uveal
tissue, has been proposed as vulnerable tissues in this CMV-
related anterior segment infection. In the current study,
the multinucleated cells in corneal endothelium, as demon-
strated in vital dye staining and HE section, also support
the corneal endothelium is susceptible to CMV. The detec-
tion of CMV DNA in the corneal tissue confirmed the patho-
logical findings and reflected the clinical presentation of
owl’s eye morphology and coin-shaped lesions in corneal
endothelium from previous clinical reports.>1¢ In addition
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Ficure 5. Glucocorticoid decreased elevation of intraocular pressure but also impeded DNA clearance. Primary CMV infection was induced
by intracameral injection of 0.02 mL CMYV virus (10° PFU). These rats were divided into four groups and received intravitreal injections of
0.02 mL ganciclovir (2 mg/mL), or methylprednisolone sodium succinate (40 mg/mL), or combined ganciclovir (2 mg/mL) and methylpred-
nisolone sodium succinate (40 mg/mL) (n = 10, each). (A) Rodent IOP was measured by TonoLab tonometer from day 1 to day 6 after
infection. Representative external eye photographs from each group were taken six days after infection. The opacified region caused by
corneal edema was marked with white arrowhbeads. (B) The presence of viral DNA and RNA in the anterior segment tissue was quantified
by qPCR at day 1 and day 6 after infection (n = 5~10). The IE gene DNA and mRNA relative to GAPDH were quantified and compared
between groups (*P < 0.05; **P < 0.01; ***P < 0.001) and between day 1 and day 6 (#*P < 0.05; ##P < 0.01).
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Ficure 6. Early ocular immune response alleviated viral lymphadenopathy and ganciclovir treatment facilitated adaptive immune in drainage
lymph node. Primary CMV infection was induced by intracameral injection of 0.02 mL CMV virus (10> PFU). These rats were divided
into four groups and received intravitreal injections of 0.02 mL ganciclovir (2 mg/mL) on day 1, or methylprednisolone sodium succinate
(40 mg/mL) on day 2 and 4, or combined ganciclovir (2 mg/mL) and methylprednisolone sodium succinate (40 mg/mL) (n = 5~7, each).
Single cell preparations from aqueous humor (A) and drainage cervical lymph nodes (B) at day 1 and day 6 after infection were prepared and
stained for the indicated cell markers before flow cytometry analysis. Absolute cell number of different cells was calculated and compared
between groups (*P < 0.05; **P < 0.01) and days (#P < 0.05; ##P < 0.01).
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Ficure 7. Ganciclovir treatment enhanced T cell immune responses through late cytokine release whereas concomitant glucocorticoid
treatment hampered this process. Primary CMV infection was induced by intracameral injection of 0.02 mL CMV virus (10> PFU). These rats
were divided into four groups and received intravitreal injections of 0.02 mL ganciclovir (2 mg/mL) on day 1, or methylprednisolone sodium
succinate (40 mg/mL) on days two and four, or combined ganciclovir (2 mg/mL) and methylprednisolone sodium succinate (40 mg/mL)
(n = 10~12, each). The rats were sacrificed on day 1 and day 6 after infection. Tissue fluid retrieved from anterior segment was possessed
for cytokine magnetic bead panel. The cytokine level was compared between groups (*P < 0.05; **P < 0.01; **P <0.001) and days

(P < 0.05; 7P < 0.01; *P <0.001).

to ocular tissue, a typical owl’s-eye feature was detected in
the vascular endothelium of drainage lymph nodes, imply-
ing a direct infection of drainage lymph nodes after primary
anterior chamber inoculation. The antigens in the ante-
rior chamber have been postulated to gain access to the
lymphatic system via uveoscleral pathway through the loose
subconjunctival connective tissue and reach the ipsilateral
drainage lymph nodes of head and neck after intracameral
injection.!”18

In the current study, the biphasic display of IOP could be
rooted in the innate and adaptive immune responses built in
the anterior chamber. The first peak of IOP correlated to the
first wave of immune effector cells, mainly innate immune
cells, including NK cells and antigen-presenting cells. After
a transition from innate immunity to adaptive immunity,
another IOP peaking around day 8 after infection may reflect
a second wave of infiltration into the anterior segment by
adaptive immune effectors, such as CD8" T, CD4*" T, and
NKT cells, which were disclosed in our analysis. The coincid-
ing phenomenon of abridged ocular infiltrates and suppres-
sion of IOP in our experiments with antiviral or GC treat-
ment further demonstrated the relationship between IOP
and inflammatory cells. These findings elucidate the mech-
anism of IOP elevation in the acute CMV trabeculitis and
show a similarity with the pathogenesis of herpes simplex

virus associated glaucoma, which also features a surge of
IOP after infection that corresponds with a maximal ante-
rior chamber immune reaction using a rabbit model."’

This study demonstrated CD11bct macrophages/
dendritic cells infiltrated the anterior chamber at the early
stage of CMV eye infection and it was accompanied by a
regional rise of MCP-1 (CCL2), an important chemokine
known to regulate migration and infiltration of monocytes.?
These stimulated macrophages cells may not be originated
from bone marrow because elevation of chemokines was
only observed in local tissue, but not in the serum. This
is distinguished from the case in systemic CMV infec-
tion, which recruits monocytes/macrophages from bone
marrow.?!#2

We also demonstrated that NK cells infiltrated to the ante-
rior chamber with a surge of IFN-y and IL-18 on postin-
fection day 1 and day 2. NK cells are known to use the
IFN-y-dependent mechanism as innate immunity against
virus-infected cells in MCMV infection.”> The findings of
sustained elevation of IFN-y and IL-18 throughout postin-
fection day 6 also reflected that these two cytokines could
be released from activated macrophages after CMV infec-
tion as demonstrated in previous MCMV infection.?* Inter-
estingly, the upregulation of these two cytokines in CMV-
infected eyes with early ganciclovir therapy implies this
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Ficure 8. The host immune response in primary CMV anterior chamber inoculation. After inoculation, the elevation of intraocular pressure
and gradual clearance of virus DNA in the anterior segment coincide with an inhabiting cascade of ocular immune cells resulting from the
sequential development of innate and adaptive immunity against CMV infection. Glucocorticoid treatment hinders the viral clearance through
preventing early recruitment of NK and NKT cells via downregulation of IL-18 and late recruitment of NKT and T cells via downregulation of
IFN-y. Antiviral drug ganciclovir alone can upregulate several cytokines (TNF-«, IL-2, IL-18) to boost T cell response and facilitate expansion
of NKT and T cells in drainage lymph nodes to limit CMV-associated damages.

could induce a beneficial effect on NK cells because IL-18
has been reported to prevent self-destruction of NK cells
and enhance production of TNF-o, a pro-survival signal.®> In
addition, early ganciclovir treatment also enhanced expres-
sion of IL-2, an important cytokine released from adap-
tive CD4 T cells to augment NK cytotoxicity in CMV infec-
tion.?° These findings suggest that the interplay between
first-line antigen-presenting cells, NK cells, and T cells could
be strengthened with early antiviral treatment in the incipi-
ent phase of acute CMV infection.

NKT cells, a critical link of innate and adaptive immune
effectors and playing an instrumental role in facilitating CMV
clearance, populated the anterior chamber soon after CMV
inoculation. Our data demonstrated the increase of NKT
cells was accompanied by elevation of IFN-y, but not IL-4
and IL-17, in the anterior chamber following CMV infection.
These findings suggest that NKT cells have the capacity for
rapid production of IFN-y and apparently behave like NK
cells during the innate response against CMV infection.?’
The demonstration of a lack of IL-4 and IL-17 expression
in the anterior chamber during expansion and activation of
NKT cells in CMV eye infection also insinuates that acti-
vation of NKT cells can be cytokine driven and does not
require engagement of T-cell receptor on antigen-presenting
cells. %

Drainage lymph nodes are primary sites for early clonal
expansion of antigen-specific T cells after intraocular antigen
recognition. The appearance of parafollicular T-cell hyper-
plasia and lymph vasculitis in our studies concurs with
previous reports and indicates that immunization in the
anterior chamber, an immune-privileged site, induces T-cell
clone expansion in the regional lymph nodes.>* Although
the anterior chamber is generally considered to be devoid
of lymphatic drainage, several studies have shown that a
connection between the eye and regional lymph nodes exists
for both soluble!”3! and nonsoluble antigens.?> The pres-
ence of CMV antigen in the vascular endothelium of lymph
nodes, as revealed in our study, suggests the CMV can be
transmitted from anterior segment tissue to the afferent
vascular endothelium.

In line with previous literature showing the detrimental
effects of GC on most immune cells through activation of
apoptosis pathways*® the present study found a significant
reduction of immune cells, including NK cells, NKT cells,
and T cells in eyes treated with GC (Fig. 8). Specifically,
GC treatment significantly reduced the IL-18 level and the
concomitant infiltration of NK and NKT cells in the ante-
rior segment at the early phase. Moreover, GC treatment also
significantly decreased IFN-y and the concurrent infiltration
of NKT and T cells in the anterior chamber at the late phase.
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Correspondingly, GC therapy alone or combined with antivi-
ral treatment inhibited the viral clearance in the anterior
segment.

In rats with ocular GC treatment, an increase of NK cells
but not T cells was observed in the lymph nodes on postin-
fection day 6, implying more virus load in the afferent vascu-
lar endothelium because of less effective clearance in the
ocular site. Nonetheless, the priming of T cells was influ-
enced by GC treatment presumably because of impaired
signaling from the anterior chamber. This finding concurs
with the previous report that demonstrates the inhibitory
effect of GC on lymphocytes as the treatment of mycoplasma
uveitis using Mycoplasma pulmonis inoculation in the ante-
rior chamber.>* In our previous report,*> we found that judi-
cious use of topical steroid can be beneficial when used
with protective topical ganciclovir in patients undergoing
corneal transplantation with diagnosed CMV endotheliitis.
The present study highlighted the GC treatment, alone or
in combination with antiviral therapy, delayed clearance of
viral DNA through downregulation of cytokines, and elicited
more profound viral lymphadenopathy.

Ganciclovir (9-[(1,3-dihydroxy-2-propoxy) methyl]
guanine) is a potent inhibitor of viruses of herpesviridae
through selective inhibition of the viral DNA polymerase
and subsequent blocking of viral DNA replication by
the active metabolite ganciclovir-5-triphosphate.3® In the
current study, the ganciclovir treatment hampered virus
transcription and effectively reduced ocular infiltration
of inflammatory cells. The demonstration that ganciclovir
treatment in the eye upregulated several cytokines related
to NKT and T-cell responses (IL-1¢, IL-2, IL-18, TNF-) in
the anterior segment and T-cell responses in the lymph
nodes indicates that a stronger immune surveillance can be
established with early antiviral treatment. These findings
also imply that CMV infection may suppress the immune
defense through downregulation of cytokines. Nonetheless,
the mechanism of this immune escape and how CMV may
interplay with infected anterior segment tissues necessitates
further investigation.

CONCLUSIONS

We demonstrated that the inoculation method could repre-
sent a robust model for characterizing primary CMV eye
infection in immunocompetent hosts (Fig. 8). Our results
showed that the elevation of IOP and gradual clearance
of virus DNA in the anterior segment coincided with an
inhabiting cascade of ocular immune cells resulting from
the sequential development of innate and adaptive immunity
against CMV infection. Antiviral drug ganciclovir treatment
augmented release of cytokines that boost T-cell response
and facilitate recruitment of NKT and T cells in drainage
lymph nodes to contain the virus. Glucocorticoid treatment,
alone or combined with ganciclovir treatment, decreased
elevation of IOP but also impeded DNA clearance. These
results suggest that the use of GC in current practice may
hinder the viral clearance and that ganciclovir treatment can
facilitate cytokine expression to combat the virus.
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