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Purrose. The purpose of this study was to investigate whether corneal lesions in mice
with type 2 diabetes mellitus (T2D) infected with herpes simplex virus (HSV)-1 are more
severe, and to elucidate the specific underlying mechanism.

MerHoDSs. The corneas of control mice and T2D mice induced by a high-fat diet combined
with streptozotocin were infected with the HSV-1 Mckrae strain to assess corneal
infection, opacity, and HSV-1 replication. RNA sequencing of the corneal epithelium
from wild-type and db/db mice (a genetic T2D mouse model) was conducted to identify
the key gene affecting T2D infection. Immunofluorescence staining was performed on
corneal sections from T2D mice and patients with T2D. The effect of small interfering
RNA (siRNA) knockdown on corneal HSV-1 infection was evaluated in both in vitro and
in vivo models.

Resurrs. T2D mice exhibited a more severe infection phenotype following HSV-1
infection, characterized by augmented corneal opacity scores, elevated viral titers,
and transcripts compared to control mice. Transcriptome analysis of corneal
epithelium revealed a hyperactive viral response in T2D mice, highlighting the
differentially expressed gene Rip4 (encoding receptor transporter protein 4). Receptor
transporter protein 4 (RTP4) expression was enhanced in the corneal epithelium of T2D
mice and patients with T2D. Virus binding assays demonstrated that RTP4 facilitated
HSV-1 binding to human corneal epithelial cells. Silencing RTP4 alleviated
HSV-1 infection in both in vitro and in vivo T2D models.

Concrusions. The findings indicate that elevated RTP4 exacerbates HSV-1 infection by
enhancing its binding to corneal epithelial cells, whereas Rtp4 knockdown mitigated
corneal lesions in T2D mice. This implies RTP4 as a potential target for intervention in
diabetic HSV-1 infection.

Keywords: receptor transporter protein 4 (RTP4), cornea, type 2 diabetes (T2D), herpes
simplex virus (HSV)-1, herpes simplex keratitis (HSK)

erpes simplex virus (HSV)-1, a member of the alpha
H subfamily of herpesviruses, is a globally widespread
infectious human virus that causes herpes simplex keratitis
(HSK) in the cornea.!’ HSK often leads to visual impair-
ment and even blindness, and is a leading cause of infec-
tious blindness.># Type 2 diabetes mellitus (T2D), the largest
global epidemic, is a predisposing factor for HSK,>¢ with
other risk factors, including immunodeficiency, ultraviolet
radiation exposure, and topical corticosteroids.!”” However,
the effect and mechanism of T2D on HSK remain largely
unexplored.

The receptor transporter protein 4 (RTP4), a member of
the RTP family, is originally identified as a molecular chap-
erone of a group of G-protein—coupled receptors that facil-
itates their transport to the cell surface to mediate a bitter
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taste sense.® Accumulating evidence indicates RTP4 is impli-
cated in innate immune regulation and viral response.’~!!
The antiviral properties of RTP4 have been unveiled in a
variety of RNA viruses, including severe acute respiratory
syndrome-coronavirus 2 (SARS-CoV-2), Zika virus, hepati-
tis C virus, yellow fever virus, and dengue virus.”11:12 By
contrast, He et al. found that RTP4 negatively regulates IFN-
I responses by modulating cGAS-STING signaling, thereby
exacerbating symptoms of experimental cerebral malaria
and increasing West Nile viral load in mouse brains, suggest-
ing that RTP4 may indirectly contribute to parasite growth
and viral infection.' Little is known about the role of RTP4
in DNA virus infection, with the exception of findings by
Boy et al., who reported that ectopic expression of RTP4
in vivo has no inhibitory effect on the DNA virus HSV-1,
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despite RTP4 effectively inhibiting RNA viruses, such as Zika
virus, yellow fever virus, and dengue virus.’ In this study,
we investigated the role of RTP4 in mouse corneal HSV-1
infection. We observed that RTP4 expression was elevated
in the corneal epithelium of both diabetic mice and patients
with diabetes, however, the specific role of this upregulation
remains unclear.

In our study, we demonstrated that T2D exacerbated
corneal HSV-1 infection, and further found that enhanced
RTP4 expression mediated severe corneal lesion following
HSV-1 infection in T2D mice. Knockdown of Rfp4 mitigated
HSV-1 infection in both the T2D cell model and corneas of
T2D mice, suggesting that RTP4 serves as a potential thera-
peutic target for diabetic HSV-1 infection.

MATERIALS AND METHODS
Animals Models and Human Tissues

T2D Murine Models. Male C57BL/6 mice (8 weeks
old) were purchased from Vital River Laboratory (Beijing,
China). Streptozotocin (STZ) is an antibiotic, and STZ
combined with a high-fat diet (HFD) is widely used to
establish a model of T2D.!* The ingestion of HFD trig-
gers insulin resistance and induces obesity, and subsequent
multiple injections of low-to-moderate doses of STZ lead
to sustained autoimmune destruction of B-cells, produc-
ing mild-to-moderate insulin deficiency, which accelerates
the progression of T2D in mice.'*!> To establish a T2D
mouse model, a modified protocol from previous studies was
followed.'#~'° Mice were subjected to intraperitoneal injec-
tion of STZ at a dosage of 60 mg/kg/day (MCE, Shanghai,
China), dissolved in sodium citrate buffer (0.1 mmol/L, pH
4.5), administered for 5 consecutive days following 4 weeks
of an HFD (Beijing Keao Xieli Feed Co., Ltd., D12451, 45%
fat), and were subsequently maintained on the HFD. Control
mice were fed a standard diet (Beijing Keao Xieli Feed Co.,
Ltd., D12450B, 10% fat) and received vehicle injections. After
2 weeks post-final injection, measurements of body weight,
blood glucose, and blood lipid levels were conducted in both
groups of mice.

C57 BL/KS db/db male mouse (Lepr"b/db) is an inher-
ited murine model of T2D that carries a mutation in the
gene encoding the leptin receptor, resulting in dysfunctional
leptin signaling.'”-'® C57 BL/KS db/db male mice (Lepr?/?",
8 weeks old) and age-matched wild-type (WT) male mice
(Lepr*/*) were obtained from GemPharmatech (Strain NO.
T002407; Nanjing, China). Fed a standard chow diet without
HFD/STZ treatment, db/db mice spontaneously exhibit typi-
cal symptoms of T2D.'7-!8 After 4 weeks on a standard diet,
RNA sequencing was conducted on the corneal epithelia of
db/db and WT mice.

All animal experiments were approved by the Ethics
Committee of Shandong Eye Institute and conducted in
compliance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

Human Samples. Healthy and T2D human corneas
were sourced from the eye bank of Qingdao Eye Hospital.
Detailed information for each patient and donor is provided
in Supplementary Table S1. This study was approved by the
Ethics Committee of Shandong Eye Institute (code 2023-35).

RNA Sequencing Assay. Corneal epithelium from
db/db and WT mice was collected using a corneal epithe-
lial scraper and sent to LC-BIO Co., Ltd. (Hangzhou, China)
for RNA sequencing. Each sample comprised the corneal
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epithelium from two eyes of a mouse, with three samples
per group. Volcano and heat maps were generated using the
OECloud tools, accessible at https://cloud.oebiotech.com.
Gene ontology (GO) enrichment analysis and enrichment
cnetplot were conducted at http://www.bioinformatics.com.
cn/.
HSV-1 Virus and Murine HSK Model. The Mckrae
strain of HSV-1 was presented by Professor Jumin Zhou of
Kunming Institute of Zoology, China. HSV-1 was propagated
and titered on Vero cells, as previously described.'

To establish the HSK model, control and T2D mice were
anesthetized with intraperitoneal injection of 0.6% pento-
barbital sodium. Corneal scratching was performed using a
30G needle, as described previously,'?~%! followed by admin-
istration of HSV-1 at a titer of 1 x 10° pfu (5 pL). The MOCK
group received 5 pL of DMEM/F-12 medium (2% fetal bovine
serum [FBS]). Treatment was applied to the right eye of each
mouse, whereas the left eye remained intact.

The titer of HSV-1 was determined using a plaque assay.
Briefly, viral samples were obtained by swabbing the murine
eyes with sterile cotton swabs at indicated time points. The
prepared Vero monolayer cells in 24-well plates were then
infected with the collected viral solutions through serial dilu-
tions. Following an incubation period of 3 or 4 days, the cells
were fixed and stained with crystal violet (Beyotime). Finally,
plaques were counted and graphed, and the virus titers were
calculated.

Corneal Evaluation

Corneal alterations in both control and T2D mice were
photographed under a BQ 900 slit lamp (Haag-Streit,
Bern, Switzerland) at specified time points. Corneal opac-
ity was graded as our previous description: 0, 1, 2, 3,
4, and 5 for transparent, mildly cloudy, moderate opacity,
severe opacity, most severe opacity, and corneal perforation,
respectively.'’

Cell Culture, Treatment, and Cell Viability Assay

Human corneal epithelial cells (HCECs) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium
(17.2 mmol/L glucose) with 10% FBS. To induce an in
vitro T2D model, HCECs were treated with DMEM medium
(25 mmol/L glucose) supplemented with palmitate (PA), as
previously described.?? The cell viability assay was carried
out as previously reported with minor modifications.?®
Briefly, HCECs were plated in 96-well plates and treated
with PA at various concentrations (0, 100, 200, 300, 400,
and 600 pmol/L) until reaching 70% to 80% confluence
for 24 hours. Following incubating with CCK-8 (Beyotime,
Shanghai, China), the absorbance was measured using
a microplate reader (SpectraMax M2; Molecular Devices,
Menlo Park, CA, USA). Relative cell viability was calcu-
lated according to the manufacturer’s instructions, compar-
ing values to the vehicle group after subtracting the back-
ground.

Assays of HSV-1 Binding and Replication

Assays of HSV-1 binding and replication were performed
as previously described.?*?* In virus binding assays, HCECs
were infected with a H129-G4 HSV-1 strain virus express-
ing GFP (Genechem, Shanghai, China) at 4°C for 2 hours
with 1 MOI. After washing with cold PBS buffer, fixing, and
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TaBLe. The Specific Primers for Quantitative PCR
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Name Forward Primer 5'-3/ Reverse Primer 5'-3’
ICPO GCCCACTACACCAGCCAATC AGACAGCAAAAATCCCCTGAGTT
TK AAGGTCGGCGGGATGAG CGGCCGCGCGATAC

VP16 GCGGGGCCGGGATTTACC CTCGAAGTCGGCCATATCCA
HSV-1 GCCCGTGGTTCTGGAATTC GATGTTGTACCCGGTCACGAA
m-Rpl5 CCGCAGGCTTCTGAATAGGT CCAGTTGTAGTTCGGGCAAGA
m-Rtp4 ATGCATCTTTGGGTGAGAAGGT GGGAGGAACTCTTTGGTAATGGA
m-Ifitm3 TGTGATCAACATGCCCAGAGA CAGTCACATCACCCACCATCTT
m-Isg15 GCCTGGGACCTAAAGGTGAAG TCCTGGAGCACTGCAGTTTG
m-Oasla GGAGCTCCAGCGGAACTTC CAGGCAAAGACAGTGAGCAACT
m-Oas2 CCAACCAATAATGTGGGCAAA GTGGCTTGGAGTGACGAAAAG
m-0as3 ATAAACACTTGCCCTCCCAAAC CTTTTGCTCTCCACAGCCTTGT
m-Oasl2 GCAGGTCTGTTGCACGACTGT GATCTCTGCCTTCATCTTTCTGATG
m-Usp18 TCCCTCAGAGCTTGGATTTCA TCCGGATGTAGGCACAGTAATG
m-Zbp1 AGTGCCCAAGAAAACCCTCAAT CTAGGCTGGGCACTGGAGTT
m-Irf7 CACCCCCATCTTCGACTTCA TCACCAGGATCAGGGTCTTCTC
m-B-actin GGCACCACACCTTCTACAATG GTGGTGGTGAAGCTGTAGCC
bh-ZO-1 AGGATCCATATCCCGAGGAA CGAGGTCTCTGCTGGCTTGT
h-ATP1A1 CAGGGCAGTGTTTCAGGCTA TCGACGATTTTGGCGTATCTT
h-B-actin GCAGAAGGAGATCACTGCCCT GCTGATCCACATCTGCTGGAA
b-Rtp4 TGGCTGGTTCCGGTGTTC TGGGACCAGGAGCACTTCTG

DAPI staining, the cells were observed using a forward and
inverted integrated fluorescence microscope (Revolve RVL-
100; Echo Laboratories, San Diego, CA, USA). The viral repli-
cation assays were performed by quantitative PCR after incu-
bation at 37°C for 24 hours following the binding assay.

Rtp4 Knockdown In Vitro and In Vivo

For knocking down R#p4 in HCEC cells, 50 nM Rip4
small interfering RNAs (siRNAs) or negative control (NC)
siRNA were transfected into HCEC cells with Lipofec-
tamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. The siRNA
target sites specific for human Rip4 were as follows:
Ritp4 siRNA-1: 5'-CCATGAGGATTCTGAGCAA-3', Rtp4 siRNA-
2: 5'-GCTCAAGGGTGGAAGCAAT-3, and Rip4 siRNA-3: 5'-
CTGGAAGGATCCCATGACA-3'. The NC siRNA was provided
by RiboBio Company (Guangzhou, China).

To knock down Rfp4 in mouse corneas, 10 pM (5 pL
per cornea) methoxy-modified mouse Rip4 siRNA or nega-
tive control (NC) siRNA was subconjunctivally injected
into T2D mice. Injections were administered every other
day for a total of three times. The siRNA target site
specific for mouse Rip4 was as follows: m-Rip4 siRNA: 5'-
CCATGAGGATTCTGAGCAA-3'.

Real-Time Quantitative PCR

Total RNAs from mouse corneal epithelium, stroma, whole
cornea, and HCEC cells were extracted using a TransZol
Up Plus RNA Kit (ER501-01-V2; Transgen, Beijing, China),
respectively. Corneal epithelium was separated from stroma
and endothelium after overnight digestion at 4°C using
Dispase II (Roche, Indianapolis, IN, USA), with endothe-
lium removed by tweezers. After the synthesis of comple-
mentary DNAs, real-time quantitative PCR was performed
using SYBR Green reagents (Q711-03; Vazyme) and analyzed
by the Applied Biosystems 7500 Real-Time System (Applied
Biosystems, Foster City, CA, USA). The specific primers are
listed in the Table.

Hematoxylin and Eosin Staining

Mouse corneas were fixed, embedded in paraffin, and
sectioned into 4 pm thickness. Hematoxylin and eosin (H&E)
staining was performed as described previously.?® Sections
were observed and images were captured using a light
microscope (Nikon, Tokyo, Japan).

Immunofluorescence Staining

For cryosection immunofluorescence staining, mouse
eyeballs were collected at the indicated time points and
embedded in Tissue-Tek OCT (Sakura Finetek, Tokyo,
Japan), then sectioned into 7 pm thickness. For cell
immunofluorescence staining, HCEC cells were washed
with PBS and fixed in 4% paraformaldehyde. Immunoflu-
orescence staining was performed as in our previous
description.?®?” The antibodies used were as follows:
FITC-conjugated CD45 (2607666; Invitrogen, eBioscience,
San Diego, CA, USA), RTP4 (PA5-113215; Invitrogen, USA),
ICP4 (sc-69809; Santa Cruz Biotechnology Inc., Dallas,
TX, USA), ZO-1 (40-2200; Invitrogen, USA), and ATP1Al
(MA3-929; Invitrogen, USA). Sections were incubated
overnight with primary antibody at 4°C, followed by the
appropriate secondary antibody for 2 hours. All sections
were observed under a ZEISS LSM880 inverted microscope
(ZEISS, Rossdorf, Germany) after counterstaining with
DAPI.

Immunofluorescence of paraffin sections was performed
according to our previous report with minor modifications.?®
Briefly, sections of human samples were dewaxed, hydrated,
and antigen retrieved with sodium citrate buffer (10 mM
sodium citrate, 0.05% Tween 20, and pH 6.0). After natural
cooling, the sections were rinsed, blocked, and incubated
with the primary antibody RTP4 (PA5-113215; Invitrogen,
USA) at 4°C overnight, following the same steps as above.

Western Blot

After treatment with the aforementioned siRNAs, mouse
corneas and HCECs were harvested separately at the indi-
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cated time points. Total proteins were extracted using radio-
immunoprecipitation assay (RIPA) buffer supplemented
with cOmplete protease inhibitor (Roche). The primary anti-
bodies utilized in this study were RTP4 (Invitrogen) and
B-Actin (Proteintech, Wuhan, China). Blots were incubated
with a horseradish peroxidase (HRP)-conjugated secondary
antibody (Proteintech) and visualized through enzyme-
linked chemiluminescence using the Immobilon Western
HRP substrate (Millipore, Billerica, MA, USA) and ChemiDoc
Touch (Bio-Rad, Hercules, CA, USA).

Statistical Analysis

Data are expressed as mean =+ standard deviation (SD).
Statistical analysis was performed by GraphPad software.
Statistical significance was assessed by the unpaired two-
tailed Student’s t-test, and by 1l-way analysis of variance
(ANOVA; a comparison of more than 2 groups) and 2-way
ANOVA (for comparison of 2 independent variables such as
control and T2D, MOCK, and HSV-1) by GraphPad Prism
software. Any P values < 0.05 was considered statistically
significant. All experiments were performed at least three
times.
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RESULTS
T2D Exacerbates HSV-1 Infection

To investigate the effect of T2D on HSV-1 infection, we estab-
lished a T2D mouse model induced by HFD and STZ, as illus-
trated in Figure 1A. T2D mice exhibited noticeable differ-
ences compared to control mice, including increased body
weight and significantly elevated levels of blood glucose
and blood lipids (see Figs. 1B-D). Following HSV-1 infec-
tion, slit-lamp examination and cornea opacity scoring mani-
fested aggravating symptoms in T2D mice. At 1 day post-
infection (Dpi), T2D mice displayed mild inflammation
and opacity in the cornea, whereas control mice showed
nearly transparent corneas. By 3 Dpi, T2D mice exhib-
ited a larger corneal infection area compared to controls,
and by 5 Dpi, severe edema and opacity encompassed
the entire cornea of T2D mice (see Figs. 1E, 1F). At 7
Dpi, T2D mice exhibited elevated corneal opacity scores
and noticeable vascular invasion compared to the control
group (Figs. 1E, 1F). Eye swabs were collected from the
mice at 3, 5, and 7 Dpi for plaque analysis. Our results
showed that the viral titers at both 3 and 5 Dpi in T2D
mice were significantly higher than those in control mice
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Increased susceptibility of T2D mice to HSV-1 infection. (A) Schematic illustrating the generation of T2D mice.

(B-D) Compared to control mice, T2D mice had higher body weight, blood glucose levels, and blood lipid levels. LDL-C, low density
lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride (N = 6 per group). (E) Slit-lamp images demonstrated that T2D mice had
a more severe corneal phenotype than control mice following HSV-1 infection. Dpi, days post infection. (F) Corneal opacity scores were
significantly high in T2D mice compared to control mice (1 = 6 per group). (G) Representative images of plaque assay at 3 and 5 Dpi. The
viral samples were diluted 200 times. (H) Virus titers in T2D mice were clearly higher than those in the control mice (z = 3 per group).
(D H&E staining of corneal sections (# = 3 per group). (J) More immune cells infiltrated the cornea of T2D mice (# = 3 per group).
(K) Quantitative PCR analysis of HSV-1 viral genes (7k, Vp16, and Icp0). Mouse Rpl5 (m-Rpl5) was used as an internal control (z = 3 per

group). *P < 0.05, **P < 0.01, **P < 0.001.
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Ficure 2. Enhanced virus response genes expression in corneal epithelium of db/db mice and T2D mice. (A) Volcano plot illustrates
the differential mRNA expression profile of corneal epithelia between WT and db/db mice. (B) Top five terms of the GO biological process
enrichment analysis of significantly dysregulated genes in the corneal epithelium. (C) The cnetplot visualization depicts the enrichment of
dysregulated genes from the top five enriched categories. (D) Heat map of representative virus response-related genes. (E, F) Quantitative
PCR analysis validates the enhanced expression of virus response genes in corneal epithelia of both db/db and T2D mice, compared to
controls. m-B-actin served as an internal control. *P < 0.05, *P < 0.01, **P < 0.001.

(Figs. 1G, 1H). However, by 7 Dpi, the viral titers were
very low in both T2D and control mice, with no plaque
formation observed (Supplementary Fig. S1). Given that
the differences in corneal phenotype and viral replication
between the 2 groups were most pronounced at 5 Dpi,
we selected this time point for subsequent experiments.
Furthermore, H&E staining and immunofluorescence stain-
ing showed significant corneal thickening and abundant
infiltration of inflammatory cells (CD45+) in T2D mice

(see Figs. 11, 1)). Quantitative PCR analysis demonstrated
elevated expression levels of viral replication-related genes,
including thymidine kinase (TK), tegument protein VP16,
and immediate early protein ICPO, in T2D mice compared
to controls (see Fig. 1K). There was no significant difference
between the MOCK treatment of control and T2D mice, both
of which showed clear corneas (Supplementary Fig. S2).
These results indicated that T2D aggravated corneal HSV-1
infection.
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The Hyperactive Virus Response Signaling in the
Corneal Epithelium of T2D Mice

It is widely known that both db/db mice and HFD/STZ-
induced mice are typical animal models mimicking human
T2D. Given the simplicity and stability of db/db mice in
modeling T2D, we conducted transcriptome sequencing on
the corneal epithelium (7 = 3) from both WT and db/db
mice to interrogate the pathogenesis underlying the suscep-
tibility of T2D to HSV-1 infection. Comparative expres-
sion analysis unveiled 428 differentially expressed genes
(fold change > 2, P < 0.05) in the corneal epithelium of
db/db mice compared with WT mice. Among these, 225
genes were significantly upregulated, whereas 203 genes
were significantly downregulated (Fig. 2A). GO biologi-
cal process enrichment analysis highlighted virus-related
categories, such as response to virus, defense response to
virus, and response to interferon-beta, as the most signif-
icantly altered in the corneal epithelium of T2D mice
(see Fig. 2B). The enrichment cnetplot depicted dysregu-
lated genes of the top five enriched categories (see Fig. 2C).
The heat map further illustrated that signature genes asso-
ciated with viral infection and innate immune response,
including Ifitm3, Irf7, Isgl5, Rtp4, Oasla, Oasl2, Oas2,
Oas3, Usp18, and Zbpl, were significantly upregulated in

db/db mice compared to WT mice (see Fig. 2D). Quantita-
tive PCR validation confirmed the significant upregulation
of the aforementioned genes in the corneal epithelium of
db/db mice (see Fig. 2E), consistent with the quantitative
PCR result of corneal epithelium from STZ-mediated T2D
mice (see Fig. 2F). These findings indicated an abnormal
viral response in the corneal epithelium of db/db mice and
STZ-mediated T2D mice, potentially associated with HSV-1
infection.

Noticeably, among genes associated with viral infection
and innate immune response, Rip4 was highly upregulated
and most significant in the corneas of both db/db mice
and STZ-mediated T2D mice compared with their respec-
tive controls. Quantitative PCR results showed that Rip4 was
increased by 4.393 + 0.278-fold (P = 0.0007) and 4.24 +
0.114-fold (P = 0.0002) in db/db mice and STZ-mediated
T2D mice, respectively (see Figs. 2E, 2F). This suggests that
RTP4 may be involved in corneal HSV-1 infection.

RTP4 Expression Positively Correlates With
Corneal HSV-1 Infection

RTP4 encodes a receptor transporter protein and modulates
virus infection and immune response.’!! RTP4 displayed
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Ficure 4. Both RTP4 expression and HSV-1 infection were enhanced in a T2D cell model. (A) Cell viability assay of HCECs treated
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whereas HCECs were cultured in DMEM/F12 medium as a control group. (B) Representative immunofluorescence images of ATP1A1 and
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labeled HSV-1 infection post 24 hours. (G) Quantitative PCR analysis of HSV-1 viral genes and Rip4 gene in Figure 4F. Human S-actin
(b-B-actin) served as an internal control. *P < 0.05, **P < 0.01, **P < 0.001.

a higher expression level in corneal epithelium than
corneal stroma of control mice (Fig. 3A). Normally, a small
amount of RTP4 was found in mouse corneal epithelium
(see Fig. 3B). In T2D mice, RTP4 acquired a robustly
increased expression in corneal epithelium (see Fig. 3B).
Likewise, immunofluorescence staining of paraffin sections
showed a markedly elevated expression of RTP4 in the
corneal epithelium of patients with T2D compared with
normal donors (see Fig. 3C). After HSV-1 infection, there was
a noticeable increase in both ICP4, an immediate early gene
of HSV-1, and RTP4 in T2D mice (see Fig. 3D). Quantita-
tive PCR assay further exhibited that RTP4 expression was
enhanced by both T2D and HSV-1 infection, with its expres-
sion peaking after HSV-1 infection in T2D mice (see Fig. 3E).

To investigate the relationship between RTP4 expres-
sion and HSV-1 infection, a T2D cell model was estab-
lished treated with PA and high-glucose (HG; 25 mmol/L
glucose) medium. HCECs were cultured in the HG medium
and exposed to various concentrations of PA for 24 hours.
Cell viability was assessed, and a PA concentration of
300 pmol/L was chosen for the T2D cell model, ensuring no
impact on cell viability (Fig. 4A). As previously reported,??
the T2D cell model was confirmed by significant down-
regulation of ATP1A1 and ZO-1 mRNA and protein levels
(see Figs. 4B, 4C). Subsequent quantitative PCR assay and
immunofluorescence staining demonstrated a clear enhance-
ment of RTP4 in the T2D cell model compared to controls
(see Figs. 4D, 4E), mirroring the findings in T2D mice
(see Figs. 3B, 3C). After 24 hours of HSV-1-GFP infection, the
fluorescent intensity of HSV-1 was pronouncedly increased
in the T2D cell model (see Fig. 4F). Moreover, quantitative
PCR assay revealed higher expression of viral replication-

related genes and increased Rip4 expression in the T2D cell
model (see Fig. 4G). Collectively, these results suggest a posi-
tive correlation between RTP4 expression and corneal HSV-1
infection, implying that RTP4 may contribute to the suscep-
tibility of T2D mice or patients with T2D to HSV-1.

RTP4 Modulates HSV-1 Infection

To elucidate the role of RTP4 in HSV-1 infection, we utilized
siRNA to knock down R#p4 in HCECs. Control HCECs were
transfected with different Rtp4 siRNAs for 24 hours, and
quantitative PCR assay and Western blot confirmed the
effective knockdown of Rip4 by all siRNAs (Figs. 5A, 5B).
Rtp4 siRNA-1 was selected for subsequent experiments. In
the T2D cell model induced by PA + HG, immunofluores-
cence staining validated that siRNA successfully reduced
RTP4 protein levels (see Fig. 5C). After 24 hours of HSV-
1-GFP infection, T2D cells exhibited a stronger fluorescence
signal compared to control cells under a fluorescence micro-
scope, suggesting increased viral infection. Rtp4 knockdown
attenuated viral infection in both control and T2D cells
(see Fig. 5D). Consistently, quantitative PCR results demon-
strated that the expression of viral replication-associated
genes was upregulated in the T2D group compared with
the control group; whereas knockdown of Rip4 significantly
reduced the expression of these genes in both groups (see
Fig. 5E).

To determine whether RTP4 is involved in HSV-1 binding,
HCECs were stored at 4°C for 2 hours under conditions that
inhibit HSV-1 entry (Fig. 6A). After washing and fixation,
fluorescence imaging revealed an intensified fluorescence
signal of HSV-1 on the cell membrane in T2D cell models
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negative control. *P < 0.05, *P < 0.01, **P < 0.001.

(see Fig. 6B). This suggests that enhanced RTP4 promotes
the binding of HSV-1 to HCECs. Conversely, Rtp4 knock-
down notably diminished the fluorescence signal on the cell
membrane in T2D cell models (see Fig. 6D), indicating a
crucial role of RTP4 in HSV-1 binding to HCECs. Following
virus binding, and subsequent 24-hour incubation at 37°C,
the mRNA level of HSV-1 significantly increased in the T2D
cell model compared to the control group (see Fig. 6C), but
decreased markedly after Rip4 knockdown (see Fig. GE).
Together, these results suggest RTP4 facilitates HSV-1 infec-
tion through influencing its binding to host cells.

Rtp4 Knockdown Ameliorated the Degree of HSK
Lesions in T2D Mice

To assess the role of RTP4 in HSV-1 infection in vivo, we used
a specific methoxy-modified siRNA to knock down Rip4 via
subconjunctival injection. In STZ-mediated T2D mice, quan-
titative PCR, Western blot, and immunofluorescence staining
confirmed a marked downregulation of RTP4 in the cornea

(Figs. 7A—C). Topical administration of Rfp4 siRNA to T2D
mice alleviated HSV-1 infection symptoms, manifesting in a
clearer cornea (see Fig. 7D), reduced corneal opacity scores
(see Fig. 7E), and decreased immune cell infiltration and
corneal edema compared to the NC siRNA-treated group
(see Figs. 7F, 7G). Furthermore, immunofluorescence stain-
ing demonstrated that suppression of RTP4 expression led to
a decrease in the protein level of ICP4, an HSV-1-associated
antigen (see Fig. 7H). Consistently, after Rtp4 knockdown
in T2D mice, genes related to HSV-1 replication showed
significant downregulation compared to the control group
(see Fig. 7D). These data indicated that RTP4 participated in
the process of corneal HSV-1 infection, and its suppression
had an ameliorative effect, suggesting that RTP4 is a new
intervention target for corneal HSV-1 infection.

DISCUSSION

In this study, we found that RTP4 was mainly expressed
in the corneal epithelium. Enhanced RTP4 expression was
found in the corneal epithelium of both HFD/STZ-induced
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Figure 6. RTP4 participated in HSV-1 binding on HCEC cells. (A) A schematic of HSV-1 binding and replication assays in HCECs. The
GFP-expressing H129-G4 HSV-1 strain of virus was applied. (B) In HCECs, viral binding was enhanced in the T2D group compared with
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the viral binding. (E) HSV-1 replication was evaluated between the NC siRNA-treated and the Rip4 siRNA-treated T2D groups. Incubation
conditions are the same as in Figure 6C. NC, negative control. Blue for DAPL. *P < 0.05, **P < 0.01.

T2D mice and db/db mice, and this upregulation was
also confirmed in the corneal epithelium of patients with
T2D. HFD/STZ-induced T2D mice exhibited enhanced HSV-
1 infection, accompanied by increased corneal opacity
and upregulated HSV-1 virus transcripts. Furthermore, the
HG/PA-induced T2D cell model revealed that increased
RTP4 exacerbated HSV-1 infection by promoting HSV-1
binding to corneal epithelial cells. Conversely, Rtp4 knock-
down inhibited HSV-1 binding and consequently reduced
infection. In T2D mice, Rip4 knockdown ameliorated the
severity of infectious lesions, indicating enhanced corneal
resistance to HSV-1. These results suggested that RTP4 may
augment the susceptibility of T2D individuals to HSV-1,
thereby offering a potential intervention target for the acute
phase of infection in T2D.

T2D is widely recognized as a chronic inflammatory
disease.” The corneas of patients with T2D exhibit sensory
neurodegeneration, delayed repair, and immune dysregu-
lation, rendering them vulnerable to infection.?® However,
the mechanism underlying patients’ with T2D susceptibil-
ity to infection remains elusive. RNA-seq analysis of corneal
epithelium revealed activation of innate immunity and an
enhanced viral response in db/db mice. Innate immunity,

serving as the first barrier against pathogen invasion, relies
on the antiviral effect mediated by interferon-stimulated
genes (ISGs) activated by interferons (IFNs).3! Transcrip-
tome analysis unveiled significant upregulation of ISGs,
including Rtp4, Isg15, Ifitl, Ifit3, Oas2, and Oas3, in the
corneal epithelium of db/db mice. This finding aligned with
our observations in HFD/STZ-induced T2D mice, imply-
ing an enhanced antiviral capability. However, compared to
control mice, T2D mice exhibited higher RTP4 expression
levels, more severe corneal phenotypes, and increased viral
replication following HSV-1 infection, suggesting a positive
correlation between RTP4 expression and HSV-1 replication.
Both in vivo and in vitro experiments further demonstrated
that disruption of Rtp4 attenuated HSV-1 infection and repli-
cation. Corneas from Rip4-deficient T2D mice displayed
enhanced antiviral protection, indicating that RTP4 aggra-
vates corneal HSV-1 infection. This finding is consistent
with its role in suppressing experimental cerebral malaria
in the mouse brain.!° Despite numerous studies attributing
an antiviral role to RTP4 against pathogens, such as SARS-
CoV-2, Zika virus, and hepatitis C virus,”'11:12 T2D may create
an immune microenvironment conducive to HSV-1 infection,
potentially exacerbated by RTP4.
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The m-Rpl5 served as an internal control. NC, negative control. ***P < 0.001.

We found that RTP4 was localized in the cytoplasm of
corneal epithelial cells and was not detected in the cell
membrane, which is consistent with previous reports of
murine and human RTP4 localization in endoplasmic retic-
ulum and Golgi apparatus.’> Our data showed that RTP4
mediated the binding of HSV-1 to corneal epithelial cells,
influencing viral entry. However, the mechanism by which
RTP4 promotes HSV-1 binding to host cells is unclear. Given
that HSV-1 binding to host cells requires specific cellu-
lar receptor proteins, such as TNFRSF14 and NECTIN1 as
gD receptors, and MYH9, MAG, and PILRA as gB recep-
tors,>3* we hypothesize that RTP4 may behave as a chap-
erone protein, facilitating the proper folding of these recep-
tors and promoting their transport to the cell membrane.
This process could enhance their cell surface expression
and increase the binding of HSV-1 to corneal epithelial
cells.

In addition to its role in viral replication, RTP4 has
been linked to immune cell regulation in various cancers.
In colorectal cancer, RTP4 is associated with resistance
to immune checkpoint blockade, and silencing its expres-
sion can inhibit T lymphocyte recruitment.’> In cutaneous
melanoma, RTP4 has been identified as a novel prognos-
tic hub gene that promotes neutrophil infiltration.’® In
mouse breast cancer, RTP4 mediates tumor cell sensitivity
to antigen-dependent T-cell killing.?” After HSV-1 infection,
immunofluorescence staining for RTP4 and CD45 revealed
that RTP4 was detected in a small number of immune cells
(Supplementary Fig. S3, indicated by yellow arrowheads),
suggesting that immune cells may be involved in mouse
corneal HSV-1 infection. However, RTP4 was predominantly
localized to corneal epithelial cells (see Supplementary Fig.
S$3), indicating that our results mainly reflect the role of
corneal epithelial cells. The impact of RTP4 on corneal



Investigative Ophthalmology & Visual Science

RTP4 in Corneal HSV-1 Infection

immune cells and the significance of its expression in these
cells warrant further investigation.

Diabetic individuals are prone to more severe and
widespread infections 3%’ However, whether they are more
susceptible to HSV-1 is controversial. Previous studies have
reported diabetes as a risk factor for herpetic keratitis, with
a higher incidence rate in patients with T2D compared to
non-diabetic individuals.!4? Additionally, the concentration
of HSV-1 IgG in the serum of patients with diabetes was
higher than that in non-diabetic individuals.> However, a
study from Wills Eye Hospital found that T2D does not
worsen HSK.®> A recent retrospective study identified older
age and diabetes as risk factors for poor outcomes in
HSK, leading to visually significant corneal scarring.® Our
results demonstrated that T2D exacerbated HSK lesions,
characterized by higher corneal opacity scores, increased
corneal edema, and greater HSV-1 virus transcripts, confirm-
ing the aggravating effect of T2D on acute HSV-1
infection.

Taken together, our findings indicated that RTP4 was
upregulated in the corneal epithelium of T2D mice and exac-
erbated the infection phenotype by facilitating HSV-1 bind-
ing. Conversely, Rtp4 knockdown effectively mitigated the
degree of HSK lesions in T2D mice. This suggests that RTP4
may emerge as a potential intervention target for acute HSV-
1 infection in T2D.
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