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Purpose: Herpes simplex virus type 1 (HSV-1) infection of the human eye can lead to herpes simplex keratitis, which is the leading 
cause of infectious blindness worldwide. Inflammation invading the corneal stroma causes herpetic stromal keratitis (HSK). Interferon 
regulatory factor 6 (IRF6) is a member of the interferon regulatory factor family and is involved in the antiviral response against 
human papillomavirus 16. However, the mechanism related to the involvement of IRF6 in the host anti-HSV-1 response is unclear, and 
how latent infection and viral reactivation trigger corneal stromal inflammation remains unknown. Therefore, we investigated the role 
of IRF6 in HSV-1 infection.
Methods: Proteomic detection techniques indicated that IRF6 was expressed at low levels in the corneas of HSK model mice. The 
antiviral effects of IRF6 have been demonstrated in animal and cellular studies. HSV-1 replication was activated when IRF6 was 
silenced in human corneal epithelial cells (HCECs), and IRF6 overexpression inhibited viral replication. HSK was established after 
locally inoculating mouse corneas with lentivirus to overexpress IRF6.
Results: The degree of inflammation was attenuated, and proinflammatory cytokine secretion was reduced in the mice overexpressing 
IRF6 compared with that in the lentivirus control mice, suggesting that IRF6 attenuates the severity of HSK. Silencing of protein 
kinase C delta and receptor-interacting serine/threonine kinase 4 reduced IRF6 phosphorylation and inhibited its degradation during 
HCEC infection with HSV-1.
Conclusion: These findings indicate that IRF6 is involved in the immune response against HSV-1 virus, and IRF6 can be used as 
a therapeutic target for treating HSK.
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Introduction
Herpes simplex virus (HSV) is a double-stranded DNA virus that infects nervous tissue.1,2 HSV can be divided into two 
subtypes: HSV-1 and HSV-2. HSV-1 mainly infects the oral mucosa and eyes, while HSV-2 mainly infects reproductive 
organs. Humans are the only natural hosts of HSV-1, and the rate of HSV-1 seropositivity in the population is as high as 
50–90%.3 HSV-1 infection of the human eye can lead to herpes simplex keratitis, which is difficult to control effectively, 
prone to recurrent episodes, and is the main cause of blindness in human infectious keratopathies.4,5 Globally, 
approximately 1.5 million ocular HSV cases are reported annually, resulting in 40,000 people becoming blind.4 HSV-1 
infections are categorized into two types: primary and recurrent. HSV-1 directly contacts the mucous membrane and 
causes primary infection, which is mild and easy to control. The virus then reaches the trigeminal ganglion by reverse 
axonal transport and establishes lifelong latency.6 Reactivation of the virus causes a large number of inflammatory cells 
to infiltrate the cornea, resulting in herpetic stromal keratitis (HSK). Herpetic stromal keratitis is characterized by corneal 
clouding, edema, corneal scarring, and neovascularization, all of which directly affect vision. Antiviral and anti- 
inflammatory combination therapies are used to treat HSK; however, specific therapeutic drugs are lacking, and 
immunocompromised individuals may be more susceptible to developing drug resistance.7,8 No effective vaccine 
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currently exists to prevent HSV-1 infections,9,10 and no effective treatment that can completely eliminate the virus from 
the latent sites.11 Therefore, effectively suppressing viral replication and reducing the excessive inflammatory response 
triggered by viral invasion are keys to disease control.

Interferon regulatory factors (IRFs) are transcription factors that regulate the expression of type I interferons (IFNs) 
and related genes and play essential roles in immune regulation and inflammatory responses. In addition, IRFs are 
involved in regulating cell growth, differentiation, apoptosis, tumorigenesis, and metabolism.12–16 Nine IRF species have 
been identified in mammals.17 IRF proteins contain two functional domains: an N-terminal helix-turn-helix DNA-binding 
domain containing conserved tryptophan residues and a C-terminal interferon activation domain (IAD, also known as the 
IRF-association domain), which mediates IRFs. Tryptophan residues and a C-terminal IAD mediate protein-protein 
interactions.18,19 IRF6 is a member of the IFN regulatory factor family. IRF6 is a key regulator of epithelial cell 
proliferation and differentiation,20 and is crucial for epithelial barrier function in mammals;21 however, no evidence 
exists that IRF6 acts by regulating IFN gene expression. Mutations in the IRF6 gene cause Van der Woude syndrome and 
popliteal pterygium syndrome (PPS). The ocular manifestation of PPS is pterygium.22 Receptor-interacting protein 
kinase 4 (RIPK4) is a receptor-interacting protein kinase family member. RIPK4 has serine/threonine protein kinase 
activity and interacts with protein kinase C-β and protein kinase C delta (PKD).23 RIPK4, which PKC activates, regulates 
keratinocyte differentiation and inflammation-related responses by modulating IRF6 phosphorylation.24,25 IRF6 and 
RIPK4 are key factors involved in regulating keratinocyte differentiation.24 IRF6 plays a role in the antiviral response 
by regulating interleukin (IL)-1β promoter activity in human papillomavirus type 16 infection;26 however, the mechanism 
related to the involvement of IRF6 in the host anti-HSV-1 response has not been reported. Therefore, in the present study, 
we investigated the role of IRF6 in the development of HSV-1-induced HSK. We hypothesize that IRF6 exerts its 
antiviral effect by promoting IFN expression during HSV-1 infection and that RIPK4 and PKD regulate IRF6 expression.

Methods
Cells
Vero cells were purchased from the Shanghai Cell Bank, Chinese Academy of Sciences (ATCCCCL81). Complete Vero 
cell medium was prepared with 10% fetal bovine serum (Procell, Wuhan, China), 1% penicillin-streptomycin solution 
(Solarbio, Beijing, China), and 89% high-glucose DMEM (Procell, Wuhan, China). Mouse dendritic cells DC2.4 were 
purchased from Procell (Wuhan, China). Complete dendritic cell medium was prepared with 10% fetal bovine serum 
(Procell, Wuhan, China), 1% penicillin-streptomycin solution (Solarbio, Beijing, China), and 89% high-glucose DMEM 
(Procell, Wuhan, China). Human corneal epithelial cells (ZQ1003) were purchased from Shanghai Zhong Qiao Xin Zhou 
Biotechnology Co., Ltd. HCEC complete medium was prepared as follows: Dulbecco’s modified Eagle’s medium/ 
nutrient mixture F-12 containing 10% fetal bovine serum (Procell, Wuhan, China), 5 U/mL recombinant human insulin, 
10 ng/mL recombinant human epidermal growth factor and 1% penicillin-streptomycin solution. The cells were grown at 
37 °C with 5% CO2 in a humidified incubator.

Virus
Vero cells were used to resuspend the HSV-1 McKrae strain. Virus inoculation was performed when the cell density 
reached 90%. The virus solution was inoculated into Vero cells, which were then placed in a 37 °C incubator for 90 min. 
During the incubation period, the flask was shaken thoroughly every 15 min to ensure that the virus solution fully 
contacted the Vero cells. After 48 h of incubation, the supernatant was removed after centrifugation, and the virus 
solution was harvested and stored at −80 °C. The virus titer was 105.8 TCID50/mL before use. The configuration of the 
virus maintenance medium was 4% fetal bovine serum and 96% high-glucose DMEM.

Animals
BALB/c female mice were purchased from Skebes Biotechnology (Henan, China), selected to be 6–8 weeks old and 
weighing between 18 and 22 g. The mice were housed in an SPF environment and acclimated to the environment for one 
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week after arrival in the laboratory. The animal experiments were approved by the Ethics Committee of Shengjing 
Hospital of China Medical University (ethics number: 2023PS605K).

Animal Model
The mouse cornea was observed under a microscope, and it was confirmed that the cornea was smooth, complete, and 
transparent and that there was no trauma, redness, swelling, or foreign body in the eye. After isoflurane anesthesia, 
a 1 mL syringe needle was used to make a “#” shape scratch on the corneal epithelial layer of the mice, 5 µL of virus 
solution was added, and 5 µL of virus maintenance solution was added to the control group. The scratch depth was 
limited to the corneal epithelium and did not reach the stromal layer. The eyelids of the mice were gently pressed and 
kneaded to ensure that the liquid fully contacted the cornea. After modeling, the corneal lesions of the mice were 
observed under a microscope every d, and the clinical scores were recorded:27 0, intact epithelium (no lesion); 1, diffuse 
punctate lesions; 2, dendritic lesion occupying < 1/4 of the entire epithelial area; 3, severe dendritic lesion extending 
across > 1/4 of the entire epithelial area; 4, geographic lesion on the corneal epithelium; and 5, completely swollen eye. 
All procedures were performed with the animals under isoflurane anesthesia, and only one cornea from each mouse was 
infected. Euthanasia was performed using carbon dioxide inhalation.

Proteomics Detection
Label-free quantification was performed on corneal tissues from six groups of mice (three normal controls and three HSK 
groups; four corneas per group). Total protein was extracted, reduced, alkylated, quantified, and desalted. Peptides were 
diluted to 1 μg/μL, and 5 μL was injected for LC-MS/MS analysis using a Q-Exactive HFX mass spectrometer (Thermo 
Fisher Scientific). Chromatographic separation was achieved using a pre-column (300 μm × 0.5 mm, 3 μm) and an 
analytical column (75 μm × 150 mm, 3 μm, Welch). The mobile phases were: A (98% H₂O, 2% ACN, 0.1% FA) and 
B (98% ACN, 2% H₂O, 0.1% FA). MS1 scans were acquired at 60,000 resolution over 350–1500 m/z; MS2 at 15,000 
resolution with NCE 28. Raw data were processed using MaxQuant (v1.6.15.0).

Total RNA Extraction and qPCR
Total RNA was extracted from the samples using TRIzol (Seven, China), and gDNA was removed from the total RNA 
using a reverse transcription kit followed by reverse transcription. qPCR was performed using SYBR Green (Takara) and 
a 7500 Fast Real-Time PCR Detection System (Applied Biosystems, Waltham, MA, USA). The sequences of the qPCR 
primers used are listed in Supplementary Table 1.

Total Protein Extraction and Western Blotting
The samples were lysed with RIPA lysis buffer (EpiZyme, Shanghai, China) and subjected to ultrasonic fragmentation. After 
centrifugation at 12,000 rpm for 25 min, the supernatant was removed to obtain the total protein solution. The protein sample 
concentration was determined by a BCA kit, and the samples were prepared to a uniform concentration. Loading buffer was 
added to the protein samples, which were then placed in a metal bath at 100 °C for heat denaturation. Protein samples were added 
to SDS‒polyacrylamide gels for electrophoresis, and proteins were transferred to PVDF membranes. The PVDF membrane was 
blocked with rapid blocking solution at 25 °C for 30 min, incubated with the primary antibody at 4 °C overnight (Dilution ratio of 
the primary antibody was 1:1000, the antibody information is provided in Supplementary Table 2A), washed with TBST, and 
incubated with the secondary antibody (Dilution ratio 1:5000) at 25 °C for one h. After washing with TBST, the luminescent 
solution was added to the machine for detection. Gray value measurements were performed using ImageJ software.

Flow Cytometry
On the 14th d after infection, mouse spleens were collected, ground, made into single-cell suspensions, and centrifuged at 
350 × g for 5 min, after which the supernatant was discarded. Live cells were counted and resuspended in a cell-staining 
buffer at a concentration of 5–10×106 cells/mL. Mouse splenocytes were resuspended in 2 mL of erythrocyte lysate and 
incubated for 15 min at room temperature in the dark. Then, 2 mL of phosphate-buffered saline (PBS) was added, the 
mixture was centrifuged at 350 × g for 5 min, and the supernatant was discarded. Then, 2 µL of flow fluorescent antibody 
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was added to 100 µL of cell suspension and incubated on ice for 20–30 min in the dark. Then, 250 µL of 1X TF Fix/Perm 
Buffer was added to each tube to resuspend the cell precipitate, which was subsequently centrifuged at 450 × g for 5 min, 
incubated with 1 mL of 1X TF Perm/Wash Buffer for 10 min, and centrifuged at 450 × g at 4 °C for 5 min. The fixed/ 
permeabilized cells were subsequently resuspended in 100 µL of TF Perm/Wash Buffer, and the appropriate concentra
tion of intranuclear fluorescent antibody was added, followed by vortexing and incubation at 4 °C for 40–45 min. The 
cells were subsequently washed twice with 1 mL of cell staining buffer and centrifuged at 450 × g for 5 min. The cells 
were subsequently resuspended in cell staining buffer (300 µL) and filtered through a 70-μm cell filter for on-board. 
Antibody information is detailed in Supplementary Table 2B. All the above reagents were purchased from BD 
Biosciences (USA).

Histopathology and Immunofluorescence Staining
The eyeballs of the mice were soaked in paraformaldehyde for at least 24h, dehydrated with increasing concentrations of 
alcohol, and permeabilized with xylene. The tissues were embedded in paraffin to make paraffin specimens, which were 
cut into paraffin sections with a thickness of 4 μm. Sections were stained with hematoxylin and eosin. The slices were 
sealed with neutral gum. Images were taken using a microscope (Nikon, E800,Japan).

For immunofluorescence staining, the paraffin sections were deparaffinized, antigen repair solution was used for 
antigen thermal repair, the sections were washed with PBS and incubated with blocking solution at room temperature for 
30 min, the blocking solution was removed, the primary antibody was added (Multiple of dilution 1:200), the sections 
were incubated at 4 °C overnight, the sections were washed with PBS, a fluorescent secondary antibody (1:200, 
Fluorescent goat anti-rabbit IgG antibody and fluorescent goat anti-mouse IgG antibody, Absin, Shanghai, China) was 
added, the sections were incubated at 25 °C for 30 min, and the sections were washed with PBS. DAPI solution was 
added, and the sections were incubated at 25 °C for 5 min. The sections were washed with PBS, and the slides were 
sealed with an anti-fluorescence quenching solution (Seven, Beijing, China). The tissues were subsequently viewed under 
a confocal microscope (Zeiss, Germany).

Lentivirus siRNAs and Plasmids
Lentiviruses used in animals were purchased from GenePharma Biotech Company (Suzhou, China). The siRNAs and 
plasmids used in the cells were purchased from GenePharma Biotech Company (Suzhou, China) and GeneChem Co., 
Ltd. (Shanghai, China), respectively. The siRNA and plasmid transfections were performed using Lipofectamine 3000 
transfection reagent (Thermo, USA). Sequence information is provided in Supplementary Table 3. Lentivirus injections 
were given every other d for one week before establishing the model. Lentivirus was administered to the animals at 
a dose of 5 µL/animal/d through subconjunctival injection for three injections before HSV-1 inoculation. The siRNA and 
plasmid doses were determined in a preexperiment. Transfection efficiency was measured using qPCR and Western blot.

Statistical Analyses
Statistical analysis of the experimental results was performed using GraphPad Prism software, and the data are expressed 
as the mean ± SD or mean ± SEM. Differences between groups were analyzed using Student’s t-test, and P < 0.05 was 
considered to indicate statistical significance. All experiments were repeated three times independently.

Results
HSV-1 Infection Leads to Reduced IRF6 Expression
We established a primary infection model in mice. Mouse corneas were obtained at the onset of corneal stroma opacity 
and neovascularization on d 11 post-infection,28,29 and proteomic analysis of mouse corneal tissues was performed. 
Considering the pathological mechanism of HSK, we focused on the IFN-related factor IRF6, which was abnormally 
downregulated. To verify this result, BALB/c mice were used to establish an HSK model and IRF6 expression levels in 
corneal tissues (Three corneal tissues were mixed as one group) were detected via Western blotting on d 1, 3, 5, 7, 14, 
and 21 post-infection (Figure 1A and B). HSV-1 virus solution was added to single-layer human corneal epithelial cells 
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Figure 1 Herpes simplex virus 1 (HSV-1) infection downregulates IRF6 expression. (A) The right eyes of female BALB/c mice were inoculated with HSV-1, and mouse corneas 
were collected at 0, 1, 3, 5, 7, 11, 14, and 21 d after infection for detection of interferon regulatory factor 6 (IRF6) expression via Western blotting. (B) Grayscale statistical plots of 
changes in IRF6 expression in mouse corneas infected with HSV-1 using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal reference; three corneas per group. 
The 0dpi group was used as the control group. The data are shown as the means ± SEMs of three independent experiments. (C) HSV-1 was inoculated into human corneal epithelial 
cells (HCECs) at a multiplicity of infection (MOI) of 10 and harvested at 0, 2, 4, 8, 12, and 24 h post-infection for detection of IRF6 expression via Western blotting. (D) Grayscale 
statistical graphs showing changes in IRF6 expression in HCECs infected with HSV-1; GAPDH was used as an internal reference. The 0hpi group was used as the control group. The 
data are shown as the means ± SEMs of three independent experiments. (E) HSV-1 was inoculated into HCECs at an MOI of 10, and the cells were harvested at 0, 2, 4, 8, 12, and 
24 h post-infection to detect changes in IRF6 mRNA expression via quantitative PCR (qPCR) with GAPDH as an internal reference. The data are shown as the means ± SEMs of 
three independent experiments. (F) Mouse dendritic cells were inoculated with HSV-1 at an MOI of 10, and the cells were harvested at 0, 2, 4, 8, 12, and 24 h post-infection for 
detection of IRF6 expression via Western blotting. (G) Grayscale statistical plots of changes in IRF6 expression after dendritic cell infection with HSV-1 using GAPDH as an internal 
reference. The data are shown as the means ± SEMs of three independent experiments. 
Abbreviations: dpi, d post-infection; hpi, h post-infection.
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and mouse dendritic cells to achieve a multiplicity of infection (MOI) of 10, respectively. Infected cells were harvested at 
multiple time points post-infection to extract total proteins and RNA, and changes in IRF6 expression levels were 
detected via Western blotting and quantitative PCR (Figure 1C–F). HSV-1 infection triggered a decrease in IRF6 
expression in corneal tissues and HCECs. The IRF6 expression level decreased from the first d after HSV-1 infection 
in mouse corneas until the 21st d after infection (Figure 1B). IRF6 expression in human corneal epithelial cells 
(Figure 1D and E) and mouse dendritic cells (Figure 1G) decreased continuously 2 h after HSV-1 infection until 
24 h post-infection.

IRF6 Inhibits HSV-1 Replication in HCECs
Small interfering RNA (siRNA) was used to silence the expression of IRF6 in HCECs, and an overexpression plasmid 
was used to overexpress IRF6 in HCECs to investigate the effect of IRF6 on HSV-1 replication; the silencing efficiencies 
were confirmed using qPCR and Western blotting (Figure 2A and B). HSV-1 was inoculated into transfected HCECs at 
an MOI of 10. The cells were harvested at 24 h after infection for the qPCR assay, which showed that the expression of 
the HSV-1 replication-related genes gD and VP16 was elevated in the IRF6-silenced group and downregulated in the 
IRF6-overexpressing group compared to the control group, suggesting that IRF6 suppressed the transcription of HSV-1 
proliferation-related genes, thus inhibiting viral replication (Figure 2C). The virus titers of the cell culture supernatant of 
the above groups were detected at the same time, and the results were consistent with the above experiments (Figure 2D). 
IRF family members all possess a highly conserved N-terminal helix-turn-helix DNA-binding domain and a less 
conserved C-terminal protein-binding domain.19 The structural domain of IRF6 may activate the expression of IFN- 
related genes.13 To explore this function, we examined the expression of IFN-related genes in the above samples; the 
transcript levels of IFN-β, ubiquitin-like protein ISG15 (ISG15), and IFN-induced protein with tetratricopeptide repeat 1 
(IFIT1) were increased in the IRF6 overexpression group compared with those in the control group (Figure 2E).

IRF6 Overexpression Inhibits HSV-1 Replication in Mouse Corneas
Because IRF6 was expressed at low levels after infection, we investigated whether elevated IRF6 expression could affect 
the extent of HSK in BALB/c mice. Lentiviral transfection was used to overexpress IRF6 locally in mouse corneas. 
Lentiviruses overexpressing IRF6 were injected into the subconjunctiva of the right eye. One injection was administered 
every 2 d, for a total of three injections, and the second d after the last injection was recorded as d 0. The injected corneal 
tissues were collected (Three corneal tissues were mixed as one group), and total protein was extracted after lysis on d 14 
to test the expression level of IRF6 (Figure 3A). Western blotting revealed that IRF6 was more highly expressed in the 
overexpression group than in the lentiviral control group (Figure 3B). An HSK model was established using lentivirus- 
pretreated mice. On the 14th d after infection, corneas were collected for Western blotting, and paraffin sections of mouse 
eyes were obtained for immunofluorescence assays. The expression levels of the HSV-1 replication-associated proteins 
infected cell protein 0 (ICP0), glycoprotein D (gD), virion protein 16 (VP16), and HSV-1 DNA polymerase UL42 
decreased in the corneas of mice in the IRF6 overexpression group compared to those in the lentiviral control group 
(Figure 3C and D). Immunofluorescence revealed that the level of red fluorescence, representing the HSV-1 surface 
glycoprotein gD, was lower in the corneas of mice overexpressing IRF6 than in those of the lentiviral control group. In 
contrast, green fluorescence, representing IRF6 expression, was increased (Figure 3E and F). These results indicate that 
overexpressing IRF6 in mouse corneas can effectively reduce HSV-1 replication.

IRF6 Overexpression in Mouse Corneas Reduces HSK Severity
Lentivirus was used to over-express IRF6 in mouse cornea, and subsequently a mouse model of HSK was established. 
Pathological scores on d 0–14 post-infection showed that the severity of corneal inflammation in mice with IRF6 
overexpression was attenuated compared with that in the control group (Figure 4A). Compared with the lentivirus control 
group, the tear virus titer of IRF6 overexpression group was decreased (Figure 4B). On the 14th d after infection, 
photographs of the external eyes of the mice were captured. The eyeballs of the mice were stained with hematoxylin and 
eosin (Figure 4C). On the 14th d after infection, the corneal epithelial cells of the mice in the lentiviral control group 
were abnormally proliferated and arranged disorderly, with many inflammatory cells infiltrating the stroma. The collagen 
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Figure 2 Inhibition of HSV-1 replication by IRF6 in HCECs. (A) Expression of IRF6 in HCECs was determined using Western blotting 24 h after transfection with small 
interfering RNAs (siRNAs) and plasmids. (B) Relative gray value statistics using GAPDH as an internal reference. The transfection efficiency was as expected. The data are 
expressed as the means ± SDs of three independent experiments; *p < 0.05 (n=3). (C) HSV-1 was inoculated into HCECs after transfection with siRNA and plasmids, and 
the cells were harvested at 24 h post-infection for total RNA extraction to detect HSV-1 gD and VP16 expression. The data are expressed as the means ± SDs of three 
independent experiments; *p < 0.05 (n=3). (D) HSV-1 was inoculated into HCECs after transfection with siRNA and plasmids, viral titers were measured in cell culture 
supernatants 24h after infection. The data are expressed as the means ± SDs of three independent experiments; *p < 0.05 (n=3). (E) HSV-1 was inoculated into HCECs after 
transfection with siRNA and plasmids, and the cells were harvested at 24 h post-infection for total RNA extraction to detect the levels of the interferon (IFN)-related genes 
IFN-β, IFN-stimulated gene 15 (ISG15), and IFN-induced protein with tetratricopeptide repeats 1 (IFIT1). The data are expressed as the means ± SDs of three independent 
experiments; *p < 0.05 (n=3).
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Figure 3 Inhibition of HSV-1 replication by overexpressing IRF6 in mouse corneas. (A) Lentivirus was injected under the bulbar conjunctiva, and IRF6 was overexpressed 
locally in the right cornea of mice. The control group was injected with a lentiviral control reagent, and the second d after the last injection was recorded as d 0. The right 
cornea of each mouse was harvested on d 14 for Western blotting. (B) Grayscale statistical plots of changes in IRF6 expression in mouse corneas after lentiviral treatment 
using GAPDH as an internal reference; three corneas in each group. The data are shown as the means ± SDs of three independent experiments; *p < 0.05 (n=3). (C) IRF6 
was overexpressed in the right cornea of mice infected with lentivirus and inoculated with HSV-1 on the d after the last injection. The corneas of the mice were collected 
on d 14 post-infection for Western blotting. (D) Grayscale statistical plots of changes in HSV-1-related protein expression in the corneas of mice overexpressing IRF6 
infected with HSV-1 14 d after infection, with GAPDH serving as an internal reference; three corneas from each group are shown. The data are shown as the means ± SDs of 
three independent experiments; *p < 0.05 (n=3). (E) The corneas of IRF6-overexpressing mice infected with HSV-1 14 d after infection were collected from the right 
eyeballs of the mice, paraffin sectioned, and stained for immunofluorescence. Blue fluorescence represents the nucleus of the cell, green fluorescence represents IRF6, and 
red fluorescence represents HSV-1 gD. Magnification 100×, scale bar: 50μm. (F) Mean Gray Value Ratio of IRF6. The data are shown as the means ± SDs of three 
independent experiments; *p < 0.05 (n=3).
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Figure 4 Overexpressing IRF6 in mouse corneas alleviates HSK severity. (A) Statistical graph of the clinical scores of lentiviral-overexpressing IRF6 mice 0–14 d after 
corneal infection with HSV-1; eleven mice per group. The data are shown as the mean ± SEM of three independent experiments. (B) Lentivirus-overexpressing IRF6 mice 
were infected with HSV-1, and viral titers in tears were measured 2, 3, 4, and 5 days after infection. The data are shown as the mean ± SEM of three independent 
experiments. (C) Photographs of the outer eyes of mice with lentiviral overexpression of IRF6 14 d after corneal infection with HSV-1 and hematoxylin and eosin-stained 
images of paraffin sections of mouse eyes. Arrows show inflammatory infiltration or RBCs in neovascularization (control) and only inflammatory cells (overexpression). 
Magnification 100×, scale bar 100 µm. (D) Overexpression of IRF6 in the right cornea of mice via lentivirus, inoculation with HSV-1 on the d after the last injection, and 
collection of mouse corneas for Western blotting on d 14 post-infection. (E) Grayscale statistical plots of changes in IFN-β and interleukin (IL)-6 expression in the corneas of 
IRF6-overexpressing mice infected with HSV-1 for 14 d; GAPDH was used as an internal reference, and three corneas from each group were used. The data are shown as 
the mean ± SD of three independent experiments; *p < 0.05 (n=3). (F) Spleens of lentivirus-overexpressing IRF6 mouse were harvested 14 d after HSV-1 infection, and the 
percentage of CD4+CD25+FOXP3+ regulatory T cells (Tregs) was detected using flow cytometry. (G) Statistical histogram of the percentage of CD4+CD25+FOXP3+ Tregs. 
The data are shown as the mean ± SD of three independent experiments; *p < 0.05 (n=3).

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S526580                                                                                                                                                                                                                                                                                                                                                                                                 12053

Liu and Xia

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



fibers in the stroma were loosely disorganized, and many inflammatory cells infiltrated the corneal endothelium. In the 
overexpression group, only a small number of corneal epithelial cells proliferated, and inflammatory cell infiltration in 
the stromal layer decreased (Figure 4C). Western blotting was performed on the corneas of the mice 14 d after infection 
(Three corneal tissues were mixed as one group). The expression of the anti-inflammatory cytokine IFN-β increased. 
However, the expression of the proinflammatory cytokine IL-6 decreased in the IRF6-overexpressing group compared 
with the control group, suggesting that IRF6 overexpression in the corneas of the mice inhibited the increase in 
inflammation (Figure 4D and E). Fourteen d after infection, the spleens of the mice were collected, and the percentage 
of CD4+CD25+FOXP3+ regulatory T cells (Tregs) in the spleens was detected using flow cytometry (Figure 4F), which 
revealed that the percentage of Tregs was elevated in the IRF6-overexpressing group (Figure 4G). This result indicates 
that IRF6 overexpression inhibits the progression of inflammation to some extent.

IRF6 Phosphorylation is Influenced by RIPK4 and PKD During Infection
Proteomic assays performed earlier in our project revealed that PKD was highly expressed in the corneal tissues of mice 
11 d after infection. Therefore, to investigate whether RIPK4 and PKD are involved in IRF6 phosphorylation during HSV-1 
infection, we silenced and overexpressed RIPK4 and PKD in HCECs using siRNA and plasmids, confirmed the silencing and 
overexpression efficiency (Figure 5A and B), and then inoculated the cells with HSV-1 at an MOI of 10. The cells were 
harvested at 24 h post-infection to extract total protein for Western blotting (Figure 5C). When p-IRF6/IRF6 was used to 
represent the degree of IRF6 phosphorylation, the p-IRF6/IRF6 ratio decreased in the siRNA-PKD group, and the p-IRF6/ 
IRF6 ratio decreased in the siRNA-RIPK4 group (Figure 5D). The IRF6 expression level was elevated in the siRNA-PKD and 
siRNA-RIPK4 groups compared with that in the control group (Figure 5E and F). These findings suggest that RIPK4 and PKD 
are involved in IRF6 phosphorylation during HSV-1 infection. Silencing RIPK4 and PKD decreased the phosphorylation level 
of IRF6, thereby reducing the degradation of IRF6 induced by phosphorylation.

Discussion
The innate immune response is the first line of host defense against viral invasion. Intracellular receptors immediately 
recognize viral nucleic acids to activate antiviral immune responses upon HSV-1 invasion. IFN triggers the defense of the 
immune system and effectively inhibits viral replication.30 dsDNA, dsRNA, and glycoproteins produced during viral 
replication are recognized by multiple cytoplasmic sensors, triggering an antiviral immune response in the host cell. 
Furthermore, the activation of the cGAS/STING and TLR3/TRIF pathways contributes to the IFN response by inhibiting 
viral replication.31 Recently, new advances have been made in the research on HSK, and studying these mechanisms has 
laid the foundation for identifying effective targets to treat HSK. HSV-1-erasing lentiviral particles were utilized to 
impede viral replication both at the site of infection and within the latent reservoir,11 and the clinical treatment based on 
this research has also been proven to be effective.32 Therefore, effectively controlling viral replication during the early 
stages of infection and preventing virus-triggered hyperimmune responses are top priorities. Viruses interfere with 
intracellular signaling by promoting the synthesis of multiple enzymes, and ICP0 expressed by HSV-1 can block the 
STING/IRF3 signaling pathway in a variety of ways and suppress innate immunity, thereby evading the immune 
system.33,34 The type I IFN response plays a decisive role by inhibiting viral replication and controlling infection.35 In 
the subsequent stage of adaptive immunity, many immune cells infiltrate the cornea, primarily through the release of 
corresponding cytokines from CD4+ T cells.27 However, excessive immune responses damage innate corneal cells and 
cause irreversible changes in corneal tissue structure.36 Treg cells can reduce the severity of corneal inflammation,37 and 
Treg cells inhibit the occurrence of an excessive immune response by controlling the release of inflammatory cells and 
chemokines and have a positive effect on the prognosis of HSK patients.38

In clinical treatment, glucocorticoid drugs are often along with antiviral agents to suppress the immune response and 
reduce corneal edema and scar formation. Nucleoside analogs such as ganciclovir and acyclovir are also the first choice for the 
treatment of HSK.39 However, long-term use leads to the development of drug resistance in viral strains and an increase in the 
frequency of viral recurrence. Furthermore, the severity of corneal inflammatory damage worsens with each recurrence, 
ultimately leading to irreversible vision loss.40 Therefore, modulating the antiviral effects of the body’s innate immune 
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Figure 5 Effect of protein kinase C delta (PKD) and receptor-interacting protein kinase 4 (RIPK4) on IRF6 phosphorylation. (A) Silencing and overexpression of PKD in HCECs 
were performed using siRNA and plasmids. Transfection efficiency was measured using qPCR. The data are shown as the mean ± SD of three independent experiments; *p < 0.05 
(n=3). (B) Silencing and overexpression of RIPK4 in HCECs were performed using siRNAs and plasmids. Transfection efficiency was measured using qPCR. The data are shown as 
the mean ± SD of three independent experiments; *p < 0.05 (n=3). (C) Silencing and overexpression of PKD and RIPK4 in HCECs were performed using siRNAs and plasmids. The 
cells were inoculated with HSV-1 at an MOI of 10, the cells were harvested 24 h post-infection, and changes in IRF6 and p-IRF6 expression were detected via Western blotting. (D) 
Statistical graph of the p-IRF6/IRF6 grayscale ratio. The data are shown as the mean ± SD of three independent experiments; *p < 0.05 (n=3). (E) Silencing and overexpression of 
PKD and RIPK4 in HCECs were performed using siRNAs and plasmids. The cells were inoculated with HSV-1 at an MOI of 10, the cells were harvested 24 h post-infection, and 
changes in IRF6 expression were detected via Western blotting. (F) Grayscale statistical plots of IRF6 expression levels detected using Western blotting with GAPDH as an internal 
reference. The data are shown as the mean ± SD of three independent experiments; *p < 0.05 (n=3).
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response, especially the IFN response, and inhibiting the damage to corneal tissues caused by early viral replication and the 
excessive adaptive immune response induced by viral antigens are the targets of future investigations.41,42

In the present study, IRF6 was downregulated in the corneas of HSK model mice, and the antiviral effects of IRF6 
were demonstrated in animal and cellular studies. In contrast, PKD expression was high in the corneal tissues of HSK 
mice. Previous studies have shown that IRF6 differentially regulates Toll-like receptor 2-mediated chemokine gene 
expression in epithelial cells;43 IRF6 is highly expressed in keratinocytes and selectively regulates the direction of the 
response to TLR3.44 IRF family proteins generally exert physiological effects through phosphorylation and dimer 
formation.45 Phosphorylation regulates the activity and stability of IRF6. Furthermore, RIPK4 directly regulates IRF6 
transactivator activity and nuclear translocation during keratinocyte growth and differentiation, and PKD is involved in 
intracellular phosphorylation during HSV-1 infection.46 Gene promoter reporter assays have shown that PKC activation 
induces IRF6 activity.24 PKD then forms a complex with RIPK4, which in turn affects IRF6 activity.47,48 Although 
MyD88 and TBK1 phosphorylate IRF6 in zebrafish cells, the effect of phosphorylation on its function and stability at 
different sites of human IRF6 has not been explored.49

Because IRF6 is expressed at low levels during HSV-1 infection, we silenced and overexpressed IRF6 in human 
corneal epithelial cells and inoculated these cells with HSV-1. Moreover, HSV-1 replication was significantly inhibited 
by IRF6 overexpression, and the transcript levels of the key products of viral replication, the HSV-1 capsid protein VP16 
and glycoprotein gD,50 were reduced. In contrast, the transcript levels of the antiviral factor IFN-β and the IFN-related 
genes ISG15 and IFIT1 were elevated.51,52 Furthermore, local IRF6 overexpression in mouse corneas effectively 
inhibited viral replication and alleviated the severity of HSK by promoting the expression of the inhibitory viral 
replicative cytokine IFN-β and inhibiting the expression of the proinflammatory cytokine IL-6. Silencing of PKD and 
RIPK4 in HCECs and inoculation with HSV-1 indicated that PKD and RIPK4 were involved in IRF6 phosphorylation 
and affected its degradation during infection.53,54

The limitations of this study were that the silencing and overexpression of the target genes by existing means are far 
less effective than those in gene-edited mice. Additionally, the time points at which HSK mice were sampled after 
lentiviral infection were few and failed to reflect the role played by IRF6 during the entire HSV-1 infection process. More 
effective technical means of intervention should be used in future studies, and the reasons for the downregulation of IRF6 
and the relationship between IRF6 and TLRs during HSV-1 infection require further exploration.

Conclusion
In conclusion, this study is the first to illustrate the role of IRF6 in HSV-1 infection. IRF6 inhibits viral replication and 
alleviates HSK severity by promoting IFN-β expression and suppressing IL-6 expression. PKD and RIPK4 were involved 
in IRF6 phosphorylation during infection. The results of our study indicate that the use of IRF6 is a potential therapeutic 
strategy for treating HSV-1-induced HSK.
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