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Abstract

Herpetic stromal keratitis (HSK) is a painful and vision-impairing disease caused by recurrent 

Herpes Simplex virus (HSV)-1 infection of the cornea. The virus replication in the corneal 

epithelium and associated inflammation play a dominant role in HSK progression. Current HSK 

treatments targeting inflammation or virus replication are partially effective, promote HSV-1 

latency, and long-term use can cause undesirable side effects. Thus, understanding molecular and 

cellular events that control HSV-1 replication and inflammation is crucial for developing novel 

HSK therapies. In this study, we report that ocular HSV-1 infection induces the expression of 

IL-27, a pleiotropic immunoregulatory cytokine. Our data indicate that HSV-1 infection stimulates 

IL-27 production by macrophages. Using primary corneal HSV-1 infection mouse model and 

IL-27 receptor knockout mice (IL-27Rα−/−), we show that IL-27 plays a critical role in controlling 

HSV-1 shedding from the cornea, the optimum induction of effector CD4+ T cell responses, 

and limiting HSK progression. Using in vitro bone marrow-derived macrophages (BMDMs), 

we show that IL-27 plays anti-viral role by regulating macrophage-mediated HSV-1 killing, 

IFN-β production, and IFN-stimulated genes (ISGs) expression after HSV-1 infection. Further, 

we report that IL-27 is critical for macrophage survival, antigen (Ag) uptake, and the expression 

of co-stimulatory molecules involved in the optimum induction of effector T cell responses. Our 

results indicate that IL-27 promotes endogenous anti-viral and anti-inflammatory responses and 

represents a promising target for suppressing HSK progression.

Introduction

HSV-1 is a highly successful pathogen that undergoes life-long latency in the trigeminal 

ganglion (1–5). Recurrent HSV-1 infection of the cornea causes a severe immuno-

inflammatory condition leading to HSK (6). HSK is a painful condition and the leading 

cause of infectious blindness in the US (3, 7, 8). Globally, 1.5 million cases of ocular 

HSV-1 infection are reported annually, with 40,000 new cases of severe vision impairment 

and blindness (3, 7, 8). If left untreated, HSK deteriorates to necrotizing keratitis with 

a significantly increased risk of corneal melting and perforation (9, 10). HSK lesions 

in humans are considered an immunopathological consequence of virus replication in 

the corneal epithelium, followed by activation of host’s innate and adaptive immune 
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responses (6). Accordingly, current HSK therapies are targeted to inhibit virus replication 

(anti-virals) and suppress inflammation (corticosteroids) (10–13). However, the long-term 

use of corticosteroids and anti-virals is associated with many side effects such as 

corneal toxicity, glaucoma, cataract, delayed wound healing, corneal thinning, secondary 

opportunistic infections, and recurrent episodes of HSV-1 infection (4, 11, 12, 14). Thus, a 

significant focus of HSK research is to identify the molecular and cellular mechanisms that 

can simultaneously promote endogenous anti-viral and anti-inflammatory responses after 

recurrent corneal HSV-1 infection.

Past studies using a murine model of primary and recurrent HSV-1 infection suggest HSK 

as an immunopathological disease resulting from uncontrolled activation of host’s innate and 

adaptive (CD4+ T cell) immune responses (2, 15–21). Among interferons (IFNs), IFN-α/β 
and IFN-λ act as the first layer of anti-viral defense against corneal HSV-1 infection (1, 

22–26). HSV-1 infected epithelial cells and infiltrated immune cells such as macrophages 

produce copious amounts of IFNs to induce robust anti-viral responses (2, 27). Macrophages 

control HSV-1 replication in the cornea through phagocytosis of infected epithelial cells 

and apoptotic neutrophils, followed by direct virucidal activities in the phagolysosomal 

compartment (19, 28). Moreover, macrophages, along with dendritic cells (DCs), also serve 

as Antigen-presenting cells (APCs) and prime naïve CD4+ and CD8+ T cells to initiate 

adaptive immune responses (29–31). Accordingly, our and others’ past studies indicate 

that HSK lesions are mainly orchestrated by IFN-γ producing CD4+ T cells (Th1) and 

to a lesser extent by interleukin IL-17A+CD4+ T cells (Th17) recognizing virus-derived 

peptides or unmasked self-antigens in the damaged cornea (15, 16, 21). Moreover, past 

studies have identified Foxp3+CD4+ regulatory T cells (Tregs)-mediated protection during 

HSK progression (17, 18). However, the contribution and molecular mechanisms of HSV-1 

stimulated macrophages in Ag presentation to naïve CD4+ T cells, and induction of effector 

Th1/Th17 versus regulatory T cell responses in HSK progression remains unknown.

In this study, we explored the role of IL-27, an immunoregulatory cytokine, after ocular 

HSV-1 infection and how it modulates macrophage-driven innate anti-viral and adaptive 

T cell responses. IL-27 plays both pro-viral and anti-viral roles through modulation 

of macrophages, DCs, CD4+ and CD8+ T cell effector functions during ongoing viral 

infection (32–40). Activated APCs such as DCs, macrophages, and inflammatory monocytes 

predominantly produce IL-27 (41–43). IL-27 binds to the heterodimeric IL-27 receptor that 

contains the IL-27Rα and gp130 subunits (42, 44–46). IL-27Rα is also called WSX-1 or 

TCCR (T cell cytokine receptor) and serves as the unique receptor for IL-27 (42, 44, 46). 

APCs not only synthesize IL-27 but also respond to IL-27 in an autocrine or paracrine 

manner (44, 47). In this study, we show that ocular HSV-1 infection induces IL-27 in the 

cornea, and macrophages could act as a source of IL-27 during the early phase of HSV-1 

replication. Further, we demonstrated that IL-27 is critical for limiting HSV-1 shedding from 

the cornea, HSK progression, and corneal immunopathology. Accordingly, HSV-1 infection 

of IL-27Rα knock-out mice (IL-27Rα−/−) showed significantly high HSV-1 titers in the 

tear film and were more susceptible to HSK progression. Further, our in vitro data indicate 

that IL-27 is critical for the macrophage-driven anti-viral effector responses, including type 

I IFNs production and ISGs expression. Moreover, our in vitro data suggest that IL-27 is 

critical for macrophage survival, efficient viral killing, and Ag uptake. Collectively, our data 
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indicate that IL-27 plays anti-viral and anti-inflammatory role after ocular HSV-1 infection 

through the regulation of macrophage-mediated innate and adaptive immune responses.

Materials and Methods

Mice.

IL-27Rα−/− mice (stock # 018078) were purchased from Jackson Laboratories (Bar Harbor, 

ME) and bred in-house (45). Control C57BL/6NJ (WT) mice (stock # 005304) were 

purchased from Jackson Laboratories (Bar Harbor, ME). All animal procedures were 

approved by the Institutional Animal Care and Use Committee (IACUC) of Auburn 

University. Male and female mice were bred and housed in Association for Assessment 

and Accreditation of Laboratory Animal Care (AAALAC) approved animal facilities. Mice 

were handled under a Biosafety Level-II cabinet. We used age and gender-matched, 6 to 8 

weeks old mice for this study.

Viruses and cell lines.

HSV-1/RE and HSV-1/KOS strain expressing GFP under the gC promoter (HSV-1/GFP) 

were kindly provided by Dr. Paul R. Kinchington, Department of Ophthalmology, The 

University of Pittsburgh (48). Vero cells were used to culture and quantify HSV-1 by 

plaque assay. The viruses were aliquoted and stored at −80°C until further use. MK/T-1 

(immortalized corneal fibroblast) cells were kindly provided by Dr. Noorjahan Panjwani, 

Department of Ophthalmology, Tufts University. Vero, MK/T-1 and L929 cells were 

maintained in DMEM media supplemented with 10% fetal bovine serum (FBS) at 37°C 

with 5% CO2. HSV-1 virus infection in vitro was performed in serum-free DMEM for 2 

hours, after which the cells were maintained in media with 2% FBS.

Antibodies and reagents.

The conjugated antibodies for flow cytometric analysis such as CD45-eFluor 450 (30-

F11), Ly-6G-PE (1A8-Ly6g), Ly6C-Alexa fluor 488 (HK1.4), CD11c-APC (N418), F4/80-

APC (BM8), CD11b-PerCP-Cyanine5.5 (M1/70), MHC-II-PerCP-eFlour710 (M5/114.15.2), 

CD4-APC (GK1.5), IFN-γ-FITC (XMG1.2), and unconjugated CD16/CD32 (93) were 

purchased from eBioscience™, Thermo Fisher Scientific. CD80-Brilliant violet 421™ (16–

10A1), CD86-PE (PO3), CD40-FITC (3/23) and respective isotypes, CD8-Pacific blue (53–

6.7), were purchased from Biolegend®. IL-27-p28-Alexa Fluor® 647 (Clone # 355025) was 

purchased from R&D systems. The LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit 

(Invitrogen, Catalog # L34968) was used to exclude dead cells in flow cytometry analyses.

Bone marrow-derived macrophage (BMDM) and dendritic cells (BMDC) culture.

Bone marrow (BM) cells were isolated from the femur and tibia of WT and IL-27Rα−/− 

mice. For obtaining a single cell suspension, BM cells were passed through a 23-gauge 

needle, two to three times. BM cells were then treated with ACK lysis buffer (Lonza) to 

lyse red blood cells, which were subsequently filtered through a 70 μm cell strainer. Further, 

the BM cells were cultured for 7 days in RPMI 1640 media supplemented with 20 % L929 

conditioned media, and 10% FBS, as described previously (49). The culture medium was 

replenished every third day. The adherent cells were collected on day 7 and examined for 
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macrophage markers (CD11b+F4/80+) by flow cytometry. Similarly, for obtaining BMDC, 

BM cells from WT and IL-27Rα−/− mice were cultured in RPMI 1640 media supplemented 

with 10 ng/ml GM-CSF, 5 ng/ml IL-4 , and 10% FBS as described previously (50). The 

loosely adherent cells were collected on day 7 and examined for dendritic cell markers 

(CD11c+MHC-II+). The BMDM and BMDC were then stimulated with 2 multiplicity of 

infection (MOI) of HSV-1 for 24 hours, and were used for RNA and flow cytometry 

analysis.

Corneal HSV infection and Clinical scoring.

Corneal infection of WT and IL-27Rα−/− mice was conducted under deep anesthesia 

induced by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). 

Further, the cornea was scarified using a 27-gauge needle, and 3 μl of phosphate buffered 

saline (PBS) containing 1 × 104 plaque-forming units (PFU) of HSV-1 was applied to the 

scarified eye. The eyes were examined on days 8, 11, and 14 post-infection (pi) using a 

slit lamp biomicroscope (Kowa Pharmaceuticals). HSK lesions were clinically scored with 

a scale of 0–5, in a blinded manner (22, 51). Briefly, the scoring system was as follows: 

lesion score of 0, normal cornea; +1, mild corneal haze; +2, moderate corneal scarring, 

iris visible; +3, severe haze, iris not visible; +4, severe haze and corneal ulcer; +5, corneal 

rupture and necrotizing keratitis. Further, the eye images were captured on day 14 pi using a 

stereomicroscope attached to a camera to visualize the severity of HSK.

Cell surface and intracellular cytokine staining.

HSV-1 infected corneas were collected from WT and IL-27Rα−/− mice at indicated days 

pi. Three to four corneas were pooled groupwise and treated with 5 mg/mL collagenase 

type IV (Gibco) and 0.1 mg/mL DNase (Worthington) for 30 minutes at 37 °C with 

5% CO2 for extracellular matrix digestion. After incubation, the corneas were crushed 

using a syringe plunger and passed through a 100 μm filter (Fisher Brand) for making 

a single cell suspension. For isolating the single cells from draining lymph nodes (DLN) 

and spleen, the tissue was crushed with a syringe plunger and passed through a 100 

μm filter. Red blood cells were lysed in splenocytes using ACK lysis buffer (Lonza). 

The single-cell suspensions of the cornea, DLN, and spleen were resuspended in media 

and used for further staining. The LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit 

(Invitrogen, Catalog # L34968) was used per the manufacturer’s instruction to determine 

the viability of cells. Further, the cells were blocked with unconjugated CD32/CD16 

for 20 minutes in the staining buffer (PBS; 2 mM EDTA supplemented with 2% FBS). 

Antibody cocktail was added to the cells depending on each cell type and incubated for 

30 minutes on ice. For CD4+ T cell staining, CD4-APC (GK1.5) and CD45-eFluor 450 

(30-F11) were used. For neutrophils (CD45+F4/80−CD11b+Ly6G+), CD45-eFluor 450 (30-

F11), Ly-6G-PE (1A8-Ly6g), F4/80-APC (BM8), CD11b-PerCP-Cyanine5.5 (M1/70) were 

used. For inflammatory monocytes (CD45+CD11b+Ly6C+), CD45-eFluor 450 (30-F11) 

and Ly6C-Alexa flour 488 (HK 1.4) were used. Intracellular cytokine staining (ICS) was 

used for staining IL-27 producing macrophages (CD11b+F4/80+IL-27+), Th1 (CD4+IFN-

γ+) and CD8+IFN-γ+ effector T cells. For IL-27 staining of corneal macrophages, cells 

were stimulated with UV-inactivated HSV-1 for 24 hours whereas for effector CD4+ and 

CD8+ T cells staining, cells were stimulated with cell stimulation cocktail containing PMA/
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ionomycin with protein transport inhibitors (eBioscience™, Catalog # 00-4975-03) for 5 

hours. The cells were fixed and permeabilized using Fixation permeabilization buffer set 

(eBioscience™, Catalog # 88-8824-00) according to the manufacturer’s instructions and 

then stained with CD11b-PerCP-Cyanine5.5 (M1/70), F4/80-APC (BM8), and IL-27-p28 

Alexa Fluor® 647 (Clone # 355025) for macrophages producing IL-27. Similarly for Th1 

cells staining, CD4-APC (GK1.5) and IFN-γ-FITC (XMG1.2) was used and for CD8+ 

effector T cells, CD8-Pacific blue (53–6.7) and IFN-γ-FITC (XMG1.2) was used. To 

quantify the Tregs (CD4+Foxp3+), cell surface staining with CD4-APC (GK1.5) was done, 

followed by intranuclear staining using the Foxp3/Transcription Factor Staining Buffer Set 

(eBioscience™, Catalog # 00-5523-00). The stained samples were acquired with BD™ LSR 

II flow cytometer and the data were analyzed using FlowJo software (Tree Star, Ashland, 

OR).

ELISA.

The cell supernatants were collected after centrifugation and used to measure the cytokine 

level by IL-27 sandwich ELISA (Invitrogen, Catalog # 88-7274-88) according to the 

manufacturer’s protocol. The single-cell suspensions of DLN and spleen cells were collected 

from WT and IL-27Rα−/− mice infected with HSV-1 and re-stimulated with UV-inactivated 

HSV-1 for 24 hours. After centrifugation, the cell supernatant was subjected to cytokine 

analysis by IFN-γ sandwich ELISA (Invitrogen, Catalog # 88-7314-88) according to the 

manufacturer’s protocol.

Viral titration.

HSV-1 levels in the tear film of infected mice on days 1, 3, and 5 pi were quantified using 

the eye-swab method (22). Briefly, the infected eyes were swabbed with sterile cotton tips 

soaked in serum-free sterile DMEM and stored at −80°C until further use. HSV-1 titers 

from WT and IL-27Rα−/− BMDM were determined by collecting the culture supernatants 

after 24 hours of infection. Further, required dilutions were made and quantified by plaque 

assay using Vero cells (52). Briefly, Vero cells were infected with diluted HSV-1 virus from 

the swabs or the BMDM cell culture supernatant and incubated at 37 °C with 5% CO2 for 

1–2 hours. After the incubation period, the virus-containing media was replaced with 1.5% 

carboxymethylcellulose (Thermo Scientific Chemicals) supplemented with 2% FBS. It was 

further incubated up to three days to allow plaque formation. Once plaques were observed 

under the microscope, the cells were fixed with 4% formaldehyde and stained with 0.01% 

crystal violet. Plaques were counted visually to determine HSV-1 titers.

Quantitative Real-Time PCR.

The corneas from uninfected or HSV-1 infected mice were homogenized at indicated 

time points, and total mRNA was extracted using TRIzol™ reagent (Invitrogen). BMDM 

or BMDC (5 × 105 cells per well) were stimulated with or without HSV-1 (2 MOI) 

for 24 hours. After incubation, the total mRNA was extracted using the PureLink 

RNA Mini kit (Invitrogen). RNA was reverse transcribed using a High-Capacity 

cDNA reverse transcription kit (Applied Biosystems), and the resulting cDNA was 

amplified by qPCRBIO SyGreen Blue mix Lo-ROX (Genesee Scientific). GAPDH 

was used for normalization, and relative gene expression was calculated using the 
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2−ΔΔCt method. The primers used for quantitative real-time PCR (qRT-PCR) were 

GAPDH-F5’-ATGTTCGTGATGGGTGTGAA-3’, R5’-CTGTCTTCGTGTGTGGCTGT-3’; 

IL27p28- F5’-CTGAATCTCGATTGCCAGGAGTGA-3’, R5’-

AGCGAGGAAGCAGAGTCTCTCAGAG-3’, IFN-β- F5’- 

CCTCAACCAGATCCAGCATT-3’, R5’-GGATGAGGCTGTGAGAGGAG-3’, ISG-15- 

F5’- GGTGTCCGTGACTAACTCCAT-3’, R5’-TGGAAAGGGTAAGACCGTCCT-3’, 

USP18- F5’- CAGACGTGTTGCCTTAACTCC-3’, R5’- 

ACTCCGAGGCACTGTTATCC-3’ HSV-1 gB-F5’-CGCATCAAGACCACCTCCTC-3’, 

R5’- AGCTTGCGGGCCTCGTT.

Phagocytosis assay.

For measuring the phagocytic capacity of macrophages, MK/T-1 cells were infected with 

the 1 MOI of HSV-1/GFP virus for 24 hours. Infection of MK/T-1 cells by HSV-1/GFP 

was confirmed by observing green fluorescence under the fluorescent microscope. The 

infected MK/T-1 cells were centrifuged, washed with PBS, followed by co-culture with WT 

and IL-27Rα−/− BMDMs in a 1:2 ratio for 24 hours. Further, BMDM cells were stained 

with CD11b- PerCP-Cyanine5.5 (M1/70) and analyzed by flow cytometry. GFP+ signal 

in CD11b+ cells were considered as phagocytosis of infected MK/T-1 cells. Co-culture of 

BMDM with uninfected MK/T-1 cells and direct addition of HSV-1/GFP to BMDM cells 

were used as additional controls.

Apoptosis assay.

BMDMs from WT and IL-27Rα−/− mice were stimulated with HSV-1 for 24 hours and 

followed by annexin V/propidium iodide (PI) staining using kit (BD Biosciences, Catalog 

# 556547) according to the manufacturer’s protocol. AnnexinhighPI+ cells were considered 

as the late apoptotic or dead cells. The samples were kept on ice and acquired immediately 

using BD™ LSR II flow cytometer and the data were analyzed using FlowJo software (Tree 

Star, Ashland, OR).

Histopathology.

For Hematoxylin and Eosin (H&E) staining, the eyeballs from uninfected or HSV-1 infected 

WT and IL-27Rα−/− mice were collected at day 15 pi in Davidson’s fixative solution. The 

eyeballs were embedded in paraffin blocks and the tissue sections were cut with a thickness 

of 6 μm and stained with H&E. The slides were viewed under a bright field microscope, and 

a board-certified pathologist performed histopathological analysis.

Statistics.

Statistical analysis of all in vitro and in vivo experiments was computed using GraphPad 

Prism 8 software (San Diego, CA). Statistical significance was computed by one-way 

ANOVA followed by Dunnett’s multiple comparisons test to compare multiple groups. 

For comparing two groups, Student’s t test (parametric) or Mann-Whitney U test (non-

parametric) was used. Data are presented as means ± SEM. Each experiment was repeated a 

minimum of two to three times with significance reported at *p ≤ 0.05, **p ≤ 0.01, and ***p 

≤ 0.001.
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Results

HSV-1 infection promotes IL-27 response in the cornea

IL-27 modulates innate and adaptive immune responses during viral and chronic 

inflammatory conditions (42, 53). Past studies have shown that IL-27 promotes viral 

clearance through modulation of macrophages, DCs, and CD4+ and CD8+ T cells-mediated 

effector responses during viral infections (32–39). However, the induction of IL-27, the 

molecular and cellular targets, and IL-27-mediated regulation of innate and adaptive immune 

responses after corneal HSV-1 infection is poorly defined. Thus, to investigate the role of 

IL-27 during ongoing corneal HSV-1 infection, we infected WT mice corneas with HSV-1 

and isolated mRNA from infected corneas at indicated time points. As evident in Fig. 1A, 

IL-27 expression increased on days 1 and 2 pi with a decrease on day 3 pi. These data 

indicate that early HSV-1 replication, which peaks around day 2 pi after primary infection 

(19), promotes IL-27 response in the cornea. Since macrophages play a critical role in 

limiting HSV-1 replication in the cornea (27, 28) and could act as a source of IL-27 (43), 

we measured IL-27 production by infiltrated macrophages in the cornea and BMDM after 

HSV-1 infection. As shown in Fig 1B, macrophages infiltrated in the cornea showed IL-27 

expression (Figure 1B). Similarly, in vitro infection of WT BMDM with HSV-1 resulted in 

significant induction of IL-27p28 mRNA and cytokine expression compared to uninfected 

BMDM (Fig. 1C, 1D). Further, HSV-1 stimulation of macrophages significantly induced 

IL-27Rα mRNA expression in macrophages (Fig. 1E). Collectively, our data indicate that 

HSV-1 infection promotes IL-27 response in the cornea, with macrophages acting as a 

possible source and target for IL-27 during HSV-1 replication phase.

IL-27 suppresses HSK progression

Past studies have shown that IL-27 plays either anti-viral or pro-viral role during various 

viral infections (35, 36, 53–55). However, the role of IL-27 during ocular HSV-1 infection 

is incompletely understood. Thus to further elucidate the role of IL-27 during HSK 

progression, we infected WT and IL-27Rα−/− corneas with HSV-1 and monitored the 

severity of HSK lesions over 15 days pi. As shown in Fig. 2A, the HSK lesion severity 

differed significantly on day 14 pi out of all tested time points (days 8, 11, and 14 pi). 

The absence of IL-27 receptor-mediated signaling in mice resulted in increased HSK lesion 

severity than in WT mice (Fig. 2A). The normal cornea is avascular (Fig.2B, left panel) 

and employs numerous immune suppressive mechanisms to achieve corneal transparency 

(2, 56, 57). However, HSV-1 infection promotes infiltration of immune cells that cause 

opacity in the cornea, with peak severity reaching around day 15 pi in the primary ocular 

HSV-1 infection model (Fig. 2B, middle panel). We noted increased gross HSK lesion 

severity in IL-27Rα−/− mice (Fig. 2B, right panel) compared to WT mice (Fig. 2B, middle 

panel). Next, we euthanized mice on day 15 pi from WT and IL-27Rα−/− groups to evaluate 

the histopathological changes and immune cell infiltration in the cornea by performing 

H&E staining. Consistent with the gross HSK lesion severity score, WT corneas showed 

significant infiltration of leukocytes in the stromal layers with resultant thickening of corneal 

stroma on day 15 pi (Fig. 2B, bottom middle panel) compared to uninfected mice (Fig. 2B, 

bottom left panel). In contrast to WT corneas, IL-27Rα−/− mice corneas showed a complete 

erosion of corneal epithelial layers, hyperkeratosis (epidermization), and extensive stromal 
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fibrosis after HSV-1 infection (Fig. 2B, bottom right panel). Collectively, these data indicate 

that the optimum induction of IL-27-mediated responses after HSV-1 infection are critical 

for limiting HSK lesion progression.

IL-27 modulates inflammatory immune responses in the cornea after HSV-1 infection

The inflammatory immune cells such as neutrophils and CD4+ effector T cells are absent 

in the corneal stroma of naïve uninfected mice. However, neutrophils infiltrate the cornea 

during early and later stages of HSK and secrete inflammatory cytokines, MMPs, and 

VEGF-A that cause damage to the corneal tissue architecture and promote angiogenesis 

during HSK progression (15, 16, 58, 59). Since the absence of IL-27-mediated signaling 

in mice enhanced HSK lesion severity, we investigated whether IL-27 modulates neutrophil 

responses in the cornea at day 15 pi. As shown in Fig. 3, we noted an increased infiltration 

of total leukocytes (Fig. 3A, 3C) and neutrophils (Fig 3B, 3C, Supplemental Fig.1 for gating 

strategy) in the corneas of IL-27Rα−/− mice compared to WT mice. Our prior studies have 

shown that CD4+ effector T cells (Th1 and Th17) play a central role in orchestrating HSK 

pathology in the cornea (15, 18). Among effector CD4+ T cells, Th1 cells play a dominant 

role in mediating HSK pathology (15, 21). Thus, we investigated whether increased HSK 

pathology in IL-27Rα−/− mice is due to changes in CD4+ and Th1 effector T cell responses 

in the cornea. The frequencies and total numbers of CD4+ (Fig. 3D, 3F) and IFN-γ+ 

producing CD4+ T cells (Fig. 3E, 3F) were higher in IL-27Rα−/− mice corneas compared to 

WT mice. These data suggest that IL-27 plays a critical regulatory role in suppressing HSK 

pathology through modulation of Th1 and neutrophils-mediated inflammatory responses in 

the cornea.

IL-27 is required for optimum Th1 responses in the secondary lymphoid organs after 
corneal HSV-1 infection

Past studies in a murine model of primary corneal HSV-1 infection indicate that HSK 

lesions are primarily orchestrated by Th1 cells that recognize viral peptides or unmasked 

self-antigens in the damaged cornea (1, 21). Furthermore, our previous studies have shown 

that corneal HSV-1 infection elicits not only Th1 but also Th17 and regulatory T cell 

responses in the DLN and spleen (15, 17). Since we noted significantly increased infiltration 

of Th1 cells in the corneas of IL-27Rα−/− mice, we elucidated whether IL-27 regulates Th1 

responses in the DLN and spleen after corneal HSV-1 infection. In contrast to the cornea, 

we noted a significant reduction in the percentage of Th1 cells in the DLN and spleen (Fig. 

4A, 4B) of IL-27Rα−/− mice compared to control animals on day 15 pi. Similarly, there 

was a significant reduction in the total numbers of Th1 cells in the DLN and spleen (Fig. 

4C) of IL-27Rα−/− mice compared to WT mice. We also noted a significant reduction in 

IFN-γ production by ex vivo stimulated DLN and spleen cells (Fig. 4D). However, Treg 

percentages and total numbers were unchanged between IL-27Rα−/− and WT mice (Fig. 

4E–G). These data indicate that IL-27 is critical for differentiation of naïve CD4+ T cells to 

effector Th1 cells after corneal HSV-1 infection.

IL-27 modulates Ag uptake and maturation of APCs after HSV-1 infection

The diminished Th1 responses in secondary lymphoid organs of IL-27Rα−/− mice after 

HSV-1 indicate a possible T-cell intrinsic or APCs (DCs and macrophage)-mediated defects 
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in the differentiation of naïve CD4+ T cells to Th1 cells. Past studies have shown that 

IL-27 and IL-12 synergistically promote Th1 differentiation and IFN-γ production by 

Th1 cells (42, 44, 60). Since CD4+ T cells intrinsic role of IL-27 in Th1 differentiation 

is well established, we investigated whether IL-27 modulates APCs to regulate Th1 cell 

responses after HSV-1 infection. APCs control the fate of naïve T cell differentiation by 

regulating Ag-uptake, Ag-processing, Ag-presentation, the activation of pathogen-specific 

Toll-like receptors (TLRs), and differential secretion of T cell subset polarizing cytokines 

(61, 62). Furthermore, the expression of activation markers such as CD80 and CD86 on 

APCs is critical for CD28-mediated co-stimulation of naïve T cells that drives increased 

survival, metabolism, and differentiation of activated T cells (63). Additionally, accessory 

T cell activation signals include the expression of CD40 on APCs, which engages with 

the CD40L expressed on the T cells (64, 65). CD40/CD40L interaction further activates 

the APCs to produce IL-12 which skews the differentiation of naïve T cells into Th1 (64, 

65). To investigate the role of IL-27 in APCs-mediated regulation of T cell responses, we 

differentiated BM cells from naïve WT and IL-27Rα−/− mice to BMDCs using GMCSF 

and IL-4, followed by stimulation with HSV-1. As shown in Fig. 5A, and 5B, we noted 

a significantly reduced expression of CD80, CD86, CD40 and MHC-II on BMDCs from 

IL-27Rα−/− mice compared to WT BMDCs. In addition to phagocytosis and killing of 

ingested pathogens, macrophages can also serve as APCs (66). Since macrophages play 

a central role in HSV-1 killing and control of virus replication in the cornea (28), we 

investigated whether IL-27 regulates the activation of macrophages after HSV-1 infection. 

Similar to BMDCs, the HSV-1 stimulation from IL-27Rα−/− BMDMs showed a significant 

reduction in CD80, CD86, and CD40 expression compared to WT BMDMs (Fig. 5C, 5D). 

Next, we investigated whether the reduced expression of activation markers was due to a 

defect in Ag uptake by macrophages in the absence of IL-27 signaling. As shown in Fig. 

5E, and 5F, IL-27Rα−/− BMDMs showed a significantly reduced uptake of HSV-1 infected 

corneal stromal fibroblasts compared to WT BMDMs, indicating that IL-27 is crucial for 

APCs-mediated HSV-1 uptake, Ag processing and presentation to naïve CD4+ T cells. Our 

results are consistent with an earlier study where the authors showed that IL-27 is required 

for effective Ag processing and presentation to T cells by monocyte-derived DCs (67). 

These data suggest that the IL-27-mediated responses in APCs are critical for efficient 

HSV-1 phagocytosis, Ag processing and presentation, maturation and differentiation of 

naïve CD4+ T cells.

IL-27 is required for maturation of APCs and induction of optimum Th1 responses in the 
secondary lymphoid organs after corneal HSV-1 infection

Immature DCs acquire antigen from cornea and then migrate to secondary lymphoid organs, 

undergo maturation and effectively present processed peptides to Ag-specific T cells in 

the secondary lymphoid organs (68, 69). During maturation, DCs upregulate variety of 

receptors, particularly expression of Ag-bearing MHC-II molecules on cell surface (70). 

Since we observed reduced expression of co-stimulatory ligands and MHC-II expression 

in IL-27Rα−/− BMDC, we examined the expression of MHC-II by DCs in the DLNs on 

day 2 pi after corneal HSV-1 infection. Similar to BMDCs, the expression of MHC-II on 

CD11c+ cells of DLNs were significantly reduced in IL-27Rα−/− mice compared to the 

control HSV-1 infected mice (Fig. 6A, 6B). CD4+ effector T cells are fully apparent in the 
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DLNs by day 6–8 pi with continued infiltration to cornea as HSK progresses (15). Further 

to confirm whether reduced MHC-II expression in the absence of IL-27 signaling regulates 

the induction of T cell responses, we examined the Th1 responses in the DLN and spleen on 

day 8 pi. Similar to the data presented in Figure 4, we noted a marked decrease in percentage 

of Th1 cells in IL-27Rα−/− mice compared to the WT mice after HSV-1 infection (Fig. 6C, 

6D). In contrast, we did not observe a significant change in the IFN-γ producing CD8+ T 

cells in the DLN and spleen of WT and IL-27Rα−/− mice (Fig. 6E, 6F). Collectively, our 

data indicate that IL-27 is critical for the maturation of APCs and induction of optimum Th1 

responses in DLNs during early phase of corneal HSV-1 infection.

IL-27 regulates HSV-1 replication and early innate immune responses in the cornea

The initial virus replication in the corneal epithelium and resultant uncontrolled activation 

of innate and adaptive immune responses play a central role in HSK immunopathology (2, 

19). Since the absence of IL-27-mediated signaling in mice exacerbated HSK lesion severity 

(Fig. 2A), we next investigated whether increased HSK pathology in IL-27Rα−/− mice is 

due to increased HSV-1 replication and defects in innate anti-viral responses during the 

early stages of HSV-1 infection. First, we measured viral titers in the tear film collected 

from HSV-1 infected WT and IL-27Rα−/− corneas on various days pi. As shown in Fig. 

7A, the absence of IL-27-mediated responses after corneal HSV-1 infection resulted in 

increased HSV-1 replication and significantly increased viral titers in the tear film on day 

5 pi compared to WT mice. We did not observe any lag in HSV-1 shedding in both WT 

and IL-27Rα−/− corneas as there was no detectable virus by day 8 pi (Fig. 7A). The 

innate immune cells, including neutrophils and macrophages, play a critical role in the 

initial clearance of HSV-1 from the cornea (22, 28). However, the excessive infiltration 

of these cells, followed by increased secretion of effector anti-viral and inflammatory 

cytokines, causes irreversible corneal tissue damage and opacity (1, 6, 71). Accordingly, 

we noted significantly increased infiltration of total leukocytes (Fig. 7B, 7D), neutrophils, 

and macrophages (Fig. 7C, 7D) in the corneas of IL-27Rα−/− mice compared to WT mice 

on day 2 pi. Despite increased infiltration of neutrophils and macrophages in HSV-1 infected 

IL-27Rα−/− cornea (Fig. 7B–D), we noted significantly higher viral titers compared to 

control mice (Fig. 7A). These data suggest that infiltrated macrophages are inefficient in 

HSV-1 killing in the absence of IL-27-mediated innate immune responses.

IL-27 is indispensable for the efficient induction of macrophage-intrinsic anti-viral 
responses after HSV-1 infection

Macrophages play a critical role in the initial clearance of HSV-1 (2, 19). Specifically, 

macrophages control HSV-1 replication in the cornea through phagocytosis of infected 

epithelial cells and apoptotic neutrophils, followed by direct virucidal activities in the 

phagolysosomal compartment (2, 19, 28). The increased susceptibility to HSK and elevated 

viral titers in the tear film of IL-27Rα−/− mice indicates a possible protective role of IL-27 

through modulation of macrophage-intrinsic virucidal and anti-viral immune responses after 

HSV-1 infection. To delineate macrophage-intrinsic IL-27-mediated anti-HSV-1 responses, 

we stimulated BMDMs with HSV-1 and quantified viral titers in cell supernatants using 

plaque assay and measured HSV-1 gB in cells using mRNA quantification. As shown in 

Fig. 8A, we noted an increased viral titer in IL-27Rα−/− BMDMs cell supernatant compared 
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to WT BMDMs cell supernatant. Similarly, there was a significant increase in HSV-1 gB 

mRNA expression in IL-27Rα−/− BMDMs compared to the WT BMDMs (Fig. 8B). The 

increase in viral titers observed in IL-27Rα−/− BMDM could be explained by impaired 

phagocytosis, decrease in macrophage survival and reduced IFN responses after HSV-1 

infection. As shown earlier in Fig. 5E, we observed decrease in phagocytosis of infected 

corneal fibroblast cells by IL-27Rα−/− macrophages. Next, we tested whether absence 

of IL-27 signaling regulates the macrophage survival after HSV-1 infection. We infected 

WT and IL-27Rα−/− BMDMs with HSV-1 and analyzed cell death using flow cytometry. 

Our data show a significant increase in late apoptosis (Annexin-V+PI+ cells) of BMDMs 

without IL-27 signaling (Fig. 8C, 8D). Type I IFNs induce a robust anti-viral state and 

protect infected and nearby uninfected cells from viral infection, cytopathic effects, and cell 

killing (24). Past studies have shown that IL-27 regulates type-I IFN responses and acts 

synergistically to control viruses’ spread (53, 72–74). Therefore, we investigated whether 

increased HSV-1 titers in the tear film and BMDMs from IL-27Rα−/− mice are due to 

defects in type I IFN production and downstream ISG expression. We noted a significant 

decrease in mRNA expression and IFN-β production from IL-27Rα−/− BMDMs than in 

WT BMDMs (Fig. 8E, 8F). Type I IFNs induce many ISGs to promote an antiviral state 

after HSV-1 infection (1). Among the various ISGs, ISG-15 promotes ISGylation of IRF3 

and USP-18 stabilizes STING which are critical for further promoting type-I IFNs and 

inhibiting HSV-1 replication (75, 76). We observed a significant reduction in the expression 

of ISG-15 and USP-18 by BMDMs in the absence of IL-27 receptor-mediated signaling 

(Fig. 8G). Similarly, we observed significant reduction in ISG-15 and USP-18 expression 

in IL-27Rα−/− cornea on day 2 pi when compared to WT cornea (Figure 8H). Collectively, 

these data suggest that IL-27 regulates HSV-1 replication and killing through macrophage 

survival, production of type I IFNs and ISGs after HSV-1 infection.

Discussion

Absolute corneal transparency is requisite for normal vision. However, the recurrent 

episodes of HSV-1 infection in the cornea cause a very painful and vision-impairing 

immunopathology (77). The HSK progression is primarily driven by lytic HSV-1 replication 

in the corneal epithelium, followed by uncontrolled activation of innate and adaptive 

immune responses (77). There is an urgent need for immunotherapy-based approaches 

as current anti-viral and corticosteroid-based remedies, are partially effective, and have 

many side effects (11, 13). Thus, understanding the host’s innate defense mechanisms 

that mount strong anti-viral responses without causing overt activation of the immune 

system holds the key to developing novel immunotherapies to treat HSK. In this study, we 

investigated whether HSV-1 regulates IL-27 responses in the cornea and IL-27-mediated 

regulation of innate and adaptive immune responses during HSK progression. Our results 

show that corneal HSV-1 infection promotes macrophage-mediated IL-27 expression. The 

in vitro infection of BMDMs showed a marked increased production of IL-27, indicating 

that resident and infiltrating monocytes or macrophages in the cornea act as a source of 

IL-27 after HSV-1 infection. Using a murine model of primary corneal HSV-1 infection and 

IL-27Rα−/− mice, we demonstrate that IL-27 is critical for suppressing HSK progression and 

inflammatory responses in the cornea. The mice lacking IL-27 receptor-mediated signaling 
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showed marked infiltration of Th1 cells and neutrophils which cause damage to the cornea 

and promote HSK lesions. Further, in vitro mechanistic investigations revealed that IL-27 

is essential for macrophage-mediated HSV-1 phagocytosis, IFN-β production, optimum 

anti-HSV-1 ISGs expression, and HSV-1 killing. Additionally, we noted a significant 

increase in the apoptosis of HSV-1 infected IL-27Rα−/− macrophages compared to control 

macrophages suggesting the critical role of IL-27 in promoting macrophage-mediated anti-

HSV-1 responses. Moreover, IL-27Rα−/− macrophages and DCs showed reduced expression 

of co-stimulatory markers, a likely downstream effect of reduced phagocytosis (Ag uptake). 

Collectively, this resulted in significantly increased shedding of HSV-1 from cornea of 

IL-27Rα−/− mice leading to increased HSK. Our results indicate that IL-27 induces a 

strong endogenous anti-viral state and suppresses inflammatory responses. Thus, promoting 

IL-27-mediated responses could be a promising therapeutic approach to prevent recurrent 

corneal HSV-1 infection and associated HSK pathology.

IL-27 is a pleiotropic immunoregulatory cytokine belonging to the IL-12 family of cytokines 

(78). Pathogen-activated DCs, macrophages, and inflammatory monocytes predominantly 

produce IL-27 (43, 44, 79). IL-27 plays both pro- and anti-viral roles by regulating 

innate and adaptive immune responses (35, 36, 53–55). Past studies have shown that 

IL-27 is expressed by virus stimulated-PBMCs and monocyte-derived macrophages, and 

IL-27 treatment inhibited HIV-1 replication in CD4+ T cells and myeloid cells (74, 

80). Similarly, our data indicate that HSV-1 significantly induces IL-27 production in 

macrophages (Fig. 1). The in vivo protective anti-HSV-1 role of IL-27 was further confirmed 

by increased shedding of virus from the cornea of HSV-1 infected mice lacking IL-27 

receptor-mediated signaling (Fig. 7). IL-27 activates Janus activated kinase (JAK) 1 or 2, 

followed by downstream phosphorylation, activation, and translocation of signal transducer 

and activator of transcription STAT1 and STAT3 dimer in the nucleus (42, 44). Likewise, 

type I IFNs activate JAK1, followed by phosphorylation of STAT1 (81, 82). Interestingly, 

IL-27 and type I IFNs can cross-regulate the activation of downstream signaling events 

during viral infections (74, 83). Accordingly, our data show that IL-27 is critical for 

optimum induction of type I IFNs and ISGs by macrophages after HSV-1 infection (Fig. 

8) and suggest that IL-27 positively regulates type I IFN-mediated anti-HSV-1 responses. 

Similarly, a recent study showed that IL-27 activates anti-viral protein response in the 

human epidermal keratinocytes after Zika virus infection by inducing JAK-STAT-1 and IRF3 

signaling (53). This study demonstrated that IL-27 inhibits Zika virus replication, morbidity, 

and mortality after the cutaneous route of infection through increased expression of ISGs 

(53). HSV-1 has evolved numerous immune evasion strategies targeting type I IFNs (1). 

For example, HSV-1 viral proteins ICP27 and VP16 inhibit STAT1 phosphorylation and 

block IRF3 and IRF7 activation (84–86). These immune evasion mechanisms could promote 

efficient HSV-1 replication in the epithelial cells. However, HSV-1-infected macrophages 

could overcome these inhibitory mechanisms through increased IL-27 production and 

autocrine IL-27-mediated activation of STAT1 and IRFs to promote ISGs-mediated anti-viral 

responses. Our data indicate that IL-27 plays a critical role in macrophage survival after 

HSV-1 infection as the absence of IL-27-mediated responses significantly elevated apoptosis 

of HSV-1 infected macrophages.
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Our prior studies have established the critical role of effector (Th1 and Th17) and Treg 

cells in HSK progression (15, 17, 18). IL-27 signaling is crucial for the differentiation 

and effector functions of both CD4+ and CD8+ T cells through the regulation of Tbet 

expression and IFN-γ production (87–89). Accordingly, our data suggest that IL-27 is 

critical for Th1 induction and IFN-γ production by T cells after corneal HSV-1 infection 

(Fig. 4 and 6). Further, we did not see a significant change in Treg percentages or total 

numbers in DLN and spleen after HSV-1 infection. Our data indicate that the reduced Th1 

induction in the absence of IL-27Rα-mediated signaling could result from extrinsic defects 

in APCs or intrinsic IL-27-mediated defects in T cell differentiation (34, 44, 47). Also, type 

I IFNs regulate adaptive immunity through modulation of APCs (Ag uptake, maturation, and 

presentation) and T cell-mediated responses (90, 91). In addition to DCs, macrophages also 

serve as APCs and prime naïve CD4+ T cells to induce effector T cell responses (29–31). 

Thus, the reduced Th1 responses in HSV-1 infected IL-27Rα−/− mice could result from 

reduced type I IFN production by macrophages and subsequent diminished Ag uptake and 

maturation. Indeed, we noted a significantly reduced production of type I IFNs by HSV-1 

infected IL-27Rα−/− macrophages (Figure 8). Further, we observed a markedly diminished 

expression of co-stimulatory markers such as CD40, CD80, and CD86 in addition to 

decreased MHC-II cell surface expression by HSV-1 stimulated IL-27Rα−/− BMDCs (Fig. 

5). An earlier report showed that IL-27 suppresses the Ag-presentation function of splenic 

DCs by reducing the expression of co-stimulatory markers after LPS stimulation (47). 

In contrast, Jung et al. showed that phagocytic capacity and Ag presentation by monocyte-

derived human DCs are enhanced by IL-27 (67). In addition to BMDCs, we observed 

reduced co-stimulatory marker expression in IL-27Rα−/− BMDMs. Our in vitro co-culture 

experiments using WT and IL-27Rα−/− BMDMs with HSV-1- infected corneal stromal 

fibroblasts (MK/T-1) indicate that IL-27 is critical for efficient phagocytosis of infected cells 

(Ag uptake) and subsequent maturation of APCs (Fig. 5). DCs serve as professional APCs 

and regulate the Th1 responses during HSK progression (30, 62). Furthermore, IL-27 is 

known to modulate DCs maturation and induce immunosuppression through DCs- mediated 

differential induction of effector and regulatory T cell responses (47, 92). Accordingly, we 

observed decreased MHC-II expression on CD11c+ cells in IL-27Rα−/− DLNs after day 2 

pi (Fig 6). Collectively, our findings demonstrate that IL-27 could regulate Th1 responses 

directly through T-cell intrinsic mechanisms and indirectly through the regulation of type I 

IFNs, Ag uptake, and maturation of macrophages and DCs.

Apart from anti-viral functions, IL-27 also regulates the inflammatory responses through 

differential induction of Th1, Th2, Th17, Treg, and Tr1 cells (87, 93, 94). Furthermore, 

IL-27 regulates the induction of CD4+ and CD8+ T cell responses during viral infection, 

thereby modulating the severity of viral infections and associated pathologies (32, 34, 37). 

Past study showed that IL-27 inhibits lung immunopathology after influenza infection by 

regulating Th1, Th17, IL-10, and neutrophil responses (36). This study demonstrated that 

mice lacking IL-27Rα promoted IFN-γ and IL-17 production by T cells with subsequently 

increased infiltration of neutrophils in the lung after influenza virus infection (36). Similarly, 

we noted a significantly increased neutrophil infiltration in the cornea during early viral 

replication (day 2) and late stages of HSK (day 15) in HSV-1 infected IL-27Rα−/− mice. 

However, we noted a marked reduction of Th1 responses in the DLN with higher infiltration 
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of Th1 cells in the cornea of HSV-1 infected IL-27Rα−/− mice. This discrepancy is partially 

explained by increased HSV-1 titers in IL-27Rα−/− mice, diminished Th1 responses and 

IFN-γ production by Th1 cells without IL-27 signaling. The increased viral titers could 

drive increased migration of Th1 cells to the cornea from DLNs during early HSV-1 

replication phase. Similarly, several other viral infection studies have reported the critical 

role of IL-27 in modulating immunopathology through differential regulation of effector 

CD4+ and CD8+ T cell responses (32, 33, 44, 54, 74). However, we did not observe any 

significant changes in the CD8+ effector T cell response in the DLNs (day 8) after HSV-1 

infection. Further studies are required to understand how IL-27 modulates specific effector T 

cells to promote antiviral and inflammatory responses during HSK progression.

Our findings collectively demonstrate that corneal HSV-1 infection induces IL-27 

production by macrophages and IL-27 plays anti-viral and anti-inflammatory roles during 

the HSK progression. These data indicate the critical role of IL-27 in modulating 

macrophage-mediated HSV-1 killing, type I IFN induction, Ag uptake and presentation, 

and induction of Th1 responses after corneal HSV-1 infection. Further research is needed 

to delineate the role of IL-27-mediated signaling in APCs and T cells that regulate 

effector CD4+ and CD8+ T cell responses during ongoing HSV-1 infection. Also, it will 

be interesting to delineate the IL-27-mediated molecular mechanisms for differential Th1 

responses in the DLN and cornea (site of inflammation) and whether IL-27 regulates the 

inflammation during later stages of HSK (when replicating virus is absent in the cornea) 

through regulation of Th1 cell migration and their cytokine production. Further, in vivo 
mechanistic studies using macrophages, CD4+ T cells, and DCs-specific conditional deletion 

of IL-27Rα are needed to conclusively define the anti-viral and anti-inflammatory role of 

IL-27 during corneal HSV-1 infection and HSK progression. In conclusion, the anti-viral 

role of IL-27 during corneal HSV-1 infection and HSK progression could have broad 

therapeutic implications for patients suffering from recurrent HSK, the leading cause of 

infectious blindness in the US.
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Key points:

• IL-27 limits HSV-1 shedding from the cornea and suppresses HSK 

progression.

• IL-27 modulates APC-mediated HSV-1 antigen presentation to regulate Th1 

responses.

• IL-27 promotes macrophage survival and IFN-β responses after HSV-1 

infection.
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Figure 1. HSV-1 infection induces IL-27 responses.
(A) qPCR analysis showing the expression of IL-27 levels in the corneas of WT mice 

infected with 104 PFU of HSV-1. 2–3 corneas were pooled to make one replicate for 

analysis at each time point. (B) Histograms showing IL-27 producing corneal macrophages 

(CD11b+F4/80+) on day 2 pi. (C) qPCR analysis examining IL-27 mRNA expression levels 

in BMDM stimulated with HSV-1 for 24 hours. (D) IL-27 concentration was measured in 

BMDM culture supernatant stimulated with HSV-1 for 24 hours. (E) IL-27Rα expression 

levels in BMDM cells stimulated with HSV-1 for 24 hours. Fold change was normalized 

to GAPDH. The data shown is one representative experiment out of two independent 

experiments. Statistical significance was calculated by one way ANOVA with Dunnet’s test 

to compare multiple groups and the parametric unpaired Student’s t-test for comparing two 

groups. **p<0.01; ***p< 0.001; ns, non-significant. Error bars show mean ± SEM.
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Figure 2. IL-27 suppresses HSK disease severity.
(A) The kinetic progression of HSK lesions in WT and IL-27Rα−/− mice infected with 104 

PFU of HSV-1. Eyes with a score of zero at day 15 pi were considered uninfected and 

excluded from both groups of infected mice. (B) Representative eye images (top panel) 

showing naïve uninfected (left) and the HSK severity on day 14 pi of WT (middle), and 

IL-27Rα−/− (right) mice and representative H&E stained corneal sections (bottom panel) 

collected on day 15 pi. H&E stained corneal sections were taken at a magnification of 

200X. Data represent one independent experiment out of four experiments carried out with 

4–5 mice in each group. Statistical significance was calculated using the non-parametric 

unpaired Mann–Whitney U test. **p<0.01; ***p< 0.001; ns, non-significant. Error bars 

show mean ± SEM.
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Figure 3. IL-27 modulates infiltration of inflammatory immune responses in HSV-1 infected 
cornea.
(A) Representative FACS plots showing total leukocytes (CD45+) in cornea collected from 

WT and IL-27Rα−/− mice on day 15 pi. (B) Representative FACS plots of neutrophils 

(CD45+CD11b+F4/80−Ly6G+). (C) Graph showing the total number of leukocytes and 

neutrophils per cornea of WT and IL-27Rα−/− mice on day 15 pi. Data shown represents a 

summary of four experiments. (D) Representative FACS plots showing CD4+ T cells in the 

cornea of WT and IL-27Rα−/− mice on day 15 pi. (G) Representative FACS plot of Th1 

cells (after stimulation with PMA/Ionomycin for 5 hours) in WT and IL-27Rα−/− corneas 

on day 15 pi. (F) Bar graph showing the number of CD4+ T cells and Th1 cells per cornea. 

Data shown is one representative experiment out of four independent experiments carried 

out with 4–5 mice in each group. 3–4 corneas were pooled to make one replicate for all 
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flow cytometric analyses. Statistical significance was calculated by the parametric unpaired 

Student’s t-test. *p< 0.05; ns, non-significant. Error bars show mean ± SEM.
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Figure 4. IL-27 regulates Th1 differentiation in secondary lymphoid organs.
(A) Representative FACS plot showing Th1 cells (after stimulation with PMA/Ionomycin 

for 5 hours) in DLN and spleen of WT and IL-27Rα−/− mice infected with 104 PFU of 

HSV-1 on day 15 pi. Bar graphs showing the (B) frequencies and (C) the number of Th1 

(CD4+IFN-γ+) cells in DLN and spleen of WT and IL-27Rα−/− mice on day 15 pi. (D) IFN-

γ levels in the culture supernatant of DLN and spleen cells (stimulated with UV-inactivated 

HSV-1 for 24 hours) isolated from HSV-1 infected WT and IL-27Rα−/− mice on day 15 pi. 

(E) Representative FACS plots showing Treg (CD4+Foxp3+) cells in DLN and spleen of WT 

and IL-27Rα−/− mice on day 15 pi. Bar graphs showing the (F) frequencies and (G) the 

number of Treg cells in DLN and spleen of WT and IL-27Rα−/− mice on day 15 pi. Data 

shown is one representative experiment out of the four independent experiments carried out 

with 4–5 mice in each group. Statistical levels of significance were analyzed by parametric 

unpaired Student’s t-test. *p< 0.05; **p<0.01; ns, non-significant. Error bars show mean ± 

SEM.
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Figure 5. IL-27 is critical for maturation and efficient antigen uptake by APCs after HSV-1 
infection.
(A) Histogram overlay and (B) bar graphs showing mean fluorescence intensity (MFI) of 

CD80, CD86, CD40 and MHC-II expression from WT and IL-27Rα−/− BMDCs, stimulated 

with 2 MOI of HSV-1 for 24 hours. (C) Histogram overlay and (D) bar graphs showing 

MFI of CD80, CD86, and CD40 expression from WT and IL-27Rα−/− BMDMs, stimulated 

with 2 MOI of HSV-1 for 24 hours. (E) Representative FACs plot showing phagocytosis of 

HSV-1/GFP infected MKT-1 cells by WT and IL-27Rα−/− BMDMs. HSV-1/GFP directly 

infected with BMDM and uninfected MKT-1 cells co-cultured with BMDM were used 

as additional controls. (F) Graph showing the frequency of phagocytic (CD11b+GFP+) 

BMDMs cultured from WT and IL-27Rα−/− mice. The data shown represents one 

experiment out of two independent experiments. Statistical significance were analyzed by 

parametric unpaired Student’s t-test.*p< 0.05; **p<0.01; ***p<0.001. Error bars show mean 

± SEM.
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Figure 6. IL-27 regulates APC maturation and Th1 differentiation in secondary lymphoid 
organs.
(A) Histogram overlay and (B) bar graphs showing MFI of MHC-II expression in CD11c+ 

cells in DLNs of WT and IL-27Rα−/− mice on day 2 pi. (C) Representative FACS plot 

showing Th1 cells (after stimulation with PMA/Ionomycin for 5 hours) in DLN and spleen 

of WT and IL-27Rα−/− mice on day 8 pi. (D) Bar graphs showing the frequencies of Th1 

(CD4+ IFN-γ +) cells in DLN and spleen of WT and IL-27Rα−/− mice on day 8 pi. (E) 
Representative FACS plot showing effector CD8+IFN-γ+ T cells (after stimulation with 

PMA/Ionomycin for 5 hours) in DLN and spleen of WT and IL-27Rα−/− mice on day 

8 pi. (F) Bar graphs showing the frequencies of CD8+IFN-γ+ cells in DLN and spleen 

of WT and IL-27Rα−/− mice on day 8 pi. Data shown represents one experiment out of 

the three independent experiments carried out with 4–5 mice in each group. Statistical 

significance were analyzed by parametric unpaired Student’s t-test. *p< 0.05; ***p<0.001; 

ns, non-significant. Error bars show mean ± SEM.
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Figure 7. IL-27 suppresses HSV-1 replication and regulates early inflammatory response in the 
cornea.
(A) HSV-1 titers were measured by plaque assay in eye swabs collected from WT and 

IL-27Rα−/− mice on days 1, 2, and 3 after HSV-1 infection. Eye swabs with a viral titer 

of zero were considered uninfected and excluded. n=16 (WT) and n= 18 (IL-27Rα−/−). 

The data represents two independent experiments. Representative FACS plots of (B) 
total leukocytes (CD45+), (C) neutrophils (CD45+CD11b+F4/80−Ly6G+) and inflammatory 

monocytes (CD45+CD11b+Ly6C+) in WT and IL-27Rα−/− cornea on day 2 pi. (D) Bar 

graph showing the number of total leukocytes, neutrophils and inflammatory monocytes per 

cornea of WT and IL-27Rα−/− mice on day 2 pi. 3–4 corneas were pooled to make one 

replicate for all flow cytometric analyses. The data shown represents one experiment out 

of two independent experiments. Statistical significance was calculated by the parametric 

unpaired Student’s t-test. *p< 0.05; ns, non-significant. Error bars show mean ± SEM.
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Figure 8. IL-27 is critical for the induction of macrophage-intrinsic anti-viral responses and 
macrophage survival during HSV-1 infection.
(A) HSV-1 titers in media collected from WT and IL-27Rα−/− BMDM infected with 2 MOI 

of HSV-1 for 24 hours were quantified by plaque assay. (B) qPCR analysis showing relative 

expression of HSV-1 gB in WT and IL-27Rα−/− BMDM after 24 hours of HSV-1 infection. 

(C) Representative FACS plots and (D) frequencies of late apoptotic (Annexin+ PI+) cells 

in WT and IL-27Rα−/− BMDM after 24 hours of HSV-1 infection. (E) qPCR analysis 

showing the relative expression of IFN-β in WT and IL-27Rα−/− BMDM after 24 hours of 

HSV-1 infection. (F) IFN-β production in WT and IL-27Rα−/− BMDM after 24 hours of 

HSV-1 infection by ELISA. (G) qPCR analysis showing the relative expression of ISG-15 

and USP-18 in WT and IL-27Rα−/− BMDM after 24 hours of HSV-1 infection. (H) qPCR 

analysis showing the relative expression of ISG-15 and USP-18 in WT and IL-27Rα−/− 

corneas on day 2 pi. The data shown represents one experiment out of two independent 

experiments. Statistical significance was calculated by the parametric unpaired Student’s 

t-test. *p< 0.05 **p<0.01 ***p<0.001; ns, non-significant. Error bars show mean ± SEM.
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