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Abstract

Immune privilege helps protect the cornea from damaging inflammation but can also impair 

pathogen clearance from this mucosal surface. Programmed death-ligand 1 (PD-L1 or B7-H1) 

contributes to corneal immune privilege by inhibiting the function of a variety of immune cells. 

We asked if PD-1/PD-L1 interaction regulates HSV type 1 (HSV-1) clearance from infected 

corneas. We show that PD-L1 is constitutively expressed in the corneal epithelium and is up-

regulated upon HSV-1 corneal infection, with peak expression on CD45+ cells NK cells, dendritic 

cells, neutrophils, and macrophages) and CD45− corneal epithelial cells at 4 days post infection 

(dpi). As early as 1 dpi, HSV-1 infected corneas of B7-H1−/− mice as compared to wild type mice 

showed increased chemokine expression and this correlated with increased migration of 

inflammatory cells into the viral lesions and decreased HSV-1 corneal titers. Local PD-L1 

blockade caused a similar increase in viral clearance, suggesting a local effect of PD-1/PD-L1 in 

the cornea. The enhanced HSV-1 clearance at 2 dpi resulting from PD-1/PD-L1 blockade is 

mediated primarily by a monocyte/macrophage population. Studies in bone marrow chimeras 

demonstrated enhanced viral clearance when PD-L1 was absent only from non-hematopoetic cells. 

We conclude that PD-L1 expression on corneal cells negatively impacts the ability of the innate 

immune system to clear HSV-1 from infected corneas.

Introduction

The cornea is a clear, avascular tissue that covers the front of the eye. As a mucosal surface 

that is constantly exposed to the environment, the cornea is a potential portal of entry into 

the eye for pathogenic microorganisms. Indeed, the cornea utilizes physical barriers (tear 

film, epithelial tight junctions, etc.), chemical inhibitors such as defensins, and molecular 

and cellular innate and adaptive immune components to prevent invasion of ocular 

pathogens (1). However, inflammation is antithetical to corneal clarity, which is essential for 
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clear vision. Thus, the need for immune protection must be balanced by a corresponding 

need for immune privilege. Accordingly, the cornea has acquired multiple mechanisms to 

inhibit inflammation, including constitutive expression on corneal cells of PD-L1 (also 

called B7-H1), a ligand for the inhibitory programmed death-1 (PD-1) receptor (2–4). The 

degree, if any, to which the immune privilege of the cornea mediated through PD-L1 

compromises immune protection requires clarification in experimental models of infectious 

disease.

HSV-1 corneal infections can result in epithelial lesions caused by virus replication in and 

destruction of corneal epithelial cells (5). These epithelial lesions represent the most 

common form of herpes keratitis in humans. Here we investigated the effect of blocking the 

PD-1/PD-L1 inhibitory interaction on the efficiency of HSV-1 clearance from the cornea. 

We found that both local administration of anti-PD-L1 blocking antibody and genetic 

deficiency in PD-L1 in B7-H1−/− mice significantly enhanced HSV-1 clearance from 

corneas of C57BL/6 mice. The enhanced HSV-1 clearance was associated with rapid 

leukocytic infiltration into the cornea, did not require PD-L1 expression on hematopoetic 

cells, and was mediated by a monocyte/macrophage population.

Materials and Methods

Mice

Female 6 – 8 wk old wild type (WT) C57BL/6 mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME). B7-H1−/− mice on a C57BL/6 background were provided by 

Dr. Lieping Chen (Yale University School of Medicine, New Haven, CT). All experimental 

animal procedures were reviewed and approved by the University of Pittsburgh Institutional 

Animal Care and Use Committee, and the animals were handled in accordance with 

guidelines established by Institutional Animal Care and Use Committee.

Virus and corneal infections

WT HSV-1 strain KOS, or a KOS-based recombinant expressing eGFP from the promoter 

for a viral immediate early (α), gene infected cell protein 0 (ICP0-eGFP, generated by Dr. 

Paul R. Kinchington, University of Pittsburgh) were grown in Vero cells, and intact virions 

were isolated on Optiprep gradients according to the manufacturer’s instructions (Accurate 

Chemical and Scientific, Westbury, NY). Mice were anesthetized by i.p. injection of 100 mg 

per kg of body weight ketamine hydrochloride and 0.1 mg per kg of body weight xylazine 

(Phoenix Scientific, San Marcos, CA) in 0.25 ml HBSS (BioWhittaker, Walkersville, MD). 

Mice received bilateral topical infection on scarified corneas with a dose of 1 × 105 PFU 

HSV-1 per cornea.

Antibodies and reagents for flow cytometry

PerCP-conjugated anti-CD45 (clone 30-F11) and PE-Cy7-conjugated anti–NK1.1 (clone 

PK136) were purchased from BD Pharmingen. PE-conjugated anti-PD-L1 (clone MIH5), 

allophycocyanin-conjugated anti–CD11c (clone N418), PE or allophycocyanin -eF780-

conjugated anti–Gr-1 (clone RB6-8C5), PE-Cy7 or eFluor® 450-conjugated anti–F4/80 

(clone BM8), and eFluor®450 or allophycocyanin conjugated CD11b (clone M1/70) were 
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purchased from eBioscience. Anti-PD-1 (clone RMP1-30) conjugated to PE-Cy7 was 

purchased from Biolegend (San Diego, CA). Appropriate isotype control antibodies were 

purchased from BD Pharmingen, eBioscience, or Biolegend. All flow cytometry data were 

collected on a FACSAria cytometer and analyzed by FlowJo software (FlowJo LLC, 

Ashland, Oregon). Macrophages and neutrophils were identified and distinguished using a 

multistep gating process. The CD45+ cells were characterized into CD11b+ and CD11b− 

populations that excluded TCRbeta+ cells. The CD11b+ cells were then divided based on 

Gr-1 expression into Gr-1 high (Gr-1hi) and Gr-1 intermediate to low (Gr-1int – low) groups. 

Macrophages were defined as CD11b+ Gr-1int – low F4/80+ Ly6C+and neutrophils were 

defined as CD11b+Gr-1hi F4/80neg.

Corneal tissue preparation

Corneas were excised and processed under a dissecting microscope to separate the cornea 

and conjunctival tissue. The excised corneas were then digested in 100 μl per cornea of 

DMEM (Bio Whittaker) containing 0.2 U/ml of liberase TM (Roche) for 1 hour at 37°C, 

vortexing every 15 minutes followed by dispersal into single-cell suspensions by trituration 

through a p-200 pipette tip. The dispersed corneal cells were then stained and analyzed by 

flow cytometry. Alternatively, whole flat mounts of excised corneas were prepared and 

stained for confocal microscopic examination.

Generation of bone marrow chimeric mice

Bone marrow chimeras were created by tail vein transfer of 2 × 106 bone marrow cells from 

6-wk-old WT or B7-H1−/− C57BL/6 mice into 6-wk-old lethally irradiated (2 × 500 rad 

treatments separated by 4 h rest) recipient mice. By this method, WT or B7-H1−/− mice were 

reconstituted with WT bone marrow (WT to WT) or (WT to B7-H1−/−); and WT mice were 

reconstituted with B7-H1−/− bone marrow (B7-H1−/− to WT). The resulting chimeric mice 

were housed under immunocompromised mouse conditions for 8 wk after the transfer, and 

neomycin sulfate (2 mg/ml) from Sigma-Aldrich (St. Louis, MO) was added to their 

drinking water for 2 wk after the transfer. Bone marrow chimeras were fully reconstituted 

after 8 wk (6).

Quantification of infectious HSV-1

Mouse corneas were swabbed with sterile Weck-Cel surgical spears (Beaver Visitec, 

Waltham, MA) at various times after HSV-1 corneal infections, and spears were placed in 

0.5 ml HBSS and frozen at −80°C until assayed. Dilutions of samples were added to 

confluent Vero cells, incubated for 1 h at 37°C, and overlaid with 0.5% methylcellulose. The 

cultures were incubated for 48 h, fixed with formalin, stained with crystal violet, and viral 

plaques were counted with the aid of a dissecting microscope.

In vivo treatments

Local antibody treatment restricted to the cornea was achieved through subconjunctival 

injections, while intraperitoneal (i.p.) injections were used for systemic treatment. Local 

PD-1/PD-L1 blockade or mock blockade was achieved by subconjunctival injections of 30 

ng anti-PD-L1 (clone 10F.9G2, BioXCell) or control antibody, respectively. Local cellular 
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depletions were accomplished as previously described (7). Briefly, neutrophils were depleted 

or mock depleted with 50 μg anti-Ly6G (clone IA8) (BioXCell West Lebanon NH) or 

control antibody, monocytes/macrophages were depleted or mock depleted with 20 μL of 

clodronate liposomes and 70μg of purified anti-Ly6C (clone MONTS1) (BioXCell, West 

Lebanon NH) or 20 μl of PBS liposomes, and natural killer (NK) cell were depleted with 30 

ng of anti-ASGM-1 antibody. Systemic PD-1/PD-L1 blockade or mock blockade was 

achieved through i.p. injection of 200 μg of anti-PD-L1 or control antibody. All treatments 

were performed at the time of HSV-1 infection.

Whole mount fluorescent confocal microscopy

Whole corneas were excised, washed in PBS + 4% FBS, fixed in 1% paraformaldehyde for 2 

h, washed again in PBS + 4% FBS, incubated in Fc Block (BD, San Jose, CA) for 1 h, and 

then incubated with staining antibodies in PBS overnight at 4°C. The next day, corneas were 

extensively washed in PBS and then were flattened by making radial incisions and mounted. 

Images were acquired on an Olympus Fluoview 1000× confocal microscope with a 0.85 NA 

20× oil objective. Images were acquired by sequential scanning to avoid fluorescence 

crossover, and Z stacks were acquired at Nyquist sampling frequency through the tissue. All 

image reconstructions were made using Olympus Fluoview.

Measurement of transcripts for inflammatory mediators in infected corneas

Total RNA was extracted from infected corneas using Qiagen’s RNA extraction kit 

according manufacturer’s protocol. Samples of total RNA (100 ng) were submitted to the 

University of Pittsburgh Genomics and Proteomics Core laboratory (GPCL) for analysis 

using the Nanostring system (Nanostring Technologies, 530 Fairview Avenue N, Seattle, 

WA 98109). Samples were hybridized overnight to a Codeset of synthetic capture probes 

and reporter probes capable of simultaneously detecting and quantifying mRNA encoding 

multiple inflammatory mediators.

RESULTS

PD-1/PD-L1 interaction inhibits HSV-1 clearance from infected corneas

Wild type (WT) or B7-H1−/− C57BL/6 mice received bilateral corneal infections with 

HSV-1 KOS, and viral titers were quantified in the tear film (Fig. 1A). Mean viral titers were 

significantly reduced in B7-H1−/− mice relative to WT mice at 1, 2, and 4 dpi. At 1 dpi, viral 

titers in WT mice were quite variable, but when compared to B7-H1−/− mice the difference 

in mean titers approached statistical significance (p = 0.054). HSV-1 titers increased and 

became less variable in WT mice by 2 dpi, with all corneas exhibiting HSV-1 titers greater 

than 5,000 pfu. Viral titers in B7-H1−/− mice remained relatively constant from 1-2 dpi, with 

only 6 of 17 corneas showing HSV-1 titers greater than 5,000 pfu and mean titers that were 

significantly (p = 0.0001) lower than those in WT mice. The HSV-1 titers decreased in both 

WT and B7-H1−/− mice from 2-4 dpi. By 4 dpi titers were very low in both groups, but were 

significantly (p = 0.049) lower in corneas of B7-H1−/− mice with 7 of 9 corneas showing 

complete viral clearance as compared with 2 of 6 WT corneas. Thus, HSV-1 clearance was 

significantly accelerated in B7-H1 compared to WT corneas from 1-4 dpi.
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It was important to determine if the increased viral clearance in B7-H1−/− mice resulted 

specifically from the lack of PD-L1 expression in the cornea and to rule out the possibility 

that an unknown mutation in B7-H1−/− mice led to increased viral clearance. Therefore, PD-

L1 was blocked locally in corneas of WT mice by subconjunctival injection of anti-PD-L1 

antibody at the time of infection and HSV-1 titers were measured in the tear film at 1 and 3 

dpi (Fig. 1B). Local in vivo PD-L1 blockade in the cornea decreased viral titers at both 1 dpi 

(p = 0.053) and 3 dpi (p = 0.006) compared to PBS-treated controls. As expected, B7-H1−/− 

mice also showed significantly reduced viral titers relative to PBS-treated WT mice at both 1 

dpi (p = 0.024) and 3 dpi (p = 0.018). Viral titers were not significantly different in corneas 

in which B7-H1 was blocked locally in the cornea compared to titers in B7-H1−/− corneas. 

Thus, local PD-L1 expression specifically in the cornea is crucial for inhibiting viral 

clearance.

PD-L1 expression is upregulated in HSV-1 infected corneas

Corneas were excised from non-infected WT mice, or from HSV-1 infected WT mice at 1, 4, 

and 7 dpi. Flat mounts were stained for PD-L1 and examined with a confocal microscope. 

Representative images (Fig. 2A) reveal low levels of PD-L1 expression in non-infected 

corneal epithelium as previously reported [2]. PD-L1 expression was transiently up-

regulated in the corneal epithelium following HSV-1 corneal infection, with peak expression 

levels observed at 4 dpi (Fig 2A).

To examine the PD-L1 expression on subsets of infiltrating immune cells, corneas were 

excised from HSV-1 infected WT mice at 2 and 4 dpi and spleens were excised at 4 dpi. The 

dispersed cells were stained, gated on CD45+ cells, and PD-L1 expression was assessed on 

NK1.1+ NK cells, CD11c+ dendritic cells (DC), Gr-1high, F4/80− neutrophils, and Gr-1int-low 

F4/80+ macrophages by flow cytometry (Fig. 2B). In the cornea, PD-L1 was highly 

expressed on all leukocyte populations tested. The mean frequency of PD-L1+ cells 

increased in all leukocyte populations in the cornea from 2-4 dpi, but the increase achieved 

statistical significance only within the NK and DC populations. At 4 dpi, the frequency of 

PD-L1 expression in all leukocyte populations was significantly higher in the cornea than on 

their counterparts in the spleen, suggesting that PD-L1 expression is upregulated when 

leukocytes infiltrate infected corneas.

Disruption of PD-1/PD-L1 interaction increases chemokine expression and leukocytic 
infiltration in infected corneas

We hypothesized that the enhanced clearance of HSV-1 seen in corneas of B7-H1−/− mice 

was due to increased corneal inflammation in the absence of PD-1/PD-L1 interaction. Total 

corneal RNA was extracted at 1 dpi and transcripts quantified by nanostring®. Transcripts 

for chemokines and chemokine receptors that attract NK cells, inflammatory monocytes, and 

neutrophils such as CCL3, CXCL1, and CXCR3 as well as molecules that contribute to 

leukocytic extravasation from the blood (ICAM1, PECAM1) were up-regulated in the 

absence of PD-L1 (Fig. 3A). The increased chemokine gene expression was associated with 

a dramatic increase in leukocytic infiltration into the central corneas lacking PD-L1 

expression. By using a recombinant HSV-1 KOS that expresses eGFP from a viral ICP0 

promoter to infect corneas of B7-H1−/− and WT mice, we also show that the increased 
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chemokine and adhesion molecule gene expression in B7-H1−/− mice correlates with 

migration of CD45+ cells (most co-expressing Gr-1) into the central cornea in association 

with reduced expression of the viral promoter (Fig. 3B).

PD-1 expression on myeloid and non-myeloid cells in HSV-1 infected corneas

Both myeloid cells (macrophages, neutrophils) and non-myeloid cells NK cells rapidly 

infiltrate the cornea after HSV-1 infection (Fig. 4A), and we asked which of these 

populations expressed PD-1 and would thus be susceptible to PD-L1 regulation. HSV-1 

infected corneas of WT and B7-H1−/− mice were excised at 2 and 4 dpi and single cell 

suspensions gated on CD45+ cells were analyzed for PD-1 expression on neutrophils, 

macrophages, and NK cells. The majority of neutrophils (CD11b+ Gr-1high F4/80−) in 

infected corneas of wild type and B7-H1−/− mice were PD-1 negative (Fig. 4B). 

Approximately 20-30% of macrophages (CD11b+ Gr-1int – low F4/80+) expressed PD-1 in 

infected corneas (Fig. 4B&C). Although the percentage of macrophages expressing PD-1 

tended to be higher at 4 dpi compared to 2 dpi, and in corneas of B7-H1−/− compared to WT 

mice, group and time differences in PD-1 expression on macrophages were not statistically 

significant. Approximately 20-45% of non-myeloid (CD11b− Gr-1− F4/80−) cells expressed 

PD-1 and the frequency of PD-1 positive cells in non-myeloid cells was significantly higher 

in infected corneas of B7-H1−/− mice compared to WT mice (Fig. 4B&D).

Neutrophils do not mediate enhanced viral clearance from corneas of B7-H1−/− mice

Since neutrophils do not express PD-1 in infected corneas, we anticipated that depleting 

them by treating mice subconjunctivally with anti-Ly6G (clone IA8) at the time of infection 

would not abrogate the enhanced HSV-1 clearance from the corneas of B7-H1−/− mice 

observed at 2 and 4 dpi. The treatment effectively depleted CD45+ CD11b+ Gr-1high cells 

(neutrophils) (Fig. 5A), but did not significantly deplete (CD11bhigh Gr-1low-int 

macrophages/monocytes (Fig B&C). Neutrophil depletion had no impact on viral clearance 

in B7-H1−/− mice (Fig. 5D) or WT mice (data not shown).

PD-1/PD-L1 interactions do not regulate NK cell mediated clearance of HSV-1 from the 
cornea

We and others have established an important role for NK cells in the later stages (4 dpi) of 

HSV-1 clearance from infected corneas (8, 9). We proposed that NK cells might account for 

the enhanced HSV-1 clearance observed when PD-1/PD-L1 interaction was blocked in 

infected corneas. This hypothesis was based on the observations that 20-45% of non-

myeloid cells express PD-1 at 2 and 4 dpi in infected corneas (Fig 4D), and that the 

frequency of non-myeloid cells expressing PD-1 was higher in B7-H1−/− mice (Fig 4D). 

Accordingly, B7-H1−/− mice received subconjunctival injections of anti-ASGM-1 antibody 

or a combination of anti-ASGM-1 and anti-PD-L1 antibodies to deplete NK cells alone or in 

combination with PD-1/PD-L1 blockade at the time of HSV-1 infection. At 4 dpi, corneas 

were swabbed for viral titers and then excised, dispersed into single cells, and analyzed by 

flow cytometry for the efficacy of NK cell and PD-L1+ cell depletion from infiltrating CD45 

cells (Fig. 6). The anti-ASGM-1 and anti-PD-L1 treatment effectively depleted infiltrating 

NK cells, and depleted or blocked PD-L1 expression on infiltrating cells, respectively (Fig. 

6A). While local NK cell-depletion alone significantly reduced HSV-1 clearance from the 
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cornea at 4 dpi, the combination of NK cell depletion and PD-L1 blockade completely 

compensated for this effect (Fig 6B). Thus, NK cells are not responsible for the enhanced 

HSV-1 clearance observed in the absence of PD-1/PD-L1 interaction, and in fact blocking 

PD-1/PD-L1 interaction can compensate for the reduced HSV-1 clearance in the absence of 

NK cells.

Monocytes/macrophages are responsible for enhanced HSV-1 clearance from corneas of 
B7-H1−/− mice

We next asked if local depletion of macrophages using combined subconjunctival injections 

of clodronate-liposomes and anti-Ly6C (clone MONTS1) on the day of infection would alter 

the enhanced HSV-1 clearance from corneas of B7-H1−/− mice. The treatment significantly 

reducedLy6C+ Gr-1int – low monocytes/macrophages from the cornea at 2 dpi (Fig. 7A). As 

expected, HSV-1 clearance was significantly enhanced (p< 0.001) in corneas of mock-

depleted B7-H1−/− mice compared to mock-depleted WT mice at 2 dpi (Fig. 7B). Viral titers 

were significantly (p < 0.001) increased in B7-H1−/− mouse corneas that were depleted of 

macrophages (Fig. 7C). Macrophage depletion also increased viral titers in corneas of WT 

mice (p = 0.055). Macrophage depletion caused a significantly larger increase in viral titers 

in B7-H1−/− mice compared to WT mice, and titers in macrophage depleted B7-H1 and WT 

mice were not significantly different. These findings demonstrate that monocytes/

macrophages are not only involved in HSV-1 clearance, but are responsible for the enhanced 

antiviral activity in corneas of B7-H1−/− mice at 2 dpi. We propose that the increased 

infiltration of monocytes/macrophages in mock depleted corneas of WT mice compared to 

B7-H1−/− mice at 2 dpi might reflect compensation for PD-1/PD-L1-induced functional 

compromise of monocyte/macrophages and the accompanying increase in viral titers.

As shown in Figure 1, viral clearance from corneas is nearly complete by 4 dpi, and the 

enhancing effect of PD-1/PD-L1 interaction, though statistically significant, is less 

pronounced. In these experiments the viral titers were very low in all groups at 4 dpi, and the 

inhibitory effect of PD-1/PD-L1 interaction was not apparent in these experiments (data not 

shown).

Enhanced HSV-1 clearance requires PD-L1 expression on non-hematopoietic cells

Since PD-L1 is expressed on both hematopoietic (Fig. 2B) and non-hematopoietic (Fig. 2A) 

cells in HSV-1 infected corneas, we sought to determine which type(s) of PD-L1 positive 

cell contributes to the enhanced viral clearance at 2 and 4 dpi. Accordingly, we created bone 

marrow chimeric mice by transferring either WT bone marrow cells into irradiated WT or 

B7-H1−/− mice or B7-H1−/− bone marrow into irradiated WT mice. The B7-H1−/− to WT 

chimeras showed similar HSV-1 clearance at 2 and 4 dpi to WT to WT chimeras (data not 

shown). However, chimeras comprised of WT bone marrow in B7-H1−/− mice exhibited 

enhanced viral clearance at both 2 and 4 dpi (Fig. 8). Thus, enhanced viral clearance from 

infected corneas requires PD-L1 expression only on non-hematopoietic cells.
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Discussion

Following primary HSV-1 corneal infection the virus replicates in corneal epithelial cells 

forming characteristic dendritic or geographic shaped lesions. The duration of virus 

replication appears to vary somewhat with the strain of virus and the strain of mice used. In 

our hands, HSV-1 KOS or RE strains are largely cleared from the corneas of C57BL/6 mice 

by 4-6 dpi. In contrast, clearance of the HSV-1 McKrae strain from the corneas of C57BL/6 

mice has been shown to take more than 7 days (10). The more rapid clearance of HSV-1 

KOS and RE would suggest primary involvement of an innate immune response, while the 

slower clearance of the McKrae strain might suggest greater involvement of adaptive 

immunity. Thus, regulation of viral clearance might be different in corneas infected with 

different strains of virus.

The cornea exhibits a degree of immune privilege due to the constitutive expression of a 

variety of inhibitory molecules including PD-L1 (1–4). PD-L1 functions primarily by 

binding to PD-1 on effector cells (T cells, B cells, NK cells, macrophages etc) and delivering 

an inhibitory signal leading to functional impairment (11, 12). There is ample evidence that 

cells of the innate immune system such as macrophages, DCs, and NK cells express PD-1, 

and that their function can be negatively regulated by PD-1 signaling following binding of 

ligands such as PD-L1 (13–17). However, PD-L1 can also bind CD80 (18), and PD-L1 on 

naïve T cells is required for DC maturation, including CD80 expression on DCs (19). 

Decreased CD80 expression on lymph node dendritic cells through PD-L1 blockade has 

been associated with decreased expansion of HSV-specific CD8+ T cells and delayed 

clearance of HSV-1 McKrae from corneas of C57BL/6 mice as measured at 7 dpi (10). 

PD-1/PD-L1 regulation of early viral clearance by the innate immune system was not 

examined in that study. Here we examined the effect of PD-L1 expression on the more rapid 

clearance of HSV-1 KOS from infected corneas.

We confirm previous findings (2) that PD-L1 is constitutively expressed on corneal 

epithelium and demonstrate that expression is increased following HSV-1 corneal infection, 

with peak expression at 4 dpi. We further demonstrate that innate immune cells including 

NK cells, DCs, neutrophils, and macrophages are recruited to the corneas of C57BL/6 mice 

within 2 days of HSV-1 KOS corneal infection. We observed that a much higher frequency 

of these innate immune cells express PD-L1 in the cornea when compared to their 

counterparts in the spleen, suggesting a general up-regulation of PD-L1 on both 

hematopoietic and non-hematopoietic cells in infected corneas. The expression of PD-L1 is 

regulated by type I and type II interferon, both of which are rapidly expressed in infected 

corneas (20–22).

Corneal whole mounts of B7-H1−/− mice infected with HSV-1 KOS that expresses eGFP 

from a viral immediate early promoter showed increased leukocytic migration towards the 

central cornea compared to WT mice, which correlated with significantly increased 

expression of chemokines and adhesion molecules associated with leukocytic extravasation. 

Moreover, the viral lesions appeared to be completely absent from the peripheral corneas 

and reduced in the central corneas of B7-H1−/− mice as early as 1 dpi, consistent with viral 

clearance by the advancing leukocytic infiltrate.
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In our experiments HSV-1 KOS and RE strains are nearly cleared from mouse corneas by 4 

dpi. We, and others have shown that NK cells contribute to HSV-1 clearance from corneas at 

late (4 dpi), but not earlier times after infection (9, 20). Our current study confirmed 

previous results showing that NK cell depletion significantly increases HSV-1 corneal titers 

at 4 dpi, but demonstrated that the increase was reversed by simultaneous PD-L1 blockade. 

Thus, PD-L1 blockade can augment HSV-1 clearance from the cornea at 4 dpi by an NK 

cell-independent mechanism. However, in some experiments HSV-1 clearance was nearly 

complete by 4 dpi even in corneas where PD-1/PD-L1 was not blocked, so that an enhancing 

effect of PD-1/PD-L1 interaction could not be observed. We conclude that PD-1/PD-L1 

interaction primarily regulates very early clearance of HSV-1 from corneas at 2 dpi.

Ly6G is expressed at high levels on neutrophils and low levels on monocytes/macrophages. 

Local (subconjunctival) injection of anti-Ly6G antibody effectively reduced the number of 

neutrophils in infected corneas of B7-H1−/− mice, but did not significantly influence the 

monocyte/macrophage numbers. However, depleting neutrophils had no effect on HSV-1 

clearance from corneas of B7-H1−/− or WT mice. This is consistent with the apparent lack of 

involvement of neutrophils in HSV-1 clearance from corneas of WT mice reported 

previously (20, 23), and their lack of involvement in HSV-1 clearance following nasal and 

skin infection observed by others (24, 25).

The F4/80+ Ly6C+population is comprised of macrophages (Gr-1low) and inflammatory 

monocytes (Gr-1int), and both of these populations are present in the cornea early after 

HSV-1 infection (20, 26, 27). Systemic depletion of macrophages from mice with 

clodronate-liposomes was previously shown to significantly increase acute HSV-1 

replication in the peripheral nervous system following HSV-1 corneal infection (28). We 

employed a previously established subconjunctival treatment of mice with a combination of 

clodronate-liposomes and anti-Ly6C antibody. This treatment has been shown to effectively 

eliminate tissue resident macrophages from corneas during latent HSV-1 infections (7). 

Although the monocyte/macrophage population was small in the infected cornea at 2 dpi, 

their depletion completely abrogated the enhanced HSV-1 clearance from the cornea, 

suggesting an important role for these cells in HSV-1 clearance from the cornea, and their 

requisite role in the enhanced clearance resulting from disruption of PD-1/PD-L1 interaction 

in the cornea.

Since PD-L1 is expressed on both resident corneal cells and on leukocytes that infiltrate the 

infected cornea within 2 days of HSV-1 infection, it was of interest to determine which cell 

type inhibited viral clearance through PD-L1. We employed bone marrow chimeric mice in 

which PD-L1 was knocked out on only bone marrow-derived cells or on only non-bone 

marrow-derived cells. The results showed an important role for PD-L1 expression on non-

hematopoietic cells but not on hematopoietic cells for enhanced HSV-1 clearance from the 

cornea. Since PD-L1 is upregulated on corneal epithelial cells while they are supporting 

HSV-1 replication, it is likely that PD-L1 expression inhibits viral clearance from these cells 

by inflammatory monocytes or macrophages.

We conclude that PD-1/PD-L1 blockade enhances early HSV-1 clearance from the cornea by 

augmenting innate immunity. The improved clearance is seen as early as 1 day after 
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infection and is associated with increased expression of chemokines and adhesion 

molecules, and a more rapid and robust leukocytic infiltration of the central cornea. 

Although several cellular components of the innate immune system including NK cells, 

monocytes/macrophages, neutrophils, and DCs rapidly infiltrate the cornea after infection, it 

appears that PD-1/PD-L1 blockade augments viral clearance primarily by enhancing the 

antiviral activity of monocytes/macrophages. It should be noted that our studies involved a 

primary infection model. It remains to be determined if a similar effect would be observed 

with lesions resulting from reactivation of latent HSV-1, more commonly seen in humans. 

Nonetheless, our findings are consistent with the notion that short-term use of PD-L1 

blocking reagents might have therapeutic efficacy for treating HSV-1 corneal epithelial 

disease.
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Figure 1. PD-1/PD-L1 interactions regulate HSV-1 clearance from infected corneas
(A) WT or B7-H1−/− C57BL/6 mice were bilaterally infected with HSV-1 KOS. At various 

days post-infection the corneas were swabbed, infectious HSV-1 was quantified in a viral 

plaque assay, and data are recorded as plaque forming units (pfu)/swab ± SEM. For WT 

mice n = 20 mice at 1 dpi, n=14 mice at 2 dpi, n= 8 mice at 3 dpi and n= 6 mice at 4 dpi; for 

B7-H1−/− mice n = 20 mice at 1 dpi, n = 17 mice at 2 dpi, n = 8 mice at 3 dpi and n = 9 

mice at 4 dpi. (B) Corneas of WT or B7-H1−/− C57BL/6 mice were infected with HSV-1. At 

the time of infection WT mice received a subconjunctival injection of anti-PD-L1 or PBS. 

Corneas were swabbed at 1 and 3 dpi, infectious HSV-1 was quantified in a viral plaque 

assay, and data are recorded as pfu/swab ± SEM. Mann-Whitney tests were used to assess 

the significance of differences at individual days.
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Figure 2. PD-L1 is rapidly upregulated in the cornea after HSV-1 infection
Corneas of WT C57BL/6 mice were infected with HSV-1 and (A) were excised at various 

days post-infection (dpi), stained for PD-L1, and flat mounts were analyzed by confocal 

microscopy. A representative photomicrograph shows the level of PD-L1 expression on 

corneal epithelium increased following infection, peaking at 4 dpi. (B) Single cell 

suspensions of pooled corneas obtained at 2 and 4 dpi or spleen cells obtained at 4 dpi were 

stained for CD45 (all leukocytes), NK1.1 (NK cells), CD11c (Dendritic Cells), Gr-1High, 

F4/80− (Neutrophils), F4/80+,Gr-1int-low (Macrophages) and PD-L1 and were analyzed by 

flow cytometry. The cells were gated on CD45 and the frequency of PD-L1 positive cells 

within each leukocyte subpopulation was assessed in 3 pools of 6 corneas and 9 spleens. The 

significance of group differences was assessed using a one-way ANOVA with Tukey’s post-

tests (*p< 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, ns p> 0.05)
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Figure 3. PD-L1 regulates expression of chemokines, adhesion molecules, and viral genes 
expression in infected corneas
(A) Corneas of WT and B7-H1−/− mice were infected with HSV-1 KOS, excised 1 day after 

infection, total mRNA was extracted, and the levels of specific mRNAs were assessed by 

NanostringR (n=4 mice per group). Mouse genotype significantly influenced overall gene 

expression (p<0.0001, two-way ANOVA). Shown are those genes whose expression differed 

substantially between WT and B7-H1−/− mice as assessed by a Mann Whitney Rank Sum 

Test. (B) Corneas of WT and B7-H1−/− mice were infected with a recombinant HSV-1 KOS 

that expresses eGFP under the immediate early ICP0 viral promotor. The corneas were 

excised 1 day after infection, stained for CD45 (blue) and Gr-1 (red) and analyzed by 

confocal microscopy. A representative photomicrograph shows dramatically reduced viral 

gene expression in corneal epithelial cells (green) and increased infiltration of mainly 

CD45+, Gr-1+ cells into the central cornea of B7-H1−/− mice.
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Figure 4. Expression of PD-1 by infiltrating immune cells
(A) Corneas of wild type mice were not infected or infected with HSV-1 KOS. At 2 and 4 

dpi corneas were excised, single cell suspensions of pools of 6 corneas were stained for 

CD45 (leukocytes), NK1.1 (NK cells), CD11c (DC), Gr-1 (neutrophils, inflammatory 

monocytes), F4/80 (macrophages), and for PD-1. A defined number of fluorescent beads 

were added to each cell sample to determine absolute cell numbers. Samples were gated on 

CD45 and the number of each leukocyte subpopulation in each pool of 6 corneas was 

determined by flow cytometry. (B-D) Corneas of wild type and B7-H1−/− mice were infected 
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with HSV-1 KOS. At 2 and 4 dpi corneas were excised, single cell suspensions were 

prepared, stained for CD11b, Gr-1, F4/80, and PD-1 and analyzed by flow cytometry(B) 
Representative flow plots gated on CD45 cells illustrate levels of PD-1 expression on 

neutrophils (large, granular CD11bhigh Gr-1high F4/80−), macrophages (CD11b+, 

F4/80int – low), and non-myeloid cells (CD11b− Gr-1−, F4/80). Little or no PD-1 expression 

was detected on neutrophils. Scatter plot shows the frequency of PD-1+ cells within the (C) 
macrophage gate and (D) non-myeloid cell gate. The significance of differences between 

genotypes at individual days in C & D was assessed by a two-way ANOVA with Sidak’s 

post-tests (***p<0.001).
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Figure 5. Effect of neutrophil depletion on HSV-1 clearance from corneas of B7-H1 KO mice
B7-H1−/− mice received subconjunctival injections of a control antibody or anti-Ly6G 

antibody (clone IA8) to locally deplete neutrophils at the time of HSV-1 corneal infection. 

(A) Corneas that received subconjectivial injections of IA8 were excised at 2 DPI and single 

cell suspensions were stained for CD45, CD11b, and Gr-1 (clone RB6) and analyzed by 

flow cytometry. The IA8 treatment (DEPL-dark grey line) removed the Gr-1hi population 

compared to the control antibody treatments (CTRL-light grey line). (B&C) Neutrophils 

(CD11b+Ly6Ghigh) were still depleted at 4 DPI compared to control treated corneas. 

Corneas were swabbed at 2 and 4 dpi, infectious virus was quantified in a standard virus 

plaque assay, and data are recorded as pfu/swab ± SEM. Differences between treatment 

groups were not statistically significant (p>0.05) and there was not a significant interaction 

between the variables of time and treatment (two-way ANOVA with Sidak’s post-tests). The 

data are from a representative experiment that was repeated with similar results
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Figure 6. Effect of NK cell depletion on HSV-1 clearance from corneas of B7-H1−/− mice
WT C57BL/6 mice received subconjunctival injections of PBS, anti-ASGM-1 (30ng), or a 

combination of anti-ASGM-1(30 ng) and anti-PD-L1 (30 ng) 1 day before infection and at 2 

dpi. (A) Corneas were excised at 6 dpi, single cell suspensions were prepared, stained with 

antibodies to CD45, NK1.1, and PD-L1 (clone used for in vivo blockade), and analyzed by 

flow cytometry. Representative flow plots show effective NK cell depletion from corneas 

(top row) and effective blocking of PD-L1 (bottom row) on CD45+ cells. (B) Corneas were 

swabbed 4 days after infection, infectious virus was quantified in a viral plaque assay, and 

data are recorded as pfu/swab ± SEM. Data were analyzed with a one-way ANOVA with 

Tukey’s post-tests (*p ≤ 0.05, **p≤ 0.01)
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Figure 7. Effect of macrophage depletion on HSV-1 clearance from corneas of B7-H1−/− mice
WT and B7-H1−/− mice received subconjuctival injections with clodronate-liposomes and 

anti-LY6C antibody (clone MONTS1) or PBS-liposomes immediately before HSV-1 corneal 

infection. At 2 dpi corneas were excised, single cell suspensions prepared, stained for CD45, 

Gr-1, F4/80 and CD11b and analyzed by flow cytometry. (A) Representative flow plots of 

corneal cells from WT mice obtained at 2dpi (top panel) gated on CD45 and CD11b show 

effective depletion of monocytes/macrophages within the Ly6C+ and Gr-1int – low gate. (B) 

Scatter plots based on gates in (A) show significant depletion of macrophages from corneas 

of WT (p < 0.05) and B7-H1−/− (p < 0.05) mice at 2dpi (top panel). Data were analyzed by a 

one-way ANOVA and individual group differences were assessed by a Rank Sum post-hoc 

test. (C) Corneas of macrophage-depleted and mock-depleted (Ctrl) WT and B7-H1−/− mice 

were swabbed at 2 dpi, infectious virus was quantified in a viral plaque assay, and data 

recorded as pfu/swab ± SEM. As expected, mock depleted WT mice had higher viral titers 

than mock depleted B7-H1−/− mice at 2 dpi (p < 0.001). Macrophage depletion significantly 

increased viral titers in both WT and B7-H1−/− mice at 2 dpi, and viral titers were not 

significantly different in the depleted corneas (p> 0.05). Data were log-transformed to 

normalize the distribution and analyzed with a one-way ANOVA with posttests. The data are 

from a representative experiment that was repeated twice more with statistically similar 

results.
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Figure 8. HSV-1 clearance is regulated by PD-L1 expression on non-hematopoetic cells
Chimeric mice were generated by transferring bone marrow from wild type (WT) mice into 

irradiated WT recipient mice (WT to WT) or to B7-H1−/− recipients (WT to B7-H1−/−). The 

fully reconstituted mice received corneal HSV-1 infections. The infected corneas were 

swabbed at 2 (A) and 4 (B) dpi, infectious virus was quantified in a viral plaque assay, and 

data were recorded as pfu/swab ± SEM. Group differences were statistically significant at 

both 2 dpi (p = 0.04) and 4 dpi (p = 0.005) based on unpaired t-tests. Data are pooled from 

three independent experiments.
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