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Abstract

Background/Aims—Herpes simplex virus (HSV) type I keratitis remains a leading cause of 

corneal morbidity, despite the availability of effective antiviral drugs. Improved understanding of 

virus-host interactions at the level of the host DNA damage response (DDR), a known factor in the 

development of HSV-1 keratitis, may shed light on potential new therapeutic targets. This report 

examines the role of checkpoint kinase 2 (Chk2), a DDR mediator protein, in corneal epithelial 

HSV-1 infection.

Methods—A small-molecule inhibitor of Chk2 (Chk2 inhibitor II) was applied to HSV-1-

infected cultured human corneal epithelial cells (hTCEpi and HCE) as well as to explanted and 

organotypically cultured human and rabbit corneas. Infection levels were assessed by plaque assay 

and real-time PCR. RNAi-mediated depletion of Chk2 was performed to confirm the effect of the 

inhibitor.

Results—Inhibition of the Chk2 kinase activity greatly suppresses the cytopathic effect, genome 

replication and infectious progeny production in vitro and ex vivo.

Conclusion—This report demonstrates the critical role of Chk2 kinase in the establishment of 

HSV-1 corneal epithelial infection. These data contribute to our understanding of herpesvirus-host 

interactions and underscore the significance of DDR activation in HSV-1 keratitis.
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Introduction

Ocular infections with members of the Herpesviridae family of viruses cause substantial 

ophthalmic impact. Among the most recognized pathogens are herpes simplex virus (HSV) 

types 1 and 2, varicella zoster virus, cytomegalovirus and Epstein-Barr virus [1]. The alpha-
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subfamily (HSV-1/2 and VZV) is notoriously problematic in the cornea, where they 

manifest as recurrent painful disease after periodically emerging from latency in the 

trigeminal ganglia. HSV-1 in particular is known to cause infection in several ocular tissues, 

including the cornea, conjunctiva, uvea and even the retina. It is the most common cause of 

both cornea-derived and infection-associated blindness in developed countries. The 

prevalence of herpes keratitis (HK) among the US population is approximated at 500,000, 

with roughly 20,000 new cases annually [2, 3] . In the majority of cases, HK is effectively 

treated with oral acyclovir and/or topical nucleoside analogs, such as ganciclovir, trifluridine 

or valaciclovir. In spite of the effectiveness of these therapies, a number of patients develop 

refractory disease that may have sight-threatening consequences, such as permanent 

scarring, thinning and opacification of the cornea [4], necessitating corneal transplantation 

for vision restoration. Difficult cases most commonly develop due to the breakdown of the 

corneal immune privilege, leading to lymphocytic involvement of the stroma [4]; however, 

resistance to antiviral drugs is beginning to emerge as another cause of refractory disease 

[5–8].

While drug-resistant HSV strains are infrequently encountered in healthy patients, the 

immunocompromised population is at a significantly higher risk of developing resistant 

infection [9] . This is primarily due to the importance of adaptive immunity in promoting 

ganglionic latency of the virus [10] , but is also attributed to the diminished immune 

response at the site of infection [11], as evidenced by the fact that immunosuppressive 

corticosteroids used in stromal keratitis potentiate viral replication in the cornea [12, 13]. 

This issue is further compounded by multidrug resistance [14], since antiviral agents 

currently in use for HK treatment predominantly function through the same mechanism. 

Most of them are delivered as prodrugs that require an activating phosphorylation by the 

viral thymidine kinase (TK), which enables them to directly inhibit the DNA polymerase 

enzyme. Since the thymidine kinase is dispensable for viral replication, mutagenesis of this 

gene is the ideal mechanism of developing drug resistance, accounting for approximately 

95% of clinical reports [15] . Mutations in the polymerase gene itself are more likely to be 

deleterious, making this only a minor mechanism of resistance.

The immunocompromised/immunosuppressed population is expanding due to such major 

contributors as HIV/AIDS, organ transplantation and cancer, but also many milder 

conditions, such as rheumatoid arthritis and inflammatory bowel disease etc. In light of this 

trend, effective management of drug-resistant HK in this growing population necessitates 

the exploration of novel antiviral targets. We have previously reported the identification of 

ataxia telangiectasia mutated (ATM), an apical kinase in the mammalian DNA damage 

response (DDR), as a potential antiviral target specifically in the context of HSV-1 keratitis 

[16]. The DDR in general, including ATM, is manipulated by many viruses in order to 

optimize replication conditions [17]. HSV-1 induces rapid and potent activation of ATM, 

which is a critical step in establishing productive infection [16, 18]. Neither the upstream 

mechanisms of ATM activation nor the downstream significance of this event are known. 

To provide improved understanding of this mechanism, the present work aims to determine 

whether checkpoint kinase 2 (Chk2), a known target of ATM [19], is a relevant downstream 

mediator involved in HSV-1 infection of corneal epithelium.
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Chk2 is a multifunctional serine/threonine kinase that was originally named for its role in 

cell cycle regulation [20–24], but since then has been implicated in several other critical 

aspects of cellular biology, including chromatin architecture and remodeling [25] , apoptosis 

[26], transcription [27, 28], and DNA recombination and repair [29, 30]. In this study we 

used a highly specific small-molecule inhibitor of Chk2, Chk2 inhibitor II [31]. We 

demonstrate that Chk2 activation occurs very early in the course of HSV-1 infection, and 

that inhibition of Chk2 kinase activity potently suppresses viral replication in human corneal 

epithelial cells, as well as in organotypically explanted human and rabbit corneas. Our work 

identifies Chk2 as a relevant factor in HSV-1 corneal infection and warrants further 

investigation into the mechanisms underlying its involvement. In vivo studies and toxicity 

evaluation are necessary to assess the therapeutic relevance of these findings.

Materials and Methods

Cells and Viruses

All cells were cultured at 37°C and 5% CO2, and supplemented with 100 U/ml of penicillin 

and 100 μg/ml of streptomycin. Human corneal epithelial cells immortalized with hTERT 

(hTCEpi [32], a kind gift from Dr. James Jester, University of California, Irvine, Calif., 

USA) were grown in complete Keratinocyte Growth Medium-2 (KGM-2; Lonza, Basel, 

Switzerland). Human corneal epithelial cells immortalized with SV40 large T antigen (HCE 

[33], a kind gift from Dr. Peter Reinach, SUNY College of Optometry), as well as African 

green monkey kidney fibroblasts (CV-1 [34], American Type Culture Collection), were 

grown in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS (Cellgro, 

Manassas, Va., USA). The KOS strain [35] of HSV-1 (a kind gift from Dr. Stephen 

Jennings, Drexel University College of Medicine) was used in all infections. All viral stocks 

were titered on CV-1 monolayers.

A tetracycline-inducible Chk2 knockdown cell line was derived by lentivirally transducing 

HCE cells with a construct harboring shRNA sequence against the Chk2 transcript. The 

construct was generated as previously described [36, 37] . The Chk2 shRNA sequence 

(NM_007194.2–1299s1c1; Sigma-Aldrich, St. Louis, Mo., USA) targets the following 

region: 5′-CGCCGTCCTTTGAATA-ACAAT-′. Lentiviral particles were produced in 293T 

packaging cells using a previously described method [38]. HCE cells were selected with 

neomycin after transduction, and knockdown induction was verified by Western blot. Chk2 

was optimally knocked down after a 72-hour treatment with doxycycline (0.25 μg/ml).

Infection and Treatments of Cultured Cells

Cells were grown in 6-well plates and used in experiments at ~80% confluence. Drug 

treatments were administered 45 min prior to infection and continued for the entire duration 

of each experiment. Unless indicated otherwise, Chk2 inhibitor II (>98% purity by HPLC) 

was used at a 10-μM final concentration, and phosphonoacetic acid (PAA) at 400 μg/ml 

(both from Sigma-Aldrich). Chk2 inhibitor II was dissolved in dimethyl sulfoxide (DMSO) 

such that the final concentration of DMSO in both Chk2 inhibitor II and mock treatment was 

0.1%. Infections with the KOS strain of HSV-1 were carried out in 6-well plates in a 200-μl 
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inoculum volume at 37°C for 1 h with intermittent rocking. The cells were then thoroughly 

rinsed and overlaid with fresh medium.

Corneal Explant Model

Human corneas were obtained from the Lions Eye Bank of Delaware Valley. Rabbit corneas 

were excised from intact fresh eyeballs of young (8–12 weeks) albino rabbits (Pel-Freez 

Biologicals, Rogers, Ark., USA). The protocol established by Alekseev et al. [39] for ex 

vivo corneal culture and infection was followed, and treatment was administered 

immediately after infection. Briefly, corneoscleral buttons were excised and rinsed in PBS 

containing 200 U/ml of penicillin and 200 μg/ml of streptomycin. The endothelial concavity 

was filled with culture medium containing 1% low melting temperature agarose. The 

corneas were cultured epithelial side up in minimum essential medium supplemented with 

nonessential amino acids (1×), 2 mM of L -glutamate, 200 U/ml of penicillin and 200 μg/ml 

of streptomycin (Cellgro). The next day, they were infected with 1 × 10 4 PFU/cornea of 

strain KOS HSV-1 for 1 h, rinsed, and overlaid with fresh medium. Drug treatments were 

administered at the same concentrations as for cultured cells. The epithelial cell layer was 

collected by scraping the corneas for isolation of total DNA. For immunohistochemistry 

studies, corneas were flash-frozen in Tissue-Tek optimal cutting temperature compound 

(Sakura Finetek, Tokyo, Japan), sectioned, and immunostained using standard protocols.

Viral Replication

Total DNA from infected cells and corneas was isolated using the DNeasy Blood and Tissue 

Kit (QIAGEN, Hilden, Germany). Real-time quantitative PCR was performed with SYBR 

Green (Bio-Rad, Hercules, Calif., USA). Target primers for UL30 (DNA polymerase 

catalytic subunit) and reference primers for GAPDH were used to measure the viral genome 

abundance. Primer sequences were based on the KOS genome (accession No. JQ673480.1) 

and had been published previously. UL30 primers [40] (Fwd: 

AGAGGGACATCCAGGACTTTGT; Rev: CAGGCGCTTGTTGGTGTAC) produce a 74-

bp amplicon, and GAPDH primers [41] (Fwd: GCTTGCCCTGTCCAGTTAAT; Rev: 

TAGCTCAGCTGCACCCTTTA) produce a 101-bp amplicon. All real-time PCR data were 

processed using the Pfaffl method [42], which yields relative template levels via the 

following equation:

Primer efficiencies (E) were calculated for both primer pairs. Melt peaks were examined for 

every reaction in every experiment, and reactions with aberrant melt peaks were excluded 

from calculations.

Immunohistochemistry

Corneas were flash-frozen in optimal cutting temperature compound, sectioned at a 10-μm 

thickness, dried, fixed in 3% paraformaldehyde/2% sucrose solution for 10 min, and 

permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) for 5 min. Indirect 
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immunofluorescence was performed with primary antibodies against cleaved caspase-3 

(rabbit polyclonal; Cell Signaling, Danvers, Mass., USA). Nuclei were counterstained with 

10 mg/ml Höchst 33258 (Sigma-Aldrich).

Western Blot

Standard protocol was followed for Western blot analysis. Cell lysates were collected in 200 

μl of Laemmli buffer, vortexed, and boiled at 95°C for 5 min. Protein concentrations were 

measured by reducing agent-compatible BCA assay. SDS-PAGE was followed by transfer 

onto a PVDF membrane, which was then blocked in 5% BSA. Primary antibodies against 

the following proteins were used: nucleolin (mouse monoclonal; Santa Cruz Biotechnology, 

Santa Cruz, Calif., USA), ATM and pATM S1981 (rabbit polyclonal and mouse 

monoclonal, respectively; Rockland, Gilbertsville, Pa., USA), Chk2 and pChk2 T68 (rabbit 

polyclonal and mouse monoclonal, respectively; Cell Signaling). Blots were stained with 

secondary antibodies and visualized with the Odyssey near-infrared system (LI-COR, 

Lincoln, Nebr., USA).

Statistical Analysis

Statistical significance was determined using two-tailed unpaired Student’s t test and is 

indicated with: no significance (n.s.), *p < 0.05, **p < 0.01, or ***p < 0.001.

Results

Inhibition of Chk2 Suppresses HSV-1 Replication in Human Corneal Epithelial Cells

As previously reported by us [16] and others [18], the activating autophosphorylation of 

ATM (Ser 1981) and the subsequent activating phosphorylation of Chk2 (Thr 68) are 

detected within the first hour of HSV-1 infection (fig. 1a). In a control experiment, UV-

inactivated virus failed to induce Chk2 phosphorylation (online suppl. fig. 1; see 

www.karger.com/doi/10.1159/000366228 for all online suppl. material), indicating that this 

is not an experimental artifact due to a contaminant present in the inoculum, but rather a 

direct consequence of HSV-1 infection. Li et al. [43] have previously shown that human 

colorectal carcinoma cells (HCT116) deficient in Chk2 expression are impaired in their 

ability to support productive HSV-1 infection compared to Chk2-expressing controls. In 

order to address this phenotype in nontumorigenic cells, we used two human corneal 

epithelial cell lines – hTCEpi and HCE – which are known to be contact-inhibited and are 

derived from healthy corneas. These cell lines were also chosen based on their different 

immortalization methods (hTERT and SV40 large T antigen, respectively) to exclude the 

possibility of immortalization-specific results. We infected subconfluent cells with HSV-1 at 

a relatively low multiplicity of infection (MOI 0.1) to imitate the physiological condition, 

and used a highly specific small-molecule inhibitor of Chk2, Chk2 inhibitor II, to assess the 

significance of this kinase during infection. We first performed dose optimization in hTCEpi 

cells, which confirmed the 10-μM concentration that is accepted in the literature (online 

suppl. fig. 2a). Treatment with this inhibitor almost completely eliminated the cytopathic 

effect (CPE) associated with HSV-1. CPE reduction was pronounced even past 20 hpi 

(hours postinfection; fig. 1b), a time point at which these cells undergo at least three rounds 

of reinfection. HSV-1-associated CPE in hTCEpi cells typically manifests as pronounced 
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elongation of the cell body, which is later followed by rounding and detachment from the 

tissue culture plate.

To obtain a quantitative measure of the antiviral effect of Chk2 inhibitor II, we used a qPCR 

assay to detect viral genomes in the treated monolayers. Inhibition of Chk2 profoundly 

reduced viral replication in both cell types (fig. 2a, b). Accordingly, this inhibitory effect 

was paralleled by a reduction in the generation of infectious viral particles in treated cells 

compared to controls, as measured by plaque assay (fig. 2c, d). To test the antiviral potency 

of Chk2 inhibitor II in a setting of heavy HSV-1 infection, we treated hTCEpi cells that had 

been infected at MOI 5, a viral load 50-fold higher than that used earlier. qPCR 

measurement of viral genome levels revealed a reduced yet still substantial decrease in 

replication associated with Chk2 inhibition (fig. 2e).

In order to confirm the antiviral effect of the inhibitor, we interfered with Chk2 activity by 

RNAi-mediated gene knockdown. Stable depletion of Chk2 in normal corneal epithelial 

cells was not possible due to its toxic consequences. To circumvent this, we used HCE cells 

to derive stable cell lines harboring tetracycline-inducible shRNA against Chk2 or 

nontargeting shRNA control. Chk2 knockdown was induced with doxycycline for 72 h prior 

to infection with HSV-1, and genome replication was measured by qPCR. Chk2 protein 

levels were assessed by Western blot using lysates collected at the time of infection (fig. 3, 

inset). Chk2 knockdown had an inhibitory effect on viral infection in HCE cells (fig. 3), 

albeit not as pronounced as the effect of Chk2 inhibitor II. This discrepancy is most likely 

due to the residual Chk2 kinase that could not be eliminated in our system, since 

densitometry measurements show incomplete knock-down (81.7%); however, we cannot 

rule out that the inhibitor may exert off-target effects that contribute to reduced viral 

replication. Nevertheless, this result agrees with our inhibitor data and confirms that the 

antiviral activity of Chk2 inhibitor II, at least to a large extent, is achieved through specific 

inhibition of the Chk2 kinase.

Inhibition of Chk2 Suppresses HSV-1 Replication in Explanted Human and Rabbit Corneas

In order to extend our in vitro findings to a more physiologically relevant model, we 

followed the method of Alekseev et al. [39] for ex vivo corneal HSV-1 infection. Human 

and rabbit corneoscleral buttons were maintained in organotypic tissue culture and infected 

with HSV-1 in the presence of Chk2 inhibitor II. A 10-μM drug concentration was used 

based on additional dose optimization carried out in explanted human corneas (online suppl. 

fig. 2b). qPCR measurement of viral genome levels at 48 hpi demonstrated that corneas 

treated with the inhibitor did not support productive infection, as compared to mock-treated 

controls (fig. 4). There was no statistical significance between viral genome levels in the 

Chk2 inhibitor II-treated human corneas and positive controls treated with PAA. HSV-1 

inhibition was slightly less potent in rabbit than in human corneas, which may be explained 

by the specificity of the inhibitor for the human enzyme.

In light of these findings, we sought to investigate the long-term effects of Chk2 inhibition 

in the explant model. To this end, we infected rabbit corneas and maintained them in culture 

with uninterrupted treatment with Chk2 inhibitor II for 2 days. At this point, the drug was 

removed from the medium, and all corneas were cultured in inhibitor-free medium for 2 
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more days, during which time epithelial DNA samples were collected (fig. 5, inset). qPCR 

analysis revealed a lasting effect of Chk2 inhibition that was maintained as late as 96 hpi 

(the latest time point tested; fig. 5). HSV-1 seemed to resume normal growth following the 

removal of inhibitor, indicating that Chk2 inhibition suppresses viral replication, but does 

not eliminate the infected cells.

Finally, we assessed the effect of Chk2 inhibition on overall corneal health during infection. 

Explanted human corneas were infected with HSV-1 and treated with Chk2 inhibitor II or 

mock (DMSO), as in the previous experiments (fig. 4). At 48 hpi, corneas were analyzed by 

immunohistochemistry with antibodies against cleaved caspase-3, a common marker of 

apoptosis. Mock-treated corneas developed notable limbal apoptosis in response to HSV-1 

infection; however, this was abrogated in corneas treated with Chk2 inhibitor II (fig. 6).

Discussion

Our prior work had highlighted the critical role of the ATM kinase in the development of 

HSV-1 keratitis and demonstrated that inhibition of ATM may be a potential therapeutic 

strategy in combatting HK [16]. ATM is an apical DDR protein known to have numerous 

cellular roles and downstream targets [44] . The mechanism whereby ATM activation 

facilitates HSV-1 replication in the cornea is unknown. Since Chk2 kinase is a widely 

recognized signaling target of ATM that has been implicated in viral infections in general 

and HSV-1 in particular, this report examines the significance of Chk2 activity in corneal 

epithelial HSV-1 infection. We show that blocking Chk2 kinase activity with a small-

molecule inhibitor produces pronounced inhibition of infection in two different human 

corneal epithelial cell lines. This inhibition is detectable by monitoring viral genome levels 

and the production of infectious viral particles, and visually by observing the CPE of the 

virus. In addition, we were able to extend these in vitro findings into the ex vivo model of 

corneal epithelial keratitis, where Chk2 inhibition blocked viral replication in human and 

rabbit corneas. These findings expand our knowledge on the role of the DDR in the 

pathogenesis of HK, and establish Chk2 kinase as a significant factor that mediates the pro-

viral effect of ATM activation in corneal epithelial HSV-1 infection.

Further elucidation of the events downstream of Chk2 is necessary to gain detailed 

understanding of this mechanism in order to propose target-specific therapies. This 

mechanism is currently being investigated. Chk2 has several known phosphorylation 

substrates, one or more of which could be potentially relevant in HSV-1 infection. These 

include the DNA repair and recombination proteins BRCA1 [29] and XRCC1 [45]; cell 

cycle regulators Cdc25A/C [20–24], Rb [46], Mdm4 [47] and p53 [48]; transcription factors 

E2F1/3 [49, 50] and FoxM1 [28] , and chromatin packaging regulators PML [51] and 

histone 1 [52] . All of the processes in which these proteins are involved have been 

implicated in HSV-1 infection. DNA repair and recombination are important for the 

resolution of complex branched structures that arise during the replication of the viral 

genome [53] ; however, the virus also protects its genome by inhibiting repair processes. 

Lilley et al. [54] have shown that HSV-1-mediated disruption of BRCA1 recruitment 

prevents the formation of stable ionizing radiation-induced foci. Since BRCA1 is a Chk2 

substrate, phosphorylation by Chk2 may play a role in controlling its recruitment to ionizing 
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radiation-induced foci. The cell cycle is manipulated in order to prime the cellular 

environment for maximal viral genome replication. The virus pushes quiescent cells into the 

G1 phase and prevents their exit by inducing arrest at the G1/S and G2/M checkpoints [55] . 

Activation of Chk2 is known to arrest the cell cycle at both of these checkpoints, and Li et 

al. [43] have demonstrated the importance of Chk2-mediated G2/M stalling for HSV-1 

infection in colorectal carcinoma cells. HSV-1 transcriptional dynamics are complex, tightly 

regulated, and involve combinations of cellular and viral factors [56] . Transcription factors 

phosphorylated by Chk2 may contribute to the enhanced or focused transcription necessary 

to maximize viral replication.

Finally, manipulation of chromatin structure is necessary for the virus to overcome the 

propensity of the cell to suppress the viral genome. Phosphorylation of the H1 linker histone 

is known to occur in HSV-1 infection and leads to the mobilization of linker histones from 

the DNA [57]. Since the accessibility of the viral genome to the transcriptional machinery 

and the DNA polymerase is necessary for productive infection, Chk2 phosphorylation of H1 

linker histone may also be a contributing event. Chromatin disruption is accomplished, at 

least in part, by the dispersal of promyelocytic leukemia (PML) nuclear domains, the 

intrinsic antiviral defense mechanism of the cell, which rapidly assemble on the incoming 

genome to suppress expression and replication [58]. Thus, Chk2-mediated PML 

phosphorylation may be a regulatory step in PML nuclear domain dispersal. Of note is the 

fact that Chk2 is normally found in PML nuclear domains, structures that serve as depots for 

many DDR proteins [59]. PML phosphorylation by Chk2 leads to the release of additional 

Chk2 molecules into the nucleoplasm, where they are subsequently autophosphorylated by 

activated Chk2 [51, 60]. Overall, this creates a feed-forward signal amplification mechanism 

that could be used by HSV-1 to maximize the potential benefits of DDR activation.

In summary, this study establishes Chk2 kinase activity as a critical factor in the interaction 

between HSV-1 and the host DDR, and expands our understanding of the role of ATM 

signaling in the molecular pathology of HK. Animal experimentation is necessary to 

determine if reduction of epithelial keratitis through Chk2 inhibition translates into 

amelioration of the more severe stromal keratitis, and whether the corneal toxicity profile of 

Chk2 inhibitors is compatible with a potential therapeutic use.
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Fig. 1. 
Chk2 inhibition suppresses HSV-1 CPE in human corneal epithelial cells. a hTCEpi cells 

were infected with HSV-1 at MOI 5.0. Lysates were collected at the indicated time points 

and analyzed by Western blot with antibodies specific to the indicated proteins. pATM 

antibody detects autophosphorylation of ATM on Ser 1981, and pChk2 antibody detects its 

activation by phosphorylation on Thr 68 by ATM. Nucleolin is a loading control. b hTCEpi 

cells were infected at MOI 0.1 in the presence of Chk2 inhibitor II (10 μM ). Control cells 

were neither infected nor treated. Mock treatment (DMSO) and viral polymerase inhibitor 

(PAA, 400 μg/ml) were used as negative and positive treatment controls, respectively. Phase 
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contrast images were taken at 20 hpi. A representative field is shown for each treatment. n = 

at least 5 independent experiments.
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Fig. 2. 
Chk2 inhibition suppresses HSV-1 infection in vitro. hTC-Epi and HCE cells were infected 

at MOI 0.1 in the presence of Chk2 inhibitor II (10 μM). Mock treatment (DMSO) and viral 

polymerase inhibitor (PAA, 400 μg/ml) were used as negative and positive treatment 

controls, respectively. Total DNA and medium supernatants were collected for analysis by 

qPCR with primers for the viral genome (a, b ) and plaque assay (c, d ). hTCEpi cells were 

infected at MOI 5.0 and treated in the same manner. Total DNA was analyzed by qPCR with 

primers for the viral genome (e). Bars represent average values ± SEM. n = 3 experimental 

replicates for all.
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Fig. 3. 
Chk2 knockdown reduces HSV-1 replication in vitro. HCE cells harboring tetracycline-

inducible expression of shRNA against Chk2 or nontargeting control were cultured in the 

presence of doxycycline (0.25 μg/ml) for 72 h to induce Chk2 knockdown. Following the 

induction, cells were infected with HSV-1 at MOI 0.1, and total DNA was collected at the 

indicated time points for analysis by qPCR with primers for the viral genome and GAPDH. 

Doxycycline was present in the medium for the entire duration of infection. Protein lysates 

were collected at the time of infection to verify knockdown by Western blot (inset). 

Nucleolin is a loading control. Values represent average Δ ΔC(t) ± SEM for a representative 

of two independent experiments. n = 2 reaction replicates.
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Fig. 4. 
Chk2 inhibition suppresses HSV-1 replication in explanted human and rabbit corneas. 

Human and rabbit corneas were infected with 1 × 10 4 PFU/cornea. At 1 hpi, they were 

treated with Chk2 inhibitor II (10 μM). Mock treatment (DMSO) and PAA (400 μg/ml) were 

included as negative and positive controls, respectively. DNA was isolated from the 

epithelial layers at 48 hpi and analyzed by qPCR with primers for the viral genome and 

GAPDH. Bars represent average Δ ΔC(t) values ± SEM. n = 6 corneas per treatment.
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Fig. 5. 
Prolonged effect of Chk2 inhibition on HSV-1 replication in explanted corneas. Rabbit 

corneas were infected with 1 × 10 4 PFU/cornea and treated with Chk2 inhibitor II (10 μM) 

or mock treatment (DMSO) for 48 h. Corneas were rinsed and cultured in fresh inhibitor-

free medium for an additional 48 h (inset), during which time total DNA was isolated from 

the epithelial layers at the indicated time points (●) and analyzed by qPCR with primers for 

the viral genome and GAPDH. Samples were collected from independent groups of 

corneoscleral buttons (6 corneas per time point and treatment), rather than by sequential 

scraping of the same group. Bars represent average Δ ΔC(t) values ± SEM. n = 6 corneas per 

each time point and treatment.
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Fig. 6. 
Chk2 inhibition reduces HSV-1- associated apoptosis in explanted corneas. Ex vivo human 

corneas were infected with 1× 10 4 PFU/cornea and treated with Chk2 inhibitor II (10 μM) 

or mock treatment (DMSO). Corneas were flash-frozen at 48 h and processed for indirect 

immunofluorescence staining with antibodies against cleaved caspase-3. The counterstain is 

Hoechst 33258. A representative limbal field for each treatment is shown. n = 2 corneas per 

treatment.
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