
Granzyme B Cleaves Multiple Herpes Simplex Virus 1 and
Varicella-Zoster Virus (VZV) Gene Products, and VZV ORF4
Inhibits Natural Killer Cell Cytotoxicity

Chelsea Gerada,a Megan Steain,a Tessa Mollie Campbell,a* Brian McSharry,a* Barry Slobedman,a Allison Abendrotha

aDiscipline of Infectious Diseases and Immunology, The University of Sydney, Camperdown, New South Wales, Australia

ABSTRACT Immune regulation of alphaherpesvirus latency and reactivation is criti-
cal for the control of virus pathogenesis. This is evident for herpes simplex virus 1
(HSV-1), where cytotoxic T lymphocytes (CTLs) prevent viral reactivation independent
of apoptosis induction. This inhibition of HSV-1 reactivation has been attributed to
granzyme B cleavage of HSV infected cell protein 4 (ICP4); however, it is unknown
whether granzyme B cleavage of ICP4 can directly protect cells from CTL cytotoxic-
ity. Varicella zoster virus (VZV) is closely related to HSV-1; however, it is unknown
whether VZV proteins contain granzyme B cleavage sites. Natural killer (NK) cells
play a central role in VZV and HSV-1 pathogenesis and, like CTLs, utilize granzyme B
to kill virally infected target cells. However, whether alphaherpesvirus granzyme B
cleavage sites could modulate NK cell-mediated cytotoxicity has yet to be estab-
lished. This study aimed to identify novel HSV-1 and VZV gene products with gran-
zyme B cleavage sites and assess whether they could protect cells from NK cell-
mediated cytotoxicity. We have demonstrated that HSV ICP27, VZV open reading
frame 62 (ORF62), and VZV ORF4 are cleaved by granzyme B. However, in an NK cell
cytotoxicity assay, only VZV ORF4 conferred protection from NK cell-mediated cyto-
toxicity. The granzyme B cleavage site in ORF4 was identified via site-directed mu-
tagenesis and, surprisingly, the mutation of this cleavage site did not alter the ability
of ORF4 to modulate NK cell cytotoxicity, suggesting that ORF4 has a novel immu-
noevasive function that is independent from the granzyme B cleavage site.

IMPORTANCE HSV-1 causes oral and genital herpes and establishes life-long latency
in sensory ganglia. HSV-1 reactivates multiple times in a person’s life and can cause
life-threatening disease in immunocompromised patients. VZV is closely related to
HSV-1, causes chickenpox during primary infection, and establishes life-long latency
in ganglia, from where it can reactivate to cause herpes zoster (shingles). Unlike
HSV-1, VZV only infects humans, and there are limited model systems; thus, little is
known concerning how VZV maintains latency and why VZV reactivates. Through
studying the link between immune cell cytotoxic functions, granzyme B, and viral
gene products, an increased understanding of viral pathogenesis will be achieved.
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Human alphaherpesviruses such as herpes simplex virus 1 (HSV-1) and varicella
zoster virus (VZV) are characterized by their ability to establish life-long latency in

sensory nerves during primary infection (1). Primary infection with HSV-1 can result in
oral or genital herpes, whereas primary infection with VZV results in chickenpox (2).
During primary infection, these viruses establish life-long latency in either the dorsal
root (DRG) or trigeminal ganglia (TG) (2). For both VZV and HSV-1, reactivation and
clinical severity is heightened in immunocompromised hosts, highlighting the impor-
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tance of the immune system in controlling alphaherpesvirus pathogenesis (3). Under-
standing how these viruses maintain life-long latency and reactivate is key to devel-
oping therapeutic strategies to prevent the potentially severe consequences of
alphaherpesvirus reactivation.

HSV-1 latency has been studied in mouse models, in which cytotoxic T lymphocytes
(CTLs) lie in close proximity to latently infected neurons (4). These CTLs have been
shown to inhibit HSV-1 reactivation through the delivery of granzyme B and the
subsequent cleavage of HSV infected cell protein 4 (ICP4) (5). Typically, granzyme B
would induce apoptosis in target cells; however, this is not observed in HSV-1-infected
neurons. Viral inhibition of granzyme B-induced apoptosis has been explored in the
context of adenovirus, where the viral protein L4-100K has been shown to inhibit both
granzyme B activity and CTL cytotoxicity (6). This function was linked to a granzyme B
consensus motif in L4-100K. To date, it is unknown whether there are HSV-1 gene
products other than HSV ICP4 that can be cleaved by granzyme B. As HSV ICP4 has a
granzyme B consensus motif, it is pertinent to investigate whether HSV ICP4 can inhibit
granzyme B function and CTL cytotoxicity, as this could explain the lack of CTL-induced
apoptosis in the context of HSV-1 latency.

HSV-1 literature has focused on the role of CTLs in the prevention of HSV-1
reactivation; however, both CTLs and NK cells can utilize granzyme B to kill target cells.
Typically, when CTLs or NK cells recognize a virally infected target cell, they create an
immunological synapse with the target cell and directly secrete granules containing
perforin and granzyme B along with other constituents. Perforin forms a pore in the
target cell, allowing for the delivery of granzyme B. Granzyme B cleaves multiple
apoptotic pathway components that converge on the cleavage of caspase 3, the
executioner caspase. This ultimately results in the induction of apoptosis in the target
cell.

VZV is genetically similar to HSV-1 (7); however, less is known about VZV latency and
reactivation. In examination of postmortem latently infected TG samples, resident CTLs
were shown to be directed against HSV-1 rather than against VZV (8). However, in
postmortem DRG samples from individuals with active herpes zoster at the time of
death, CTLs that are granzyme B positive were in close proximity to VZV-infected DRG
neurons (9). This may highlight that, while ganglia resident CTLs are not directed
toward VZV during latency, CTLs infiltrate into the ganglia in response to VZV reacti-
vation. Interestingly, no neuronal cell death is observed with CTL infiltration during VZV
reactivation, and the role of granzyme B remains unclear. NK cells have been found to
infiltrate the DRG in samples that were collected 1 to 4.5 months after herpes zoster
reactivation, and therefore it would be relevant to examine NK cells in the context of
the relationship between VZV and granzyme B (10).

Therefore, this study sought to identify whether VZV encodes proteins that can be
cleaved by granzyme B, as well as to identify additional granzyme B cleavage sites in
HSV-1 proteins. In this study, HSV gene products and VZV gene products were selected
for investigation on the basis of having predicted granzyme B cleavage sites. These
gene products were expressed in human cells in vitro to examine the relationship
between granzyme B, NK cells, and human alphaherpesviruses. In this report, we show
that HSV ICP27, VZV open reading frame 4 (ORF4), and VZV ORF62 can be cleaved by
granzyme B. We addressed the biological relevance of granzyme B cleavage of HSV-1
and VZV proteins in the context of NK cell cytotoxicity. We demonstrate that VZV ORF4
alone was able to inhibit NK cell-mediated cytotoxicity, indicating that possession of a
granzyme B cleavage site is not sufficient to limit NK cell-mediated cytotoxicity.
Surprisingly, mutation of the granzyme B cleavage site in VZV ORF4 did not alter the
ability of ORF4 to inhibit NK cell-mediated cytotoxicity, demonstrating that this func-
tion is independent of the granzyme B cleavage site. This study increases our knowl-
edge concerning HSV-1 and VZV proteins that may be targeted by granzyme B to limit
viral spread, as well as characterizing a novel immunoevasive function for VZV ORF4 in
the context of NK cell-mediated cytotoxicity. Overall, this broadens our knowledge
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concerning the control of HSV-1 and VZV latency and VZV immunoevasive mechanisms
during lytic infection and reactivation.

RESULTS
Granzyme B cleaves VZV ORF4, VZV ORF62, and HSV ICP27. The ability of CTLs

to inhibit HSV-1 reactivation has been attributed to the cleavage of ICP4 by granzyme
B (5). However, it is unclear whether other HSV-1 gene products also contain granzyme
B cleavage sites and thus may be targeted by the immune response to inhibit viral
reactivation. Furthermore, it is yet to be determined whether the closely related
herpesvirus VZV encodes gene products that contain granzyme B cleavage sites. To
determine whether there were novel granzyme B cleavage sites in VZV and HSV gene
products, HSV-1 and VZV gene products were examined for potential granzyme B
cleavage sites via the program GraBCas (11).

VZV ORF4, VZV ORF62, and HSV ICP27 all contained predicted multiple granzyme B
cleavage sites. HSV ICP27 is an immediate-early gene that regulates mRNA synthesis
and processing (12, 13). VZV ORF4 is the homolog of HSV ICP27 and an immediate-early
gene that is essential for viral replication and the establishment of latency (14). VZV
ORF62 is also an immediate-early protein and is a transactivator and has immuno-
modulatory roles (15, 16). Of note, all of these viral gene products have important roles
in viral replication.

To test whether these viral proteins could be cleaved by granzyme B, plasmids were
designed to express these viral proteins tagged to green fluorescent protein (GFP).
Lysates from 293Ts transfected with the viral protein-GFP plasmids, as well as the
parental plasmid (pGFP-C1), were generated (Fig. S1). These lysates were incubated
with or without granzyme B (50 �M for VZV ORF4, VZV ORF62, HSV ICP4, and 100 �M
for HSV ICP27; Millipore) and were analyzed for cleavage products via Western blot
analysis. Granzyme B was able to effectively cleave VZV ORF4 (Fig. 1A) and VZV ORF62
(Fig. 1B), producing cleavage products of 65 kDa and 45 kDa, respectively. HSV ICP27
(Fig. 1C) was also cleaved, yielding a cleavage product of 40 kDa; however, the
concentration of granzyme B required to demonstrate this phenotype was double that
of the other gene products. No cleavage was observed when GFP was expressed alone
(Fig. 1D). As expected from previous reports, HSV-1 ICP4 was cleaved by granzyme B,
yielding a cleavage product of 40 kDa (Fig. 1E). These results were observed in at least
3 biological replicates. Using cleavage product sizes for HSV ICP27, VZV ORF4, and VZV
ORF62, it was possible to further narrow down the predicted granzyme B cleavage site
(Fig. 1F). These cleavage sites differed from previously predicted cleavage sites in HSV
ICP4 (5) and adenovirus L4-100K (6).

To further demonstrate that granzyme B was able to specifically cleave VZV ORF4,
VZV ORF62, and HSV ICP27 proteins, increasing concentrations of granzyme B were
added to lysates to determine whether there was a dose-dependent response. Such a
response was evident for VZV ORF4 (Fig. 1G) and VZV ORF62 (Fig. 1H), with the
full-sized proteins diminishing and cleavage products increasing with increasing con-
centrations of granzyme B. This pattern was also observed for HSV ICP27 (Fig. 1I);
however, double the amount of granzyme B was required to see this effect. As HSV
ICP27 required double the amount of granzyme B to observe a cleavage product, it is
possible that its granzyme B cleavage site may not be as efficiently recognized by
granzyme B in comparison to the other gene products studied. These results were
observed in 3 biological replicates. These experiments demonstrate for the first time
that VZV ORF62, VZV ORF4, and HSV ICP27 are cleaved by granzyme B.

VZV ORF4 can restrict cell death by NK cell-mediated cytotoxicity at a low ratio.
L4-100K in adenovirus can inhibit granzyme B function and CTL-induced cell death due
to its granzyme B consensus motif (6). HSV ICP4 also contains a granzyme B consensus
motif (5); however, this has not been linked to inhibition of immune cell-mediated
cytotoxicity. NK cells also utilize granzyme B to kill virally infected target cells and are
critical in the control of HSV-1 and VZV infection. Therefore, we sought to determine
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whether the HSV-1 and VZV gene products that we identified to be cleaved by
granzyme B would affect cell death by NK cell-mediated cytotoxicity.

To assess this in a human cell setting, human NK cells were isolated by CD56�

magnetically activated cell sorting (MACS) selection and incubated overnight with
interleukin-2 (IL-2) (Fig. 2A). We then assessed NK cell activation (CD69) and cytotoxicity
against 293Ts that had been transfected with pGFP, pORF4, pORF62, pICP27, or pICP4,

FIG 1 VZV ORF4, VZV ORF62, HSV ICP27, and HSV ICP4 are cleaved by granzyme B. 293Ts were transfected
with VZV or HSV ORF-containing plasmids. Day 2 posttransfection cells were harvested and protein lysates
generated for immunoblotting. ORF4 (A), ORF62 (B), and ICP4 (E) lysates were treated with 50 �M (1�)
granzyme B (Merck), ICP27 (C) and green fluorescent protein (GFP) (D) lysates were treated with 100 �M
(2�) granzyme B. Blots were probed for GFP and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and are representative of 3 biological replicates. Purple and blue boxes indicate the full-sized protein and
the protein cleavage product, respectively. �, untreated; GrzB, granzyme B treated. Previously predicted
granzyme B cleavage sites of HSV ICP4 and adenovirus L4-100K are displayed in conjunction with predicted
granzyme B cleavage sites for VZV ORF4, VZVORF62, and HSV ICP27, based on the cleavage product size
(F). VZV ORF4 (G), VZV ORF62 (H), and HSV ICP27 (I) containing lysates were either untreated (UT) or treated
with increasing concentrations of granzyme B, as indicated. Blots were probed for GFP and GAPDH and are
representative of 3 biological replicates. Solid arrows indicate protein size ladder.
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FIG 2 NK cell cytotoxicity assay setup and gating strategy. Peripheral blood mononuclear cells (PBMCs) were extracted from buffy
coats using a Ficoll gradient and cryopreserved (A). NK cells were isolated from resuscitated PBMCs via MACS bead selection of
CD56� cells and were treated overnight with IL-2. NK cells were cocultured with cell trace violent (CTV)-labeled 293Ts expressing
the viral protein of interest or with GFP alone or were untransfected. Cells were incubated for 4 h and subsequently collected and
stained for flow cytometry analysis. Cells were first gated on size and granularity (FSC-A versus FSC-H) (B). Single cells were gated
for CTV. CTV� cells were classified as live (CC3�, live/dead negative), early apoptotic (CC3�, live/dead negative), late apoptotic
(CC3�, live/dead positive), or other cell death (CC3�, live/dead positive) based on CC3 and live/dead staining. Within the live cell
gate, GFP� cells were identified using GFP versus FSC-A. Median fluorescence intensity (MFI) of CC3 for CTV� cells was determined.
NK cells were identified in CTV� population by CD3 versus CD56 staining (CD3�, CD56�). In the NK cell population, CD69 MFI was
measured.
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or were left untransfected. 293Ts have previously been shown to efficiently activate NK
cells (17). 293Ts were cell trace violet (CTV) labeled to allow for identification in
subsequent flow cytometry analysis (Fig. 2B). NK cells were incubated with 293Ts at a
5:1 (high) or 1.5:1 (low) ratio for 4 h, and cells were analyzed by flow cytometry. 293Ts
incubated without NK cells were used to determine whether any of the viral gene
products affected 293T viability.

To assess the cytotoxicity of the NK cells, cell death in 293Ts was measured via CC3
and Zombie live/dead staining, as we have previously characterized (18). Live cells were
defined as CC3� and live/dead negative, early apoptotic cells as CC3� and live/dead
negative, late apoptotic as CC3� and live/dead positive, and nonapoptotic cell death
was defined as CC3� and live/dead positive. Transfection of different viral gene
products into cells can affect cell viability. To account for this, NK cell cytotoxicity was
measured as the fold change in percentage of live cells after NK cell incubation relative
to untreated transfected cells for each viral gene product (Fig. 3A and B). At a high NK
cell ratio, we found no significant difference with NK cell coculture between 293Ts
expressing any of the viral proteins compared to GFP-expressing or untransfected
293Ts (Fig. 3B). Furthermore, when cultured with NK cells, there was no significant
difference in CC3 MFI between 293Ts expressing viral proteins, GFP-expressing 293Ts,
or untransfected 293Ts (Fig. 3C and D). Together, these data demonstrate that at a 5:1
ratio, expression of VZV or HSV-1 viral proteins that are cleaved by granzyme B does not
alter target cell apoptosis mediated by NK cell-mediated cytotoxicity.

In our assay, 293T cells were not 100% GFP positive. Therefore, the frequency of
GFP� cells in the live gate was examined (Fig. 3E), with the expectation that GFP� cells
would be enriched if the viral gene product was protective (Fig. 3E). To account for the
differences in transfection efficiencies of the viral gene products, GFP changes are
displayed as fold change of GFP� cells that have been incubated with NK cells relative
to untreated transfected cells for each viral gene product.

Analyzing fold change of GFP� cells cultured with NK cells over GFP� cells cultured
alone, we found no significant differences between 293Ts expressing ORF4, ORF62,
ICP27, or ICP4 compared to 293Ts expressing GFP (Fig. 3F). However, there was a trend
toward reduced live GFP� ICP4-expressing 293Ts, suggesting that cells expressing ICP4
were more vulnerable to NK cell-mediated cytotoxicity. Together, these data suggest
that at a high NK cell to target ratio the HSV and VZV proteins examined could not
protect cells against NK cell-mediated cytotoxicity.

It is possible that at high NK cell to target ratios, the NK cell response could
overwhelm any potential protective effects of the viral gene products. Therefore, a
lower NK cell to target cell ratio (1.5:1) was examined (Fig. 4). Strikingly, at a lower NK
cell ratio, VZV ORF4-expressing 293Ts trended toward a higher frequency of live cells
compared to those of 293Ts expressing other viral proteins and to controls cells, which
was significant compared to that of ORF62-expressing 293Ts (Fig. 4A and B). VZV
ORF4-expressing cells had, on average, 10% more live cells in the NK cell cytotoxicity
assay than did control cells and cells expressing other viral genes. VZV ORF4-expressing
cells also had a significant reduction in CC3 MFI in comparison to VZV ORF62-
expressing cells and trended toward having a lower MFI in comparison to all other cells
(Fig. 4C and D). This suggests that VZV ORF4 was able to protect against NK cell-
mediated cytotoxicity at a low NK cell to target cell ratio. There were no significant
differences in fold change of GFP� cells when cultured with NK cells for ORF4, ORF62,
ICP27, or ICP4 in comparison to control cells (Fig. 4E and F). Overall, these data suggest
that VZV ORF4 may be able to protect cells from NK cell-mediated cytotoxicity. This may
not be due to the granzyme B cleavage site, however, as other granzyme B cleavage
site-containing viral proteins did not affect NK cell-mediated cytotoxicity.

Herpesviruses encode proteins that can alter NK cell activation through interfering
with target cell activating and inhibitory ligands (19). To ensure that the ability of VZV
ORF4 to protect cells from NK cell-mediated cytotoxicity was not due to an inhibition
of NK cell activation, CD69 expression was assessed via flow cytometry (Fig. 5B). NK cells
were identified as CD3� and CD56� (Fig. 5A). Expression of viral proteins or of GFP
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alone did not significantly alter CD69 expression at either the high (Fig. 5B and C) or low
ratio (Fig. 5D and E). This demonstrates that any differences in cell death in 293Ts was
not due to differential NK cell activation.

Identification of the VZV ORF4 granzyme B cleavage site. As ORF4 appeared to
be able to protect 293Ts against NK cell-mediated cytotoxicity, we wanted to identify

FIG 3 HSV and VZV gene products which can be cleaved by granzyme B cannot protect 293Ts against NK cell cytotoxicity at a high NK cell to target ratio. 293Ts
were untransfected or were transfected to express GFP alone, HSV ICP27-GFP, HSV ICP4-YFP, VZV ORF4-GFP, or VZV ORF62-GFP. Two days posttransfection,
293Ts were incubated with interleukin 2 (IL-2)-treated NK cells isolated from PBMCs in an NK cell to target cell ratio of 5:1 or were cultured without NK cells.
Cells were collected and analyzed via flow cytometry. Representative flow plots are displayed for untransfected, GFP, and ORF4 293Ts (A). Bar graph depicting
fold change in live cells � standard error of the mean (SEM) is representative of 3 biological replicates (B). Representative histograms of cleaved caspase 3 (CC3)
MFI are displayed (C) and collated in a bar graph (n � 3, � SEM) (D). GFP expression was measured in CTV� live cells. Representative flow plots for both
untreated and NK cell-incubated 293Ts are displayed. GFP expression was measured in CTV� live cells. Representative flow plots are displayed for untransfected,
GFP, and ORF4 293Ts (E). Bar graph depicting fold change in GFP� cells � SEM is representative of 3 biological replicates (F). Statistical significance was
established by a repeated measure one-way analysis of variance (ANOVA) using Tukey’s multiple-comparison test.
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FIG 4 VZV ORF4 can protect 293Ts against NK cell cytotoxicity at a low NK cell to target ratio. 293Ts were transfected to express GFP alone, HSV ICP27-GFP,
HSV ICP4-YFP, VZV ORF4-GFP, VZV ORF62-GFP, or were untransfected. Two days posttransfection, 293Ts were incubated with IL-2-treated NK cells at an NK cell
to target cell ratio of 1.5:1 or were cultured without NK cells. Cells were collected and analyzed via flow cytometry. Representative flow plots are displayed for
untransfected, GFP, and ORF4 293Ts (A). Bar graph depicting fold change in live cells � SEM is representative of 3 biological replicates (B). Representative
histograms of CC3 MFI are displayed (C) and collated in a bar graph (n � 3, � SEM) (D). GFP expression was measured in CTV� live cells. Representative flow
plots for both UT and NK cell-incubated 293Ts are displayed. GFP expression was measured in CTV� live cells. Representative flow plots are displayed for
untransfected, GFP, and ORF4 293Ts (E). Bar graph depicting fold change in GFP� cells � SEM is representative of 3 biological replicates (F). Statistical
significance was established by a repeated measure one-way ANOVA using Tukey’s multiple-comparison test. *, P � 0.05.
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the granzyme B cleavage site and mutate it to determine whether the granzyme B
cleavage site was responsible for this effect. Using the initial GraBCas predictions, as
well as cleavage product size, we predicted the granzyme B cleavage site (Fig. 6A).
Previous studies have shown that by converting the aspartic acid (D) residue in the
cleavage site to a glutamic acid, the ability of granzyme B to cleave these sites is
abolished (20, 21). The granzyme B cleavage site in Bid was identified in both reports
via mutation of D75 to glutamic acid (20, 21). Site-directed mutagenesis was performed
on pORF4 to mutate the aspartic acid residue via a single base pair substitution
(Fig. 6A). Successful single base pair substitution was confirmed by sequencing, and the
resulting plasmid was termed pORF4M. pORF4 and pORF4M were transfected into
293Ts, and lysates were collected for digest with granzyme B. pORF4M without gran-
zyme B digest produced the same 75-kDa band as pORF4-GFP. When incubated with
granzyme B, the 65-kDa cleavage product was absent from ORF4M-expressing cells,
suggesting that the mutant abolished the ability of granzyme B to cleave this gene
product (Fig. 6B). This was observed in 3 independent biological replicates, indicating
that the granzyme B cleavage site was successfully identified in VZV ORF4.

The ability of VZV ORF4 to inhibit NK cell cytotoxicity is independent from the
granzyme B cleavage site. To determine whether the granzyme B cleavage site in
ORF4 was responsible for its ability to limit cell death mediated by NK cell-mediated
cytotoxicity, the low-ratio cytotoxicity assay was performed with 293Ts expressing GFP,
ORF4, or ORF4M and then compared to untransfected 293Ts. Similarly to results shown
in Fig. 3 and 4, the fold frequency of live cells when cocultured with NK cells over cells
alone was calculated (Fig. 7A and B). As demonstrated in Fig. 5B, following culture with
NK cells, a higher frequency of live cells was noted in 293Ts expressing ORF4 compared

FIG 5 NK cell activation is not affected by transfected 293Ts at a high or low NK to target ratio. 293Ts were untransfected or were transfected to express GFP
alone, VZV ORF4-GFP, VZV ORF62-GFP, ICP4-YFP, or HSV ICP27-GFP. Two days posttransfection, 293Ts were incubated with IL-2-treated NK cells isolated from
PBMCs in an NK cell to target cell ratio of 5:1 (A to C) or 1.5:1 ratio (D and E) or were cultured without NK cells. Cells were collected and analyzed via flow
cytometry. NK cells were identified as CD56� CD3�, as seen in the representative flow plot (A). Isotype control staining for CD69 was performed on NK cells
cultured alone. CD69 expression was evaluated by histogram (B and D) and MFI collated in a bar graph (C and E) (n � 3, � SEM).
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to GFP-expressing or untransfected 293T control cells (Fig. 7A and B). Similarly to the
previous assay, VZV ORF4-expressing cells showed on average 10% more live cells than
did control cells and cells expressing other viral genes. Unexpectedly, ORF4M-
expressing cells had a significantly higher fold change frequency of live cells compared
to GFP-expressing cells (Fig. 7A and B). VZV ORF4M-expressing cells had on average
15% more live cells in the NK cell cytotoxicity assay than did control cells and cells
expressing other viral genes. This trend is also observed in the CC3 MFI (Fig. 7C and D).
When we examined live cells after NK cell coculture, significantly more GFP-expressing
cells were present when 293Ts expressed ORF4M or ORF4 than in GFP-expressing 293Ts
(Fig. 7E and F). Together, these data indicate that ORF4 has a previously unknown
function that protects cells from NK cell-mediated cytotoxicity; however, this is not due
to the presence of a granzyme B cleavage site.

VZV ORF4 does not protect 293Ts against staurosporine- or FasL-induced
apoptosis. To determine whether the ability of VZV ORF4 to restrict cell death
mediated by NK cell cytotoxicity was due to a broad antiapoptotic effect, ORF4-,
ORF4M-, or GFP-expressing and untransfected 293Ts were treated with two indepen-
dent apoptotic stimuli. As described previously, staurosporine induces the intrinsic
apoptotic pathway, while FasL induces the extrinsic apoptotic pathway (18). Thus,
treatment with these drugs would identify whether an antiapoptotic effect was specific

FIG 6 Identification of the ORF4 granzyme B cleavage site using site-directed mutagenesis. Potential sites
of granzyme B cleavage were identified via GraBCas (11). The aspartate residue in the cleavage site was
changed to a glutamic acid via a single base pair substitution using PCR (A). 293Ts were transfected with
1 �g of ORF4 or ORF4M plasmid. On day 2 posttransfection, cells were harvested and protein lysates
generated for immunoblotting. Lysates were treated with 133 ng granzyme B (BioVision, USA). Blots were
probed for GFP and GAPDH and are representative of 3 biological replicates (B). � indicates untreated
(�) and granzyme B treated (�). Solid arrows indicate protein size ladder.

Gerada et al. Journal of Virology

November 2019 Volume 93 Issue 22 e01140-19 jvi.asm.org 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
22

 M
ay

 2
02

3 
by

 3
5.

89
.8

8.
14

9.

https://jvi.asm.org


FIG 7 Both ORF4 and ORF4M can protect 293Ts from NK cell cytotoxicity at a low NK cell-to-target ratio. 293Ts were untransfected or were transfected to
express GFP alone, VZV ORF4-GFP, or VZV ORF4M-GFP. Two days posttransfection, 293Ts were incubated with IL-2-treated NK cells isolated from PBMCs in an
NK cell to target ratio of 1.5:1 or cultured without NK cells. Cells were collected and analyzed via flow cytometry. Representative flow plots are displayed (A).
Bar graph depicting fold change in live cells � SEM is representative of 3 biological replicates (B). Representative histograms of CC3 MFI are displayed (C) and
collated in a bar graph (n � 3, � SEM) (D). GFP expression was measured in CTV� live cells. Representative flow plots for both untreated and NK cell-incubated
293Ts are displayed. GFP expression was measured in CTV� live cells. Representative flow plots are displayed for untransfected, GFP, ORF4, and ORF4M 293Ts
(E). Bar graph depicting fold change in GFP� cells � SEM is representative of 3 biological replicates (F). Statistical significance was established by a repeated
measure one-way ANOVA using Tukey’s multiple-comparison test. *, P � 0.05; ****, P � 0.001.
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to a particular pathway. However, there were no significant differences in the fold
change in live cell frequencies between 293Ts expressing ORF4 or ORF4M compared to
GFP-expressing or untransfected 293Ts for either staurosporine (Fig. 8A and B) or FasL
treatment (Fig. 8C and D). This suggests that the ability of ORF4 to limit cell death
through NK cell cytotoxicity is not mediated by inhibition of extrinsic or intrinsic
apoptosis induction.

FIG 8 VZV ORF4 does not protect 293Ts against staurosporine- or FasL-induced apoptosis. 293Ts were untransfected or transfected with pGFP-C1, pORF4, or
pORF4M. Two days posttransfection, 293Ts were treated with 1 �M staurosporine (A and B) or 200 ng/�l FasL (C and D) or were left untreated for 5 h. Cells were
stained with Zombie NIR, permeabilized, fixed, stained for CC3, and analyzed via flow cytometry. Flow plots displayed are representative of 3 biological
replicates (A and C). Bar graph depicting fold change in live cells � SEM is representative of 3 biological replicates (B and D). Statistical significance was
established by a repeated measure one-way ANOVA using Tukey’s multiple-comparison test.

Gerada et al. Journal of Virology

November 2019 Volume 93 Issue 22 e01140-19 jvi.asm.org 12

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
22

 M
ay

 2
02

3 
by

 3
5.

89
.8

8.
14

9.

https://jvi.asm.org


DISCUSSION

Granzyme B has been shown to be critical to the regulation of HSV-1 reactivation by
the immune system; however, it is unknown why granzyme B does not induce
apoptosis in this context. VZV is closely related to HSV-1, but much less is known
regarding control of VZV reactivation and lytic infection by the immune system. Overall,
this study aimed to identify HSV-1 and VZV proteins that could be cleaved by granzyme
B and assess whether these proteins could inhibit NK cell-mediated cytotoxicity. This
study demonstrates that there are multiple VZV and HSV-1 proteins that are susceptible
to cleavage by granzyme B; however, this does not necessarily confer resistance to NK
cell-mediated cytotoxicity. A novel function of VZV ORF4 was identified in protecting
293Ts against NK cell-mediated cytotoxicity at a low effector to target ratio. Surpris-
ingly, mutation of the granzyme B cleavage site in ORF4 did not change the ability of
ORF4 to inhibit NK cell-mediated cytotoxicity, suggesting that this function is indepen-
dent of the cleavage site. The ability of VZV ORF4 to modulate NK cell cytotoxicity did
not seem to be due to an ability to inhibit extrinsic or intrinsic apoptotic pathways.
Altogether, this work highlights a novel immunomodulatory function of VZV ORF4 and
a more extensive role for granzyme B in limiting alphaherpesvirus infection.

The role of granzyme B in viral infections has been previously addressed in the
context of adenovirus. It has been identified that adenovirus L4-100K can inhibit
granzyme B function and lymphokine-activated killer (LAK) cell-mediated cytotoxicity
through the possession of its granzyme B cleavage site (6). In the cases of HSV-1 and
VZV, it appears that in the context of NK cell-mediated cytotoxicity a granzyme B
cleavage site is not sufficient to inhibit NK cell cytolytic function. This difference could
be due to the NK cells in our system also being able to kill through the FasL pathway,
while the 293Ts were Fas deficient in the adenovirus study (6). It is important to
examine the role of Fas and other extrinsic apoptotic inducers in this context, as they
could induce apoptosis in target cells when granzyme B is inhibited. Both VZV and HSV
contain proteins that can inhibit both intrinsic and extrinsic apoptotic pathways (22,
23), and thus granzyme B cleavage of critical viral proteins may be a fail-safe mecha-
nism to ensure inhibition of viral spread even when cell death pathways are inhibited.

NK cell/CTL granules contain other granzymes that could compensate for the
inhibition of granzyme B. In the case of adenovirus, granzyme H was found to target
adenovirus proteins that were crucial for viral DNA replication to inhibit viral replication
(24). Therefore, it would be interesting to examine the role of other granzymes in the
context of alphaherpesvirus infection. Interestingly, the viral proteins we identified as
being cleaved by granzyme B (HSV ICP27, VZV ORF4, and VZV ORF62) all have critical
roles in viral replication and/or host evasion (12, 14, 16, 25, 26). This suggests that in the
context of VZV infection, granzyme B could limit viral replication and spread when cell
death has been inhibited, and this warrants further research.

In our NK cell cytotoxicity assays, the other components of cytolytic granules could
be masking the ability of viral proteins to inhibit granzyme B function. It would be of
interest to determine if the expression of HSV and VZV viral proteins could inhibit
granzyme B-mediated cytotoxicity in an isolated system. In the process of this study,
several attempts were made to deliver recombinant granzyme B to target cells by the
bioPORTER protein delivery system; however, this method of delivery was ineffective at
inducing granzyme B-mediated apoptosis at the cell confluence necessary to perform
these experiments (Fig. S2). Therefore, investigating different methods of protein
delivery/generating recombinant granzyme B may be necessary to directly assess the
ability of HSV/VZV proteins to inhibit granzyme B function in vitro.

A novel mechanism of VZV ORF4 to inhibit NK cell-mediated cytotoxicity was
identified in this study; however, the mutation of the granzyme B cleavage site revealed
this was not due to the cleavage site. We investigated the possibility that VZV ORF4
could inhibit apoptosis; however, it did not inhibit either FasL- or staurosporine-
induced apoptosis. This finding suggests that ORF4 limits NK cell-mediated cell death
through an alternative mechanism, such as regulating NK cell detection of the target.
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VZV ORF4 is the homolog of HSV ICP27; however, in our NK cell assay, only ORF4 could
protect against NK cell cytotoxicity. This suggests that the ORF4 mechanism of immu-
noevasion is distinct from potential overlapping functions with HSV ICP27. Our previous
work has shown that VZV and HSV-1 differentially modulate the expression of ligands
to the activating NKG2D receptor expressed on NK cells (27). Even though coculture
with ORF4-expressing 293Ts did not affect CD69 expression on IL-2-treated NK cells, it
could have affected expression of NK cell ligands such as NKG2D ligands. Future studies
could measure expression of NK cell ligands such as NKG2D ligands on ORF4-
expressing cells and relate this back to a broader assessment of NK cell function.

In HSV-1 infection in mice, it was found that CTLs could inhibit viral reactivation
without cell death induction, and this was attributed to granzyme B cleavage of ICP4
(5). In VZV infection, both NK cells and CTLs have been identified in ganglia of patients
who have experienced herpes zoster (9, 10). The CTLs in this context were granzyme B
positive, and there was no indication of neuronal apoptosis (9). It would be interesting
to investigate the role of VZV ORF62 and VZV ORF4 in protecting neurons from
granzyme B-induced apoptosis. Additionally, using cell lines such as the SH-SY5Y cell
line or neurons derived from induced pluripotent stem cells (iPSCs), it may be possible
to determine whether granzyme B treatment of VZV infected neurons could inhibit
virus spread and drive the virus into a latent-like state. This direction would likely be
impeded by the difficulty in achieving effective delivery of granzyme B, as described
above, but would be of interest to examine in highlighting a potential role for
granzyme B in controlling VZV reactivation.

In summary, we have found novel HSV-1 and VZV proteins that can be cleaved by
granzyme B, including HSV-1 ICP27, VZV ORF4, and VZV ORF62. In contrast to adeno-
virus infection, the possession of a granzyme B cleavage site in VZV and HSV-1 proteins
was not sufficient to protect against NK cell-mediated cytotoxicity. For the first time, we
report that VZV ORF4 has a novel function in limiting NK cell-mediated cytotoxicity
through a granzyme B cleavage site-independent mechanism. VZV ORF4 alone was not
able to protect cells against FasL- or staurosporine-induced apoptosis, indicating that
its ability to inhibit NK cell apoptosis is not due to a broad inhibition of apoptotic
pathways. Altogether, this study broadens our knowledge concerning both viral mech-
anisms of immune modulation and the effects of granzyme B on alphaherpesvirus
pathogenesis.

MATERIALS AND METHODS
Cell lines. HEK293T cells (ATCC) and ARPE-19 cells (ATCC) were maintained in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 50 IU/ml penicillin and
streptomycin.

Plasmid construction and validation. PCR was performed to amplify HSV ICP27, VZV ORF62, and
VZV ORF4 from HSV strain F or the VZV pOka genome, respectively, while incorporating restriction
enzyme cleavage sites. PCR products were purified (Illustra GFX PCR DNA and gel band kit; GE
Healthcare) and digested with SgrAI and NheI (VZV ORF62) or AgeI and NheI (HSV ICP27 and VZV ORF4).
The backbone plasmid (pGFP-C1; Clontech) was also digested with AgeI and NheI and ligated with the
VZV and HSV gene PCR products using T4 DNA ligase (NEB), and the resulting plasmids were termed
pORF4, pORF62, and pICP27. In the resulting plasmids, GFP was tagged to the 3= end of the viral ORFs.
Plasmids were transformed into Escherichia coli 5-alpha competent cells (NEB) and isolated using a
plasmid DNA purification kit (NucleoBond Xtra Midi plasmid DNA purification kit; Macherey-Nagel).
pICP4-YFP was generously gifted by Roger Everett from the MRC Centre, University of Glasgow (Glasgow,
Scotland). Sequencing was performed to ensure that the gene products were inserted into the backbone
correctly.

Plasmid DNA transfections. On the day prior to transfection, 6 � 105 293T cells were seeded into
a well of a 6-well plate (Corning). On the day of transfection, 1 �g of plasmid DNA was added to
serum-free DMEM and FuGene HD (Promega) and was incubated for 15 min at room temperature (RT).
The transfection mixtures were then added to previously seeded 293T cells. Two days posttransfection,
GFP was imaged at �10 magnification via a fluorescence microscope (Zeiss Axio).

Generation of protein lysates and granzyme B digest. Plasmids were transfected into 293Ts as
described above. Medium was removed from cells at day 2 posttransfection, and cells were washed with
cold phosphate-buffered saline (PBS). Cells were resuspended in cell lysis buffer (150 mM NaCl, 50 mM
Tris [pH 8.0], 1% NP-40, and 1% Triton X-100) for lysis before supernatant was collected and stored at
–20°C.

Gerada et al. Journal of Virology

November 2019 Volume 93 Issue 22 e01140-19 jvi.asm.org 14

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
22

 M
ay

 2
02

3 
by

 3
5.

89
.8

8.
14

9.

https://jvi.asm.org


Protein lysates were treated with various concentrations of recombinant granzyme B (initial cleavage
assay, Millipore; remaining assays, Enzo Life Sciences) as indicated or were left untreated and were
incubated at 37°C for 1 h. Samples were denatured by heating in reducing sample buffer (Bio-Rad) and
resolved by SDS-PAGE on precast 4 to 20% polyacrylamide gels (Bio-Rad). Proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes and probed with primary antibodies. This was followed by
incubation with a horseradish peroxidase (HRP)-conjugated secondary antibody (Abcam) and incubation
with enhanced chemiluminescence (ECL) substrate (Thermo Fisher Scientific). The blot was imaged using
a ChemiDoc imaging system (Bio-Rad). The following primary antibodies were used: mouse anti-GFP (B-2;
Santa Cruz Biotechnology) and rabbit anti-human GADPH (FL-335; Santa Cruz Biotechnology).

Site-directed mutagenesis. PCRs were designed to substitute an amino acid to convert an aspartic
acid to a glutamic acid in the VZV ORF4 plasmid using the Q5 site-directed mutagenesis kit (NEB). The
forward primer was TATTACCCGAATCAAACCATC and the reverse primer was CAACAACCAAAGTTTTCG.
PCR products were ligated using the kinase, ligase, and DpnI (KLD) enzyme mix (NEB) and were
transformed into chemically competent Escherichia coli. Colonies were selected, and the plasmid was
isolated via miniprep kit (NucleoSpin; Macherey-Nagel) and sequenced to determine whether they
contained the mutated plasmid. Plasmids with the correct sequence were transformed into Escherichia
coli 5-alpha competent cells (NEB) and isolated using a plasmid DNA purification kit (NucleoBond Xtra
Midi plasmid DNA purification kit; Macherey-Nagel). The resulting plasmid was termed pORF4M.

Peripheral blood mononuclear cell isolation and NK cell separation. Buffy coats collected from
healthy human donors were sourced from the Australian Red Cross Blood Service, with ethics approval
from the University of Sydney (Sydney, Australia). Peripheral blood mononuclear cells (PBMCs) were
isolated by density gradient centrifugation with Ficoll-Paque Plus (GE Healthcare). Cells were resus-
pended in PBS and cryopreserved. CD56� NK cells were isolated from cryopreserved PBMCs via magnetic
bead separation using CD56 microbeads (Miltenyi Biotec, Germany) as in (28). Cells were resuspended in
RPMI supplemented with 10% FBS (Lonza) and 1% (vol/vol) penicillin/streptomycin (Life Technologies)
and enumerated with a hemocytometer. NK cells were left untreated or were incubated overnight with
200 U/ml IL-2 Improved Sequence (IS) (Miltenyi Biotec) for use in NK cell cytotoxicity assays.

NK cell cytotoxicity assay. 293Ts were either transfected with GFP constructs or were left untrans-
fected. Cells were trypsinized and washed twice with PBS. Cells were labeled with cell trace violet (CTV)
(Thermo Fisher Scientific) for 1 h at 37°C so they were distinguishable from NK cells during subsequent
flow cytometry analysis. Labeled cells were quenched with supplemented DMEM for 5 min at 37°C,
washed once with supplemented DMEM, and seeded into a 12 well plate. Previously isolated NK cells
were counted and added to 293Ts at a 5:1 or 1.5:1 ratio, as indicated, and incubated together for 4 h at
37°C on a rocking platform to prevent cells from becoming adherent. Cells were subsequently harvested
for flow cytometry analysis.

Apoptosis induction assay. 293Ts were transfected with pGFP-C1, pORF4, and pORF4M, as de-
scribed, and at day 2 posttransfection, cells were left untreated, treated with 1 �M staurosporine
(Sigma-Aldrich), or treated with 200 ng/�l FasL (Enzo Life Sciences) for 5 h and analyzed via flow
cytometry as previously described (18).

Flow cytometry. Cells were collected and stained with Zombie NIR (BioLegend) per the manufac-
turer’s instructions. For NK cell cytotoxicity assays, cells were surface stained with mouse anti-human
CD56 BV605 (clone NCAM16.2; BD Biosciences), mouse anti-human CD3 PerCP-Cy5.5 (clone UCHT1; BD
Biosciences), and mouse anti-human CD69 BV711 (clone FN50; BD Biosciences) at RT for 30 min. Cells
were fixed and permeabilized with fix/perm buffer (BD) for 20 min at RT. Cells were stained with rabbit
anti-human cleaved caspase 3 (CC3) phycoerythrin (PE) (clone C92-605; BD Biosciences) overnight at 4°C.
Samples were acquired using an LSRFortessa flow cytometer. Data were analyzed with FlowJo software
v10.0.6 (FlowJo, LLC, USA).

Immunofluorescence. Cells were grown on cover slips and transfected to express GFP alone or were
left untransfected. At day 2 posttransfection, granzyme B (Enzo Life Sciences) was delivered to cells using
the bioPORTER protein delivery system (Sigma-Aldrich) per the manufacturer’s instructions. At 4 h
posttreatment, cells were fixed with 4% paraformaldehyde (PFA) for 15 min at RT. After washing with PBS,
the cells were permeabilized with Triton X-100 (Sigma-Aldrich) for 10 min and blocked using 20% normal
donkey serum (Sigma-Aldrich). The cells were incubated with rabbit anti-CC3 (D3E9, 1:150; Cell Signaling
Technology) for 1 h at RT. Cells were washed with PBS, incubated with donkey anti-rabbit IgG 594 (1:250;
Invitrogen) for 30 min, and washed with PBS, and coverslips were mounted on glass slides using Prolong
Gold anti-fade reagent with 4=,6-diamidino-2-phenylindole (DAPI; Life Technologies). Staining was
visualized on a Nikon E widefield microscope, and images were taken using Nikon software. Images were
pseudocolored using Fiji (Image J). For cell quantification, thresholds for individual channels were
determined by using the Huang method to create a binary image. The watershed method was used to
separate cell staining, and automatic counting was performed using Fiji (Image J).

Statistical analysis. P values were determined for flow cytometry analysis via a repeated measure
one-way analysis of variance (ANOVA) using Tukey’s multiple-comparison test.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JVI

.01140-19.
SUPPLEMENTAL FILE 1, PDF file, 1.7 MB.
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