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Abstract: Herpes simplex virus type 1 (HSV-1) infection can manifest locally as mucocutaneous
lesions or keratitis and can also spread to the central nervous system to cause encephalitis. HSV-1
establishes a lifelong latent infection and neither cure nor vaccine is currently available. The innate
immune response is the first line of defense against infection. Caspases and gasdermins are important
components of innate immunity. Caspases are a family of cysteine proteases, most of which mediate
regulated cell death. Gasdermins are a family of pore-forming proteins that trigger lytic cell death. To
determine whether caspases or gasdermins contribute to innate immune defenses against HSV-1, we
screened mice deficient in specific cell death genes. Our results indicate a modest role for caspase-6
in defense against HSV-1. Further, Asc–/–Casp1/11–/– mice also had a modest increased susceptibility
to HSV-1 infection. Caspase-7, -8, and -14 did not have a notable role in controlling HSV-1 infection.
We generated Gsdma1-Gsdma2-Gsdma3 triple knockout mice, which also had normal susceptibility
to HSV-1. We confirmed that the previously published importance of RIPK3 during systemic HSV-
1 infection also holds true during skin infection. Overall, our data highlight that as a successful
pathogen, HSV-1 has multiple ways to evade host innate immune responses.
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1. Introduction

Herpes simplex virus type 1 (HSV-1) is a double-stranded DNA herpesvirus [1].
HSV-1 is prevalent in human populations, with over two-thirds of the world population
infected [2]. In the United States, HSV-1 causes lifelong infection in most adults [3]. Primary
HSV-1 infection typically begins with the infection of epithelial cells (e.g., keratinocytes),
followed by innervating sensory neurons [4]. HSV-1 often establishes latency in sensory
ganglia and can later reactivate when the host becomes stressed. HSV-1 infection manifests
as orolabial herpes, corneal infection, skin infection, and more severely, central nervous
system (CNS) infection.

Several murine models are routinely used for HSV-1 pathogenesis studies. A mouse
flank scarification model recapitulates the infection cycle of HSV-1 in humans [5]. In a flank
scarification model [6–8], HSV-1 is applied topically onto the depilated flank skin where
it replicates and spreads in keratinocytes before it infects innervating sensory neurons in
the skin. HSV then traffics via the axon to neuron cell bodies located in dorsal root ganglia
(DRG), where it replicates and spreads to other neurons within the DRG. HSV-1 then traffics
back through the axons to an entire dermatome, forming zosteriform skin lesions. While
HSV-1 is typically a pathogen of the peripheral nervous system, the virus also can invade
the CNS, producing an ascending infection from the DRG into the spinal cord and brain. In
a footpad infection model, neuroinvasive viruses infect epithelial cells and spread through
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the sciatic nerve to the CNS [9,10]. HSV-1 can also cause the infection of the eye in humans
and is modeled in mice using a corneal scarification model in which HSV-1 first infects the
corneal epithelium and then traffics via the ciliary and ophthalmic nerves to the trigeminal
ganglion (TG) and brain [11,12].

As a successful host-adapted pathogen, HSV-1 has evolved multiple immune evasion
strategies [1]. However, HSV-1 can be recognized by innate immunity, which is the first
line of defense against invading pathogens [1,13]. Regulated cell death, such as apoptosis,
is important for clearing infection by removing replicative niches and releasing danger
signals to recruit immune cells [14,15]. Caspases are a group of cysteine-aspartic proteases
that are involved in multiple forms of cell death. Based on sequence similarity and function,
caspases are divided into two groups: apoptotic caspases (caspase-8, -9, -2, -3, -6, and -7)
and inflammatory caspases (caspase-1 as well as -4/5 in humans and -11 in mice). However,
these two groups have become less distinct in recent years. For example, caspase-3 can
also trigger pyroptosis in certain cell types [16], and we recently proposed that caspase-7 is
functional in both apoptotic and inflammatory caspase signaling [17]. Another member of
the caspase family, caspase-14, is specifically expressed in keratinocytes [18,19]. Although
caspase-14 knockout (Casp14–/–) mice have visually normal skin and fur in our colony,
caspase-14 does have regulatory effects on keratinocyte differentiation [20].

Apoptosis is a “silent” form of cell death activated by numerous internal or external
signals during normal development processes and under stress. Apoptosis is initiated and
executed by apoptotic caspases, primarily by caspase-3, which upon activation is sufficient
to accomplish the processes of converting a live cell into apoptotic bodies. The apoptotic
caspases are broadly expressed in most cell types. Apoptosis is important in antiviral host
defense by removing infected cells [14]. HSV-1 induces apoptosis and sometimes blocks
apoptosis from killing infected cells [21–23].

In contrast to apoptosis, pyroptosis is a form of regulated lytic cell death mediated by
gasdermins (GSDM) [24]. The best-characterized gasdermin, GSDMD, induces pyroptosis
after cleavage by inflammatory caspases, caspase-1 or -11 [25–27]. Another member of the
gasdermin family, GSDMA, is expressed primarily in keratinocytes and other stratified ep-
ithelia, similar to caspase-14 [28]. GSDMA can be cleaved and activated by the Streptococcus
protease SpeB during infection to trigger pyroptosis of keratinocytes [29,30]. GSDMA is
also implicated in apoptosis [31] and autophagy [32].

We assessed the role of caspases-1/11, -6, -7, -8, -14, the adaptor protein ASC involved
in the mediating pyroptosis upstream of GSDMD, and GSDMA using various HSV-1
infection models.

2. Materials and Methods
2.1. Mice

Mice were housed in a specific-pathogen-free facility at the University of North Car-
olina (UNC) at Chapel Hill or Duke University: wild-type C57BL/6 (Jackson, Bar Harbor,
ME, USA 0006664), Casp6–/– (Jackson 006236), Casp7–/– (Jackson 006237), Rag1–/– (Jackson
002216), Casp8–/–Ripk3–/– (ref. [33]), Casp14–/– (ref. [34]). Asc–/–Casp1/11–/– mice were gen-
erated by crossing Asc–/– (ref. [35]) with Casp1/11–/– (ref. [36]) in house. Gsdma–/– mice were
generated by the UNC Animal Model Core using CRISPR. Gsdma–/– mice appear healthy
and breed well. The following primers were used to genotype Gsdma–/– mice: WT = 207 bp
(WT F 5′-CTG CTG AAC AGG ACC TAG CAT-3′, WT R 5′-ACT CAA AAG TTG CCA CTC
TTC TC-3′); Gsdma–/– = 532 bp (Gsdma-5ScF1 5′-TGC TCC TAC AGA TGC TCG GTC-3′,
Gsdma-3ScR1 5′-CAT CTA TAC TCC AGT TCC CTC CAG-3′). Animal protocols were
approved by the Institutional Animal Care and Use Committee (IACUC) at UNC-Chapel
Hill or Duke University and met the US National Institutes of Health guidelines.

2.2. Cells and Viruses

Vero cells (African green monkey kidney epithelial cells) were obtained from Dr.
Raphael H. Valdivia (Duke University) and cultured in Dulbecco’s modified Eagle’s
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medium (DMEM, Gibco) supplemented with 20 mM HEPES (Gibco), 10% fetal bovine
serum (Sigma-Aldrich, St. Louis, MO, USA), and 100 I.U./mL Penicillin-Streptomycin
(Gibco). HSV-1 strain NS, a clinical isolate, was described previously [37]. WT HSV-1
strain F and HSV-1 ∆Us3 (R7041) were described previously and obtained from Dr. David
Bloom (University of Florida) [38]. HSV-1 viral stock was made by infecting Vero cells and
collecting supernatant and infected Vero cells. Viral titer was determined by plaque assay
on Vero cells [39].

2.3. Mouse Flank Scarification Model

The HSV-1 flank infection was performed as described [7,39,40] with slight modifica-
tions. Briefly, one day before infection, mice were anesthetized with isoflurane (Dechra
Pharmaceuticals, Northwich, UK). The right flanks of the mice were shaved, and then
chemically depilated using Nair cream (Church and Dwight, Ewing Township, NJ, USA).
Nair was wiped off and the right flank was flushed with sterile water to remove residual
Nair. Twenty-four hours later, the mice were anesthetized, and 2 × 107 PFU/mL of WT
HSV-1 or 2 × 108 PFU/mL of HSV-1 ∆Us3 strain in a volume of 5 µL was applied onto
the skin, a 27 G needle (BD PrecisionGlide, Franklin Lakes, NJ, USA) was used to gently
scratch the skin 40 times within an area of 4 mm2. The infected mice were anesthetized for
10 more minutes to allow the viral suspension to dry. The skin lesion severity was recorded
from 3 to 10 days post-infection (dpi) as below: 0, no lesions; 1, discrete pinprick lesions;
2, coalesced lesions; 3, patches of confluent lesions; and 4, complete dermatome. Survival
was monitored at least until 21 dpi before mice were euthanized.

2.4. Mouse Footpad Model

The HSV-1 footpad infection model was performed as described [41]. Briefly, mice were
anesthetized with isoflurane. The right hind footpad was injected with 3.3 × 105 PFU/mL
of HSV-1 in a volume of 30 µL subcutaneously with a 30 G needle (BD PrecisionGlide).
Note that different numbers of PFU are injected in the different routes because each route
has a different efficiency of infection.

2.5. Mouse Corneal Model

The HSV-1 corneal infection was performed as described [42]. Briefly, mice were
anesthetized with isoflurane. Then, the right eyes of mice were gently scarified with a 30 G
needle 20 times, and 2 × 108 PFU/mL of HSV-1 in a volume of 5 µL was applied to the
eye. The eyelids were massaged 5 times to facilitate the absorbance of the viral suspension.
The mice were anesthetized for another 10 minutes before returning to their home cage.
Survival was monitored daily at least until 21 dpi.

2.6. Viral Titers

Viral titers were determined by plaque assay on Vero cells [39] or by quantitative
PCR (qPCR). For plaque assays, tissues were removed following euthanasia and cut with
scissors and ground with a pestle. The processed tissues were resuspended in DMEM
and titered on Vero cells [39]. For qPCR, DNA was extracted from mouse tissues using
DNeasy Blood & Tissue Kits (QIAGEN, Hilden, Germany). PCRs were carried out using
2X SYBR Green Master Mix (Bio-Rad, Hercules, CA, USA) with primers targeting the DNA
polymerase gene of HSV-1 (5′-ATC AAC TTC GAC TGG CCC TT-3′ and 5′-CCG TAC ATG
TCG ATG TTC AC-3′) [43–45]. A standard curve of 1 to 107 copies of HSV-1 DNA was
used to determine the viral titers. PCR reactions were performed with the Quantstudio
Real-Time PCR Systems (Thermo Fisher Scientific, Waltham, MA, USA).

2.7. Western Blot

Western blot was performed as described [17]. After euthanasia, both ears of each
mouse were removed and placed in liquid nitrogen for grinding. The ground powder
was resuspended in 200 µL of PBS plus protease inhibitors (Sigma-Aldrich, St. Louis, MO,
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USA; Cat#11836153001). The suspension was then centrifuged, and the supernatant was
aspirated for Western blot. The pellet after centrifugation was resuspended with 200 µL
of RIPA buffer (Thermo Fisher Scientific) plus protease inhibitor. The resuspension was
centrifuged again, and the supernatant was aspirated for Western blot. Protein concentra-
tions were normalized based on buffer (PBS or RIPA buffer) using the BCA Protein Assay
Kit (Thermo Fisher Scientific). The anti-GSDMA antibody was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA; Cat# sc-376318).

2.8. Histological Staining

H&E staining was performed as described previously [17]. After euthanasia, the
ears of naïve mice were removed and placed in 10% Neutral Buffered Formalin (VWR
International, Radnor, PA, USA). Fixed tissues were submitted to UNC Cell Services and
Histology Core for embedding, cutting, and H&E staining.

2.9. Statistics

The results are expressed as scatter dot plots with bars representing the median.
Statistical analysis was performed by two-sided Mann-Whitney U-test, one-way ANOVA
with post-hoc test, or log-rank Mantel-Cox test using the GraphPad Prism v8 software (San
Diego, CA, USA). p < 0.05 was considered significant.

3. Results
3.1. Caspase-6 Is Partially Required to Defend against HSV-1 Skin Infection

Caspase-6 is categorized as an apoptotic executioner during apoptosis which me-
diates nuclear shrinkage and DNA fragmentation [46,47]. However, caspase-6 is often
dispensable for apoptosis [48] and is not required for development since Casp6–/– mice
are viable and appear normal. Still, caspase-6 can promote diverse modes of cell death,
including apoptosis, pyroptosis, and necroptosis [49]. The substrates of caspase-6 include
microtubule-associated proteins and α-tubulin [50,51]. Caspase-6 is expressed in neu-
rons [52,53], and caspase-6 has been proposed to be involved in microtubule integrity in
axons [51]. Interestingly, caspase-6 is also implicated in neural degenerative diseases and
axon pruning [54–57], which is the process of trimming unnecessary neural connections
during neurogenesis [58]. Neurotropic viruses, such as HSV-1, infect neurons and are trans-
ported along axon microtubules to establish infection and spread to new cells [59]. Viral
infection induces neuronal pruning [60] and axon degeneration [61], which may be a host
defense mechanism to prevent viral spread. Thus, we hypothesized that HSV-1-infected
neurons undergo caspase-6-mediated axon pruning to limit HSV-1 trafficking.

To test this, we infected wild-type (WT) mice and Casp6–/– mice with HSV-1 on the
right flank (Figure 1A). The infected mice were monitored for skin zosteriform lesions and
survival. Skin lesion severity was recorded as previously described [7,39,40]. Casp6–/–

mice developed more severe skin lesions than WT mice (Figure 1B,C), especially on days
8 and 10 post-infection (dpi). Rag1–/– mice were used as a positive control as they lack
adaptive immunity and are susceptible to HSV-1 skin infection [62]. Rag1–/– mice had
much more severe skin lesions than WT mice (Figure 1C). We measured viral titers in the
skin and dorsal root ganglia (DRG) on 3, 6, and 9 dpi using plaque assays. Surprisingly,
we found similar viral titers between WT and Casp6–/– mice at all time points examined
(Figure 1D). To minimize the effect of the microbiota, we infected littermate control Casp6+/–

and Casp6–/– mice, and then compared viral loads in the skin, spinal cord, and brain at
4 dpi using qPCR. We found no significant differences in viral burdens (Figure 1E). We
then monitored survival in WT and Casp6–/– mice. Although Casp6–/– mice exhibited a
higher lethality rate compared to WT mice (39% versus 20%), this difference did not reach
statistical significance (p = 0.18, log-rank test). As a positive control, Rag1–/– mice were 100%
susceptible to the infection (Figure 1F; Table S1). Notably, the moribund WT and Casp6–/–

mice all had enlarged intestines (Figure 1G), consistent with previous publications in WT
mice [62,63], where it was speculated that DRG infection resulted in descending infection
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from the DRG to the intestines as well as the skin. Interestingly, although Rag1–/– mice were
susceptible to infection, most of them developed less severe intestinal disorders than WT
mice (Figure 1G), suggesting that adaptive immune cells not only control HSV-1 infection
but also contribute to intestinal pathology in addition to previously described contributions
of myeloid cell activity [64,65]. Alternatively, Rag1–/– mice may have succumbed to HSV-
1 infection before developing intestinal symptoms. Altogether our results suggest that
caspase-6 plays a modest role in innate defense against HSV-1 skin infection.
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Figure 1. Caspase-6 plays a modest role in defending against HSV-1 skin infection. Mice were
infected on the right flank with 105 PFU HSV-1 strain NS. (A) Model for HSV-1 mouse flank infection.
(B) Disease score at day 4, 6, 8, and 10 post-infection (dpi) between WT (n = 20) and Casp6–/– (n = 18)
mice. (C) Representative skin lesion images at 8 dpi of WT, Casp6–/–, and Rag1–/– mice. Disease
scores are annotated on each image. (D) HSV-1 titers in skin and DRG of WT (n = 5, 5, 5 for 3, 6, 9 dpi)
and Casp6–/– (n = 5, 5, 5 for 3, 6, 9 dpi) mice at 3, 6, and 9 dpi were determined by plaque assay on
Vero cells. (E) HSV-1 DNA copies were determined at 4 dpi in the skin, spinal cord, and brain of
littermate control of Casp6+/– (n = 4) and Casp6–/– (n = 4) mice by qPCR. (F) Survival was monitored
between WT (n = 20), Casp6–/– (n = 18) and Rag1–/– (n = 5) mice. (G) Representative intestine
images of moribund WT, Casp6–/–, and Rag1–/– mice. Data are representative of three (B,G) or two
experiments (F). Dashed lines indicate detection limit. ns: not significant; * p < 0.05; ** p < 0.01.
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3.2. Caspase-6 Is Partially Required to Control HSV-1 Footpad Infection

The type of neuron targeted for infection and the length of those axons may influence
the outcome of neurotropic viral infection [59,66]. To test the role of caspase-6 more
thoroughly on HSV-1 infection, we used the footpad infection model. In this model,
following footpad injection, HSV-1 replicates in epithelial cells before it spreads via the
sciatic nerve to the CNS [10]. The sciatic nerve is the largest nerve in mice [67]; therefore,
the role of caspase-6-mediated axon pruning in limiting HSV-1 trafficking may be enhanced
as axonal length lengthens. Following injection of HSV-1 into the footpad, we observed a
similar extent of footpad swelling in WT and Casp6–/– mice. We then determined HSV-1
burdens in the spinal cord and brain between WT and Casp6–/– mice at 2, 4, and 7 dpi.
Viral loads increased in WT and Casp6–/– mice over time (Figure 2A). Casp6–/– mice had
significantly higher viral burdens in the brain at 4 dpi compared to WT mice. There was also
a trend of increased viral burdens in the spinal cord of Casp6–/– mice at 4 dpi that did not
reach statistical significance (p = 0.076). However, there were no significant differences at 2
or 7 dpi (Figure 2A), although we used lower numbers of mice in these timepoints because
we wanted to maximize experimental power at 4 dpi. Therefore, we conclude that caspase-6
reduces HSV-1 burdens in the CNS at certain time points. Although other interpretations
are possible, the restriction of HSV-1 by caspase-6 could be due to an intrinsic inhibition of
viral trafficking in neurons.
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Figure 2. Caspase-6 is partially required to control HSV-1 footpad infection and is not required to
control HSV-1 corneal infection. (A) WT (n = 3, 11, 4 for 2, 4, 7 dpi) and Casp6–/– (n = 3, 11, 3 for 2, 4,
7 dpi) mice were infected with 104 PFU HSV-1 strain NS via footpad injection. HSV-1 DNA copies
were determined at 2, 4, and 7 dpi in the spinal cord and brain of WT and Casp6–/– mice by qPCR.
(B) WT (n = 5, 3, 4 for 3, 6, 9 dpi), Casp6–/– (n = 5, 3, 3 for 3, 6, 9 dpi), and Rag1–/– (n = 5 for 9 dpi) mice
were infected with 106 PFU HSV-1 strain F via corneal infection. HSV-1 DNA copies were determined
in the eye, TG, and brain of WT and Casp6–/– mice at 3, 6, and 9 dpi and Rag1–/– mice at 9 dpi by
qPCR. Dashed lines indicate detection limit. ns: not significant; * p < 0.05.

3.3. Caspase-6 Is Dispensable for Control of HSV-1 Corneal Infection

We next used a mouse corneal infection model to examine the role of caspase-6 in HSV-
1 corneal infection. In this model, HSV-1 first infects the corneal epithelium and then spreads
via the ciliary and ophthalmic nerves to the trigeminal ganglion (TG) and brain [11,12].
Following the corneal inoculation of WT and Casp6–/– mice, we measured HSV-1 burdens
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in the eye, TG, and brain at 3, 6, and 9 dpi. There were no significant differences between
WT and Casp6–/– mice at all time points examined (Figure 2B). Thus, we concluded that
caspase-6 does not contribute to the defense against HSV-1 corneal infection.

3.4. Caspase-6 Is Not Required to Defend against HSV-1 ∆Us3 Strain Infection

As a successful host-adapted pathogen, HSV-1 can suppress host immune responses.
HSV-1 encodes a protein called US3 that inhibits apoptosis [68–71] and an HSV-1 ∆Us3
mutant induces more apoptosis in vivo than WT HSV-1 [72–74]. Since we observed only a
modest role of caspase-6 in defending against WT HSV-1, we reasoned that the activation
of caspase-6 might be inhibited by HSV-1. Therefore, an apoptosis-inducing HSV-1 strain
may accentuate the role of caspase-6 during infection. We first used the skin infection
model and infected WT and Casp6–/– mice with the HSV-1 ∆Us3 strain. We observed that
the HSV-1 ∆Us3 strain induced minimal skin lesions in both WT and Casp6–/– mice, all
of which survived the infection (Figure 3A,B; Table S1). We then used a corneal infection
model with WT and Casp6–/– mice. After infection of the HSV-1 ∆Us3 strain in the cornea,
we measured HSV-1 burdens in the eye, TG, and brain at 4 dpi. There were no significant
differences in viral burdens between WT and Casp6–/– mice (Figure 3C). The viral burdens
were lower than in mice infected with the HSV-1 WT strain (Figure 2B), which is consistent
with a previous publication showing that the HSV-1 ∆Us3 strain is less infectious in vivo
than the HSV-1 WT strain [75].
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Figure 3. Caspase-6 is dispensable to control HSV-1 ∆Us3 infection. (A,B) WT (n = 10) and Casp6–/–

(n = 10) mice were infected with 106 HSV-1 ∆Us3 strain via skin inoculation. Disease scores (A) and
survival (B) were monitored daily between WT and Casp6–/– mice. (C) WT (n = 10) and Casp6–/–

(n = 9) mice were infected with 106 HSV-1 ∆Us3 strain via ocular inoculation. HSV-1 DNA copies
were determined in the eye, TG, and brain of WT and Casp6–/– mice at 4 dpi by qPCR. Data are
pooled from two experiments (A–C). Dashed lines indicate detection limit. ns: not significant.

3.5. Caspase-7 Is Not Required to Defend against HSV-1 Skin Infection

Perforin and subsequent apoptosis induction are essential for successful adaptive
immune responses against HSV-1 infection [76,77]. Caspase-7 had been considered a poor
backup for caspase-3 to execute apoptosis; however, our laboratory has recently revealed
a unique function of caspase-7 in repairing plasma membrane pores that are caused by
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GSDMD or perforin [17]. We found that Casp7–/– mice and Prf1–/– mice showed similar
susceptibility to Chromobacterium violaceum and Listeria monocytogenes [17]. Therefore, we
investigated whether caspase-7 was also required for defense against HSV-1 skin infection.
However, skin lesion severity and survival were similar between WT and Casp7–/– mice
(Figure 4A,B; Table S1). Thus, caspase-7 is not required to control HSV-1 skin infection.
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Figure 4. Caspase-7 and caspase-8 are not required to control HSV-1 skin infection, while ASC is
protective in the absence of inflammatory caspases. Mice were infected at the right flank with 105 PFU
HSV-1 strain NS. Disease scores (A,C,E) and survival (B,D,F) were monitored between WT and
knockout mice. Mice number in: (A,B) WT n = 8, Casp7–/– n = 8; (C,D) WT n = 10, Casp8+/–Ripk3–/–

n = 8, Casp8–/–Ripk3–/– n = 8; (E,F) WT n = 10, Asc–/–Casp1/11–/– n = 10. Data are pooled from
two experiments (A–F). ns: not significant; ** p < 0.01.
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3.6. Caspase-8 Is Not Required for Defense against HSV-1, but Ripk3 Is Important

Caspase-8 is an apoptotic initiator in the extrinsic apoptosis pathway that is activated
in response to death receptor activation [78]. We next investigated whether caspase-8 is
involved in HSV-1 skin infection. Since Casp8–/– mice are embryonically lethal due to
unchecked necroptosis that is executed by the RIPK3-MLKL axis [33,79], we compared WT
and Casp8+/–Ripk3–/– with Casp8–/–Ripk3–/– mice during HSV-1 skin infection to assess
the role of caspase-8. Skin lesions and survival were similar between Casp8+/–Ripk3–/–

and Casp8–/–Ripk3–/– mice, suggesting caspase-8 is not involved in defense against HSV-1
infection (Figure 4C,D; Table S1).

HSV-1 inhibits necroptosis in human cells using ICP6, whose RHIM domain interferes
with the RHIM–RHIM interaction between RIPK1 and RIPK3 in the TNFR1 signaling path-
way [80]. However, in mouse cells, this virulence effect backfires on the species-mismatched
virus, as the ICP6 RHIM domain now causes murine RIPK3 to activate, resulting in necrop-
tosis that is beneficial to the mouse [81,82]. Thus, mice deficient in the necroptosis pathway
are more susceptible to HSV-1 infection via intravenous or intraperitoneal injections [81,82].
We used the skin inoculation route and found that RIPK3-deficient mice (Casp8+/–Ripk3–/–)
developed more severe skin lesions compared with WT mice (Figure 4C), suggesting that
RIPK3-mediated necroptosis is protective against HSV-1 skin infection, in agreement with
its role after systemic inoculation. This protective effect of RIPK3 against skin lesion severity
did not translate into a difference in survival as there was no significant difference between
WT, Casp8+/–Ripk3–/–, and Casp8–/–Ripk3–/– mice (Figure 4D, Table S1). This discordance
indicates that skin lesion differences are not always associated with differences in survival,
in contrast to prior studies using intraperitoneal and intravenous inoculation routes, where
survival differences were observed [81,82].

3.7. Asc–/–Casp1/11–/– Mice Develop More Severe Skin Lesions

Inflammasomes are molecular complexes that include a sensor and an adaptor protein
called apoptosis-associated speck-like protein containing a CARD (ASC) that mediates
caspase-1 activation. Caspase-1 processes proinflammatory cytokines and induces a lytic
form of cell death called pyroptosis. There are multiple inflammasomes that activate
caspase-1, including NLRP3 [83], AIM2 [84], and IFI16 [85], which have been shown to
detect HSV-1. HSV-1 induces inflammasome activation in multiple cell types, including
keratinocytes [84], fibroblasts [85], and macrophages [86]. The other inflammatory caspase,
caspase-11, detects the presence of bacterial lipopolysaccharide in the cytosol of host cells.
Because Casp1 and Casp11 are encoded adjacent to each other and the original Casp1–/–

mice were contaminated by a passenger mutation in Casp11 [87], Casp1/11–/– mice are
often used. Casp1/11–/– mice have previously been published to have normal survival after
HSV-1 skin infection [63]. However, Nlrp3–/– mice have worse pathology after corneal
infection [83]. We examined mice that lacked both these caspases and the adaptor protein
ASC, which can also activate caspase-8 in the absence of caspase-1 [78,88,89]. Interestingly,
Asc–/–Casp1/11–/– mice developed more severe zosteriform lesions and trended towards
lower survival than WT mice (Figure 4E,F; Table S1). This could indicate that caspase-8
is redundant with caspase-1 in reducing the severity of HSV-1 infection. However, more
evidence is needed to conclude whether the ASC-caspase-8 pathway drives this phenotype.

3.8. Caspase-14 and Gasdermin A Are Not Required for Defense against HSV-1 Skin Infection

We next considered two cell death genes, caspase-14 and GSDMA, that share a specific
expression pattern in stratified epithelial cells, such as keratinocytes of the skin [18,19,28].
Keratinocytes are a major target cell type for HSV-1 replication during primary and re-
current infection. Interestingly, human papillomavirus 8 blocks caspase-14 activation in
keratinocytes [90], suggesting that caspase-14 may have some antiviral functions. Caspase-
14 can be activated by an epidermal serine protease called Kallikrein-related peptidase-
7 [91]. To our knowledge, caspase-14 activation has not been studied in the context of
skin infections.
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Humans encode a single GSDMA gene, whereas this is triplicated in mice to three
adjacent genes, Gsdma1, Gsdma2, and Gsdma3 (Figure 5A). GSDMA can be cleaved by
the Streptococcus protease SpeB, but a host protease cleaving GSDMA has not yet been
identified. To examine the function of GSDMA genes in mice, we used CRISPR/Cas9 gene
editing to generate Gsdma1-Gsdma2-Gsdma3 triple knockout mice (herein referred to as
Gsdma–/–, Figure 5A). The CRISPR deletion was verified by PCR (Figure 5B), and the clean
junction was confirmed by Sanger Sequencing (Figure 5C). Western blot confirmed the
absence of GSDMA expression in the skin tissue of Gsdma–/– mice (Figure 5D). In the skin
tissue of WT mice, GSDMA was present in PBS and RIPA buffer extracts, suggesting that
GSDMA is present both in the cytosol and is associated with the membrane compartment.
Interestingly, potentially cleaved GSDMA fragments of ~25 kDa were present in WT tissue.
However, it is difficult to determine whether these cleavage products are present in naïve
mice or due to experimental artifacts. In our colony, Gsdma–/– mice appeared healthy with
no signs of developmental defects, which was supported by the normal skin structure of
Gsdma–/– mice compared to naïve WT mice (Figure 5E).
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Figure 5. Generation of Gsdma1-Gsdma2-Gsdma3 triple knockout (Gsdma–/–) mice. (A) Gsdma1,
Gsdma2, and Gsdma3 are clustered on mouse chromosome 11. CRISPR was used to delete all three
genes at the red arrows. (B) Gsdma–/– founder mice were validated by PCR using the primer sets
(Gsdma-5ScF1 and Gsdma-3ScR1) described in Materials and Methods. (C) Gsdma–/– founder mice
were verified by Sanger Sequencing, showing a 50kb deletion. (D) Western blot of GSDMA using
ear tissues of WT and Gsdma–/– mice extracted by PBS and RIPA buffer. FL, full-length GSDMA;
CL?, potential cleavage products of GSDMA. (E) Histological staining of ear sections from WT and
Gsdma–/– mice. E, epidermis; D, dermis; C, cartilage. The epidermal–dermal junctions are indicated
by the black arrows.

Given that (1) most gasdermins can be activated by a caspase [92], (2) caspase-14 is
an enigmatic caspase with undefined substrates, (3) no known host proteases have been
identified to activate GSDMA, and (4) both caspase-14 and GSDMA are highly expressed
in keratinocytes, we hypothesized that caspase-14 activates GSDMA in keratinocytes to
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facilitate viral clearance during HSV-1 infection. We evaluated Casp14–/– and Gsdma–/–

mice during HSV-1 skin infection. However, WT, Casp14–/–, and Gsdma–/– mice developed
similar skin lesions during HSV-1 infection (Figure 6A,C). Similarly, Casp14–/– and Gsdma–/–

mice had similar survival rates compared to WT mice (Figure 6B,D; Table S1). Therefore,
caspase-14 and GSDMA are not required for defense against HSV-1 skin infection.
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Figure 6. Caspase-14 and GSDMA are not required to control HSV-1 skin infection. Mice were
infected on the right flank with 105 PFU HSV-1 strain NS. Disease scores (A,C) and survival (B,D)
were monitored between WT and knockout mice. Mice number in: (A,B) WT n = 9, Casp14–/– n = 8;
(C,D) WT n = 10, Gsdma–/– n = 10. Data are pooled from two experiments (A–D). ns: not significant.

4. Discussion

Regulated cell death, including apoptosis, pyroptosis, and necroptosis, plays impor-
tant role in defending against infection. As an apoptosis executioner and axon pruning
mediator, caspase-6 is partially required to control HSV-1 infection, as shown by increased
skin lesions and higher brain viral burdens in Casp6–/– mice. One interpretation is that
caspase-6 is activated by HSV-1 infection in neurons to restrict viral trafficking via axon
degeneration. However, since HSV-1 infects multiple cell types in these models, it is possi-
ble that caspase-6 functions in keratinocytes or other cell types to defend against HSV-1.
Further studies are needed to determine the activation status of caspase-6 in different cell
types in vivo. The phenotypes we observed in Casp6–/– mice were modest. This could be
due to viral virulence factors blocking apoptosis at multiple steps [93]. Thus, we tested
HSV-1 ∆Us3 strain, which was shown to induce more apoptosis [72–74]. Although the
mutant virus is less virulent than its WT counterpart, Casp6–/– mice showed equal skin
lesions, survival, and viral burdens compared to WT mice. Since HSV-1 can inhibit apop-
tosis at multiple steps using a battery of viral proteins [93], it is possible that other viral
proteins (e.g., ICP22, ICP27 [22,94], and US5 [95,96]) are redundant at inhibiting caspase-6
activation. Therefore, other apoptosis-inducing HSV-1 strains can be tested in Casp6–/– mice
to assess if there will be a stronger phenotype. Another neurotropic virus, Theiler’s murine
encephalomyelitis virus (TMEV), was shown to induce axon degeneration to prevent viral
transportation in mice [61]. Therefore, it is worthwhile to test whether Casp6–/– mice are
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sensitive to TMEV. There are other neurotropic viruses that would be interesting to test in
Casp6–/– mice, such as pseudorabies virus, West Nile virus, encephalomyocarditis virus,
and mouse hepatitis virus.

Another two apoptotic caspases, caspase-7 and -8, were not required to control HSV-1
skin infection. However, both caspase-7 and -8 can be inhibited by HSV-1. For example,
HSV-1 latency-associated transcript (LAT) blocks caspase-8 activity in neurons [97,98].
Thus, future studies need to investigate apoptosis-inducing HSV-1 strains to reveal whether
caspase-7 and -8 could function in defense against HSV-1 in the absence of their inhibitions.

The role of inflammatory caspases during HSV-1 infection requires further investiga-
tion. HSV-1 activates multiple inflammasomes [83,85,99,100]; however, HSV-1 also inhibits
inflammasome activation [85,101]. Caspase-1 and its downstream molecules, IL-1β and
IL-18, have been shown to be either protective [42,83,102–106] or detrimental [107,108]
during HSV-1 infections, depending on different models. Casp1/11–/– mice were previously
published as having skin lesions similar to WT mice after HSV-1 skin infection [63]; how-
ever, our data showed that the Asc–/–Casp1/11–/– mice are more susceptible. This could be
due to ASC mediating an inflammasome-independent function to defend against HSV-1
infection. ASC can signal to caspase-8 and trigger apoptosis [78,88,89], thus inflammasome-
mediated pyroptosis and caspase-8-mediated apoptosis may be redundant in defending
against HSV-1 infection. Future studies are needed to determine which cell type ASC
functions and the role of ASC in the absence of inflammatory caspases in HSV-1 infection.

The role of gasdermins in HSV-1 infection is starting to be revealed. HSV-1 induces
GSDMD-mediated pyroptosis in macrophages [109] and GSDME-mediated pyroptosis in
human keratinocytes [110]. Our initial hypothesis was that caspase-14 activates GSMDA
in keratinocytes to defend against HSV-1 infection. Although our data suggested that
caspase-14 and GSDMA are not involved in defending against HSV-1 infection, it is likely
that the function of caspase-14 or GSDMA in keratinocytes is masked by HSV-1-encoded
proteins, because a recent study showed that HSV-1 ∆ICP27 strain but not WT HSV-1
induces GSDME-mediated pyroptosis in human keratinocytes [110]. Thus, future studies
that evaluate additional mutant HSV-1 strains could unmask a possible role for caspase-
14 and GSDMA during viral infection. Moreover, the activation of both caspase-14 and
GSDMA needs further investigation. Determining whether activated caspase-14 cleaves
GSDMA in an in vitro system will provide valuable information. However, such studies
are complicated by the lack of a system to obtain activated caspase-14 in vitro.

In summary, our data highlight HSV-1 as a successful host-adapted pathogen. The
lack of strong phenotypes suggests that using mutant viral strains could reveal the function
of host proteins that may be otherwise masked by viral inhibitory proteins.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v14092034/s1, Table S1. Survival table of HSV-1 flank infected mice.

Author Contributions: Conceptualization, L.L., S.B.K., H.M.L. and E.A.M.; methodology, L.L., S.B.K.,
I.J. and H.M.L.; software, L.L., S.B.K. and I.J.; validation, L.L. and E.A.M.; formal analysis, L.L.;
investigation, L.L., S.B.K. and I.J.; resources, I.J., H.N.L., H.M.L. and E.A.M.; writing—original draft
preparation, L.L.; writing—review and editing, L.L., S.B.K., I.J., H.M.L. and E.A.M.; visualization,
L.L., S.B.K. and I.J.; supervision, E.A.M.; funding acquisition, E.A.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by NIH grants AR072694, AI119073, AI133236, AI139304, and
AI136920 to E.A.M.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of either UNC-Chapel Hill (18–175.0, approved 24 September 2019)
or Duke University (A043-20-02, approved 6 September 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

https://www.mdpi.com/article/10.3390/v14092034/s1
https://www.mdpi.com/article/10.3390/v14092034/s1


Viruses 2022, 14, 2034 13 of 17

Acknowledgments: We thank R. Flavell, V. Dixit, M. Deshmukh, W. Declercq, D. Green, B Tummers,
and R. Vance for sharing mice. Vero cells were kindly provided by Raphael H. Valdivia. HSV-1 WT
strain F and HSV-1 strain ∆Us3 (R7041) were generated by Bernard Roizman and kindly provided by
David C. Bloom. Figures 1A and 5A were created with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhu, H.; Zheng, C. The Race between Host Antiviral Innate Immunity and the Immune Evasion Strategies of Herpes Simplex

Virus 1. Microbiol. Mol. Biol. Rev. 2020, 84, e00099-20. [CrossRef] [PubMed]
2. Herpes Simplex Virus. Available online: https://www.who.int/news-room/fact-sheets/detail/herpes-simplex-virus (accessed

on 2 August 2022).
3. Xu, F.; Markowitz, L.E.; Gottlieb, S.L.; Berman, S.M. Seroprevalence of herpes simplex virus types 1 and 2 in pregnant women in

the United States. Am. J. Obstet. Gynecol. 2007, 196, e1–e43. [CrossRef]
4. Denes, C.E.; Everett, R.D.; Diefenbach, R.J. Herpes Simplex Virus, Methods and Protocols. Methods Mol. Biology 2019, 2060, 1–30.
5. van Lint, A.; Ayers, M.; Brooks, A.G.; Coles, R.M.; Heath, W.R.; Carbone, F.R. Herpes simplex virus-specific CD8+ T cells can clear

established lytic infections from skin and nerves and can partially limit the early spread of virus after cutaneous inoculation. J.
Immunol. 2003, 172, 392–397. [CrossRef] [PubMed]

6. Simmons, A.; Nash, A.A. Zosteriform spread of herpes simplex virus as a model of recrudescence and its use to investigate the
role of immune cells in prevention of recurrent disease. J. Virol. 1984, 52, 816–821. [CrossRef]

7. McGraw, H.M.; Awasthi, S.; Wojcechowskyj, J.A.; Friedman, H.M. Anterograde Spread of Herpes Simplex Virus Type 1 Requires
Glycoprotein E and Glycoprotein I but Not Us9. J. Virol. 2009, 83, 8315–8326. [CrossRef]

8. Lubinski, J.M.; Lazear, H.M.; Awasthi, S.; Wang, F.; Friedman, H.M. The Herpes Simplex Virus 1 IgG Fc Receptor Blocks
Antibody-Mediated Complement Activation and Antibody-Dependent Cellular Cytotoxicity In Vivo. J. Virol. 2011, 85, 3239–3249.
[CrossRef]

9. Engel, J.P.; Madigan, T.C.; Peterson, G.M. The transneuronal spread phenotype of herpes simplex virus type 1 infection of the
mouse hind footpad. J. Virol. 1997, 71, 2425–2435. [CrossRef]

10. Fensterl, V.; Wetzel, J.L.; Sen, G.C.; Lyles, D.S. Interferon-Induced Protein Ifit2 Protects Mice from Infection of the Peripheral
Nervous System by Vesicular Stomatitis Virus. J. Virol. 2014, 88, 10303–10311. [CrossRef]

11. Koganti, R.; Yadavalli, T.; Shukla, D. Current and Emerging Therapies for Ocular Herpes Simplex Virus Type-1 Infections.
Microorganisms 2019, 7, 429. [CrossRef]

12. Dogrammatzis, C.; Waisner, H.; Kalamvoki, M. “Non-Essential” Proteins of HSV-1 with Essential Roles In Vivo: A Comprehensive
Review. Viruses 2020, 13, 17. [CrossRef] [PubMed]

13. Kumar, A.; Stavrakis, G.; Karaba, A.H. Herpesviruses and Inflammasomes: One Sensor Does Not Fit All. mBio 2022, 13, e01737-21.
[CrossRef] [PubMed]

14. Jorgensen, I.; Rayamajhi, M.; Miao, E.A. Programmed cell death as a defence against infection. Nat. Rev. Immunol. 2017, 17,
151–164. [CrossRef] [PubMed]

15. Nozaki, K.; Li, L.; Miao, E.A. Innate Sensors Trigger Regulated Cell Death to Combat Intracellular Infection. Annu. Rev. Immunol.
2022, 40, 469–498. [CrossRef]

16. Wang, Y.; Gao, W.; Shi, X.; Ding, J.; Liu, W.; He, H.; Wang, K.; Shao, F. Chemotherapy drugs induce pyroptosis through caspase-3
cleavage of a gasdermin. Nature 2017, 547, 99–103. [CrossRef]

17. Nozaki, K.; Maltez, V.I.; Rayamajhi, M.; Tubbs, A.L.; Mitchell, J.E.; Lacey, C.A.; Harvest, C.K.; Li, L.; Nash, W.T.; Larson, H.N.; et al.
Caspase-7 activates ASM to repair gasdermin and perforin pores. Nature 2022, 606, 960–967. [CrossRef]

18. Kuechle, M.K.; Predd, H.M.; Fleckman, P.; Dale, B.A.; Presland, R.B. Caspase-14, a keratinocyte specific caspase: mRNA splice
variants and expression pattern in embryonic and adult mouse. Cell Death Differ. 2001, 8, 868–870. [CrossRef]

19. Pistritto, G.; Jost, M.; Srinivasula, S.M.; Baffa, R.; Poyet, J.-L.; Kari, C.; Lazebnik, Y.; Rodeck, U.; Alnemri, E.S.; Poyet, J.-L.
Expression and transcriptional regulation of caspase-14 in simple and complex epithelia. Cell Death Differ. 2002, 9, 995–1006.
[CrossRef]

20. Rendl, M.; Ban, J.; Mrass, P.; Mayer, C.; Lengauer, B.; Eckhart, L.; Declerq, W.; Tschachler, E. Caspase-14 Expression by Epidermal
Keratinocytes is Regulated by Retinoids in a Differentiation-associated Manner. J. Investig. Dermatol. 2002, 119, 1150–1155.
[CrossRef]

21. Galvan, V.; Roizman, B. Herpes simplex virus 1 induces and blocks apoptosis at multiple steps during infection and protects cells
from exogenous inducers in a cell-type-dependent manner. Proc. Natl. Acad. Sci. USA 1998, 95, 3931–3936. [CrossRef]

22. Aubert, M.; O’Toole, J.; Blaho, J.A. Induction and Prevention of Apoptosis in Human HEp-2 Cells by Herpes Simplex Virus Type
1. J. Virol. 1999, 73, 10359–10370. [CrossRef] [PubMed]

23. Sanfilippo, C.M.; Blaho, J.A. ICP0 Gene Expression Is a Herpes Simplex Virus Type 1 Apoptotic Trigger. J. Virol. 2006, 80,
6810–6821. [CrossRef] [PubMed]

24. Kovacs, S.B.; Miao, E.A. Gasdermins: Effectors of Pyroptosis. Trends Cell Biol. 2017, 27, 673–684. [CrossRef] [PubMed]

http://doi.org/10.1128/MMBR.00099-20
http://www.ncbi.nlm.nih.gov/pubmed/32998978
https://www.who.int/news-room/fact-sheets/detail/herpes-simplex-virus
http://doi.org/10.1016/j.ajog.2006.07.051
http://doi.org/10.4049/jimmunol.172.1.392
http://www.ncbi.nlm.nih.gov/pubmed/14688347
http://doi.org/10.1128/jvi.52.3.816-821.1984
http://doi.org/10.1128/JVI.00633-09
http://doi.org/10.1128/JVI.02509-10
http://doi.org/10.1128/jvi.71.3.2425-2435.1997
http://doi.org/10.1128/JVI.01341-14
http://doi.org/10.3390/microorganisms7100429
http://doi.org/10.3390/v13010017
http://www.ncbi.nlm.nih.gov/pubmed/33374862
http://doi.org/10.1128/mbio.01737-21
http://www.ncbi.nlm.nih.gov/pubmed/35038917
http://doi.org/10.1038/nri.2016.147
http://www.ncbi.nlm.nih.gov/pubmed/28138137
http://doi.org/10.1146/annurev-immunol-101320-011235
http://doi.org/10.1038/nature22393
http://doi.org/10.1038/s41586-022-04825-8
http://doi.org/10.1038/sj.cdd.4400897
http://doi.org/10.1038/sj.cdd.4401061
http://doi.org/10.1046/j.1523-1747.2002.19532.x
http://doi.org/10.1073/pnas.95.7.3931
http://doi.org/10.1128/JVI.73.12.10359-10370.1999
http://www.ncbi.nlm.nih.gov/pubmed/10559354
http://doi.org/10.1128/JVI.00334-06
http://www.ncbi.nlm.nih.gov/pubmed/16809287
http://doi.org/10.1016/j.tcb.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28619472


Viruses 2022, 14, 2034 14 of 17

25. Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T.; Wang, F.; Shao, F. Cleavage of GSDMD by inflammatory
caspases determines pyroptotic cell death. Nature 2015, 526, 660–665. [CrossRef]

26. Kayagaki, N.; Stowe, I.B.; Lee, B.L.; O’Rourke, K.; Anderson, K.; Warming, S.; Cuellar, T.; Haley, B.; Roose-Girma, M.; Phung,
Q.T.; et al. Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature 2015, 526, 666–671. [CrossRef]

27. He, W.-T.; Wan, H.; Hu, L.; Chen, P.; Wang, X.; Huang, Z.; Yang, Z.-H.; Zhong, C.-Q.; Han, J. Gasdermin D is an executor of
pyroptosis and required for interleukin-1β secretion. Cell Res. 2015, 25, 1285–1298. [CrossRef]

28. Tamura, M.; Tanaka, S.; Fujii, T.; Aoki, A.; Komiyama, H.; Ezawa, K.; Sumiyama, K.; Sagai, T.; Shiroishi, T. Members of a novel
gene family, Gsdm, are expressed exclusively in the epithelium of the skin and gastrointestinal tract in a highly tissue-specific
manner. Genomics 2007, 89, 618–629. [CrossRef]

29. Deng, W.; Bai, Y.; Deng, F.; Pan, Y.; Mei, S.; Zheng, Z.; Min, R.; Wu, Z.; Li, W.; Miao, R.; et al. Streptococcal pyrogenic exotoxin B
cleaves GSDMA and triggers pyroptosis. Nature 2022, 602, 496–502. [CrossRef]

30. LaRock, D.L.; Johnson, A.F.; Wilde, S.; Sands, J.S.; Monteiro, M.P.; LaRock, C.N. Group A Streptococcus induces GSDMA-
dependent pyroptosis in keratinocytes. Nature 2022, 605, 527–531. [CrossRef]

31. Saeki, N.; Kim, D.H.; Usui, T.; Aoyagi, K.; Tatsuta, T.; Aoki, K.; Yanagihara, K.; Tamura, M.; Mizushima, H.; Sakamoto, H.; et al.
GASDERMIN, suppressed frequently in gastric cancer, is a target of LMO1 in TGF-β-dependent apoptotic signalling. Oncogene
2007, 26, 6488–6498. [CrossRef]

32. Shi, P.; Tang, A.; Xian, L.; Hou, S.; Zou, D.; Lv, Y.; Huang, Z.; Wang, Q.; Song, A.; Lin, Z.; et al. Loss of conserved Gsdma3
self-regulation causes autophagy and cell death. Biochem. J. 2015, 468, 325–336. [CrossRef] [PubMed]

33. Oberst, A.; Dillon, C.P.; Weinlich, R.; McCormick, L.L.; Fitzgerald, P.; Pop, C.; Hakem, R.; Salvesen, G.S.; Green, D.R. Catalytic
activity of the caspase-8–FLIPL complex inhibits RIPK3-dependent necrosis. Nature 2011, 471, 363–367. [CrossRef]

34. Denecker, G.; Hoste, E.; Gilbert, B.; Hochepied, T.; Ovaere, P.; Lippens, S.; Broecke, C.V.D.; Van Damme, P.; D’Herde, K.; Hachem,
J.-P.; et al. Caspase-14 protects against epidermal UVB photodamage and water loss. Nat. Cell Biol. 2007, 9, 666–674. [CrossRef]

35. Mariathasan, S.; Newton, K.; Monack, D.M.; Vucic, D.; French, D.M.; Lee, W.P.; Roose-Girma, M.; Erickson, S.; Dixit, V.M.
Differential activation of the inflammasome by caspase-1 adaptors ASC and Ipaf. Nature 2004, 430, 213–218. [CrossRef] [PubMed]

36. Kuida, K.; Lippke, J.A.; Ku, G.; Harding, M.W.; Livingston, D.J.; Su, M.S.; Flavell, R.A. Altered Cytokine Export and Apoptosis in
Mice Deficient in Interleukin-1β Converting Enzyme. Science 1995, 267, 2000–2003. [CrossRef] [PubMed]

37. Friedman, H.M.; Macarak, E.J.; MacGregor, R.R.; Wolfe, J.; Kefalides, N.A. Virus Infection of Endothelial Cells. J. Infect Dis. 1981,
143, 266–273. [CrossRef]

38. Purves, F.C.; Longnecker, R.M.; Leader, D.P.; Roizman, B. Herpes simplex virus 1 protein kinase is encoded by open reading
frame US3 which is not essential for virus growth in cell culture. J. Virol. 1987, 61, 2896–2901. [CrossRef]

39. Brittle, E.E.; Wang, F.; Lubinski, J.M.; Bunte, R.M.; Friedman, H.M. A Replication-Competent, Neuronal Spread-Defective, Live
Attenuated Herpes Simplex Virus Type 1 Vaccine. J. Virol. 2008, 82, 8431–8441. [CrossRef]

40. Nagashunmugam, T.; Lubinski, J.; Wang, L.; Goldstein, L.T.; Weeks, B.S.; Sundaresan, P.; Kang, E.H.; Dubin, G.; Friedman,
H.M. In Vivo Immune Evasion Mediated by the Herpes Simplex Virus Type 1 Immunoglobulin G Fc Receptor. J. Virol. 1998, 72,
5351–5359. [CrossRef]

41. Yang, K.; Liang, Y.; Sun, Z.; Liu, L.; Liao, J.; Xu, H.; Zhu, M.; Fu, Y.-X.; Peng, H. T cell-derived lymphotoxin limits Th1 response
during HSV-1 infection. Sci. Rep. 2018, 8, 17727. [CrossRef]

42. Varanasi, S.K.; Rajasagi, N.K.; Jaggi, U.; Rouse, B.T. Role of IL-18 induced Amphiregulin expression on virus induced ocular
lesions. Mucosal Immunol. 2018, 11, 1705–1715. [CrossRef] [PubMed]

43. Lakeman, F.D.; Whitley, R.J. Diagnosis of Herpes Simplex Encephalitis: Application of Polymerase Chain Reaction to Cere-
brospinal Fluid from Brain-Biopsied Patients and Correlation with Disease. J. Infect. Dis. 1995, 171, 857–863. [CrossRef]
[PubMed]

44. Cunningham, E.T.; Short, G.A.; Irvine, A.R.; Duker, J.S.; Margolis, T.P. Acquired Immunodeficiency Syndrome—Associated
Herpes Simplex Virus Retinitis: Clinical Description and Use of a Polymerase Chain Reaction—Based Assay as a Diagnostic Tool.
Arch. Ophthalmol. 1996, 114, 834–840. [CrossRef]

45. Bhullar, S.S.; Chandak, N.H.; Purohit, H.J.; Taori, G.M.; Daginawala, H.F.; Kashyap, R.S. Determination of Viral Load by
Quantitative Real-Time PCR in Herpes Simplex Encephalitis Patients. Intervirology 2013, 57, 1–7. [CrossRef] [PubMed]

46. Orth, K.; Chinnaiyan, A.M.; Garg, M.; Froelich, C.J.; Dixit, V.M. The CED-3/ICE-like Protease Mch2 Is Activated during Apoptosis
and Cleaves the Death Substrate Lamin A. J. Biol. Chem. 1996, 271, 16443–16446. [CrossRef]

47. Hirata, H.; Takahashi, A.; Kobayashi, S.; Yonehara, S.; Sawai, H.; Okazaki, T.; Yamamoto, K.; Sasada, M. Caspases Are Activated
in a Branched Protease Cascade and Control Distinct Downstream Processes in Fas-induced Apoptosis. J. Exp. Med. 1998, 187,
587–600. [CrossRef]

48. Klaiman, G.; Champagne, N.; LeBlanc, A.C. Self-activation of Caspase-6 in vitro and in vivo: Caspase-6 activation does not
induce cell death in HEK293T cells. BBA-Mol. Cell Res. 2009, 1793, 592–601. [CrossRef]

49. Zheng, M.; Karki, R.; Vogel, P.; Kanneganti, T.-D. Caspase-6 Is a Key Regulator of Innate Immunity, Inflammasome Activation,
and Host Defense. Cell 2020, 181, 674–687.e13. [CrossRef]

50. Horowitz, P.M.; Patterson, K.R.; Guillozet-Bongaarts, A.L.; Reynolds, M.R.; Carroll, C.A.; Weintraub, S.T.; Bennett, D.A.; Cryns,
V.L.; Berry, R.W.; Binder, L.I. Early N-Terminal Changes and Caspase-6 Cleavage of Tau in Alzheimer’s Disease. J. Neurosci. 2004,
24, 7895–7902. [CrossRef]

http://doi.org/10.1038/nature15514
http://doi.org/10.1038/nature15541
http://doi.org/10.1038/cr.2015.139
http://doi.org/10.1016/j.ygeno.2007.01.003
http://doi.org/10.1038/s41586-021-04384-4
http://doi.org/10.1038/s41586-022-04717-x
http://doi.org/10.1038/sj.onc.1210475
http://doi.org/10.1042/BJ20150204
http://www.ncbi.nlm.nih.gov/pubmed/25825937
http://doi.org/10.1038/nature09852
http://doi.org/10.1038/ncb1597
http://doi.org/10.1038/nature02664
http://www.ncbi.nlm.nih.gov/pubmed/15190255
http://doi.org/10.1126/science.7535475
http://www.ncbi.nlm.nih.gov/pubmed/7535475
http://doi.org/10.1093/infdis/143.2.266
http://doi.org/10.1128/jvi.61.9.2896-2901.1987
http://doi.org/10.1128/JVI.00551-08
http://doi.org/10.1128/JVI.72.7.5351-5359.1998
http://doi.org/10.1038/s41598-018-36012-z
http://doi.org/10.1038/s41385-018-0058-8
http://www.ncbi.nlm.nih.gov/pubmed/30087443
http://doi.org/10.1093/infdis/171.4.857
http://www.ncbi.nlm.nih.gov/pubmed/7706811
http://doi.org/10.1001/archopht.1996.01100140048006
http://doi.org/10.1159/000351521
http://www.ncbi.nlm.nih.gov/pubmed/23988484
http://doi.org/10.1074/jbc.271.28.16443
http://doi.org/10.1084/jem.187.4.587
http://doi.org/10.1016/j.bbamcr.2008.12.004
http://doi.org/10.1016/j.cell.2020.03.040
http://doi.org/10.1523/JNEUROSCI.1988-04.2004


Viruses 2022, 14, 2034 15 of 17

51. Klaiman, G.; Petzke, T.L.; Hammond, J.; LeBlanc, A.C. Targets of caspase-6 activity in human neurons and Alzheimer disease.
Mol. Cell. Proteom. MCP 2008, 7, 1541–1555. [CrossRef]

52. LeBlanc, A.; Liu, H.; Goodyer, C.; Bergeron, C.; Hammond, J. Caspase-6 role in apoptosis of human neurons, amyloidogenesis,
and Alzheimer’s disease. J. Biol. Chem. 1999, 274, 23426. [CrossRef] [PubMed]

53. Godefroy, N.; Foveau, B.; Albrecht, S.; Goodyer, C.G.; LeBlanc, A.C. Expression and Activation of Caspase-6 in Human Fetal and
Adult Tissues. PLoS ONE 2013, 8, e79313.

54. Nikolaev, A.; McLaughlin, T.; O’Leary, D.D.M.; Tessier-Lavigne, M. APP binds DR6 to trigger axon pruning and neuron death via
distinct caspases. Nature 2009, 457, 981–989. [CrossRef] [PubMed]

55. Schoenmann, Z.; Assa-Kunik, E.; Tiomny, S.; Minis, A.; Haklai-Topper, L.; Arama, E.; Yaron, A. Axonal Degeneration Is Regulated
by the Apoptotic Machinery or a NAD+-Sensitive Pathway in Insects and Mammals. J. Neurosci. 2010, 30, 6375–6386. [CrossRef]

56. Cusack, C.L.; Swahari, V.; Henley, W.H.; Ramsey, J.M.; Deshmukh, M. Distinct pathways mediate axon degeneration during
apoptosis and axon-specific pruning. Nat. Commun. 2013, 4, 1876. [CrossRef]

57. Wang, X.-J.; Cao, Q.; Zhang, Y.; Su, X.-D. Activation and Regulation of Caspase-6 and Its Role in Neurodegenerative Diseases.
Annu. Rev. Pharmacol. Toxicol. 2015, 55, 553–572. [CrossRef]

58. Low, L.K.; Cheng, H.-J. Axon pruning: An essential step underlying the developmental plasticity of neuronal connections. Philos.
Trans. R. Soc. B Biol. Sci. 2006, 361, 1531–1544. [CrossRef]

59. Taylor, M.P.; Enquist, L.W. Axonal spread of neuroinvasive viral infections. Trends Microbiol. 2015, 23, 283–288. [CrossRef]
60. Vasek, M.J.; Garber, C.; Dorsey, D.; Durrant, D.M.; Bollman, B.; Soung, A.; Yu, J.; Perez-Torres, C.; Frouin, A.; Wilton, D.K.; et al. A

complement–microglial axis drives synapse loss during virus-induced memory impairment. Nature 2016, 534, 538–543. [CrossRef]
61. Tsunoda, I. Axonal degeneration as a self-destructive defense mechanism against neurotropic virus infection. Future Virol. 2008, 3,

579–593. [CrossRef]
62. Milora, K.A.; Uppalapati, S.R.; Sanmiguel, J.C.; Zou, W.; Jensen, L.E. Interleukin-36β provides protection against HSV-1 infection,

but does not modulate initiation of adaptive immune responses. Sci. Rep. 2017, 7, 5799. [CrossRef] [PubMed]
63. Milora, K.A.; Miller, S.L.; Sanmiguel, J.C.; Jensen, L.E. Interleukin-1α released from HSV-1-infected keratinocytes acts as a

functional alarmin in the skin. Nat. Commun. 2014, 5, 5230. [CrossRef]
64. Khoury-Hanold, W.; Yordy, B.; Kong, P.; Kong, Y.; Ge, W.; Szigeti-Buck, K.; Ralevski, A.; Horvath, T.L.; Iwasaki, A. Viral Spread to

Enteric Neurons Links Genital HSV-1 Infection to Toxic Megacolon and Lethality. Cell Host Microbe 2016, 19, 788–799. [CrossRef]
65. Brun, P.; Qesari, M.; Marconi, P.C.R.; Kotsafti, A.; Porzionato, A.; Macchi, V.; Schwendener, R.A.; Scarpa, M.; Giron, M.C.; Palù,

G.; et al. Herpes Simplex Virus Type 1 Infects Enteric Neurons and Triggers Gut Dysfunction via Macrophage Recruitment. Front.
Cell. Infect. Microbiol. 2018, 8, 748. [CrossRef]

66. Cho, H.; Proll, S.C.; Szretter, K.; Katze, M.G.; Gale, M.; Diamond, M.S. Differential innate immune response programs in neuronal
subtypes determine susceptibility to infection in the brain by positive-stranded RNA viruses. Nat. Med. 2013, 19, 458–464.
[CrossRef] [PubMed]

67. Bala, U.; Tan, K.-L.; Ling, K.-H.; Cheah, P.-S. Harvesting the maximum length of sciatic nerve from adult mice: A step-by-step
approach. BMC Res. Notes 2014, 7, 714. [CrossRef] [PubMed]

68. Leopardi, R.; Sant, C.V.; Roizman, B. The herpes simplex virus 1 protein kinase US3 is required for protection from apoptosis
induced by the virus. Proc. Natl. Acad. Sci. USA 1997, 94, 7891–7896. [CrossRef]

69. Munger, J.; Roizman, B. The US3 protein kinase of herpes simplex virus 1 mediates the posttranslational modification of BAD
and prevents BAD-induced programmed cell death in the absence of other viral proteins. Proc. Natl. Acad. Sci. USA 2001, 98,
10410–10415. [CrossRef]

70. Hagglund, R.; Munger, J.; Poon, A.P.W.; Roizman, B. U S 3 Protein Kinase of Herpes Simplex Virus 1 Blocks Caspase 3 Activation
Induced by the Products of U S 1.5 and U L 13 Genes and Modulates Expression of Transduced U S 1.5 Open Reading Frame in a
Cell Type-Specific Manner. J. Virol. 2002, 76, 743–754. [CrossRef]

71. Benetti, L.; Munger, J.; Roizman, B. The Herpes Simplex Virus 1 US3 Protein Kinase Blocks Caspase-Dependent Double Cleavage
and Activation of the Proapoptotic Protein BAD. J. Virol. 2003, 77, 6567–6573. [CrossRef]

72. Asano, S.; Honda, T.; Goshima, F.; Watanabe, D.; Miyake, Y.; Sugiura, Y.; Nishiyama, Y. US3 protein kinase of herpes simplex virus
type 2 plays a role in protecting corneal epithelial cells from apoptosis in infected mice. J. Gen. Virol. 1999, 80, 51–56. [CrossRef]
[PubMed]

73. Asano, S.; Honda, T.; Goshima, F.; Nishiyama, Y.; Sugiura, Y. US3 protein kinase of herpes simplex virus protects primary afferent
neurons from virus-induced apoptosis in ICR mice. Neurosci. Lett. 2000, 294, 105–108. [CrossRef]

74. Mori, I.; Goshima, F.; Watanabe, D.; Ito, H.; Koide, N.; Yoshida, T.; Liu, B.; Kimura, Y.; Yokochi, T.; Nishiyama, Y. Herpes simplex
virus US3 protein kinase regulates virus-induced apoptosis in olfactory and vomeronasal chemosensory neurons in vivo. Microbes
Infect. 2006, 8, 1806–1812. [CrossRef] [PubMed]

75. Koyanagi, N.; Imai, T.; Arii, J.; Kato, A.; Kawaguchi, Y. Role of herpes simplex virus 1 Us3 in viral neuroinvasiveness. Microbiol.
Immunol. 2014, 58, 31–37. [CrossRef]

76. Ghiasi, H.; Cai, S.; Perng, G.-C.; Nesburn, A.B.; Wechsler, S.L. Perforin pathway is essential for protection of mice against lethal
ocular HSV-1 challenge but not corneal scarring. Virus Res. 1999, 65, 97–101. [CrossRef]

77. Chang, E.; Galle, L.; Maggs, D.; Estes, D.M.; Mitchell, W.J. Pathogenesis of Herpes Simplex Virus Type 1-Induced Corneal
Inflammation in Perforin-Deficient Mice. J. Virol. 2000, 74, 11832–11840. [CrossRef] [PubMed]

http://doi.org/10.1074/mcp.M800007-MCP200
http://doi.org/10.1074/jbc.274.33.23426
http://www.ncbi.nlm.nih.gov/pubmed/10438520
http://doi.org/10.1038/nature07767
http://www.ncbi.nlm.nih.gov/pubmed/19225519
http://doi.org/10.1523/JNEUROSCI.0922-10.2010
http://doi.org/10.1038/ncomms2910
http://doi.org/10.1146/annurev-pharmtox-010814-124414
http://doi.org/10.1098/rstb.2006.1883
http://doi.org/10.1016/j.tim.2015.01.002
http://doi.org/10.1038/nature18283
http://doi.org/10.2217/17460794.3.6.579
http://doi.org/10.1038/s41598-017-05363-4
http://www.ncbi.nlm.nih.gov/pubmed/28724920
http://doi.org/10.1038/ncomms6230
http://doi.org/10.1016/j.chom.2016.05.008
http://doi.org/10.3389/fcimb.2018.00074
http://doi.org/10.1038/nm.3108
http://www.ncbi.nlm.nih.gov/pubmed/23455712
http://doi.org/10.1186/1756-0500-7-714
http://www.ncbi.nlm.nih.gov/pubmed/25304607
http://doi.org/10.1073/pnas.94.15.7891
http://doi.org/10.1073/pnas.181344498
http://doi.org/10.1128/JVI.76.2.743-754.2002
http://doi.org/10.1128/JVI.77.11.6567-6573.2003
http://doi.org/10.1099/0022-1317-80-1-51
http://www.ncbi.nlm.nih.gov/pubmed/9934683
http://doi.org/10.1016/S0304-3940(00)01554-8
http://doi.org/10.1016/j.micinf.2006.02.018
http://www.ncbi.nlm.nih.gov/pubmed/16815072
http://doi.org/10.1111/1348-0421.12108
http://doi.org/10.1016/S0168-1702(99)00107-0
http://doi.org/10.1128/JVI.74.24.11832-11840.2000
http://www.ncbi.nlm.nih.gov/pubmed/11090183


Viruses 2022, 14, 2034 16 of 17

78. Tummers, B.; Green, D.R. Caspase-8: Regulating life and death. Immunol. Rev. 2017, 277, 76–89. [CrossRef]
79. Kaiser, W.J.; Upton, J.W.; Long, A.B.; Livingston-Rosanoff, D.; Daley-Bauer, L.P.; Hakem, R.; Caspary, T.; Mocarski, E.S. RIP3

mediates the embryonic lethality of caspase-8-deficient mice. Nature 2011, 471, 368–372. [CrossRef]
80. Guo, H.; Omoto, S.; Harris, P.A.; Finger, J.N.; Bertin, J.; Gough, P.J.; Kaiser, W.J.; Mocarski, E.S. Herpes Simplex Virus Suppresses

Necroptosis in Human Cells. Cell Host Microbe 2015, 17, 243–251. [CrossRef]
81. Wang, X.; Li, Y.; Liu, S.; Yu, X.; Li, L.; Shi, C.; He, W.; Li, J.; Xu, L.; Hu, Z.; et al. Direct activation of RIP3/MLKL-dependent

necrosis by herpes simplex virus 1 (HSV-1) protein ICP6 triggers host antiviral defense. Proc. Natl. Acad. Sci. USA 2014, 111,
15438–15443. [CrossRef]

82. Huang, Z.; Wu, S.Q.; Liang, Y.; Zhou, X.; Chen, W.; Li, L.; Wu, J.; Zhuang, Q.; Chen, C.; Li, J.; et al. RIP1/RIP3 Binding to HSV-1
ICP6 Initiates Necroptosis to Restrict Virus Propagation in Mice. Cell Host Microbe 2015, 17, 229–242. [CrossRef] [PubMed]

83. Gimenez, F.; Bhela, S.; Dogra, P.; Harvey, L.; Varanasi, S.K.; Jaggi, U.; Rouse, B.T. The inflammasome NLRP3 plays a protective
role against a viral immunopathological lesion. J. Leukoc. Biol. 2016, 99, 647–657. [CrossRef] [PubMed]

84. Strittmatter, G.E.; Sand, J.; Sauter, M.; Seyffert, M.; Steigerwald, R.; Fraefel, C.; Smola, S.; French, L.E.; Beer, H.-D. IFN-γ Primes
Keratinocytes for HSV-1–Induced Inflammasome Activation. J. Investig. Dermatol. 2016, 136, 610–620. [CrossRef] [PubMed]

85. Johnson, K.E.; Chikoti, L.; Chandran, B. Herpes Simplex Virus 1 Infection Induces Activation and Subsequent Inhibition of the
IFI16 and NLRP3 Inflammasomes. J. Virol. 2013, 87, 5005–5018. [CrossRef]

86. Muruve, D.A.; Pétrilli, V.; Zaiss, A.K.; White, L.R.; Clark, S.A.; Ross, P.J.; Parks, R.J.; Tschopp, J. The inflammasome recognizes
cytosolic microbial and host DNA and triggers an innate immune response. Nature 2008, 452, 103–107. [CrossRef]

87. Kayagaki, N.; Warming, S.; Lamkanfi, M.; Walle, L.V.; Louie, S.; Dong, J.; Newton, K.; Qu, Y.; Liu, J.; Heldens, S.; et al.
Non-canonical inflammasome activation targets caspase-11. Nature 2011, 479, 117–121. [CrossRef]

88. Lee, B.L.; Mirrashidi, K.M.; Stowe, I.B.; Kummerfeld, S.; Watanabe, C.; Haley, B.; Cuellar, T.L.; Reichelt, M.; Kayagaki, N. ASC-
and caspase-8-dependent apoptotic pathway diverges from the NLRC4 inflammasome in macrophages. Sci. Rep. 2018, 8, 3788.
[CrossRef]

89. Orning, P.; Lien, E. Multiple roles of caspase-8 in cell death, inflammation, and innate immunity. J. Leukoc. Biol. 2021, 109, 121–141.
[CrossRef]

90. Kazem, S.; van der Meijden, E.; Struijk, L.; de Gruijl, F.R.; Feltkamp, M.C. Human papillomavirus 8 E6 disrupts terminal skin
differentiation and prevents pro-Caspase-14 cleavage. Virus Res. 2012, 163, 609–616. [CrossRef]

91. Yamamoto, M.; Miyai, M.; Matsumoto, Y.; Tsuboi, R.; Hibino, T. Kallikrein-related Peptidase-7 Regulates Caspase-14 Maturation
during Keratinocyte Terminal Differentiation by Generating an Intermediate Form. J. Biol. Chem. 2012, 287, 32825–32834.
[CrossRef]

92. Liu, X.; Xia, S.; Zhang, Z.; Wu, H.; Lieberman, J. Channelling inflammation: Gasdermins in physiology and disease. Nat. Rev.
Drug Discov. 2021, 20, 384–405. [CrossRef] [PubMed]

93. Yu, X.; He, S. The interplay between human herpes simplex virus infection and the apoptosis and necroptosis cell death pathways.
Virol. J. 2016, 13, 77. [CrossRef] [PubMed]

94. Aubert, M.; Blaho, J.A. The Herpes Simplex Virus Type 1 Regulatory Protein ICP27 Is Required for the Prevention of Apoptosis in
Infected Human Cells. J. Virol. 1999, 73, 2803–2813. [CrossRef] [PubMed]

95. Jerome, K.R.; Fox, R.; Chen, Z.; Sears, A.E.; Lee, H.-Y.; Corey, L. Herpes Simplex Virus Inhibits Apoptosis through the Action of
Two Genes, Us5 and Us3. J. Virol. 1999, 73, 8950–8957. [CrossRef] [PubMed]

96. Jerome, K.R.; Chen, Z.; Lang, R.; Torres, M.R.; Hofmeister, J.; Smith, S.; Fox, R.; Froelich, C.J.; Corey, L. HSV and Glycoprotein J
Inhibit Caspase Activation and Apoptosis Induced by Granzyme B or Fas. J. Immunol. 2001, 167, 3928–3935. [CrossRef] [PubMed]

97. Ahmed, M.; Lock, M.; Miller, C.G.; Fraser, N.W. Regions of the Herpes Simplex Virus Type 1 Latency-Associated Transcript That
Protect Cells from Apoptosis In Vitro and Protect Neuronal Cells In Vivo. J. Virol. 2002, 76, 717–729. [CrossRef]

98. Henderson, G.; Peng, W.; Jin, L.; Perng, G.-C.; Nesburn, A.; Wechsler, S.; Jones, C. Regulation of Caspase 8- and Caspase 9-Induced
Apoptosis by the Herpes Simplex Virus Type 1 Latency-Associated Transcript. J. Neurovirol. 2002, 8, 103–111. [CrossRef]

99. Wang, S.-L.; Zhao, G.; Zhu, W.; Dong, X.-M.; Liu, T.; Li, Y.-Y.; Song, W.-G.; Wang, Y.-Q. Herpes simplex virus-1 infection or Simian
virus 40-mediated immortalization of corneal cells causes permanent translocation of NLRP3 to the nuclei. Int. J. Ophthalmol.
2014, 8, 46–51.

100. Wang, W.; Hu, D.; Wu, C.; Feng, Y.; Li, A.; Liu, W.; Wang, Y.; Chen, K.; Tian, M.; Xiao, F.; et al. STING promotes NLRP3 localization
in ER and facilitates NLRP3 deubiquitination to activate the inflammasome upon HSV-1 infection. PLoS Pathog. 2020, 16, e1008335.
[CrossRef]

101. Maruzuru, Y.; Ichinohe, T.; Sato, R.; Miyake, K.; Okano, T.; Suzuki, T.; Koshiba, T.; Koyanagi, N.; Tsuda, S.; Watanabe, M.; et al.
Herpes Simplex Virus 1 VP22 Inhibits AIM2-Dependent Inflammasome Activation to Enable Efficient Viral Replication. Cell Host
Microbe 2018, 23, 254–265.e7. [CrossRef]

102. Fujioka, N.; Akazawa, R.; Ohashi, K.; Fujii, M.; Ikeda, M.; Kurimoto, M. Interleukin-18 Protects Mice against Acute Herpes
Simplex Virus Type 1 Infection. J. Virol. 1999, 73, 2401–2409. [CrossRef] [PubMed]

103. Barr, D.P.; Belz, G.T.; Reading, P.C.; Wojtasiak, M.; Whitney, P.G.; Heath, W.R.; Carbone, F.R.; Brooks, A.G. A role for plasmacytoid
dendritic cells in the rapid IL-18-dependent activation of NK cells following HSV-1 infection. Eur. J. Immunol. 2007, 37, 1334–1342.
[CrossRef] [PubMed]

http://doi.org/10.1111/imr.12541
http://doi.org/10.1038/nature09857
http://doi.org/10.1016/j.chom.2015.01.003
http://doi.org/10.1073/pnas.1412767111
http://doi.org/10.1016/j.chom.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25674982
http://doi.org/10.1189/jlb.3HI0715-321R
http://www.ncbi.nlm.nih.gov/pubmed/26516184
http://doi.org/10.1016/j.jid.2015.12.022
http://www.ncbi.nlm.nih.gov/pubmed/26739094
http://doi.org/10.1128/JVI.00082-13
http://doi.org/10.1038/nature06664
http://doi.org/10.1038/nature10558
http://doi.org/10.1038/s41598-018-21998-3
http://doi.org/10.1002/JLB.3MR0420-305R
http://doi.org/10.1016/j.virusres.2011.12.015
http://doi.org/10.1074/jbc.M112.357467
http://doi.org/10.1038/s41573-021-00154-z
http://www.ncbi.nlm.nih.gov/pubmed/33692549
http://doi.org/10.1186/s12985-016-0528-0
http://www.ncbi.nlm.nih.gov/pubmed/27154074
http://doi.org/10.1128/JVI.73.4.2803-2813.1999
http://www.ncbi.nlm.nih.gov/pubmed/10074128
http://doi.org/10.1128/JVI.73.11.8950-8957.1999
http://www.ncbi.nlm.nih.gov/pubmed/10516000
http://doi.org/10.4049/jimmunol.167.7.3928
http://www.ncbi.nlm.nih.gov/pubmed/11564811
http://doi.org/10.1128/JVI.76.2.717-729.2002
http://doi.org/10.1080/13550280290101085
http://doi.org/10.1371/journal.ppat.1008335
http://doi.org/10.1016/j.chom.2017.12.014
http://doi.org/10.1128/JVI.73.3.2401-2409.1999
http://www.ncbi.nlm.nih.gov/pubmed/9971824
http://doi.org/10.1002/eji.200636362
http://www.ncbi.nlm.nih.gov/pubmed/17407097


Viruses 2022, 14, 2034 17 of 17

104. Reading, P.C.; Whitney, P.; Barr, D.; Wojtasiak, M.; Mintern, J.; Waithman, J.; Brooks, A. IL-18, but not IL-12, Regulates NK Cell
Activity following Intranasal Herpes Simplex Virus Type 1 Infection. J. Immunol. 2007, 179, 3214–3221. [CrossRef]

105. Sergerie, Y.; Rivest, S.; Boivin, G. Tumor Necrosis Factor-α and Interleukin-1β Play a Critical Role in the Resistance against Lethal
Herpes Simplex Virus Encephalitis. J. Infect. Dis. 2007, 196, 853–860. [CrossRef] [PubMed]

106. Lucinda, N.; Figueiredo, M.M.; Pessoa, N.L.; Santos, B.S.; Lima, G.K.; Freitas, A.M.; Machado, A.M.; Kroon, E.G.; Antonelli,
L.R.; Campos, M.A. Dendritic cells, macrophages, NK and CD8+ T lymphocytes play pivotal roles in controlling HSV-1 in the
trigeminal ganglia by producing IL1-beta, iNOS and granzyme B. Virol. J. 2017, 14, 37. [CrossRef]

107. Coulon, P.-G.; Dhanushkodi, N.; Prakash, S.; Srivastava, R.; Roy, S.; Alomari, N.I.; Nguyen, A.M.; Warsi, W.R.; Ye, C.; Carlos-Cruz,
E.A.; et al. NLRP3, NLRP12, and IFI16 Inflammasomes Induction and Caspase-1 Activation Triggered by Virulent HSV-1 Strains
Are Associated With Severe Corneal Inflammatory Herpetic Disease. Front. Immunol. 2019, 10, 1631. [CrossRef]

108. Hayes, C.K.; Wilcox, D.R.; Yang, Y.; Coleman, G.K.; Brown, M.A.; Longnecker, R. ASC-dependent inflammasomes contribute to
immunopathology and mortality in herpes simplex encephalitis. PLoS Pathog. 2021, 17, e1009285. [CrossRef]

109. Hu, X.; Zeng, Q.; Xiao, J.; Qin, S.; Wang, Y.; Shan, T.; Hu, D.; Zhu, Y.; Liu, K.; Zheng, K.; et al. Herpes Simplex Virus 1 Induces
Microglia Gasdermin D-Dependent Pyroptosis Through Activating the NLR Family Pyrin Domain Containing 3 Inflammasome.
Front. Microbiol. 2022, 13, 838808. [CrossRef]

110. Orzalli, M.H.; Prochera, A.; Payne, L.; Smith, A.; Garlick, J.A.; Kagan, J.C. Virus-mediated inactivation of anti-apoptotic Bcl-2
family members promotes Gasdermin-E-dependent pyroptosis in barrier epithelial cells. Immunity 2021, 54, 1447–1462.e5.
[CrossRef]

http://doi.org/10.4049/jimmunol.179.5.3214
http://doi.org/10.1086/520094
http://www.ncbi.nlm.nih.gov/pubmed/17703415
http://doi.org/10.1186/s12985-017-0692-x
http://doi.org/10.3389/fimmu.2019.01631
http://doi.org/10.1371/journal.ppat.1009285
http://doi.org/10.3389/fmicb.2022.838808
http://doi.org/10.1016/j.immuni.2021.04.012

	Introduction 
	Materials and Methods 
	Mice 
	Cells and Viruses 
	Mouse Flank Scarification Model 
	Mouse Footpad Model 
	Mouse Corneal Model 
	Viral Titers 
	Western Blot 
	Histological Staining 
	Statistics 

	Results 
	Caspase-6 Is Partially Required to Defend against HSV-1 Skin Infection 
	Caspase-6 Is Partially Required to Control HSV-1 Footpad Infection 
	Caspase-6 Is Dispensable for Control of HSV-1 Corneal Infection 
	Caspase-6 Is Not Required to Defend against HSV-1 Us3 Strain Infection 
	Caspase-7 Is Not Required to Defend against HSV-1 Skin Infection 
	Caspase-8 Is Not Required for Defense against HSV-1, but Ripk3 Is Important 
	Asc–/–Casp1/11–/– Mice Develop More Severe Skin Lesions 
	Caspase-14 and Gasdermin A Are Not Required for Defense against HSV-1 Skin Infection 

	Discussion 
	References

