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Innate cellular immunity is the immediate host response
against pathogens, and activation of innate immunity also mod-
ulates the induction of adaptive immunity. The nucleotide-
binding oligomerization domain (NOD)-like receptors (NLRs)
are a family of intracellular receptors that recognize conserved
patterns associated with intracellular pathogens, but informa-
tion about their role in the host defense against DNA viruses is
limited. Here we report that varicella-zoster virus (VZV), an
alphaherpesvirus that is the causative agent of varicella and her-
pes zoster, induces formation of the NLRP3 inflammasome and
the associated processing of the proinflammatory cytokine
IL-1 by activated caspase-1 in infected cells. NLRP3 inflam-
masome formation was induced in VZV-infected human THP-1
cells, which are a transformed monocyte cell line, primary lung
fibroblasts, and melanoma cells. Absent in melanoma gene-2
(AIM2) is an interferon-inducible protein that can form an
alternative inflammasome complex with caspase-1 in virus-in-
fected cells. Experiments in VZV-infected melanoma cells
showed that NLRP3 protein recruits the adaptor protein ASC
and caspase-1 to form an NLRP3 inflammasome complex inde-
pendent of AIM2 protein and in the absence of free radical reac-
tive oxygen species release. NLRP3 was also expressed exten-
sively in infected skin xenografts in the severe combined
immunodeficiency mouse model of VZV pathogenesis in vivo.
We conclude that NLRP3 inflammasome formation is an innate
cellular response to infection with this common pathogenic
human herpesvirus.

Varicella-zoster virus (VZV),? also known as human herpes-
virus 3, is a highly contagious ubiquitous human herpesvirus
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that causes varicella (chickenpox) upon primary infection and
zoster (shingles) upon reactivation of latent virus from sensory
ganglia (1, 2). Herpesviruses have double-stranded DNA
genomes; the VZV genome is the smallest (~125,000 bp)
among the human herpesviruses, encoding about 70 open read-
ing frames (ORFs), and is closely related to herpes simplex
viruses (HSVs) 1 and 2.

VZV infection is known to elicit the production of cytokines
associated with innate cellular responses (3, 4). Mammalian
cells have pattern recognition receptors that recognize either
conserved pathogen-associated molecular patterns or danger-
associated molecular patterns and trigger these intrinsic cellu-
lar responses. Many DNA viruses have been reported to be
recognized by intracellular and extracellular pattern recogni-
tion receptors (5— 8). The two major groups of pattern recogni-
tion receptors are the toll-like receptors, which survey the
extracellular space, and the nucleotide-binding oligomeriza-
tion domain (NOD)-like receptors (NLRs), which sense patho-
gen-associated molecular patterns and danger-associated
molecular patterns in the intracellular space (9, 10). The NLRs
are a large family of cytosolic pattern recognition receptors; 23
NLRs have been identified in the human genome, and the
mouse genome has 34 NLRs (11, 12).

Caspase-1 activation is evidence of NLR signaling that has
resulted in formation of a functional inflammasome complex
within the cell. The inflammasome typically consists of the
NLR, procaspase-1, and adaptor molecules (10). In addition to
the signal provided by the pathogen, this multiprotein complex,
which is necessary to drive the activation of caspase-1, requires
intracellular potassium ion pumping; when potassium efflux is
prevented, inflammasome activation is abolished in response to
most known signals (12—15).

Only three NLR family members are known to form inflam-
masomes in human cells; these are NLRP1 (NALP1), NLRP3
(NALP3), and NLRC4 (ICE (interleukin-1 converting enzyme)
protease-activating factor). Once activated, inflammasomes
function in the innate response against microbes by catalyzing
the processing of the inflammatory cytokines interleukin (IL)-
1B, IL-18, and probably IL-33 and target a broad range of cel-
lular proteins (16—18). Depending on the cell type and the
strength of the activation signal, active caspase-1 has functions
that vary from promoting the survival pathway (17) to inducing
cell death (19). IL-18 induction is an important initial host
defense mechanism when cells encounter viral and bacterial
pathogens. In the context of the innate cellular response to
microbes, the proteolytic effect of active caspase-1 on IL-1f3
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and its secretion are evidence of the enzymatic activity of the
inflammasome in the infected cell.

The NLRP3 inflammasome, which is formed by multi-
merization of NLRP3, apoptosis-associated specklike contain-
ing a caspase-activating and recruitment domain (ASC) pro-
tein, NAIP, CIITA, HET-E and TP1 containing domain, and
procaspase-1, is the best characterized human inflammasome
complex. NLRP3 contains a C-terminal leucine-rich repeat
domain homologous to that of the toll-like receptors, a central
nucleotide-binding and oligomerization domain (NAIP,
CIITA, HET-E and TP1 containing domain), and an N-termi-
nal pyrin domain, which recruits ASC protein to the inflam-
masome. The adaptor protein ASC contains a pyrin domain
and a caspase recruitment domain that recruit caspase-1 to the
NLRP3 complex (10, 20).

In addition to the pathway involving NLR-containing inflam-
masomes, caspase-1 activation can occur by a mechanism in
which the absent in melanoma gene-2 (AIM2) protein func-
tions as a sensor for cytosolic DNA in a complex with ASC (21).
AIM2 is a type 1 interferon (IFN)-induced protein. The AIM2/
ASC mechanism is independent of NLR proteins but also
results in caspase-1-mediated processing of pro-IL-1 to its
mature form. AIM2/ASC inflammasome formation with
caspase-1 activation has been described recently in cells
infected with vaccinia virus, a large double-stranded DNA virus
that replicates exclusively in the cytoplasm (8).

In this study, we report that VZV infection induced forma-
tion of the NLRP3 inflammasome and that this response was elic-
ited in three different cell types that are permissive for VZV repli-
cation, including primary human lung fibroblasts, melanoma cells,
and the THP-1 monocyte cell line. Caspase-1 activation occurred
via a mechanism that was independent of reactive oxygen species
(ROS) release and type 1 interferon-mediated AIM2 expression.
NLRP3 was induced during VZV infection of human skin xeno-
grafts in our severe combined immunodeficiency (SCID) mouse
model of VZV pathogenesis, indicating that this innate response is
triggered when human epidermal and dermal cells are infected
with a human herpesvirus in vivo.

EXPERIMENTAL PROCEDURES

Cells and Viruses—Human lung embryonic fibroblasts
(HELFs) and human melanoma (MeWo) cells (ATTC) were
grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (FBS), 100 wm nonessential amino
acids, and antibiotics (100 units/ml penicillin and 100 ug/ml
streptomycin). The THP-1 cell line (ATTC) was grown in
RPMI 1640 medium supplemented with 50 um B-mercaptoeth-
anol, 10% fetal bovine serum, 100 um nonessential amino acids,
and antibiotics (100 units/ml penicillin and 100 wg/ml strepto-
mycin). VZV (recombinant parent Oka) (22) and rOka-ORF10-
GFP were propagated in HELF, melanoma, and THP-1 cells.
VZV-infected cells were used to inoculate uninfected cells at a
ratio of 1:2, 1:5, or 1:10. HSV-1 infection was done with cell-free
virus at a multiplicity of infection of 10.

The recombinant VZV, rOka-ORF10-GFP, expressing ORF10
as an ORF10-GFP fusion protein was constructed from VZV
cosmids (23). The 9145-bp Spel fragment from the pvFsp4 cos-
mid was cloned into Bluescript to make pBS-9190. A BgllI site
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was introduced into ORF10 in the pBS-9190 plasmid (CGCG
(bp 13385-13388) to GATC) by site-directed mutagenesis. To
make the recombinant virus with green fluorescence protein
(GFP) at the C terminus of ORF10, enhanced GFP with BglII
linkers (generated by PCR) was inserted into the novel BglII site
such that enhanced GFP is expressed after amino acid 408 of
ORF10. Transfection of the mutated cosmid with the three
intact cosmids yielded rOka-ORF10-GFP; the recombinant
virus had the same growth kinetics and plaque morphology as
the parent. The expected ORF10-GFP insertion was confirmed
by sequencing, and the virus expressed GFP in melanoma cells.

For the inflammasome inhibition assay, HELFs were mock-
infected or infected with VZV for 24 h, and 1 ug/ml lipopoly-
saccharide (LPS) (Sigma-Aldrich) was added for 2 h before
measuring IL-18. Mock- or VZV-infected cells treated with
LPS were incubated with the caspase-1 inhibitor Boc-D-CMK
(EMD Chemicals) at 50 uMm (final concentration) for 1 h, with
130 mMm KClI (final concentration) for 2 h, or with 10 um MG132
(EMD Chemicals) for 2 h before measuring IL-18.

For transfection with poly(dA:dT), THP-1 and MeWo cells
were grown in 6-well plates in RPMI 1640 medium and DMEM,
respectively. THP-1 cells were induced to differentiate with 50
ng/ml PMA (Sigma-Aldrich) for about 6 h. Cells were washed
with phosphate-buffered saline (PBS) and transfected with 1
pg/ml poly(dA:dT) (Sigma-Aldrich) in Opti-MEM (Invitrogen)
using Lipofectamine 2000 (Invitrogen). For treatment with
ATP/LPS, THP-1 cells were grown in 6-well plates in RPMI
1640 medium and induced with 50 ng/ml PMA (Sigma) for
about 6 h before adding 10 ug/ml LPS (Sigma-Aldrich) over-
night, and 5 mm ATP (Sigma-Aldrich) was added for 1 h. For
IFN-a treatment, MeWo cells were grown in DMEM and
treated with 1000 units/ml IEN-« (Sigma-Aldrich) for 12 h.

IL-1B Assays—Secreted IL-18 in supernatants from cells
infected with VZV or HSV-1 was measured by enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s
recommendation (eBioscience). Samples were tested in tripli-
cate, and data were analyzed using Prism 5 software.

Antibodies—Antibodies used for immunoblots were rabbit
polyclonal anti-caspase-1 (p20) (Cell Signaling Technology),
anti-caspase-1 (p10) (Santa Cruz Biotechnology), anti-ASC
(Enzo Life Sciences), anti-AIM2 (Abcam), anti-myxovirus
resistance protein-1 (MxA) (24), mouse anti-NLRP3 (Abcam),
rabbit anti-IL-1 (Cell Signaling Technology), and mouse anti-
B-actin (Santa Cruz Biotechnology). Antibodies used for con-
focal microscopy and immunohistochemistry were rabbit
anti-NLRP1 (Abcam), mouse monoclonal anti-VZV-IE62 (Mil-
lipore), rabbit polyclonal anti-VZV-ORF23, rabbit anti-VZV-
IE63 (a gift from William Ruyechan, University of Buffalo), and
rabbit polyclonal anti-VZV-ORF29 (a gift from Saul Silverstein,
Columbia University). Antibodies for secondary detection were
Alexa Fluor 488-, 594-, or 647-conjugated donkey anti-mouse
or donkey anti-rabbit antibody (Invitrogen).

Immunoaffinity Purification—Immunopurification of the
casapse-1 complex was done as described previously (25).
Briefly, 1 mg of the caspase-1 (p10) antibody was incubated
with 1 ml of protein A-Sepharose beads (Invitrogen) with con-
tinuous mixing at 4 °C for 2 h. The beads were then centrifuged
and washed five times with PBS and once with 200 mm sodium
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borate, pH 9. Equal volumes of 40 mm dimethyl suberimidate
(Sigma) in 200 mMm sodium borate were mixed with the beads, and
the suspension was incubated for 30 min with continuous mixing.
The reaction was terminated by adding an equal volume 0of 400 mm
ethanolamine, and the sample was incubated for an additional 30
min. The beads were packed into a 1-cm-diameter column (Bio-
Rad) and washed three times with 2 bed volumes of PBS and once
with 4 bed volumes of 100 mm glycine-HCl at pH 2.4 to remove
non-cross-linked antibodies. Finally, the cross-linked antibody
beads were washed with PBS until the pH reached 7 and stored at
4 °Cin PBS containing 0.02% sodium azide. To reduce nonspecific
protein-protein interactions, test samples were precleared with
protein A beads cross-linked to total IgG from preimmune rabbit
serum (Sigma-Aldrich) and purified rabbit IgG without exposure
to human caspase-1 antigen. Infected and control uninfected cells
were trypsinized and lysed with 1% Nonidet P-40, 150 mm NaCl,
50 mmM Tris, pH 8.4 in the presence of protease inhibitors (Roche
Applied Science). Eluates from the affinity column were con-
centrated using a 10-kDa-cutoff Amicon Ultra-4 concentrator
(Millipore).

SDS-Polyacrylamide Gel Electrophoresis and Western Blot
Analysis—Caspase-1 activation and other immunoblot assays
were performed using HELF, melanoma, and THP-1 cells infected
with VZV (recombinant pOka) as follows. Cells were washed with
PBS and lysed in radioimmunoprecipitation assay buffer (50 mm
Tris-HCl, pH 7.4, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium
deoxycholate, 1% Nonidet P-40, 150 mm NaCl, 1 mm EDTA) con-
taining a protease inhibitor mixture (Roche Applied Science). Cell
lysates were then centrifuged at 10,000 rpm for 15 min, and about
15 ug of protein was run on 4—20% SDS-polyacrylamide gradient
gels (Bio-Rad). Immunoblotting was performed with antibody
dilutions recommended by the manufacturers.

Flow Cytometry—Melanoma cells were infected with VZV
ORF10-GFP virus (one infected cell to five uninfected cells) for
24 h, and CellTracker Red CMPTX was added (Invitrogen).
THP-1 cells were added to the monolayer of infected melanoma
cells and incubated for 24 h, collected, and stained for cell via-
bility (live/dead staining dye; Invitrogen). As a control, unin-
fected THP-1 cells were stained with CellTracker Red CMPTX.
CellTracker Green BODIPY was used to stain THP-1 cells as a
positive control for the GFP signal. Using these markers, VZV-
infected THP-1 cells were sorted, grown overnight in RPMI
1640 medium, and checked for viability. The transmission of
VZV from infected THP-1 cells was assessed by adding infected
THP-1 to uninfected HELF (1:10 ratio) cells. Cells were incu-
bated for about 4 days, and HELF infection was monitored by
fluorescence microscopy.

Fluorescence Microscopy—The immunostaining procedures
were performed as described previously (25). Briefly, about 4 X
10° HELF cells/ml were grown overnight on coverslip Lab-Tek
II chambers (Nalgene). Infected THP-1 cells were induced with
50 ng/ml PMA for about 6 h. Mock- and VZV-infected mela-
noma and HELF cells were incubated with the biotinylated
YVAD inhibitor (AnaSpec) at a final concentration of 10 um for
1 hat 37 °C. Cells were stained with Hoechst 33342 (10 ug/ml)
for 15 min, washed twice with PBS, fixed with 4% paraformal-
dehyde for 10 min, and permeabilized with 1% Triton X-100 in
PBS. Fixed cells were incubated for about 30 min at room tem-
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perature in the presence of 2 ug/ml streptavidin-conjugated
Texas Red (Jackson ImmunoResearch Laboratories), washed
five times with PBS at room temperature, and examined using a
Leica TCS®"* confocal laser scanning microscope (Heidelberg,
Germany). For antibody immunostaining, fixed cells were
blocked with 10% fetal bovine serum in PBS and then incubated
with the desired primary antibody for 1 h at room temperature.
Cells were then washed 10 times with PBS, incubated with sec-
ondary antibodies (30 min), washed, and mounted using Para-
mount (Invitrogen). Controls included nonmatching second-
ary antibodies and secondary antibodies alone. Cells were
imaged with the Leica TCS®" confocal microscope.

Electron Microscopy (EM)—EM was done as described previ-
ously (26). Briefly, THP-1 cells were grown and infected with
sorted VZV-infected THP-1 cells in a 6-well plate for 24 h, and
cells were recovered, centrifuged, washed with PBS three times,
gently pelleted, and fixed in 4% paraformaldehyde and 2%
glutaraldehyde in phosphate buffer (0.1 m, pH 7.2). Cells were
postfixed with 1% osmium tetroxide (2 h) and incubated in 1%
aqueous uranyl acetate overnight. The samples were dehy-
drated in a series of increasing ethanol concentrations followed
by a final propylene oxide step. The samples were embedded in
Embed812 (Electron Microscopy Sciences). Ultrathin sections
(60 nm) were prepared with a diamond knife (Diatome) and an
ultramicrotome (Ultracut, Leica). Sections were stained with
3.5% aqueous uranyl acetate for 10 min and with 0.2% lead
citrate for 3 min. The sections were analyzed using a JEOL 1230
transmission electron microscope at 80 kV, and digital photo-
graphs were taken with a Gatan Multiscan 701 digital camera.

ROS Release Assay—Melanoma cells were infected with VZV
for 24 h, trypsinized, washed with PBS, stained with the ROS
release sensor CM-H,DCFDA (Invitrogen), and evaluated for
ROS release by FACSCaliber (BD Biosciences). As a positive
control, uninfected melanoma cells were treated with 100 um
H,O, (final concentration) for an hour.

Analysis of VZV Skin Lesions—VZV infection of human skin
xenografts in SCID mice and the analysis of tissue sections were
done as described previously (27). Briefly, skin xenografts were
made in homozygous CB-175""/5™® mice using human fetal
tissue obtained according to federal and state regulations;
animal use was approved by the Stanford University Admin-
istrative Panel on Laboratory Animal Care. For immunohis-
tochemistry analysis of NLRP3 expression, formalin-fixed,
paraffin-embedded skin sections (5 wm) were deparaffinized,
rehydrated, treated with antigen retrieval reagent (Vector Lab-
oratories), and treated with 3% hydrogen peroxidase. Sections
were incubated with NLRP3 antibody, biotinylated anti-rabbit
secondary antibody, and HRP-conjugated streptavidin (Lab
Vision). Signals were developed with Vector VIP chromogen
(purple) and counterstained with methyl green (Vector Lab-
oratories). VZV was detected with a high titer human poly-
clonal anti-VZV serum. For confocal microscopy to assess
NLRP3 expression, 5-um sections of infected human skin
were deparaffinized, rehydrated, and subjected to antigen
retrieval using the pressure cooker method in the presence of
10 mm sodium citrate, pH 6. Sections were blocked with 0.5%
fish gelatin and stained with anti-NLRP3 (Abcam); second-
ary antibody alone was used as a control. The lesion area was
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FIGURE 1. Activation of caspase-1 in VZV-infected HELF cells. A,immunoblot of caspase-1in VZV (recombinant parent Oka)-infected HELF cells. Active caspase-1
subunit (p20) was detected in VZV-infected HELFs but not in the mock-infected cells. B, active caspase-1 visualization with 10 um biotinylated peptide caspase-1
inhibitor YVAD in the rOka-ORF10-GFP-infected HELF cells. Active caspase-1 was stained with biotinylated YVAD and detected with streptavidin conjugated to Texas
Red. Active caspase-1 (red) was labeled in the VZV-infected HELF cells but not in the mock-infected cells. Hoechst staining was used to detect the nuclei (blue). The inset
(orange square) indicates the red that is shown at higher magnification in the right panel. Uninfected cells (lower panel) were used as a negative control. C, ELISA
measurement of secreted IL-18 from HELF cells in the presence or absence of LPS. VZV-infected and uninfected HELFs were treated with the caspase-1 inhibitor
Boc-D-CMK (50 um), the proteasomal inhibitor MG132 (10 wm), or the potassium efflux inhibitor extracellular KCI (130 mw) in the presence of 1 wg/ml LPS. ELISA data
represent two independent experiments with samples measured in triplicate in each; the error bars represent the S.E. D, VZV infection alone induced pro-IL-13
expression and processing in HELF cells. VZV-infected and uninfected HELFs were used to test for the effects of VZV infection (with and without LPS) on prolL-13
expression and processing. VZV infection up-regulated and induced the processing of IL-18 in the presence and in the absence of LPS (1 ng/ml) as indicated by the
detection of the pro-IL-18 and the IL-1 processed form (p17). 50 um caspase-1 inhibitor Boc-D-CMK was sufficient to block the caspase-1 enzymatic activity and to
prevent the processing of IL-13 in VZV-infected LPS-treated and LPS-untreated HELF cells as indicated by the detection of the processed form (p17) of IL-1.

defined by cytopathic changes, including formation of syn-
cytia and the expression of the VZV ORF23 capsid protein
detected by staining with anti-VZV-ORF23 polyclonal anti-
body. Tissue sections were imaged with a Leica TCS®"? con-
focal microscope.
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RESULTS

VZV Activates Caspase-1 and Induces Processing of IL-1[3 in
Human Fibroblasts—HELFs were inoculated with VZV-in-
fected HELFs for 24 h, and expression of activated caspase-1
was assessed by immunoblot when ~75% of HELFs were
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infected. Activation of caspase-1 was shown by the detection of
caspase-1 p20, which is one of the active caspase-1 subunits, in
VZV-infected cells but not in control HELFs (Fig. 14). To fur-
ther confirm that VZV activated caspase-1, HELFs were
infected with VZV and stained with biotinylated YVAD, which
is a peptide inhibitor of activated caspase-1 and binds specifi-
cally to this form of the protein. As shown in Fig. 1B, activated
caspase-1 was readily detected in HELFs infected with VZV
using rOka-ORF10-GEP to identify infected cells. Release of
IL-1B into culture supernatants demonstrates that caspase-1 is
activated and functional (28, 29). IL-183 was detected in super-
natants recovered from VZV-infected cells but not from mock-
infected HELFs in the presence or absence of LPS (Fig. 1C),
which was consistent with the detection of activated caspase-1
shown in Fig. 1, A and B. IL-1f secretion from VZV-infected
HELFs was enhanced in the presence of LPS (1 ug/ml). These
findings of caspase-1 activation and IL-18 secretion provided
evidence of inflammasome induction in response to VZV infec-
tion of HELFs.

Several agents are known to interfere with inflammasome
function. Most of these inhibitors block either active caspase-1,
e.g. the peptide inhibitor YVAD and the chemical inhibitor Boc-
D-CMK, or prevent potassium ion efflux, e.g. glibenclamide
(30) and extracellular KCI (31). Proteasomal inhibitors, such as
MG132, have also been reported to block activation of the inflam-
masome (32) presumably by preventing proteasomal degradation
of unidentified inflammasome-regulatory protein(s). These agents
were used to investigate whether IL-18 processing and release by
VZV-infected cells required caspase-1 activation as expected for
an inflammasome-mediated under “Experimental Procedures.”
As shown in Fig. 1C, treatment with MG132 (10 um) reduced the
IL-1 concentration to levels found in supernatants from HELFs
that were mock-infected and treated with MG132. Treatment
with extracellular KCI (130 mMm) and Boc-D-CMK (50 um) also
prevented IL-1$3 processing in VZV-infected HELFs, reducing
secretion to background levels (Fig. 1C). The higher background
for HELFs treated with different inflammasome-inhibiting condi-
tions is likely to reflect some associated cell toxicity. These results
suggested that VZV induces an inflammasome complex with acti-
vated caspase-1 in HELFs and requires potassium ion efflux and
functional proteasomes to catalyze the processing of pro-IL-1f.

LPS is a potent stimulant of innate responses, inducing pro-
inflammatory cytokines and enhancing IL-183 secretion (33—
36). We compared the induction of IL-B and IL-1 processing
in VZV-infected HELFs with and without LPS treatment (1
png/ml) and in the presence and absence of 50 um Boc-D-CMK,
an inhibitor of active caspase-1 (Fig. 1D). Pro-IL-18 was present
at low levels in uninfected, untreated HELFs and was not
increased by exposure to the relatively low concentration of
LPS used in these experiments. VZV-infected cells had higher
levels of expression of pro-IL-183 compared with uninfected
HELFs, and expression was increased somewhat more when
infected cells were also treated with LPS. IL-1f3 processing also
occurred in VZV-infected cells with and without LPS stimula-
tion as shown by detection of the p17 subunit of IL-1 (Fig. 1D).
These results showed that VZV increased pro-IL-18 synthesis
and confirmed that VZV alone, without the need for another
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FIGURE 2. Immunopurification of caspase-1 complex from VZV-infected
HELF cells. HELF cells infected with VZV (recombinant parent Oka) activated
caspase-1 as indicated by the presence of p20 in the infected lysate. Using
cross-linked anti-caspase-1 antibody, both NLRP3 and the adaptor protein
ASC were pulled down with the immunopurified caspase-1 complex from the
VZV-infected HELF lysate. Uninfected HELF cells and normal rabbit I1gG, pre-
immune IgG cross-linked to agarose beads (N beads), were used as negative
controls. IP, immunoprecipitation; /B, immunoblot.

trigger of inflammasome formation, was associated with proc-
essing of pro-IL183 in HELFs.

VZV Induces Formation of NLRP3 Inflammasome in Human
Fibroblasts—Because the NLRP3 inflammasome is reported to
be involved in sensing of several viruses (7, 37, 38), we hypoth-
esized that VZV induces this inflammasome complex in HELFs.
To test this hypothesis, caspase-1 was immunopurified from
VZV-infected and uninfected HELFs using a cross-linked anti-
caspase-1 antibody column, and anti-NLRP3 and anti-ASC
antibodies were used to probe the immunoblot for the other
components of the complex. As shown in Fig. 2, both NLRP3
and ASC were detected in the lysate of VZV-infected HELFs
eluted from the anti-caspase-1 column but not from uninfected
HELF lysate or the column with cross-linked preimmune rabbit
IgG. The presence of activated caspase-1 (p20 subunit) in the
VZV-infected cell lysate was confirmed. This result demon-
strated the formation of the active caspase-1 complex and sug-
gested that NLRP3 is involved in sensing VZV in HELFs.

VZV Activates Caspase-1 in THP-1 Cells—THP-1 cells, a
transformed human monocyte cell line, have been used exten-
sively for studying human inflammasome formation (10). To
determine whether VZV induction of the NLRP3 inflam-
masome could be investigated in these cells, we first assessed
whether THP-1 cells were permissive for VZV replication.
THP-1 cells were infected with rOka-ORF10-GFP, and GFP-
positive and -negative cells were sorted by flow cytometry. The
VZV-positive sorted cells were examined for virus production
in THP-1 cells by EM. As shown in Fig. 34, VZV capsids at
various stages of maturation, including empty capsids, capsids
with a translucent core, and capsids containing packaged DNA,
and enveloped virions (Fig. 3A, right panel) were detected in
THP-1 cell nuclei. To confirm that THP-1 cells could produce
infectious virus progeny, HELFs were inoculated with the
infected, sorted THP-1 cells (1:10 ratio). As shown in Fig. 3B,
VZV plaques were formed in the HELF monolayer. Infected
THP-1 cells were also analyzed for the expression of two imme-
diate early VZV proteins, IE62 and IE63; the single-stranded
DNA-binding protein ORF29, which is a marker for VZV rep-
lication compartments in the infected cell nucleus; and the late
ORF10 protein (Fig. 3C); as expected for permissive cells, all of
these viral proteins were expressed in VZV-infected THP-1
cells.
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FIGURE 4. Activation of caspase-1 in VZV-infected THP-1 cells. A, detection of caspase-1 activity in VZV- and HSV-1-infected THP-1 cells. THP-1 cells were
infected with the sorted VZV ORF10-GFP-positive cells for 24 h; for HSV-1 infection, THP-1 cells were infected with HSV-1 (multiplicity of infection of 10) for 12 h.
Immunoblotting of THP-1 cells infected with VZV or HSV-1 using anti-caspase-1 antibody detected p35, an intermediate of active caspase-1 in the infected
THP-1 cells but not in the mock, uninfected THP-1 cells. The processed form of IL-18 (p17) was detected in the cell lysates of VZV- and HSV-1-infected THP-1
cells, indicating formation of an active caspase-1 complex in these infected cells. B, ELISA measurement of IL-18 secretion in the supernatants of VZV- and
HSV-1-infected THP-1 cells in the absence (left panel) of LPS and for the VZV in the presence (right panel) of 1 .g/ml LPS. ELISA data represent two independent
experiments with triplicate samples in each; the error bars represent S.E. C, immunopurification of caspase-1 complex from THP-1 lysate. A cross-linked
anti-caspase-1 antibody column was used to immunopurify caspase-1 complex from VZV-infected and uninfected THP-1 lysates. NLRP3 protein was detected
in the eluate only of the VZV-infected THP-1 lysate. The activity of caspase-1 in the lysate was judged by the presence of the p20 subunit of caspase-1 and the
processed form of IL-18 (p17). Uninfected THP-1 lysate and preimmune rabbit IgG, normal antibody cross-linked to agarose beads (N beads), were used as
negative controls. /P, immunoprecipitation; /B, immunoblot.

To investigate caspase-1 activation, VZV-infected THP-1 infected THP-1 cells (Fig. 44). These results were confirmed
cells were used to inoculate uninfected THP-1 cells for 24 h. by detection of IL-18 in infected cell supernatants from
Although PMA is commonly used to induce the differentiation =~ THP-1 cells infected with VZV and HSV (Fig. 4B, left panel).
of THP-1, PMA is an inducer of ROS release (39, 40), which Because LPS and PMA were not used in these THP-1 cul-
could modify the cysteine residues of the active sites of many tures infected with VZV or HSV-1, the amount of secreted
cellular enzymes, including caspase-1 (41, 42). Moreover, PMA  IL-1 was low. When sorted THP-1 cells were used to infect
is also known to up-regulate expression of AIM2 (21), a cyto- uninfected THP-1 cells followed by 1 pg/ml LPS treatment
plasmic receptor of double-stranded DNA that activates for 2 h before measuring the secreted IL-18 in supernatants
caspase-1. Therefore, PMA was avoided in these experiments. of the VZV-infected and uninfected THP-1 cells, more IL-18
As shown in Fig. 44, VZV activated caspase-1in THP-1cellsas  was detected (Fig. 4B, right panel), confirming the results in
indicated by the presence of the active caspase-1 subunit, p20, HELFs (Fig. 1D). This result confirmed that LPS is not
and by the detection of the processed form of IL-183 (p17) in required for the release of the processed IL-18, but it
infected cell lysates. HSV-1 also activated capase-1 in THP-1 enhances its secretion. A possible explanation for why the
cells as indicated by the presence of the intermediate active amount of detected IL-18 secreted from VZV-infected
caspase-1 subunit, p35, and induced the processing of IL-18in  THP-1 cells is low compared with VZV-infected HELF cells

FIGURE 3. VZV replication and production of virus progeny in THP-1 cells. A, electron microscopy of VZV-infected THP-1 cells. THP-1 cells infected with the
ORF10-GFP-expressing rOka virus were examined 24 h after infection. The left panel shows an overview of an infected THP-1 cell (low magnification; scale bar,
1 wm). N indicates the nucleus, and V indicates vacuoles. The middle panel shows capsid maturation in an infected THP-1 nucleus. Arrows indicate different
stages of VZV capsid maturation, including empty capsids, capsids with a translucent core, and capsids containing packaged DNA. The right panel shows an
enveloped VZV virion at higher magnification (scale bar, 50 nm). The area in the white square of the middle panel (scale bar, 0.2 um) is shown at higher
magnification in the right panel. B, rOka-ORF10-GFP-infected THP-1 cells transmitted rOka-ORF10-GFP virus to uninfected HELF cells. Infected THP-1 cells were
used to inoculate uninfected HELF cells (one infected THP-1 cell to 10 uninfected HELF cells). GFP protein was expressed in HELF cells after 4 days of incubation,
indicating VZV infection. Infected cells are green, and uninfected cells are gray (phase-contrast). C, detection of VZV protein expression in the infected THP-1
cells. Sorted THP-1 cells, infected with rOka-ORF10-GFP, were subjected to immunostaining for VZV immediate early proteins (IE62 and IE63) and ORF29, a
single-stranded DNA-binding protein, as an early protein. The late protein, ORF 10, was expressed as GFP fusion protein. Infected THP-1 cells expressed IE62 and
IE63 (red), ORF29 (red), and ORF10 (green). Hoechst staining (blue) was used to detect the nuclei. Uninfected cells served as a staining control.
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FIGURE 5. AIM2 protein expression in VZV-infected THP-1 cells. A,immunoblot detection of the AIM2 protein expression in VZV-infected THP-1 cells. Sorted
THP-1 cells infected with VZV (rOka-ORF10-GFP) were probed for AIM2 protein expression. PMA-differentiated THP-1 cells treated with ATP/LPS and PMA-
differentiated THP-1 cells transfected with poly(dA:dT), a ligand of AIM2, were used as positive controls. VZV infection did not induce AIM2 up-regulation in
THP-1 cells, unlike the PMA-differentiated THP-1 cells transfected with poly(dA:dT) and those treated with ATP/LPS. Caspase-1 activity in the lysates was
detected by the anti-caspase-1 (p20) antibody. B, ELISA measurement of the secreted IL-18 in the supernatant of VZV-infected, poly(dA:dT)-transfected, and

ATP/LPS-treated THP-1 cells. ELISA data represent two independent experiments with triplicate samples in each; the error bars represent S.E.

(Figs. 1C and 4B) is the binding of the secreted IL-18 by the
IL-1 receptors on uninfected THP-1 cells.

When the formation of the NLRP3 inflammasome in VZV-
infected THP-1 cells was evaluated by immunopurification
using an anti-caspase-1 column, NLRP3 was shown to be pres-
entin the caspase-1 complex but was not detected in uninfected
THP-1 cells (Fig. 4C). Activated caspase-1, detected as the p20
subunit, as well as processed IL-13, detected as the p17 form of
the protein, was confirmed to be present in the initial infected
THP-1 cell lysates by immunoblot (Fig. 4C).

VZV Triggers Formation of Activated Caspase-1 Inflam-
masome Complex in Absence of AIM2—The AIM2 protein rec-
ognizes double-stranded DNA (dsDNA) of several pathogens,
including vaccinia virus, which, unlike VZV, replicates in the
cytoplasm, and caspase-1 is activated by an AIM2-ASC com-
plex (21, 43). In human monocytes, AIM2 expression requires
induction by interferons (8). Because the activation of
caspase-1 in VZV-infected cells might occur through AIM2-
ASC complex formation, we investigated whether AIM2 was
induced in VZV-infected THP-1 cells. As shown in Fig. 54,
VZV did not up-regulate AIM2 in THP-1 cells, although
caspase-1 was active as indicated by the presence of the p20
subunit. The secretion of IL-1f into supernatants of VZV-in-
fected THP-1 cell cultures was confirmed (Fig. 5B); positive
controls included poly(dA:dT)-transfected and ATP/LPS-
treated THP-1 cells. Because AIM2 is induced by type I IFNs,
we analyzed cytokine release from VZV-infected and unin-
fected THP-1 cells using a multiplex (Luminex) assay. Type I
IEN secretion did not differ between mock-infected and VZV-
infected THP-1 cells (data not shown). The human MxA is a
sensitive marker for type I IFN induction (44). As shown in Fig.
6A, VZV-infected THP-1 cells did not show up-regulation of
the IFN-induced form of MxA in contrast to the control THP-1
cells, which were transfected with poly(dA:dT), a known IFN
inducer (45). This result is consistent with our observation that
VZV blocks IRF3 expression in HELF cells (46).
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AIM2 expression has been reported to be absent in mela-
noma cells (47). To confirm that the melanoma cells (MeWo)
used in these experiments did not express AIM2, we transfected
these cells with poly(dA:dT). We avoided using VZV genomic
DNA in this experiment because VZV DNA alone is infectious.
As shown in Fig. 6B, poly(dA:dT) induced the type I IFN path-
way as indicated by up-regulation of MxA protein expression;
however, this condition failed to induce caspase-1 activation
compared with THP-1 cells transfected with poly(dT:dA). This
result confirms that MeWo cells lack the AIM2-dependent sen-
sor(s) of dsDNA that induces caspase-1 activation; however, the
cells can respond to dsDNA to induce IFN signaling. Moreover,
AIM2 expression was not detected in dsDNA-transfected
MeWo cells (data not shown). When caspase-1 activation was
evaluated in VZV-infected melanoma cells, activated caspase-1
was detected using the biotinylated caspase-1 peptide inhibitor
YVAD in melanoma cells infected with VZV for 36 h (Fig. 74,
upper panels) but not in the uninfected cells (control; Fig. 74,
lower panel). When formation of the NLRP3 inflammasome
was evaluated 24 h after VZV infection of melanoma cells,
NLRP3 and ASC were detected in the immunopurified com-
plex (Fig. 7B). These results confirmed the observations from
VZV-infected HELF and THP-1 cells, suggesting that the NLR
protein NLRP3 is involved in sensing VZV pathogen-associated
molecular patterns or danger-associated molecular patterns.

Because the NLRP3 inflammasome has been reported to be
regulated by free radical ROS (48), we hypothesized that VZV
might induce ROS release, which in turn would induce forma-
tion of the NLRP3 complex. To test this hypothesis, melanoma
cells were infected with VZV for 24 h and stained with
CM-H,DCEDA, a fluorescent probe for ROS. No significant
amount of ROS was detected (Fig. 7C). These experiments in
melanoma cells suggest that VZV activates the NLRP3 inflam-
masome complex by a mechanism that is independent of AIM2
and oxidative stress.
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FIGURE 6. dsDNA transfection activates caspase-1 in THP-1 but not in
melanoma cells. A,immunoblot detection of MxA protein expression in VZV-
infected THP-1 cells. Sorted THP-1 cells infected with VZV (rOka-ORF10-GFP)
were probed for MxA protein expression. PMA-differentiated THP-1 cells
transfected with 1 ug/ml poly(dA:dT), a ligand for AIM2 and a robust inducer
of type | interferon, were used as a positive control. Mock-infected THP-1 cells
were used as a negative control. No MxA protein expression was detected in
VZV-infected THP-1 cells as a consequence of blocking the type | interferon
response; however, THP-1 cells transfected with dsDNA activated caspase-1
and up-regulated MxA protein. B,immunoblot detection of caspase-1 activity
in melanoma cells after transfection with double-stranded DNA. Melanoma
cells were transected with 1 ug/ml poly(dT:dA). No caspase-1 activity was
detected in melanoma cells transfected with dsDNA, although MxA protein
was up-regulated in the cells, indicating that dsDNA transfection induced
type | secretion and up-regulated MxA but not AIM2 protein. Melanoma cells
treated with 1000 units/ml INF-a were used as a positive control for MxA
expression. THP-1 cells transfected with 1 ug/ml poly(dT:dA) were used as a
positive control for MxA up-regulation and caspase-1 activation. Untreated
melanoma cells served as a negative control.

NLRP3 Expression in VZV-infected Skin Xenografts in Vivo—
Expression of NLR proteins is tissue-restricted (49). NLRP3 has
been reported to be weakly expressed in skin keratinocytes (49).
Based on the results in cultured cells infected with VZV in vitro,
we examined NLRP3 expression in human skin xenografts in
SCID mice. Skin sections were tested for NLRP3 expression 7
days after VZV infection. By immunohistochemistry, NLRP3
was induced after VZV infection (Fig. 84) but was not
expressed in mock-infected normal skin xenografts. NLRP3

MAY 20, 2011 +VOLUME 286+-NUMBER 20
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was detected in cells expressing VZV proteins (identified by
staining with a polyclonal human anti-VZV antiserum) but not
in the neighboring uninfected epidermal cells in the same sec-
tions. NLRP1 expression was not induced in VZV lesions (data
not shown). NLPR3 up-regulation in lesions formed by VZV
infection of skin xenografts was also detected by immunofluo-
rescence using ORF23 expression as the marker of VZV infec-
tion (Fig. 8B). Interestingly, NLRP3 was detected in the nucleus
as well as the cytoplasm of cells within the skin lesions. It is not
clear whether NLRP3 protein is actively translocated into the
nucleus under these conditions or reaches the nucleus because
of VZV disruption of the nuclear membranes of infected skin
cells. However, these results indicate that VZV infection
induces NLRP3 expression in lesions in human skin xenografts
in vivo.

DISCUSSION

Innate immune recognition of pathogens induces proinflam-
matory cytokines, type I IFNs, or both. In this study, we report
that VZV activated the NLRP3 inflammasome in three cell
types, including fibroblasts, THP-1, and melanoma cells that
are permissive for VZV replication in vitro. In these cells, VZV
DNA was not required for caspase-1 activation. Furthermore,
activation of the NLRP3 inflammasome did not require ROS
release in melanoma cells.

The NLRP3 inflammasome is activated by a broad range of
microorganisms, including influenza virus (38), adenovirus (7),
Candida albicans (50), Staphylococcus aureus (51), and Listeria
monocytogenes (52). Microbial components, such as muramyl
dipeptide and bacterial pore-forming toxins, can also activate
the NLRP3 inflammasome (53, 54). In addition, host-derived
stress signals, such as extracellular ATP (55), monosodium
urate (56), and amyloid- (57), as well as silica, asbestos, alumi-
num hydroxide, and many pollutants can elicit formation of the
NLRP3 inflammasome (58, 59). Inflammasome formation leads
to activation of procaspase-1 (p45), formation of hetero-
tetramers of pl0/p20 subunits of the procaspase-1, and the
processing and release of the inflammatory cytokines that reg-
ulate the adaptive immune response (60, 61).

Like many viral pathogens, VZV infection is characterized by
local inflammatory reactions, which are obvious at the sites of
replication in skin, and proinflammatory cytokines are present
in the peripheral blood of infected subjects (62— 65). Our exper-
iments help to account for these observations by establishing
that VZV triggers assembly of an inflammasome complex. As
defined in human fibroblasts, this process required potassium
efflux and proteasome function. Moreover, VZV, like RNA
viruses (37) and other DNA nuclear replicating viruses (7), was
recognized by NLRP3 protein. Whether other NLR proteins
also function in inflammasome complex formation in VZV-
infected cells is not excluded and warrants further study.

The local inflammatory response recruits circulating mono-
cytes, dendritic cells, and macrophages to sites of infection (66).
Dendritic cells and macrophages isolated from human sources
are known to be permissive for VZV replication (67). We used
THP-1 cells to determine whether VZV infection of this cell
type might be associated with inflammasome formation.
THP-1 cells supported VZV replication, and VZV infection was
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associated with the formation of a functional NLRP3 inflam- induced activation of caspase-1 and secretion of IL-18 by

masome as determined by the occurrence of IL-1f3 processing THP-1 cells. With regard to possible relevance for VZV patho-
and secretion. HSV-1, another human alphaherpesvirus, also  genesis, IL-13 secretion up-regulates the surface expression of
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FIGURE 8. NLRP3 expression in human skin xenografts in human SCID mouse model of VZV pathogenesis. A,immunohistochemistry of NLRP3 expression
in infected human skin xenografts in a human SCID mouse model. Formalin-fixed, paraffin-embedded sections (5 nm) of VZV-infected skin xenografts were
stained with human polyclonal anti-VZV serum and detected with Vector VIP (purple) as shown in the left panel (magnification, X 200). Methyl green, used as the
counterstain, is visible in uninfected surrounding cells. NLRP3 antibody staining of a VZV lesion showed NLRP3 expression (purple) in the nuclei and the
cytoplasm of VZV-infected skin xenografts. NLRP3 expression was not detected in uninfected areas (middle panel). The right panels are a higher magnification
(X400) of the NLRP3-stained lesion in the middle panel. B, immunostaining of NLRP3 expression in infected human skin xenografts. The left panel shows the
control staining with Alexa Fluor 488-conjugated anti-mouse secondary antibody alone. The middle panel shows the expression of the VZV protein ORF23 (red)
in the lesion. The right panel shows the cytoplasmic and nuclear staining of the NLRP3 (green) in the infected lesion. Nuclei were stained with Hoechst (blue).

the adhesion molecules on both mesenchymal and endothelial ~immune response, it is also likely to regulate the course of VZV

cells. Surface expression of these adhesion molecules, along with
secretion of chemokines, is required for recruitment of the circu-
lating blood cells into infected tissues (60). We have shown that
VZV infects T cells (27), allowing spread through the host, and
causes skin lesions; VZV infection is presumed to be amplified by
entry of uninfected T cells into skin sites of replication. Because
IL-1B also has adjuvant properties that enhance the adaptive

infection so that it is rarely life-threatening to the host (10).

DNA viruses that replicate in the cytoplasm can activate
caspase-1 through an alternative pathway involving formation of
an AIM2/ASC inflammasome that lacks NLRP3 (8, 21). AIM2,
which is not expressed in melanoma cells, is a cytoplasmic protein
that belongs to the HIN-200 family, which is induced by type I
IFNs (8, 68). Several herpesviruses, including VZV, block type I

FIGURE 7. Caspase-1 activity in VZV-infected melanoma cells. A, visualization of active caspase-1in VZV-infected melanoma cells. Melanoma cells infected
with rOka-ORF10-GFP for 36 h were stained with the biotinylated caspase-1 peptide inhibitor YVAD and detected with streptavidin conjugated to Texas Red.
Active caspase-1 (red) was detected only in infected melanoma cells. VZV infection was indicated by the expression of the late protein, ORF10-GFP (green).
Hoechst staining was used to detect the nuclei (blue). B,immunopurification of caspase-1 complex using cross-linked anti-caspase-1 antibody. NLRP3 and ASC
proteins were pulled down with the immunopurified caspase-1 complex from VZV-infected melanoma cells. The activity of caspase-1 in the lysate was judged
by the detection of the active caspase-1 subunit (p20). Uninfected melanoma cells and preimmune rabbit IgG, normal antibody cross-linked to agarose beads
(N beads), were used as negative controls. C, flow cytometry analysis of VZV-infected melanoma cells stained with the CM-H,DCFDA, a detector of ROS release.
VZV did not induce a significant amount of ROS release from VZV-infected melanoma cells compared with the uninfected cells and the positive control.
Melanoma cells treated with 1% H,O, were used as a positive control. The uninfected cells were used as a negative control. /P, immunoprecipitation; /B,
immunoblot.
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IFNs (46, 69—-71). Consistent with these studies, we found that
VZV does not up-regulate AIM2 or MxA proteins in THP-1 cells,
although it activated caspase-1. Moreover, caspase-1 was not acti-
vated in melanoma cells after transfection with dsDNA, whereas
VZV infection activated the NLRP3 inflammasome, indicating
that caspase-1 activation is independent of type I IFN induction
and therefore of AIM2 in these cells. Consistent with our results,
AIM2 is not the sensor of HSV-1 in macrophages (72). How
NLRP3 senses diverse stimuli is not understood. Free radical ROS
have been proposed to activate the NLRP3 inflammasome (48, 73,
74). Possible ROS sources include xanthine oxidase, peroxisomal
oxidases, and NADPH oxidases that may be altered in virus-in-
fected cells. However, ROS release was not detected in VZV-in-
fected melanoma cells at a time point corresponding to the activa-
tion of caspase-1 in these cells. We concluded that ROS is not
required for caspase-1 activation during VZV infection in mela-
noma cells. Interestingly, knocking out superoxide dismutase, an
enzyme required for deactivation of ROS, results in high intracel-
lular ROS and impairment of caspase-1 function (42). Moreover,
patients with mutated NADP oxidase, an enzyme required for the
generation of ROS, show normal caspase-1 activation and IL-1f3
secretion (75).

Taking advantage of our SCID mouse model of VZV patho-
genesis, we found that NLRP3, unlike NLRP1, was induced in
cells within VZV lesions in human skin xenografts, indicating
that NLRP3 inflammasome formation occurs also in VZV-in-
fected skin in vivo. However, whether inflammasome activation
is beneficial for the host or required for effective spread of the
virus is not known. Treatment of HSV-1-infected mice with
IL-18, one of the substrates of active caspase-1, has been
reported to protect against HSV-1 infection (76). Although it
seems likely to be beneficial for enhancing the host adaptive
immune response, caspase-1 activation also has been shown to
be required for successful infection by bacterial pathogens (77).

In summary, we report that VZV is sensed by the innate cellular
NLR mechanism, causing caspase-1 activation in vitro and in
infected skin in vivo. This mechanism is functional even though
the viral DNA-sensing proteins that are regulated by type I IFNs
are blocked by VZV interference with the type I IFN response
within infected cells. In contrast, we found that VZV triggers
NLRP3 inflammasome formation and IL-13 processing in differ-
ent human cell lines that support VZV replication. NLRP3 inflam-
masome formation can be considered an immunomodulatory
mechanism triggered by the virus that helps to support VZV per-
sistence in the population by modifying the severity of infection in
the individual. This proinflammatory mechanism is likely to be
involved in the pathogenesis of infections caused by the other
medically important human herpesviruses and might be targeted
for enhancement by antiviral therapies.
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