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Human cytomegalovirus (HCMYV) is a member of the betaherpesvirus family that, unlike other herpesvi-
ruses, triggers a strong innate immune response in infected cells that includes transcription of the beta
interferon gene via activation of interferon regulatory factor 3 (IRF3). IRF3 activation requires signaling from
pattern recognition receptors that is initiated by their interaction with specific pathogen-associated molecules.
However, while IRF3-activating pathways are increasingly well characterized, the cellular molecules involved
in HCMV-mediated IRF3-dependent beta interferon transcription are virtually unknown. We undertook a
systematic examination of new and established IRF3-terminal pathway components to identify those that are
essential to HCMV-triggered IRF3 activation. We show here that IRF3 activation induced by HCMYV infection
involves the newly identified protein STING but, in contrast to infections with other herpesviruses, occurs
independently of the adaptor molecule IPS-1. We also show that the protein DDX3 contributes to HCMV-
triggered expression of beta interferon. Moreover, we identify Z-DNA binding protein 1 (ZBP1) as being
essential for IRF3 activation and interferon beta expression triggered by HCMYV, as well as being sufficient to
enhance HCMV-stimulated beta interferon transcription and secretion. ZBP1 transcription was also found to
be induced following exposure to HCMYV in a JAK/STAT-dependent manner, thus perhaps also contributing
to a positive feedback signal. Finally, we show that constitutive overexpression of ZBP1 inhibits HCMV
replication. ZBP1 was recently identified as a cytosolic pattern recognition receptor of double-stranded DNA,
and thus, we propose a model for HCMV-mediated IRF3 activation that involves HCMV-associated DNA as the

principal innate immune-activating pathogen-associated molecular pattern.

Human cytomegalovirus (HCMV) is the archetypal member
of the betaherpesvirus family, an ancient group of large envel-
oped double-stranded DNA (dsDNA) viruses. HCMV is a
ubiquitous, opportunistic, and immunoevasive pathogen that
persists indefinitely in immunocompetent hosts despite contin-
vously inducing strong antiviral immune responses. HCMV
infection is mostly asymptomatic in healthy individuals, but the
virus is a significant cause of morbidity and mortality during
artificial or human immunodeficiency virus (HIV)-induced im-
munosuppression (33, 43). HCMYV is also the leading microbial
cause of birth defects when acute infection occurs during preg-
nancy (3). In addition, persistent infection of the vasculature
and subsequent chronic inflammatory stimulation have been
strongly linked with the development of cardiovascular dis-
eases, such as atherosclerosis, restenosis, and transplant vas-
cular sclerosis (reviewed in reference 66).

The innate immune response against incoming pathogens
plays a pivotal role during primary infection, especially in pa-
tients with defects in adaptive immunity. Indeed, HCMV in-
fection of host cells rapidly triggers a strong induction of type
I interferons (IFNs), IFN-stimulated genes (ISGs), and proin-
flammatory cytokines (1, 4, 8, 20, 38, 63, 84, 85), a process that
serves to establish an antiviral state in infected and neighbor-
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ing cells. Type I IFNs include IFN-B (secreted by epithelial
cells and fibroblasts) and IFN-a subtypes 1 to 14 (macrophages
and dendritic cells). IFN-o/p activate signaling pathways via
the type I IFN receptor, involving phosphorylation of signal
transducer and activator of transcription 1 (STAT1) and
STAT2. STAT1 and STAT?2 lead to the transcription of ISGs
that encode proteins that act to impair intracellular molecular
activities required for virus replication (56). Currently, it is
not known how HCMYV initially triggers the IFN response or
how the virus manages to escape the antiviral activities of
that response.

Significant progress has been made in recent years regarding
our understanding of the pathways and molecules involved in
the induction of IFN and ISGs, especially by RNA viruses (see
references 25 and 45 for reviews). In response to activation
signals initiated by pathogen-associated molecular patterns
(PAMPs), an enhanceosome complex containing IFN regula-
tory factor 3 (IRF3), nuclear factor kB (NF-«kB), activating
transcription factor 2, CREB-binding protein (CBP), and p300
is formed in the IFN-B promoter region (29, 34, 75, 81). While
evidence suggests that IFN-B induction can occur in the ab-
sence of NF-«kB (73), IRF3 is necessary for IFN responses to
viral, including HCMV (58), infection in fibroblasts (14).

IRF3 is a constitutively expressed protein that normally
shuttles freely between the cytoplasm and the nucleus. How-
ever, PAMP-triggered phosphorylation of C-terminal serine
residues results in IRF3 homodimerization, association with
coactivators (CBP and p300), and nuclear accumulation (18,
29, 60, 62, 81). Activation of IRF3 occurs in response to infec-
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tion with HCMV (4, 14, 20, 24, 37, 38, 42, 47), a betaherpes-
virus, and an ICPO deletion mutant of the alphaherpesvirus
herpes simplex virus type 1 (HSV-1) (11, 30, 36, 47). Interest-
ingly, HCMV-mediated IRF3 activation and IFN-B transcrip-
tion are intensified in the absence of viral-gene expression (14),
most likely due to the inactivation of HCMV-encoded inhibi-
tory proteins that impair NF-kB function (70). However, there
has been no demonstration of an HCMV-specific obstructive
effect on IRF3 activity. Interestingly, the closely related CMV
of rhesus macaques completely blocks IRF3 activation even in
the absence of viral-gene expression (13). It is also important
to note that activated IRF3 can itself induce the expression of
a subset of ISGs (independently of IFN), which leads to gen-
eration of an antiviral cellular state (5, 8, 14, 42, 84, 85). This
HCMV-triggered IFN-independent induction of ISGs appears
to play a prominent role in the innate immune response to the
virus (42), presumably because HCMYV can interfere with IFN-
dependent (JAK/STAT) signaling (44).

Phosphorylation of IRF3 occurs via TANK binding kinase 1
(TBK1) and I«B kinase &£ (IKKe) (18, 29, 60, 62, 81). While
IRF3 is thought to be a direct target of these kinases, recent
work has identified another molecule that is required for
TBKI1/IKKe-mediated IRF3 activation, perhaps as an adaptor.
Stimulator of IFN genes (STING) (23), or mediator of IRF3
activation (MITA) (83), is an endoplasmic reticulum (ER)-
and mitochondrion-associated protein essential to IRF3 acti-
vation in response to Sendai virus (SeV), HSV-1, Listeria
monocytogenes, and IFN-stimulatory dsDNA. Zhong et al. in-
dicated that STING is a phosphorylation target of TBK1 (83),
but the molecule’s exact biochemical role with respect to IRF3
activation is not clear. Furthermore, DEAD box protein 3
(DDX3) was also found to be essential for IRF3-dependent
transcription. DDX3 is a helicase and phosphorylation target
of TBKI1 that binds to the IFN-B promoter independently of
IRF3 (59, 64). DDX3 contributes to IFN-B induction triggered
by Listeria, transfected polyinosine-polycytosine [poly(I - C)],
transfected poly(dA-dT), lipopolysaccharide (LPS), SeV, and
vaccinia virus (59, 64). The importance of DDX3 for antiviral
immune responses is underscored by the fact that it is a target
of inhibition for the vaccinia virus protein K7 (59).

Signals terminating in IRF3 phosphorylation originate from
pattern recognition receptors (PRRs), which are either cell
surface, endosomal, or cytoplasmic proteins that detect specific
PAMPs. IRF3-specific PRRs include Toll-like receptors (TLRs)
and cytoplasmic helicases (see reference 72 for a review). Hu-
man TLRs include 12 known molecules (69), of which only
TLR3 and TLR4 (reacting with extracellular dSRNA and LPS,
respectively) lead to IRF3 activation. Retinoic acid-inducible
gene I (RIG-I) (80) and melanoma differentiation-associated
gene 5 (MDAS) (79) are RNA helicases that contain N-terminal
caspase recruitment domains (CARDs) that recognize cytoplas-
mic poly(I - C) and virus-associated dsRNA (12, 21, 46, 52, 53,
79). Activation of IRF3-specific kinases by PRRs further in-
volves adaptor molecules that act as points of integration for
multiple upstream signaling receptors. These include Toll/in-
terleukin-1 receptor domain-containing adaptor-inducing
IFN-B (TRIF) (78) (also called TICAM1 [41]) and the CARD-
containing molecule IFN-B promoter stimulator 1 (IPS-1; also
called MAVS, VISA, and CARDIF [26, 35, 61, 77, 80]). As
such, TLR3 and TLR4 require TRIF, while MDAS and RIG-I
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employ IPS-1 for activation of IRF3-specific kinases. IRF3
phosphorylation in response to SeV and transfected poly(I - C)
suggests that human fibroblasts (a common HCMV in vitro
target) possess functional cytoplasmic RNA helicase PRRs and
IPS-1. IPS-1 is essential for IRF3 activation, not only by diverse
RNA viruses (see reference 28 for a review), but also by al-
phaherpesviruses (10, 48, 49) and vaccinia virus (82). The phy-
logenetic diversity of viruses triggering IRF3 activation
through IPS-1 implies that the protein may in fact be an es-
sential component of all innate antiviral cellular activation.

IRF3-dependent, but TLR-independent, transcription of
IFN-B is also triggered by the presence of cytoplasmic dsSDNA
(22, 65). Recent work has indicated the existence of at least
two separate IRF3-terminal pathways activated by cytoplasmic
AT-rich dsDNA. Cytoplasmic murine Z-form DNA binding
protein 1 (ZBP1) (also called DLM-1 [15, 19, 51]) was first
shown to be involved in IFN-B induction by both cytosolic
DNA and HSV-1 (68, 74). The protein was subsequently given
the additional name DNA-dependent activator of IRFs (DAI)
(68). However, induction of IFN-B by HSV or dsDNA can occur
in the absence of ZBP1 (31, 68, 74), indicating the presence of
an additional dsDNA-sensing pathway. RNA polymerase III
(POL3) was recently shown to convert cytoplasmic AT-rich
dsDNA into dsRNA containing a 5’ triphosphate moiety that
then activates canonical RIG-I-dependent signaling (2, 10), a
pathway to which IPS-1 is essential. In human cells, the POL3-
dependent pathway is important for IFN-f activation by mul-
tiple DNA viruses, including HSV-1, adenovirus, and Epstein-
Barr virus (2, 10), leading to speculation that IPS-1-dependent
pathways might be central to all cytoplasmic virus detection
(10).

While roles for TBK1 (20) and IRF3 (14) in HCMV-medi-
ated IRF3 activation and IFN-B induction are established, the
identities of additional upstream receptors and signaling mol-
ecules are unknown. Interestingly, HCMV particle entry is
necessary for IRF3 activation and ISG induction, perhaps an
indication of the importance of a cytoplasmic PRR (24, 38). It
has also been speculated that membrane fusion events occur-
ring during viral entry might activate IRF3 (24). Research
using human fibroblasts indicates that TLR molecules are not
involved (24, 42) but that an uncharacterized pathway may be
(40). Since a systematic evaluation of key members of innate
antiviral pathways has not been performed with HCMV, we
decided to examine the roles of multiple components of the IRF3
activation pathways in this context. Our results indicate that,
unlike other herpesviruses, IPS-1, the key adaptor protein for
POL3 and RNA helicase-dependent signaling, is not involved
in IFN induction by HCMV. In contrast, the dsSDNA sensor
ZBP1 is essential for HCMV-mediated IFN-B transcription
and the generation of an antiviral response, thus suggesting
that the HCMV-associated PAMP responsible for triggering
IRF3 activation is dsDNA. In addition, STING also contrib-
utes to HCMV-mediated IRF3 activation and DDX3 plays a
role in HCMV-mediated IFN-B transcription.

MATERIALS AND METHODS

Reagents. The dsRNA mimic poly(I - C) was obtained from Amersham Bio-
sciences (product no. 27-4729) and resuspended in Millipure water. LPS was
obtained from Sigma (product no. L2654) and resuspended in Millipure water.
Cycloheximide (CHX) was obtained from Sigma (product no. C 4859) and used
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at 200 wg ml ! cell culture medium. Hygromycin B was obtained from InvivoGen
(product no. ant-hg-1) and used at 300 wg ml~! cell culture medium. Puromycin
was obtained from Clontech (product no. 631305) and used at 2 pg ml~" cell
culture medium. Lipofectamine 2000 transfection reagent was obtained from
Invitrogen (product no. 11668-019) and used according to the manufacturer’s
instructions. HiPerfect transfection reagent was obtained from Qiagen (product
no. 301702). Human recombinant IFN-f was obtained from PBL (product no.
11415-1).

Virus and cell culture. Human foreskin fibroblasts stably transfected with the
human telomerase gene (THFs) to extend passage life were obtained from W.
Bresnahan (University of Minnesota) (6). THFs were propagated in Dulbecco’s
minimal essential medium (DMEM) containing 10% fetal calf serum (FCS) and
antibiotics at 37°C in 5% CO,. HCMV strain AD169 was obtained from the
ATCC, propagated on primary human foreskin fibroblasts, and purified by cen-
trifugation through a 30% sorbitol cushion for 1 h at 22,000 rpm in a Beckman
SW32 rotor. The titers of virus stocks were determined using endpoint serial
dilution assays on primary human fibroblasts (50). Unless otherwise indicated,
HCMV infections were performed in duplicate in confluent 35-mm dishes with
0.5 ml DMEM at a multiplicity of infection (MOI) of 3 for 6 h. 1 ml DMEM with
10% FCS was added back to the infected cells after the initial 1 h. Inactivation
of HCMYV particles using UV irradiation was performed in a Stratalinker for a
length of time sufficient to block expression of protein from the HCMV open
reading frame UL123 (IE1) and to induce IRF3 nuclear localization as deter-
mined by an immunofluorescence assay, as described previously (14). SeV was
obtained from Charles River Laboratories and used at a concentration of 160
hemagglutinin units ml~! of cell culture medium.

RNA interference. Cells were plated at 30 to 40% confluence in 35-mm dishes
the day before transfection with small interfering RNA (siRNA). Five microliters
of siRNA (20 pM stock) was mixed with 10 pl HiPerfect in 95 pl OptiMem
(Gibco) and added to cells containing 2.3 ml OptiMem. The cells were trans-
fected twice, 8 h apart, and incubated for 16 h, and the OptiMem was replaced
with DMEM with 10% FCS. The cells were allowed to expand for 3 to 4 days to
near confluence and transfected once more 16 h before treatment. siRNA se-
quences against IRF3 and STING were as described in references 14 and 23,
respectively. Other siRNA sequences were as follows: NS, 5'-UCGUAAGUAA
GCGCAACCC-3'; IPS-1 5'-GGGUUCUUCUGAGAUUGAA-3'; DDX3, 5'-C
GAGAGAGUUGGCAGUACA-3'; ZBP1 no. 06, 5'-GGCCACCUUGAACAA
AGAA-3'; ZBP1 no. 57, 5'-GGGCGGGACUGAUCCUGAA-3'.

Generation of stable cell lines. THF lines either stably expressing ZBP1 or
STAT1 Y701F or containing IRF3-dependent firefly luciferase were constructed
using the pRevIRE retroviral plasmid system (Clontech) as described previously
(9). Full-length ZBP1 was subcloned from a pcDNA3.1 expression vector (de-
scribed in reference 15) into pRevIRE to make THF-ZBP1 cells. STAT1 Y701F
was similarly subcloned from a pRc/CMV vector (described in reference 76) into
pRevTRE. IRF3 reporter THFs (THF-P55C1B) were generated by stably trans-
fecting a luciferase open reading frame downstream of an IRF3-dependent
promoter element containing repeated PRD1 sites (termed P55-C1B; originally
described in reference 81). The P55-C1B-luciferase region was subcloned from
the original pBL plasmid (a kind gift from T. Fujita, Kyoto University) into
pRevTRE. Proper target insertion was verified by sequencing. Replication-de-
fective recombinant retrovirus was produced by transfecting pRevIRE into
Phoenix A cells using Lipofectamine 2000 (Invitrogen) and harvesting the su-
pernatant after 48 h (27). Cell debris was removed from the supernatant by
centrifugation (3,000 X g; 10 min), and the supernatant was filtered through two
0.45-pm filters. Subconfluent target cells were infected with retrovirus for 16 h in
the presence of 4 wg/ml Polybrene. After the cells reached confluence, they were
split into DMEM plus 10% FCS containing 100 wg/ml hygromycin. The trans-
duced cells were passaged in the presence of increasing hygromycin (to 300
pg/ml) until the cultures were resistant to the compound. Four separately con-
structed cultures of hygromycin-resistant THF-P55C1B cells were assayed for
their responsiveness to HCMV exposure in the form of luciferase expression, and
the culture exhibiting the largest dynamic range of expression was used for all
assays.

IFN-sensitive reporter THFs (THF-ISRE) were constructed using the
pGreenFire ISRE reporter lentivector system according to the manufacturer’s
protocol (System Biosciences). Briefly, pGreenFire ISRE is a dual reporter
vector containing an IFN-sensitive responsive element (ISRE) that controls the
expression of both green fluorescent protein (GFP) and firefly luciferase. Vesic-
ular stomatitis virus G protein-pseudotyped lentiviral particles were generated by
cotransfecting 293T cells with pGreenFire-ISRE and packaging expression vec-
tors encoding vesicular stomatitis virus G, HIV Gag, and HIV Rev (pPACK-H1
plasmid mix; System Biosciences). The virus was harvested, and target cells were
infected as described above. The cell cultures were purified by retrieving GFP-
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positive cells by fluorescence-activated cell sorting following overnight treatment
with 1,000 U/ml human IFN-B. Experimentally, THF-ISRE cells were used to
quantify the synthesis and secretion of type I IFN in two ways: first, to measure
the IFN secretion from other (non-THF-ISRE) cells by exposing them to media
harvested from target cells, and second, to measure IFN secretion from THF-
ISRE themselves following conditional exposure to stimuli as described previ-
ously.

Luciferase reporter assays. Confluent THF-P55C1B or THF-ISRE cells were
treated as indicated in six-well dishes. At the time of assay, the cells were washed
twice with 1X phosphate-buffered saline (PBS), trypsinized, spun down at
2,000 X g for 10 min, and resuspended in 200 wl DMEM-FCS. In duplicate, 75
wl of the cell mixture was added to 75 wl One-Glo lysis/luciferin reagent (Pro-
mega; no. E6120) in a black 96-well plate. Luminescence was determined on a
Veritas luminometer (Turner Biosystems).

When quantifying the secretion of type I IFN by target cells, THF-ISRE cells
were grown to confluence in black 96-well plates. Confluent target cells were
treated with HCMYV virions rendered transcriptionally inactive by UV irradiation
(UV-HCMV) or SeV as described above in six-well dishes. At 3 h postinfection,
the culture medium was removed, the cells were washed three times with 1X PBS
(to completely remove residual virus), and 1.5 ml fresh DMEM-FCS was added.
At 7 h postinfection, 50 pl medium from target cells was transferred to each of
four wells of confluent THF-ISRE cells and incubated at 37°C. At 16 h post-
treatment, 50 pul One-Glo reagent was added to each well, and the luminescence
was read as described above.

RNA isolation and semiquantitative RT-PCR. Total RNA was isolated using
the Mini RNA Isolation II kit according to the manufacturer’s protocol (Zymo
Research; product no. R1030) and quantified by UV spectrometry. RNA sam-
ples were treated with DNase using the DNA-Free RNA Kit according to the
manufacturer’s protocol (Zymo Research; product no. 1013). Single-stranded
c¢DNA for use as a PCR template was made from total RNA using random
hexamers to prime first-strand synthesis by Superscript III reverse transcriptase
(Invitrogen; product no. 11754) as described in the manufacturer’s protocol.
Comparison of mRNA expression between samples (e.g., infected versus un-
treated) was performed using SYBR green-based semiquantitative real-time
RT-PCR (qPCR) with the Applied Biosystems Sequence Detection System ac-
cording to the method of Livak and Schmittgen (32). GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) was used as a housekeeping gene to establish a
baseline against which target genes were compared between samples (described
in reference 14). Other primer sequences used were as follows: IFN-B (F),
5'-AAACTCATGAGCAGTCTGCA-3', and (R), 5"~ AGGAGATCTTCAGTTT
CGGAGG-3'; ZBP1 (F), 5'-TGGTCATCGCCCAAGCACTG-3', and (R), 5'-
GGCGGTAAATCGTCCATGCT-3'".

Immunoblotting. Native IRF3 immunoblotting was performed as described
previously (13). Denaturing (sodium dodecyl sulfate) immunoblotting was per-
formed as follows. Following cell trypsinization and centrifugal pelleting at
2,000 X g for 10 min, whole-cell lysates were harvested in 2% sodium dodecyl
sulfate lysis buffer (50 mM Tris-HCI, 20% glycerol). The lysates were electro-
phoresed in 10% polyacrylamide gels and transferred onto polyvinylidene diflu-
oride membranes (Millipore) using semidry transfer at 400 mA for 1.5 h. The
blots were blocked at room temperature for 2 h using 10% nonfat milk in 1X
PBS containing 0.1% Tween 20. The blots were exposed to primary antibody in
5% nonfat milk in 1X PBS containing 0.1% Tween 20 for 16 h at room temper-
ature. The blots were then washed in 1X PBS containing 0.1% Tween 20 for 20,
15, and 5 min, followed by deionized water for 5 min. One hour of exposure to
horseradish peroxidase-conjugated secondary antibodies and subsequent washes
were as described for the primary antibodies. The antibodies were visualized
using enhanced chemiluminescence (Pierce). The antigens and the antibodies
used against them were as follows: GAPDH, Santa Cruz no. SC-51906; IRF3,
Santa Cruz no. SC-9082; DDX3, Bethyl no. A300-474A; IPS-1, Bethyl no. A300-
782A; phospho-IRF3, Millipore no. 07-581. ZBP1 was described previously (31);
STING was a kind gift from G. Barber (University of Miami) (23).

RESULTS

IPS-1 is not required for HCMV-mediated, IRF3-dependent
transcription or IFN-B secretion. Based on the diversity of
stimuli (viral and otherwise) that trigger IPS-1-dependent sig-
naling and the possibility that the unidentified sensor(s) of
HCMV may also signal via IPS-1, we asked whether this pro-
tein was required for HCMV-mediated IRF3 activation in hu-
man fibroblasts. Since the focus of this investigation was the
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FIG. 1. IPS-1 does not contribute to UV-HCMV-mediated IRF3-dependent transcription, IFN-B transcription, or IFN-B secretion. (A) THF-
P55CI1B cells were treated in duplicate for 6 h with UV-HCMV at the indicated MOIs. The values presented are average levels of detected
luciferase plus standard errors of the mean (SEM) from cell lysates; (B) THF-ISRE cells were treated in duplicate for 6 h with IFN-B at the
indicated concentrations. The values presented are average levels of detected luciferase (plus SEM) from cell lysates. (C) Immunoblot (IB)
showing diminishment of IPS-1 and IRF3 proteins from THF-ISRE cells treated with the indicated siRNAs. (D) IFN-B-dependent luciferase
expression (plus SEM) from THF-ISRE cells following treatment with the indicated siRNAs and subsequent exposure to either SeV or UV-HCMV
(MOI = 1). (E) IRF3-dependent luciferase expression (plus SEM) from THF-P55C1B cells following treatment with the indicated siRNAs and
subsequent exposure to UV-HCMV (MOI = 1). (F) IFN-B gene transcription change relative to untreated cells following exposure of siRNA-
treated THFs to UV-HCMYV. The values are the changes of UV-HCMV-treated cells relative to untreated cells normalized to the changes obtained

from THFs treated with NS siRNA (set to 1).

characterization of factors involved in the activation (rather
than inhibition) of IRF3 and IFN-B, we used UV-HCMYV, as
described in Materials and Methods. These particles are inca-
pable of exhibiting phenotypes (known or unknown) that may
dampen innate immune activation and associated signal read-
outs. UV-HCMYV particles have been shown to properly de-
liver virion-associated proteins subcellularly (85) and are oth-
erwise biologically similar to live virus.

To examine the role of IPS-1, as well as other potential host
genes, in HCMV-mediated activation of IRF3-dependent tran-
scription and secretion, we constructed two THF reporter cell
lines. Cell line THF-P55C1B contained firefly luciferase down-

stream of repeated PRD1 sites, which are DNA targets of
phosphorylated IRF3 (81), and thus, luciferase is expressed in
response to IRF3 activation by UV-HCMV. As shown in Fig.
1A, luciferase expression by THF-P55CI1B cells occurs in re-
sponse to exposure to UV-HCMV in a dose-dependent man-
ner. The second cell line (THF-ISRE) contained an ISRE that
controlled the expression of a GFP-plus-luciferase dual re-
porter in response to secreted or exogenously added type I IFN.
As shown in Fig. 1B, luciferase expression by THF-ISRE cells
occurred in response to IFN-B exposure in a dose-dependent
manner. We next knocked down IPS-1 expression in these
reporter cells using transfected siRNA. In contrast to siRNA
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containing a nonspecific (NS) sequence, siRNA directed against
IPS-1 or IRF3 nearly eliminated their target protein (Fig. 1C).
This degree of IPS-1 knockdown was sufficient to strongly
reduce IFN-B secretion (as measured by ISRE-driven lucifer-
ase expression) triggered by SeV, a response requiring the protein
(61) (Fig. 1D). However, unlike siRNA-mediated knockdown
of IRF3, IPS-1 knockdown did not reduce IRF3- or IFN-
dependent luciferase induction by HCMYV relative to that ob-
served in control cells (Fig. 1E).

To examine the role of IPS-1 in HCMV-induced, IRF3-
dependent transcription of endogenous host genes, we used
qPCR to compare HCMV-triggered expression of the IFN-
gene in THFs transfected with IPS-1-specific or NS siRNA.
While siRNA-mediated knockdown of IRF3 in THFs strongly
inhibited IFN-B induction, IFN-B expression did not differ
significantly between cells treated with NS and those treated
with IPS-1-directed siRNA (Fig. 1F). Based on these results,
we conclude that IPS-1 is not required for HCMV-mediated
activation of IRF3 in human fibroblasts.

HCMYV infection upregulates transcription of ZBP1 in a
STAT1-dependent manner. Recently, ZBP1 was identified as a
sensor of cytoplasmic dsDNA in mouse embryonic fibroblasts,
and upregulation of the gene following exposure to either
transfected dsDNA or IFN-B was shown (68). We therefore
decided to ask whether the same ZBP1 transcriptional dynam-
ics are exhibited by human fibroblasts in response to treatment
with HCMV. Exposure of THFs to UV-HCMYV for 6 h resulted
in ZBP1 transcriptional induction in control cells treated with NS
siRNA relative to unexposed cells, as determined by qPCR
(Fig. 2A). ZPB1 induction was inhibited in the presence of
IRF3-directed siRNA (Fig. 2A), indicating that ZBP1 was ei-
ther transcribed as a direct target of IRF3 or induced by IRF3-
dependent IFN-B induction. We next examined whether IFN-
B-stimulated JAK/STAT signaling was required for ZBP1
upregulation (as seen in murine cells) or whether ZBP1 induc-
tion by HCMV was IFN independent. To do this, we used
parental THFs and THFs stably overexpressing a dominant-
negative form of STAT1 containing a Y—F mutation at amino
acid 701 (THF-STAT1-DN). First, both cell types were ex-
posed to IFN-B (100 U/ml) for 6 h, and qPCR was used to
compare ZBP1 expression to that in untreated cells. As shown
in Fig. 2B, IFN-B triggered upregulation of ZBP1 relative to
untreated cells in THF but not THF-STAT1-DN cells. Next,
the cells were exposed to UV-HCMYV (MOI = 3) in the pres-
ence or absence of CHX, a treatment done to block translation
of all proteins, including IFN-p. In this case, UV-HCMV treat-
ment induced ZBP1 transcription in THFs, but not in the
presence of CHX (Fig. 2B). Furthermore, UV-HCMYV failed
to induce ZBP1 in THF-STAT1-DN cells under any conditions
(Fig. 2B). Based on these observations, we conclude that up-
regulation of ZBP1 transcription following exposure to UV-
HCMV is likely the result of JAK/STAT pathway stimulation
by virus-induced, IRF3-dependent IFN-B secretion.

ZBP1 is required for UV-HCMV-mediated IRF3-dependent
transcription and IFN-B synthesis. As mentioned above,
ZBP1 was implicated in the induction of IFN-B by both cyto-
solic dsDNA and infection with HSV-1 (68, 74). To determine
whether ZBP1 is involved in the IFN response triggered by
HCMYV, we examined the activation of innate immune signal-
ing by UV-HCMYV following knockdown of ZBP1. In un-
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FIG. 2. IRF3 activation and STAT1-dependent signaling contrib-
ute to UV-HCMV-induced upregulation of ZBP1 mRNA. (A) Change
as determined by qPCR of ZBP1 mRNA in THFs exposed to UV-
HCMYV relative to that in unexposed cells following transfection of NS
or IRF3-directed siRNA. (B) Change of ZBP1 mRNA relative to
untreated cells in THFs and THF-STAT1-DN cells treated with IFN-3
(100 U/ml) or UV-HCMV in the presence and absence of CHX (200
wg/ml; untreated control cells were also treated with CHX). The values
are the changes in treated relative to untreated cells normalized to the
change observed in IFN-B-treated THFs (set to 1).

treated THFs, ZBP1 mRNA is expressed at low levels (not
shown), but as discussed above (Fig. 2), transcription is strongly
induced following exposure to UV-HCMYV. Unfortunately, the
reactivity of available anti-ZBP1 antibodies was too poor to
observe endogenous cellular protein following HCMV-trig-
gered expression. Nevertheless, two different siRNAs directed
against ZBP1 were able to substantially reduce the upregula-
tion of ZBP1 mRNA following exposure to UV-HCMV (Fig.
3A), as well as to knock down stably overexpressed ZBP1
protein in THFs (see below). As shown in Fig. 3B, treatment of
THFs with ZBP1-targeted siRNA reduced HCMV-triggered
IFN-B transcription relative to cells treated with NS siRNA.
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FIG. 3. ZBP1 contributes to UV-HCMV-triggered IRF3-dependent transcription and IFN-B secretion. (A) qPCR showing UV-HCMV-
triggered induction of ZBP1 mRNA relative to untreated THFs in the presence of ZBP1-targeted or NS siRNA. The values represent ZBP1
mRNA change relative to that of unexposed cells normalized to the change observed in cells treated with NS siRNA (set to 1). (B) Change in IFN-
gene transcription relative to that in unexposed cells following exposure of siRNA-treated THFs to UV-HCMV. The values (plus standard errors
of the mean) are the changes in UV-HCMV-treated cells relative to untreated cells normalized to the changes obtained from THFs treated with
NS siRNA (set to 1). (C) Expression of IRF3-dependent luciferase following treatment of THF-P55C1B cells with UV-HCMYV in the presence of
NS or ZBP1-specific siRNAs. The values presented (plus standard errors of the mean) are normalized to NS siRNA-treated cells (set to 1).
(D) Expression of IFN-B-dependent luciferase following treatment of THF-ISRE reporter cells with UV-HCMYV in the presence of NS or ZBP1-specific
siRNA. The values displayed (plus standard errors of the mean) are normalized to UV-HCMV-induced luciferase expression in NS siRNA-treated cells
(set to 1). (E) IFN-B gene transcription change relative to unexposed cells following exposure of siRNA-treated THFs to HCMV and CHX (200 p.g/ml).
The values (plus standard errors of the mean) are the changes in HCMV- and CHX-treated cells relative to those in non-HCMV-treated, CHX-treated
cells that were normalized to HCMV-induced changes obtained from THFs treated with NS siRNA and CHX (set to 1).

Similarly, IRF3- and IFN-B-dependent luciferase expression
from THF-P55C1B and THF-ISRE cells, respectively, in re-
sponse to HCMV was also reduced when the cells were trans-
fected with ZBP1-directed siRNA prior to virus exposure (Fig.
3C and D).

Given the induction of ZBP1 mRNA in response to UV-
HCMV, we wondered whether de novo synthesis of ZBP1
protein is required for the receptor’s detection of the virus. We
thus examined HCMV-induced IFN-B transcription in cells
treated with ZBP1-targeted siRNA in the presence of CHX.

This was compared to HCMV-induced IFN-B transcription in
cells transfected with NS siRNA in the presence of CHX. As
such, siRNA treatment reduces ZBP1 protein existing prior to
HCMYV exposure and CHX prevents any new ZBP1 from be-
ing synthesized. Under these conditions, HCMV-induced
IFN-B transcription was diminished to a level similar to that
seen following knockdown of IRF3 (Fig. 3E). Based on these
results, we conclude that ZBP1 is required during the initial
detection of HCMV by the cell’s innate antiviral signaling
apparatus.
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FIG. 4. Ectopic expression of ZBP1 increases UV-HCMV-induced IFN-B transcription independently of IPS-1. (A) Immunoblot showing
overexpression of ZBP1 in two stable THF lines. (B) Induction of IFN-B mRNA as measured by qPCR in UV-HCMV-exposed relative to
unexposed cells; the values shown are normalized to the IFN-B induction observed in THF parental cells (set to 1). (C) Immunoblot showing
siRNA-mediated knockdown of stably expressed ZBP1 from THF-ZBP1 cells using two different ZBP1-targeted siRNA sequences. (D) Induction
of IFN-B mRNA as measured by qPCR in UV-HCMV-exposed relative to unexposed THF-ZBP1 cells following treatment with the indicated
siRNAs; the values shown are normalized to the IFN-B induction observed in THF-ZBP1 cells treated with NS siRNA (set to 1). (E) IFN-B
secretion as measured by luciferase expression from THF-ISRE cells following exposure to media collected from THF or THF-ZBP1 cells that
were either untreated or treated with UV-HCMYV. The values (plus standard errors of the mean) are normalized to untreated THFs that were not

exposed to UV-HCMV (set to 1). =, P < 0.05.

ZBP1 overexpression enhances UV-HCMV-mediated IFN-3
transcription and secretion. If ZBP1 participates in the initi-
ation and amplification of the anti-HCMYV innate reaction, we
reasoned that overexpression of ZBP1 prior to treatment with

UV-HCMYV might increase the IRF3-dependent transcriptional
response upon virus entry. We therefore created two THF
lines that stably express ZBP1 (THF-ZBP1 no. 1 and no. 2)
(Fig. 4A). While these cells did not exhibit an increase in
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constitutive IFN-B mRNA transcription (not shown), following
treatment with UV-HCMYV, an approximately two- to fourfold
increase in IFN-B gene transcription relative to UV-HCMV-
triggered IFN-B mRNA induction seen in parental cells was
observed (Fig. 4B). ZBP1 expression did not lead to basal
IFN-B secretion (Fig. 4E) but did result in significantly in-
creased UV-HCMV-induced IFN-B secretion as measured by
IFN-dependent luciferase expression following exposure of
THEF-ISRE cells to media collected from THF and THF-ZBP1
cells treated with UV-HCMYV (Fig. 4D). The increased IFN-B
transcription was nearly eliminated upon treatment of THF-
ZBP1 cells with siRNA targeting ZBP1, thus demonstrating
that ZBP1 is responsible for this effect (Fig. 4C and D). In
contrast, upon treatment of THF-ZBP1 cells with siRNA di-
rected against IPS-1, a slight increase in IFN-B induction was
observed in both cell lines (Fig. 4C), in agreement with our
data described above and further demonstrating that POL3
and IPS-1 are not necessary for UV-HCMV-triggered innate
immune responses. Increased IFN-B production upon prior
expression of ZBP1 is consistent with UV-HCMV-dependent
upregulation of ZBP1, resulting in a positive feedback loop of
IRF3 activation during HCMYV replication.

ZBP1 overexpression inhibits replication of HCMYV. Since
ZBP1 appears to be important in HCMV-triggered IFN syn-
thesis, as well as capable of enhancing this response, we de-
cided to ask whether the physiological effects of the protein are
antiviral, specifically with respect to HCMV. We therefore
compared growth of the virus on both parental THF and THF-
ZBP1 no. 1 cells. We infected both cell types with HCMV
(MOI = 3) in duplicate and subsequently harvested cell cul-
ture media at day 3 postinfection. The titer of virus from this
medium was next determined using an endpoint dilution assay
on primary human fibroblasts. As shown in Fig. 5, the amount
of progeny virus produced on THF-ZBP1 cells was approxi-
mately sevenfold lower than that produced on parental THFs,
a result consistent with an anti-HCMYV cellular response being
conferred by the activity of ZBP1. It is worth noting that if the
observed ZBP1-dependent anti-HCMYV effect is ultimately
IFN dependent, it may be dampened to some degree by the
JAK/STAT inhibitory phenotype exhibited by HCMV (44).

STING contributes to HCMV-mediated, IRF3-dependent
IFN-B transcription and secretion. Recently, a mitochondri-
on- and ER-associated protein termed STING was identified
and found to be necessary for IRF3 activation and IFN-3
induction by cytoplasmic dsDNA and infection with Listeria,
SeV, and HSV-1 (23, 83). Since the protein is essential in IRF3
activation by diverse stimuli, including viral infection, we de-
cided to examine its necessity for HCMV-mediated IRF3 ac-
tivation.

Treatment of THFs with siRNA directed against STING was
performed as described previously (23) and resulted in a de-
crease in the levels of STING mRNA and protein (Fig. 6A and
B). Electrophoresed STING protein from whole-cell lysates of
untreated THFs presented as a more quickly migrating, less
voluminous band and a more slowly migrating, more abundant
band (Fig. 6A). Interestingly, in lysates from THFs exposed to
UV-HCMYV, a more slowly migrating third band was also ev-
ident (Fig. 6A), perhaps representing a posttranslational mod-
ification, such as phosphorylation triggered by virus infection.
As shown in Fig. 6, exposure of THFs transfected with STING-
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FIG. 5. Overexpression of ZBP1 inhibits replication of HCMV. In
duplicate, THF or THF-ZBP1 no. 1 cells were infected with HCMV as
described in the text. Virus from infected cell media was then quan-
tified using endpoint dilution assays of primary human fibroblasts. The
values presented are PFU/ml plus the standard error of the mean for
each cell type.

directed siRNA to UV-HCMYV resulted in diminished IFN-
transcription (Fig. 6C) and secretion (Fig. 6E), as well as de-
creased IRF3-dependent transcription (Fig. 6D), relative to
THFs treated with NS siRNA. Thus, consistent with its appar-
ent role as an essential downstream phosphorylation target of
TBKI1 (83), STING appears to be involved in HCMV-medi-
ated IRF3 activation.

DDX3 contributes to HCMV-mediated, IRF3-dependent
transcription and IFN-f secretion. DDX3 was recently iden-
tified as a phosphorylation target of TBK1 and IKKe (64) that
is necessary for complete IRF3-dependent activation of IFN-8
by various stimuli (59, 64). DDX3 appears to function indepen-
dently of IRF3 activation, however, in that it facilitates IRF3-
mediated gene transcription but not IRF3 phosphorylation or
DNA binding (64). A role for DDX3 in IFN-B induction by
HCMYV or other herpesviruses has not been investigated, how-
ever.

As shown in Fig. 7A, THFs express large amounts of DDX3
protein, and siRNA directed against DDX3 diminished endog-
enous protein to undetectable levels. Cells treated with siRNA
directed against DDX3 displayed reduced UV-HCMV-medi-
ated induction of IFN-B gene transcription relative to THFs
transfected with NS siRNA (Fig. 7B). DDX3-targeted siRNA
transfection also inhibited IRF3-dependent luciferase transcrip-
tion (Fig. 7C) and IFN-B secretion (Fig. 7D) in response to
exposure to UV-HCMV. It thus appears that, as with vaccinia
viruses, poly(I - C), LPS, Listeria, and dsDNA, DDX3 is an
important component of HCMV-mediated, IRF3-dependent
IFN-B induction.

ZBP1 and STING, but not IPS-1, are required for HCMV-
induced IRF3 dimerization. Upstream signaling from PRRs
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FIG. 6. STING contributes to UV-HCMV-induced IRF3-dependent transcription, IFN-f transcription, and IFN-B secretion. (A) Immunoblot
(IB) showing siRNA-mediated depletion of STING protein from UV-HCMV-treated THFs treated with STING-specific, but not NS, siRNA.
(B) Change of STING gene transcription in cells treated with UV-HCMYV in the presence of either NS or STING-directed siRNA relative to that
in cells treated with NS siRNA only. (C) Change of IFN-B gene transcription in UV-HCMV-exposed relative to unexposed THFs following
treatment with the indicated siRNAs. The values displayed (plus standard errors of the mean) represent UV-HCMV-induced change with siRNA
treatment normalized to the changes obtained from THFs treated with NS siRNA (set to 1). (D) Expression of IRF3-dependent luciferase
following treatment of THF-P55C1B reporter cells with UV-HCMYV in the presence of NS or STING-specific siRNA. The values displayed (plus
standard errors of the mean) are normalized to UV-HCMV-induced luciferase expression in NS siRNA-treated cells (set to 1). (E) Expression of
IFN-B-dependent luciferase following treatment of THF-ISRE reporter cells with UV-HCMYV in the presence of NS or STING-specific siRNA.
The values displayed (plus standard errors of the mean) are normalized to UV-HCMV-induced luciferase expression in NS siRNA-treated cells

(set to 1).

and associated adaptor and kinase molecules results in IRF3
activation by phosphorylation, leading to its homodimerization
and nuclear accumulation. However, recent data have ques-
tioned whether virus-triggered phosphorylation is an invariant
phenomenon that is correlated with IRF3 activation (39). To
verify that the upstream molecules investigated here are in-
volved in IRF3 phosphorylation (as opposed to postactivation
functions, e.g., nuclear accumulation and transcription), we
examined UV-HCMV-induced IRF3 dimerization during siRNA-
mediated protein knockdown. As shown in Fig. 8, monomeric

IRF3 from unstimulated THFs migrates rapidly as a single
large band. Following activation, IRF3 appears as both a rap-
idly migrating monomeric band and a more slowly migrating
dimeric band, both of which are distinctly fainter than that
from unstimulated cells. UV-HCMV-triggered IRF3 dimeriza-
tion is apparent in THFs treated with NS and IPS-1-directed
siRNAs, indicating that activation is not impaired in these
cells. UV-HCMV-induced dimerization is not evident in cells
treated with siRNA directed against ZBP1 or STING, indicat-
ing that IRF3 activation requires the full presence of these
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transcription in UV-HCMV-exposed relative to unexposed THFs following treatment with the indicated siRNAs. The values displayed (plus
standard errors of the mean) represent the UV-HCMV-induced change with siRNA treatment normalized to the changes obtained from THFs
treated with NS siRNA (set to 1). (C) Expression of IRF3-dependent luciferase following treatment of THF-P55C1B reporter cells with
UV-HCMV in the presence of NS or DDX3-specific siRNA. The values displayed (plus standard errors of the mean) are normalized to
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of THF-ISRE reporter cells with UV-HCMYV in the presence of NS or DDX3-specific siRNA. The values displayed (plus standard errors of the
mean) are normalized to UV-HCMV-induced luciferase expression in NS siRNA-treated cells (set to 1).

proteins. We thus conclude that the functions of ZBP1 and
STING are contributory to HCMV-mediated IRF3 phosphor-
ylation. Since IPS-1 was not required for IRF3 activation or
IRF3-dependent transcription, these results further support
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FIG. 8. STING, DDX3, and ZBP1, but not IPS-1, are required for
UV-HCMV-stimulated IRF3 dimerization. Native immunoblots show the
IRF3 dimerization status in THFs treated with the indicated siRNAs
following mock (—) or actual (+) exposure to UV-HCMV.

our conclusion that HCMYV activates the IRF3-terminal innate
signaling pathway independently of IPS-1 and POL3.

DISCUSSION

Our results indicate that the cytoplasmic dsDNA sensor
ZBP1 is important in HCMV-mediated activation of IRF3.
This observation implicates virus-associated dsDNA as the ma-
jor IRF3-activating PAMP of HCMV and is consistent with the
fact that virus replication is not required for IRF3 activation,
unlike what has been observed for other viruses, such as SeV
(42). However, many questions remain regarding the nature
and location of the DNA detection. For example, (i) whether
the virus-associated DNA that triggers IRF3 activation is
genomic or otherwise, (ii) the location of the stimulatory DNA
within the virion (e.g., nucleocapsid or tegument), and (iii)
where ZBP1 initially encounters the DNA subcellularly. While
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HCMV tegument-associated mRNA has been demonstrated
(7), the existence of DNA outside the nucleocapsid is, to our
knowledge, not known. Furthermore, the process of intracel-
lular transport of HCMV genomes to the nucleus is poorly
understood (16, 17, 67), and thus, the extent to which HCMV
genomic DNA is exposed to the cytoplasm has not been ex-
amined in great detail. While the subcellular localization of
ZBP1 is predominantly cytoplasmic, protein can be detected in
the nucleus (15). It is thus possible that HCMV genomic DNA
either is exposed to the cytoplasm during infection or is de-
tected by ZBP1 in the nucleus.

Our data further establish that ZBP1-mediated signaling is
independent of IPS-1, thus indicating that this is perhaps a
unique IRF3-terminal pathway. Based on this observation, in-
volvement of the recently described dsDNA-triggered POL3-
dependent pathway (2, 10) can be ruled out in the case of
HCMV. We therefore propose the following model for HCMV-
mediated IRF3 activation in human fibroblasts (illustrated in
Fig. 9). HCMV particles enter the host cell following fusion
with cellular membranes. ZBP1 in either the cytoplasm or
nucleus is activated by dimerization (74) following contact with
tegument- or nucleocapsid-associated DNA. ZBP1 triggers ki-
nase activity of TBKI1, resulting in the direct phosphorylation
of DDX3 and the phosphorylation of IRF3 through uncharac-
terized mechanisms requiring STING (a role for STING in
DDX3 phosphorylation is possible). Nuclear accumulation and
DNA binding of phosphorylated DDX3 and IRF3 lead to the
transcription of IFN-f3, as well as ISGs. IFN- synthesis/secre-
tion stimulates JAK/STAT pathway-dependent expression of
ISGs, including ZBP1. HCMYV infection also triggers a post-
translational modification of STING by an unknown process
that may require TBK1/IKKe or IRF3. HCMV-mediated in-
duction of ZBP1 expression, and perhaps STING posttransla-
tional modification, results in a positive feedback loop subse-
quently amplifying IRF3 activation and activity. ZBP1 appears to
exhibit an antiviral effect on HCMV replication, but whether
this results from subsequent IRF3- or IFN-dependent activity
remains to be explored.

With the exception of TBK1/IKKe (20), our study is the first
to analyze cellular factors essential for IRF3 activation by
HCMYV. Moreover, while molecules necessary for IRF3 acti-
vation by other herpesviruses have been identified, the variety
of species and cell types employed in previous studies renders
it difficult to draw general conclusions about the components
of innate cellular pathways activated by these viruses. For
example, innate immune cells (e.g., dendritic cells and macro-
phages) express and employ assemblages of PRR molecules
and associated adaptors that are distinct from nonimmune
cells (e.g., fibroblasts and epithelial cells). The most informa-
tive comparisons are therefore likely to be those made between
similar cell types, especially within the same species. Along
these lines, TLR molecules have been shown to be important
for IRF3- or IRF7-dependent induction of type I IFNs by
numerous herpesviruses, although typically in innate immune
cells and not fibroblasts (16, 67). Expression of type I IFNs
following exposure to HSV-2 was nearly eliminated in murine
fibroblasts obtained from IPS-1 knockout animals (48, 49).
Furthermore, a role for RIG-I in HSV-2-mediated IRF3 acti-
vation in RAW264.7 cells is also established (48). Whether this
response is dependent upon POL3-mediated conversion of dsSDNA
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FIG. 9. Proposed model of HCMV-triggered, IRF3-dependent
transcriptional induction and ZBP1 expression. The schematic shows
HCMV-triggered IRF3 activation and HCMV-mediated induction of
ZBP1 expression in human fibroblasts. The dashed arrows indicate de
novo transcription or translation, and the solid arrows indicate molec-
ular interaction or signal transduction (e.g., phosphorylation).

to dsRNA remains a likely but untested possibility (10). It is
possible that despite their evolutionary closeness, HSV-1 and
HSV-2 differentially activate innate signaling pathways. The
gammaherpesvirus Epstein-Barr virus activates IRF3 through
engagement of RIG-I by small dSRNA molecules expressed in
infected cells (2, 54, 55), signaling that also requires IPS-1.
These data, along with the involvement of IPS-1 in IRF3 activa-
tion by vaccinia virus (17, 82), another dsDNA virus, might
suggest IPS-1 is an integral component of a general cytoplas-
mic antiviral signaling apparatus. However, our results show
that IPS-1 is not required for HCMV-mediated or ZBP1-de-
pendent IRF3 activation or IFN- induction in fibroblasts, thus
demonstrating the existence of a likely novel IRF3-activating
mechanism. It is intriguing that despite their molecular simi-
larities, even viruses of the same family (i.e., HCMV and HSV)
trigger innate immune responses via distinct signaling path-
ways.

ZBP1 activity is triggered by association of its DNA binding
domains with dsDNA. This interaction has been shown to
induce homodimerization of the protein and the assembly of a
signaling complex that includes TBK1 and leads to IRF3 phos-
phorylation (68, 74). Recently, Sanchez et al. observed IFN-a
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secretion from murine fibroblasts following transfection of her-
pesviral genomic DNA (57). The authors went on to identify
homologous repetitive regions in the genomes of murine gam-
maherpesvirus 68 and Kaposi’s sarcoma-associated herpesvirus
that were capable of triggering IFN induction when exposed to
cytoplasm; however, potential roles for ZBP1 or POL3 were
not examined. We have also observed rapid and strong IRF3
nuclear accumulation in THFs following the transfection of
genomic DNA of HCMV (unpublished observations). Whether a
specific region of the HCMV genome is responsible for acti-
vating ZBP1 has not been investigated. Interestingly, HCMV
and HSV may show similarity in at least partial involvement of
ZBP1 during virus-mediated IFN induction. Takaoka et al.
showed that siRNA-mediated knockdown of ZBP1 from mu-
rine 1.929 cells diminished (but did not eliminate) induction of
IFN-B mRNA following HSV-1 treatment (68). Coupling this
observation with data obtained for POL3 (10) indicates that
HSV is actually capable of triggering multiple signaling path-
ways during infection but that HCMYV is not. Many such phe-
nomena regarding herpesvirus-triggered IFN induction in
mammalian hosts require further examination. Hopefully the
creation of ZBP1 and POL3 double-knockout mice will facil-
itate unraveling the relative importance of these innate DNA
sensors for CMV and HSV.

HCMYV may be unique among herpesviruses in that live
wild-type virus does not inhibit IRF3 activation or IRF3-de-
pendent transcriptional activity (4, 14, 20, 24, 37, 38, 42, 47).
Moreover, seemingly contradictory observations have been
made with regard to this phenomenon. For instance, complete
HCMYV particle entry into the host cell has been shown to be
necessary for virus-triggered IFN and ISG induction (24, 38),
yet mere exposure of host cells to a soluble form of HCMV-
encoded, virion surface-associated glycoprotein B (gB) can
induce IRF3 activation and ISG induction (4, 5, 63). However,
since gB is essential for viral entry, it has so far not been
possible to examine whether gB is necessary for IRF3 activa-
tion by HCMV. In fact, our data render it unlikely that gB or
gB-mediated membrane fusion events are essential for IRF3
activation by HCMV, since activation was inhibited upon treat-
ment with siRNA to ZBP1, a cytosolic sensor of DNA. Nev-
ertheless, how gB triggers IFN induction remains to be clari-
fied, and we are currently investigating the requirement for the
molecules examined here in gB-mediated IRF3 activation.

We showed that the ER- and mitochondrion-associated pro-
tein STING is necessary for HCMV-mediated IRF3 activation.
This finding is consistent with the essential role of the molecule
in TBK1-mediated IRF3 activation by diverse stimuli (23, 83).
Moreover, fibroblasts acquired from STING knockout mice
failed to express IFN-B in response to exposure to HSV-1, in
contrast to wild-type cells (23). Interestingly, an additional,
more slowly migrating form of STING was observed following
HCMV infection that was not observed following transfection
of poly(I - C) (data not shown). Whether the change in migra-
tion represents a posttranslational modification that is specific
to HCMYV infection remains a possibility that requires explo-
ration.

The importance of DDX3 in HCMV-triggered, IRF3-de-
pendent transcription represents an additional novel finding of
this study. The determination that DDX3 is involved in IRF3
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transcriptional activity is a new discovery, and many questions
surrounding this phenomenon still remain. What is known,
however, is that DDX3 represents a kinase substrate of TBK1/
IKKe that does not itself influence the phosphorylation of
IRF3 (64). While we showed that STING is required for IRF3
dimerization, it is not known whether the protein is also nec-
essary for TBK1-mediated DDX3 activation. Phosphorylated
DDX3 binds to the IFN-B promoter and is required for full
IRF3-dependent transcription, but no interaction between
DDX3 and IRF3 was detected (64). Thus, although DDX3 is a
virus- and PAMP-activated protein, its precise role in IRF3-
dependent transcription remains to be elucidated. The func-
tion of DDX3 in HCMV-mediated IRF3-dependent transcrip-
tion also requires additional exploration in order to be fully
characterized.

In summary, our data indicate that host cells detect HCMV
entry via the dsDNA sensor ZBP1, which then activates the
innate IFN response via IRF3. In addition, HCMV separately
induces proinflammatory genes via activation of the transcrip-
tion factor NF-kB in a TLR2-dependent process that requires
attachment but not entry (24, 42). The resulting release of
proinflammatory and immune-stimulatory proteins likely con-
tributes to the chronic inflammation and immune stimulation
observed in HCMV-infected individuals. Future work will be
required to understand the importance of HCMV-mediated
IFN and proinflammatory molecule secretion to chronic infec-
tion.
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