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ABSTRACT

The type I interferon (IFN) response is an important aspect of innate antiviral defense, and the transcription factor IRF3 plays an
important role in its induction. Membrane perturbation during fusion, a necessary step for enveloped virus particle entry, ap-
pears sufficient to induce transcription of a subset of IFN-stimulated genes (ISGs) in an IRF3-dependent, IFN-independent fash-
ion. IRF3 is emerging as a central node in host cell stress responses, although it remains unclear how different forms of stress
activate IRF3. Here, we investigated the minimum number of Sendai virus (SeV) and human cytomegalovirus (HCMV) particles
required to activate IRF3 and trigger an antiviral response. We found that Ca2� signaling associated with membrane perturba-
tion and recognition of incoming viral genomes by cytosolic nucleic acid receptors are required to activate IRF3 in response to
fewer than 13 particles of SeV and 84 particles of HCMV per cell. Moreover, it appears that Ca2� signaling is important for acti-
vation of STING and IRF3 following HCMV particle entry, suggesting that Ca2� signaling sensitizes cells to recognize genomes
within incoming virus particles. To our knowledge, this is the first evidence that cytosolic nucleic acid sensors recognize ge-
nomes within incoming virus particles prior to virus replication. These studies highlight the exquisite sensitivity of the cellular
response to low-level stimuli and suggest that virus particle entry is sensed as a stress signal.

IMPORTANCE

The mechanism by which replicating viruses trigger IRF3 activation and type I IFN induction through the generation and accu-
mulation of viral pathogen-associated molecular patterns has been well characterized. However, the mechanism by which envel-
oped virus particle entry mediates a stress response, leading to IRF3 activation and the IFN-independent response, remained
elusive. Here, we find that Ca2� signaling associated with membrane perturbation appears to sensitize cells to recognize ge-
nomes within incoming virus particles. To our knowledge, this is the first study to show that cytosolic receptors recognize ge-
nomes within incoming virus particles prior to virus replication. These findings not only highlight the sensitivity of cellular re-
sponses to low-level virus particle stimulation, but provide important insights into how nonreplicating virus vectors or synthetic
lipid-based carriers used as clinical delivery vehicles activate innate immune responses.

Cells defend themselves from viral infection by producing an-
tiviral proteins, which cumulatively make them nonpermis-

sive to virus replication (1). Large sets of antiviral proteins are
induced by type I interferons (IFNs), and this response is critical
for defense against viral infection (2, 3). IFN-� has no direct an-
tiviral activity but signals induction of a set of IFN-stimulated
genes (ISGs) encoding proteins with antiviral activity (4, 5).
IFN-� is produced by a wide array of cells, and as it is the first IFN
subtype produced in response to virus infection, many subsequent
immune responses hinge on this initial signal (6–8). Following
viral recognition, the transcription factors NF-�B, ATF2/c-Jun,
and IFN-regulatory factor 3 (IRF3) are activated and form an
enhanceosome on the IFN-� promoter, which is critical for its
induction (1, 9).

While certain stimuli activate the IFN pathway to induce ISGs,
low-level infection with enveloped virus particles is sufficient to
directly induce a subset of ISGs in the absence of IFN (10, 11).
Unlike IFN-� production, which can occur in an IRF3-indepen-
dent fashion (12–14), IFN-independent induction of ISGs by vi-
rus particles occurs in an IRF3-dependent, NF-�B-independent
manner (15, 16). Based on our observations that the threshold for

activation of IRF3 is lower than that of NF-�B (15), we previously
proposed a model in which the IFN-independent antiviral re-
sponse serves to efficiently and quietly induce a localized and
primarily intracellular protective response to low-level virus
stimulation without inducing unwanted or unnecessary im-
mune activity (15). The ability of IRF3 to function indepen-
dently of the IFN-� enhanceosome and in the absence of tradi-
tional markers of activation (16, 17) suggests a means of IRF3
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activation distinct from the canonical virus-activated signaling
pathway.

Canonical activation of IRF3 by virus infection requires recog-
nition of pathogen-associated molecular patterns (PAMPs) by
pattern recognition receptors (PRRs) (18, 19). The IFN-indepen-
dent response is associated with the entry of enveloped virus par-
ticles (10, 11, 16, 20). All enveloped viruses must fuse with cell
membranes during entry, and reports suggest membrane fusion
itself is sufficient to induce ISGs. Enveloped virus particles and
lipoprotein complexes containing purified reovirus fusion-asso-
ciated small transmembrane (p14-FAST) protein directly induce
ISGs in primary fibroblasts (16, 21), while in immune cells, virus-
like particles (VLPs) and fusogenic liposomes induce type I IFN
(22). Interestingly, membrane fusion by p14 lipoplexes induces
the same noncanonical IRF3 activation and ISG subset as virus
particles. A number of stress pathways have been associated with
noncanonical IRF3 activation, leading us to speculate that, like cell
stress, membrane perturbation is sensed as a danger signal of in-
fection (23, 24).

One cellular pathway associated with both stress and innate
signaling is the Ca2� signaling pathway (23, 25). Ca2� influx to the
cytoplasm acts as a second messenger and can originate from out-
side the cell or from endoplasmic reticulum (ER)-associated
stores (26). Signaling often takes the form of spikes or oscillations
in cytoplasmic Ca2� and utilizes localization and/or oscillation
frequency to confer signaling specificity (26, 27). Entry of herpes
simplex virus (HSV) or VLPs causes rapid Ca2� influx from intra-
cellular stores (22, 28, 29), providing evidence of a link between
Ca2� signaling and membrane perturbation. Furthermore, Ca2�-
mobilized ER stress is sufficient to activate IRF3 and enhance in-
duction of certain ISGs, while other pathways require Ca2� sig-
naling for IRF3 activation and full ISG induction (30, 31). These
results suggest Ca2� signaling acts as a danger signal, priming the
response to viral infection.

To explore the hypothesis that entry of low levels of enveloped
virus particles is detected as a danger signal prior to virus replica-
tion and a prototypic PAMP response, we set out to investigate the
cellular pathways induced by membrane perturbation and entry
of low levels of enveloped virus particles. We found that recogni-
tion of low-level enveloped virus particle entry involves sensing
both membrane perturbation and incoming viral genomes and
that Ca2� signaling plays a central role.

MATERIALS AND METHODS
Cells and reagents. Human embryonic lung (HEL) fibroblasts (American
Type Culture Collection [ATCC]) were maintained in Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). Murine embryonic fibroblasts (MEFs) were obtained from wild-
type, STING�/� Golden-ticket (Jackson) and MyD88�/� MAVS�/�

Toll-like receptor 3�/� (TLR3�/�) triple-knockout (TKO) mice and
maintained in minimal essential medium with alpha modification (�-
MEM) supplemented with 12% FBS. All media were supplemented with
1% L-glutamine. The Ca2� inhibitors 2-aminoethyl diphenylborinate (2-
APB) and BAPTA-AM (Life Technologies) were reconstituted in metha-
nol or dimethyl sulfoxide (DMSO), respectively, and diluted in serum-
free medium to a working concentration of 200 �M or 10 �M. The cells
were pretreated with 2-APB for 60 min or with BAPTA-AM for 30 min
prior to treatment, and the inhibitor was present for the duration of the
experiment. The synthetic double-stranded RNA (dsRNA) mimetic
poly(I · C) was resuspended in phosphate-buffered saline (PBS) and di-
luted in serum-free medium to a working concentration of 20 �M. Anti-

bodies against Sendai virus (SeV) (a kind gift from Yoshiyuki Nagai) and
human cytomegalovirus (HCMV) IE1 (Rumbaugh-Goodwin Institute)
were used for Western immunoblotting.

Viruses and p14 lipoplexes. Herpes simplex virus 1 (HSV-1) (KOS
strain) and vesicular stomatitis virus expressing green fluorescent protein
(VSV-GFP) (Indiana strain) were grown, and their titers were determined
on Vero cells; HCMV (strain Ad169) was grown, and its titer was deter-
mined on HEL fibroblasts; SeV (strain Cantell) was purchased from
Charles River Laboratories, and its titer was determined on CV-1 cells
with 1 �g/ml TPCK (tosylsulfonyl phenylalanyl chloromethyl ketone)-
treated trypsin overlay; and replication-deficient adenovirus (AdV E1/E3)
was grown, and its titer was determined on HEK 293 cells. HSV-1 was
inactivated with 575 mJ/cm2 UV and used at a multiplicity of infection
(MOI) of 10 PFU/ml, while HCMV and SeV were inactivated with 800
mJ/cm2 and used at an MOI of 0.02 PFU/cell and 0.14 PFU/cell, respec-
tively, unless otherwise stated. UV inactivation was performed using a
CL-1000 UV cross-linker (UVP). All infections were performed for 1 h in
minimal medium at 37°C, except VSV-GFP infections, which were done
in 40 min. p14 lipoplexes were created by diluting 4 �g of purified p14 (a
kind gift from Roy Duncan) and 3 �l of Lipofectamine 2000 in PBS and
nuclease-free water, respectively, and incubating them separately for 5
min before mixing.

VSV-GFP plaque reduction assay. Cells were conditioned with virus
particles or p14 lipoplexes and later challenged with VSV-GFP, and F11
overlay medium containing 1% FBS and 1% methyl-cellulose was added
to restrict plaques. Green fluorescence from VSV-GFP was measured us-
ing a Typhoon laser scanner (GE Healthcare) and quantified using Im-
ageQuant software. The fluorescence was then expressed as a percentage
of that of unconditioned cells challenged with VSV-GFP.

Particle counting. Particles of SeV or HCMV were counted by tunable
resistive pulse sensing (TRPS), based on the Coulter principle, using a
qViro-X particle counter (Izon). Virus stocks were diluted in filtered pH
7.4 formulation buffer containing 10 mM HEPES, 150 mM NaCl and 4%
sucrose and sonicated briefly before measurement. Diluted samples were
run through an �400-nm-diameter pore at constant stretch, pressure,
and voltage. The amplitude and frequency of disruptions in the current
signal trace corresponded to the size and concentration of particles, while
beads of known size and concentration were run to calibrate the measure-
ments and give quantitative data. All measurement and analysis were done
using Izon protocols and software.

Calcium microscopy. HEL cells were grown on glass bottom petri
plates for fluorimetry, and changes in the Ca2� concentration were mon-
itored using Oregon Green (Invitrogen, USA), a Ca2� indicator dye. A
stock solution of Oregon Green was prepared in DMSO and 20% pluronic
acid. Cells were incubated with Oregon Green (5 �M) and sulfobromoph-
thalein (100 �M) for 30 min at 37°C and then treated with different
particles for another 30 min. The cells were infected with UV-inactivated
HSV (HSV-UV), HCMV (HCMV-UV), or SeV (SeV-UV) at 10, 0.04, or
0.14 PFU/cell, respectively, to visualize Ca2� signaling under conditions
where IFN is not induced. The cells were then placed in a Plexiglas record-
ing chamber and perfused with Hanks balanced salt solution (HBSS) for a
period of 15 to 30 min prior to experimentation to allow complete dye
hydrolysis. Confocal microscopy was then performed at room tempera-
ture (21 to 23°C) using a custom-built apparatus based on an inverted
Nikon Eclipse TE2000-4 microscope (32); the recording rate was gener-
ally 1 frame/s. Picture frames were stored in TIF stacks of several hundred
frames on a local hard drive using image acquisition software (Video
Savant 4.0; IO Industries, London, ON, Canada). The image files were
then analyzed using ImageJ software.

Quantitative reverse transcription (RT)-PCR. RNA was extracted
using TRIzol reagent (Invitrogen) and treated with DNase (Ambion) ac-
cording to the manufacturer’s instructions. Five hundred nanograms of
RNA was reverse transcribed using SuperScript II reverse transcriptase
(Invitrogen) and a random-hexamer primer according to the manufac-
turer’s instructions. The abundances of cDNAs were measured using spe-
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cific TaqMan probes and reagents on a StepOnePlus Q-PCR instrument
(Applied Biosystems) according to the manufacturer’s instructions.
Threshold cycle (CT) values were calculated, and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as an endogenous control to
calculate individual 		CT values. The 		CT values of samples were com-
pared with those of mock-treated samples to calculate the fold change.
Specific probes for human GAPDH (Hs02758991_g1), ISG56
(Hs03027069_s1), STING (Hs00736958_m1), and cGAS (Hs00403553_
m1) or murine GAPDH (Mm99999915_g1) and ISG56 (Mm00515153_
m1) from ThermoFisher were used.

siRNA knockdown. Cells at 50% confluence were transfected with
pooled Stealth small interfering RNA (siRNA) sequences directed against
STING or cGAS (HSS139156-58 and HSS132955-57; purchased from Life
Technologies). Specific or nontargeting control siRNAs were diluted in
Opti-MEM medium (Life Technologies), combined with RNAiMax Lipo-
fectamine (Life Technologies), and added to the cells according to the
manufacturer’s instructions. The media were changed to reduced-serum
DMEM 6 h after the addition of siRNA, and experiments were carried out
at 72 h posttransfection, corresponding to optimal knockdown.

Immunofluorescence. Fibroblasts were seeded on acid-washed glass
coverslips to reach approximately 50% confluence. Five hours postinfec-
tion, the cells were formalin fixed, permeabilized in 0.1% Triton-X PBS,
and blocked in 3% FBS, 3% goat serum in PBS. Anti-IRF3 (Santa Cruz;
FL-425), anti-STING (Abcam; EPR13130), and anti-rabbit AlexaFluor
488 (Life Technologies) were diluted in blocking buffer prior to use, and
Hoechst dye was diluted in PBS. A Leica DM IRE2 microscope was used,
and IRF3-positive nuclei were counted using OpenLab software and cal-
culated as a percentage of the total nuclei.

RESULTS
Low numbers of enveloped virus particles are sufficient for IFN-
independent ISG induction. We previously proposed that sens-

ing membrane perturbation plays an important role in the first
line of defense against enveloped viruses (16, 21). Membrane per-
turbation and low-level infection with enveloped virus particles
induce similar IFN-independent responses (11, 15, 21). However,
it remains unclear what signals are required to overcome the acti-
vation threshold of IRF3. To define low-level infection, we previ-
ously described the number of PFU sufficient to induce an IFN-
independent antiviral response (15). Titers based on replication
competency, however, rarely correspond to the number of virus
particles, and our studies indicate that replication is not required
for IRF3 activation. To understand how many physical virus par-
ticles cells are exposed to, we used TRPS to measure particle num-
bers, with SeV and HCMV used as representative RNA and DNA
viruses, respectively. We measured the size distribution (Fig.
1A), as well as the particle concentration (Fig. 1B), of our
stocks. We determined that as few as 13 particles from the SeV
preparation or 84 particles from the HCMV preparation per
cell are sufficient for full antiviral protection in HEL cells. We
further measured the number of particles in extracts from un-
infected cells, purified similarly to HCMV, and found particles
(
1 log unit in abundance) of similar size to HCMV that on
their own do not contribute to antiviral protection (data not
shown). Therefore, while we cannot determine the exact num-
ber of virus particles required to elicit a response, it is likely
lower than we have estimated. Unlike virus particles, p14 lip-
oplexes adopt ill-defined sizes and shapes and thus cannot be
counted using this technique.

Ca2� oscillations are associated with lipid-based particle
stimulation. To investigate whether Ca2� signaling is an inherent

FIG 1 Low particle multiplicity is sufficient to induce an antiviral response. Virus stocks of SeV or HCMV were diluted, and their properties were measured using
tunable resistive pulse sensing. The size distribution (A) and particle concentration, with standard error (B), of virus stocks were calculated by comparing the
amplitude and frequency of pore obstructions to calibration beads of known size and concentration. PFU were converted to total virus particles when
determining how many particles are sufficient to induce an IFN-independent response.
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feature of envelope fusion with the cell, we measured cytosolic
Ca2� following addition of virus particles. The minimum num-
bers of UV-inactivated SeV, HCMV, or HSV-1 particles necessary
for an antiviral response were added, while 500 particles/cell of
nonreplicating AdV were added as a control. We found that all
UV-inactivated enveloped virus particles, as well as p14 lip-
oplexes, induced Ca2� oscillations (Fig. 2). Although the ampli-
tude and frequency of these oscillations varied between exper-
iments and between cells, we reproducibly detected similar
oscillation patterns with all of the lipid-based particles relative
to mock-treated cells. In the discussion of our results below, we
use the term Ca2� signaling to refer to the oscillation patterns
observed. Nonreplicating adenovirus with E1/E3 deleted did
not induce calcium oscillations. The variety of lipid-based par-
ticles that induce Ca2� oscillations suggests that Ca2� signaling
is associated with entry of enveloped particles.

Ca2� oscillations are required for the response to membrane
perturbation and enveloped virus particle entry. To determine
the role of Ca2� signaling in the antiviral response to membrane
perturbation, we used the inhibitor 2-APB, which broadly dis-
rupts Ca2� signaling (33, 34). Treatment with 2-APB was suffi-
cient to completely abolish Ca2� signaling following HSV-UV in-
fection (Fig. 3, top). ***, P 
 0.001.

Membrane perturbation by p14 lipoplexes induces ISGs and

antiviral protection in the absence of nucleic acid (21), making it
the simplest lipid-based particle for examining pathways leading
to activation of the key node protein IRF3. We treated HEL fibro-
blasts with p14 lipoplexes in the presence or absence of 2-APB,
and measured antiviral protection. Disruption of Ca2� signaling
completely prevented the antiviral response to p14 lipoplexes,
suggesting that Ca2� is necessary for the antiviral response to
membrane perturbation mediated by this stimulus (Fig. 3, bot-
tom).

Next, we examined the roles of membrane perturbation and
Ca2� signaling in the response to enveloped virus particles. Dis-
rupting Ca2� with 2-APB during SeV-UV or HCMV-UV infec-
tion significantly reduced antiviral protection (Fig. 4A). 2-APB
also limited ISG induction under these conditions (Fig. 4B). In
addition, we observed that specifically chelating intracellular Ca2�

with BAPTA-AM significantly reduced the antiviral response to
SeV-UV and HCMV-UV (Fig. 4C). Similar experiments chelating
extracellular Ca2� with EGTA showed no effect (data not shown).
Additionally, inhibition of Ca2� signaling had no effect on the
antiviral protection of poly(I · C), which robustly produces IFN
under the experimental conditions used. Finally, we probed pro-
tein extracts with virus-specific antibodies and saw that Ca2� che-
lation had little to no effect on entry and early gene expression
during live-virus infection (Fig. 4D).

FIG 2 Ca2� oscillations are associated with lipid-based particles. HEL fibroblasts were loaded with Ca2�-sensitive dye and mock infected; infected with
UV-inactivated HSV (�178 particles/cell), SeV (�13 particles/cell), or HCMV (�84 particles/cell) or live AdV (�500 particles/cell); or treated with p14
lipoplexes. The fluorescence (F510) of representative cells, beginning 45 min after the addition of treatment, is plotted.
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Sensing of packaged genomic nucleic acid during low-level
enveloped virus particle infection is required for the antiviral
response. While disruption of Ca2� signaling completely blocked
the antiviral activity of p14 lipoplexes, only a partial, but statisti-
cally significant, block was observed in response to enveloped vi-
rus particles, suggesting that additional pathways are involved in
particle recognition. Although cytoplasmic PRRs recognize viral
nucleic acids that accumulate during viral replication, it is not
known how sensitive these PRRs are to incoming packaged ge-
nomes. To determine whether nucleic acid sensing plays a role in
response to low-level enveloped particle treatment, we asked
whether known PRR signaling pathways contribute to IRF3 acti-
vation and subsequent ISG induction. We used primary MEFs
lacking essential components of either RNA- or DNA-sensing
pathways. TKO MEFs deficient in TLR3, MyD88, and MAVS were
used to investigate the role of RNA sensing, while MEFs derived
from Golden-ticket mice encoding a null mutation in STING
were used to investigate the role of DNA sensing (35). Unlike
wild-type MEFs, treatment of TKO MEFs with SeV-UV did not
induce antiviral protection (Fig. 5A) or upregulation of ISG56
(Fig. 5B). Similarly, STING KO MEFs had an impaired re-
sponse to HCMV-UV (Fig. 5A and C). As expected, the absence
of STING did not impair the response to SeV-UV, and TKO
MEFs responded fully to HCMV-UV (Fig. 5A).

While STING has been characterized as a critical adaptor in
DNA sensing (36), additional roles for STING have been sug-
gested, including recognition of envelope-membrane fusion (22,
30, 37). Although the ability of SeV-UV particles to induce full

antiviral protection in STING KO MEFs suggests that STING par-
ticipates in sensing DNA genomes and not envelope-membrane
fusion per se, we asked whether the associated cytoplasmic DNA
sensor cGAS is required for the antiviral response to HCMV-UV.
We first depleted STING or cGAS in HEL fibroblasts using pooled
siRNA sequences and then infected the cells with HCMV-UV.
STING and cGAS mRNAs were reduced by more than 90% for up
to 72 h posttransfection prior to experiments (Fig. 6A). Both
STING and cGAS knockdown similarly reduced antiviral protec-
tion and ISG56 induction in response to incoming HCMV-UV
particles (Fig. 6B and C) but had no effect on the response to
SeV-UV particles (data not shown). Taken together, these data
suggest that sensing of incoming packaged genomes is an essential
component of the host response to enveloped virus particle entry,
even with stimulation with as few as 7 (SeV) or 84 (HCMV) non-
replicating virus particles per cell.

Ca2� signaling is upstream of STING and IRF3 in HCMV
particle recognition. The host response to enveloped virus parti-
cles appears to require multiple signals, including both Ca2� sig-
naling and viral genome recognition, prompting the question of
where these signals converge upstream of antiviral gene induction.
In this experiment, we used the lowest number of HCMV-UV
particles that elicited clear activation of both STING and IRF3.
Upon activation, STING translocates from the ER to cytoplasmic
vesicles (38, 39), where it acts as a scaffold for the activation of
IRF3, which subsequently translocates to the nucleus. Both
translocation events can be visualized using immunofluores-
cence microscopy. Preventing Ca2� signaling with 2-APB re-

FIG 3 Ca2� signaling is required for the antiviral response to membrane perturbation. (Top) HEL fibroblasts were infected with UV-inactivated HSV (�178
particles/cell) in the presence of the inhibitor 2-APB or MeOH alone, and the fluorescence (F510) of representative cells, beginning 45 min after infection, was
plotted. (Bottom) HEL fibroblasts were treated with p14 lipoplexes or Lipofectamine 2000 alone (LF) in the presence of 2-APB or MeOH alone and challenged
with VSV-GFP in a plaque reduction assay 12 h later. GFP fluorescence was quantified from plate scans and plotted as a percentage of that of unconditioned
VSV-GFP-infected cells. The average and standard error of 3 biological replicates were determined, and significance was calculated by an unpaired t test. ***, P 
 0.001.
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duced the relocation of STING to cytoplasmic foci (Fig. 7A), as
well as nuclear translocation of IRF3 following infection with
HCMV-UV (Fig. 7B), suggesting Ca2� signaling lies upstream of
STING activation in the response to HCMV-UV.

DISCUSSION

We previously reported that enveloped virus particle entry or
membrane perturbation by p14 lipoplexes induces an ISG subset
through an IFN-independent, IRF3-dependent pathway (16, 21).
However, since the known pathways upstream of IRF3 involve
nucleic acid sensing or TLR signaling through TRIF, neither of
which is necessary for the IFN-independent induction of ISGs (15,
20, 21), the mechanisms by which low-level enveloped virus par-
ticle exposure activates IRF3 remained elusive. Of interest, IRF3 is
also activated in response to different forms of cellular stress, such
as redox and ER stresses and cytoskeleton disruption (30, 40–42).
Consistent with IRF3 being increasingly recognized as a key me-
diator of diverse host stress responses, it is likely that the activation
profile of IRF3 is equally diverse. While activation of IRF3 follow-
ing virus replication and accumulation of viral PAMPs can lead to
common modifications, such as Ser385 and Ser396 hyperphos-
phorylation, the host response to more subtle stimuli, such as
enveloped virus particle entry, often lacks canonical, or indeed
any, IRF3 activation markers (17). Accordingly, we proposed

that membrane perturbation serves as a stress or danger signal
prior to, or in the absence of, a prototypic pathogen-sensing
response (23, 24).

An intriguing pathway to investigate was the Ca2� signaling
pathway, as HSV-1 infection or VLP treatment induces rapid
Ca2� fluxes from intracellular stores (22, 28, 29), and Ca2� signal-
ing is associated with stress responses, homeostatic regulation,
and innate signaling (23, 25). The Ca2� activity we observed in
primary fibroblasts appears to be a common feature following
treatment with diverse lipid-based particles, but not nonenvel-
oped viruses, despite the assumption that nonenveloped virus
particles would need to perturb a cellular membrane in some ca-
pacity to access the interior of a susceptible cell. Enveloped viruses
enter either at the cell membrane or from within endosomes, and
thus, any signal triggered during entry could originate from either
membrane.

Our investigation has not uncovered how membrane pertur-
bation is sensed and signals the release of Ca2� from intracellular
stores. The phosphatidylinositol 3-kinase (PI3K) pathway com-
monly lies upstream of Ca2� store-mediated signaling, and we and
others have shown that the PI3K inhibitor LY294002 (LY) blocks
the antiviral response to enveloped virus particles (22, 43). How-
ever, the exact means by which LY blocks antiviral gene induction

FIG 4 Ca2� signaling is involved in the antiviral response to enveloped virus particles. (A and B) HEL cells were infected with SeV-UV (�13 particles/cell) or
HCMV-UV (�84 particles/cell) in the presence of 2-APB or MeOH alone and challenged with VSV-GFP in a plaque reduction assay 12 h later (A) or ISG56
induction was measured by quantitative RT-PCR, as described in Materials and Methods, after 6 h (B). (C) Cells similarly infected in the presence of BAPTA-AM
or DMSO alone were challenged with VSV-GFP in a plaque reduction assay 7 h after initial infection. GFP fluorescence is plotted as a percentage of that of
mock-treated VSV-GFP-infected cells. (D) Protein extracts from cells infected with live SeV (�13 particles/cell) or HCMV (�84 particles/cell) in the presence
of BAPTA-AM or DMSO were probed with virus-specific antibodies to measure viral entry and gene expression. All the graphs report the average and standard
error of 3 biological replicates. Significance was calculated by two-way analysis of variance (ANOVA) and Bonferroni posttests. *, P 
 0.05, **, P 
 0.01, ***, P 

0.001.
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is unknown. LY does not inhibit IRF3 nuclear translocation fol-
lowing entry of enveloped virus particles but instead appears to
modulate a pathway downstream of IRF3 activation (43). More-
over, the prototypic p85/p110 PI3K complex is not involved in the
IFN-independent antiviral response (43). Thus, the relationship
between Ca2�-mediated and PI3K-mediated signaling during this
response is unclear and requires further investigation.

Although a common Ca2�-dependent pathway exists for en-
veloped particle recognition, we found that recognition of incom-
ing genomes by cytoplasmic DNA- and RNA-sensing pathways
significantly contributed to the IFN-independent response. While
previous findings suggested that neither virus replication nor TLR
signaling is required (15, 16, 20), the contributions of incoming

viral genomes or cytoplasmic nucleic acid-sensing pathways were
not fully evaluated. While diverse enveloped virus particles induce
the IFN-independent antiviral response (16), we used SeV and
HCMV particles as representative RNA and DNA virus particles,
respectively. SeV belongs to the paramyxovirus family of nonseg-
mented negative-strand RNA viruses and releases its genome into
the cytoplasm following entry and uncoating. RIG-I recognizes
genomes of SeV and other negative-strand RNA viruses when
transfected into the cell and activates the signaling adaptor MAVS
to induce IFN (44, 45). However, the ability of RIG-I and MAVS
to recognize incoming virus particles has not been described, es-
pecially in the range of 7 to 13 particles/cell used here. HCMV
belongs to the herpesvirus family of dsDNA viruses, and following
entry, capsids translocate to the nucleus and inject their genomes
through the nuclear pore (46). HCMV DNA can be recognized by
DAI (ZBP2) in fibroblasts (47) and, additionally, IFI16 in macro-
phages (48), but to our knowledge, no role for the cytoplasmic
sensor cGAS has been shown. Conceptually, while incoming
HCMV genomes should not be exposed within the cytoplasm,
virus entry is an imperfect process, and HCMV capsid degrada-
tion by the proteasome, and thus viral DNA release, has been
demonstrated in macrophages (48).

Unlike herpesviruses, AdV capsids uncoat in the cytoplasm at
the nuclear pore prior to import, which leaves AdV genomes ex-
posed at this bottleneck (49). The cGAS/STING/TBK-1 pathway is
capable of sensing cytoplasmic AdV DNA, leading to IRF3 activa-
tion (50, 51). In our studies, however, infection with 1,000 PFU/
cell of AdV particles failed to elicit a response (data not shown),
while infection with 0.02 PFU/cell of HCMV particles efficiently
induced a response. This represents greater than 25,000 particles/

FIG 5 Nucleic acid-sensing pathways are necessary for the antiviral response
to low-level incoming virus particles. (A to C) Wild-type, STING KO, or TKO
MEFs lacking MAVS, TLR3, and MyD88 were mock infected or infected with
SeV-UV (�7 particles/cell) or HCMV-UV (�84 particles/cell). The MEFs
were then challenged with VSV-GFP in a plaque reduction assay, and a repre-
sentative plate scan was included (A), or ISG56 induction was measured by
quantitative RT-PCR after 12 h and plotted relative to mock-infected cells (B
and C). The fold change from quantitative RT-PCR was calculated as described
in Materials and Methods and graphed with the average and standard devia-
tion of 3 biological replicates. Significance was calculated by unpaired t test.
*, P 
 0.05, **, P 
 0.01.

FIG 6 The cytoplasmic DNA sensor cGAS is necessary for the antiviral re-
sponse to incoming HCMV particles. (A) STING and cGAS were knocked
down (KD) in HEL fibroblasts, and transcript levels of STING and cGAS were
measured by quantitative RT-PCR after 72 h and plotted relative to control
siRNA transfection. (B and C) After knockdown, the cells were mock infected
or infected with HCMV-UV (�84 particles/cell) and then challenged with
VSV-GFP in a plaque reduction assay, and a representative plate scan was
included (B), or ISG56 induction was measured by quantitative RT-PCR and
plotted relative to that of mock-infected cells (C). The fold change from quan-
titative RT-PCR was calculated as described in Materials and Methods and
graphed with the average and standard error of 3 biological replicates. Signif-
icance was calculated by two-way ANOVA and Bonferroni posttests. **, P 

0.01.
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cell of AdV versus fewer than 100 particles/cell of HCMV. Thus,
the simplest interpretation is that in human fibroblasts, DNA
sensing of incoming viral genomes alone is insufficient to activate
IRF3 and requires additional signals, such as Ca2� oscillations.
However, the nature, timing, or amplitude of the Ca2� signal is
likely important (26, 27); indeed, Ca2� mobilization induced by
ionomycin is insufficient to activate IRF3 (31). Consistent with
these findings, preliminary experiments combining ionomycin
treatment with AdV infection failed to elicit IRF3 activation and
ISG induction (data not shown).

Here, we show that Ca2� signaling plays a role upstream of
both STING and IRF3 activation following HCMV-UV infection.
Rather than converging on the activation of IRF3, as we had hy-
pothesized, Ca2� signaling associated with membrane perturba-
tion appears to be necessary for activation of STING. While no
role for Ca2� in STING activation had been observed previously,
the crystal structures of STING show an important Ca2�-binding
pocket at the interface of 2 STING dimers (52, 53). While these
results suggest that Ca2� signaling is similarly upstream of MAVS
activation following stimulation with enveloped RNA virus parti-
cles, we were unable to reproducibly detect MAVS activation in
primary fibroblasts to test this hypothesis.

p14 lipoplexes do not contain nucleic acid, and the sensor up-
stream of Ca2� is currently unknown. While one explanation is
that the p14 protein is sensed by an unknown receptor, it is un-
likely that p14 serves as a PAMP due to its size and structural
dissimilarity with enveloped virus fusion proteins (54). It is in-

triguing that while we routinely detect ISG and antiviral state in-
duction in response to envelope virus particle entry within 6 to 8 h
in fibroblasts, the response to p14-lipoprotein complexes requires
�12 h, despite induction of the same subset of ISGs (11, 21).
Studies are currently ongoing to elucidate the mechanism(s) by
which p14-lipoprotein complexes and Ca2� signaling lead to IRF3
activation.

Although we found that viral nucleic acid sensing was required
for the antiviral response to incoming virus particles, we did not
observe typical markers of IRF3 activation, such as phosphoryla-
tion of S386 or S396. While this could be explained by simple
limitations of detection when using so few particles, there are clear
differences in IRF3 activation following infection with different
live or inactivated virus preparations, despite equal induction of
ISGs (17), suggesting that a linear relationship between canonical
activation of IRF3 and ISG induction does not exist. Accumulat-
ing data instead suggest that noncanonical and undefined modi-
fications additionally play roles in the activation of IRF3.

Together with previous reports, our study underscores the
complexity of the host intrinsic/innate response and how different
cell types and species uniquely respond to incoming stimuli. For
example, VLPs and fusogenic liposomes efficiently induce type I
IFN and ISGs in human immune cells (22). Similarly, AdV acti-
vates the cGAS/STING pathway and elicits IRF3 activation in mu-
rine macrophages (50, 51), while AdV infection of primary mouse
lung fibroblasts leads to type I IFN induction (55). Our studies

FIG 7 Ca2� signaling is important for activation of STING and IRF3 following entry of HCMV particles. (A and B) HEL fibroblasts were infected with
HCMV-UV (�840 particles/cell) in the presence of 2-APB or MeOH alone, and STING relocalization was visualized by immunofluorescence 4 h postinfection
(A) or IRF3 translocation was visualized 5 h postinfection (�168 particles/cell) (B). (C) IRF3 translocation was graphed as the percentage of IRF3-positive nuclei
with standard errors from 4 biological replicates. Significance was calculated by unpaired t test. ***, P 
 0.001.
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also highlight the exquisite sensitivity of cells to incoming low-
level virus particle entry.

Little is known about how membrane perturbation leads to
IRF3 activation and ISG induction, but our data suggest Ca2�

plays an important role in this process. Both Ca2� signaling and
recognition of packaged viral genomes contribute to IRF3 activa-
tion following low-level enveloped virus particle entry. However,
we know very little about the interaction between pathways or
how membrane perturbation alone leads to IRF3 activation. There
is emerging cross talk between cell stress responses and intrinsic/
innate immunity (23, 24), and further work examining the roles of
Ca2� and related pathways in innate signaling will help uncover
these pathways.
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