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Infection with adenovirus vectors (AdV) results in rapid activation of innate immunity, which serves the
dual purpose of stimulating inflammatory antiviral host defenses and the adaptive immune system. Viral
recognition by macrophages, dendritic cells, and other cell types requires an ability to sense the presence
of a foreign molecular pattern by “pattern recognition receptors.” The nature of the adenoviral sensor, the
target ligand of the sensor, and the downstream antiviral signaling response triggered by virus infection
have not been defined for this nonenveloped double-stranded DNA (dsDNA) virus. We have identified four
critical links involved in AdV recognition by murine antigen-presenting cells (APC) and primary lung
fibroblasts: (i) viral recognition occurs chiefly via a Toll-like receptor (TLR)-independent nucleic acid-
sensing mechanism recognizing the viral dsDNA genome, (ii) the intact viral particle and capsid proteins
are required for efficient intracellular delivery of the viral genome, (iii) delivery of the viral genome
triggers interferon regulatory factor 3 (IRF3) phosphorylation, and (iv) IRF3 activation is the required
dominant antiviral signaling pathway used by APC, whereas the “primary” involvement of NF-�B,
mitogen-activated protein kinase, or Akt pathways is less prominent. In this study we provide the first
direct evidence that infection by a dsDNA virus stimulates an IRF3-mediated interferon and proinflam-
matory response through a TLR-independent DNA-sensing mechanism.

Adenovirus (Ad) is a nonenveloped, double-stranded, linear
DNA virus with a genome of approximately 35 kilobases and a
particle size of 70 to 100 nm. The majority of Ad serotypes
infect cells through a well-characterized, multistep process that
includes high-affinity binding of the capsid protein fiber to the
coxsackie-Ad receptor cell surface protein (1) and endocytic
internalization stimulated by an RGD motif present in penton
base binding to membrane integrins (61). Following internal-
ization and subsequent endosome acidification, Ad escapes the
endosomal compartment by directed membrane disruption
(62) and transmigrates to the nuclear envelope by way of dy-
nein/microtubule-mediated transport (31). Viral DNA passes
through the nuclear pore complex (7) and establishes a non-
covalent association with the nuclear matrix as a prerequisite
to transcription by the host transcriptional machinery (51).

The entire process of virus entry is extremely efficient, which
in combination with a well-defined and easily manipulated viral
genome prompted development of Ad vectors (AdV) for gene
transfer applications. First-generation AdV are deficient for
the E1 and E3 regions, rendering them replication deficient
and able to carry up to 7 kb of foreign genomic material.
Systemic administration of AdV results in high levels of trans-
gene expression but also results in a robust inflammatory im-
mune response (41, 66), which is followed by an equally vig-
orous adaptive immune response (65). The combination of the

innate inflammatory response with the adaptive immune re-
sponse eradicates infecting virus as well as cells harboring
virus. Thus, host innate immunity to AdV represents a major
barrier to the effective use of these agents for a variety of
therapeutic applications.

Macrophages and dendritic cells (DC) are among the front-
line sentinel cells that initiate a response to pathogenic stimuli,
including Ad. Murine bone marrow-derived macrophages
(BMMO) or DC (BMDC) are relatively nonpermissive to AdV
transduction (44, 52), consistent with low levels of cox-
sackie-Ad receptor in murine antigen-presenting cells (APC)
(59). However, they undergo activation and maturation when
exposed to AdV (38, 59, 60). Studies indicate that penton
base-RGD binding to membrane integrins contributes to virus
binding and internalization in these cell types (15, 59). While
these studies demonstrate that APC respond to AdV, the mo-
lecular mechanisms by which these cells sense infection by Ad
or AdV are not understood.

To date, two types of innate immune recognition receptors
that link virus detection with inflammation and activation of
adaptive immunity have been characterized. The first type, the
membrane-associated Toll-like receptors (TLRs), are ex-
pressed primarily by macrophages and DC. There are 13 mu-
rine TLRs, and they have been extensively studied (25). Acti-
vation occurs on the surface of the cell membrane or within the
endosomal compartment and requires either a TRIF or
MyD88 adaptor molecule. TLR3, TLR7/8, and TLR9 recog-
nize double-stranded RNA (dsRNA), single-stranded RNA,
and double-stranded DNA (dsDNA) with unmethylated CpG
motifs, respectively (24). TLR4 mediates the recognition of
mouse mammary tumor virus (46) and the fusion protein of
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respiratory syncytial virus (30), and TLR2 mediates the cyto-
kine responses to human cytomegalovirus (3), herpes simplex
virus type 1 (HSV-1) envelope proteins (29), and measles virus
hemagglutinin (2).

Engagement of a TLR family member initiates a network of
signaling cascades, invariably involving the intracellular adap-
tor proteins MyD88 and/or TRIF (24). The adaptor proteins
facilitate activation of downstream signaling cascades, which in
turn lead to activation of transcription factors, including NF-
�B, AP1, and interferon (IFN) regulatory factor (IRF) family
members (24, 58). TLR4 is the only family member known to
activate through both TRIF and MyD88 adaptor molecules; all
others use either MyD88 or TRIF (25). Lipopolysaccharide
(LPS) stimulation of TLR4 results in activation of gene fami-
lies which are TRIF dependent, gene families which are
MyD88 dependent, and genes that are activated by both path-
ways (11). For signaling responses that are stimulated by both
TRIF and MyD88 adaptors, Akira’s group (23, 26, 64) and
others (4) have shown that in single-knockout (KO) cells, sig-
naling for these responses occurs with altered kinetics com-
pared to wild-type (WT) cells. Importantly no cytokines or
IFNs are controlled by the pathway that utilizes both MyD88
and TRIF adaptors (11).

The second type of viral innate immune sensor belongs to
the RNA helicase family and includes RIG-1 and MDA-5,
which serve as cytosolic dsRNA detectors. RIG-1 is critical for
vesicular stomatitis virus, Newcastle disease virus, Sendai virus,
and influenza virus recognition (21, 22), while MDA-5 is the
principal sensor for transfected poly(I � C) and encephalomyo-
carditis virus (6, 22) infection. Recognition by the RNA heli-
cases results in the recruitment of the adaptor protein IPS1
(also known as MAVS, VISA, or Cardif), which stimulates the
TANK-related kinases TBK1 and IKKε, leading to the phos-
phorylation of IRF3 and IRF7, which are transcription factors
essential for the expression of type I IFNs (28).

Recent studies indicate the existence of a novel antimicro-
bial recognition mechanism. Exposure of cells to intracellular
bacteria or transfected DNA results in induction of a type I
IFN response that is independent of the TLR or RNA helicase
pathway, which implies the existence of a cytosolic DNA-sens-
ing mechanism that activates the IRF3 transcriptional regula-
tor (17, 55).

In this report, we provide the first demonstration that a dsDNA
virus activates APC and fibroblasts through TLR-independent
dsDNA-mediated activation of IRF3 and that IRF3 functions as
a master regulator of the antiviral immune response in these cells.
BMDC and BMMO respond to AdV infection by producing large
amounts of type I IFNs and modest levels of interleukin-6 (IL-6)
and tumor necrosis factor alpha (TNF-�). AdV activation is de-
pendent on IRF3; both APC and primary lung fibroblasts from
IRF3-deficient animals are largely nonresponsive to AdV infec-
tion. Activation of this pathway does not depend on MyD88 or
TRIF adaptor molecules. AdV recognition by APC occurs
through two basic events: the intact viral capsid interacts with the
target cell and facilitates vector internalization; then, following
internalization, breakdown of the capsid reveals viral DNA to an
intracellular sensor that triggers a cascade leading to IRF3 acti-
vation.

MATERIALS AND METHODS

Animals. Eight- to 12-week-old male and female C57BL6 mice were obtained
from Jackson Laboratories. C.B17/lcr-SCID and C.B17/lcr controls were pur-
chased from Charles River Laboratories. MyD88-KO and TLR9-KO mice
were generously provided by Shizuo Akira (Osaka University, Osaka, Japan).
TRIFLps2/Lps2 (TRIF�/�) mice were kindly provided by Bruce Beutler, and
IRF3-KO mice were kindly provided by Tadatsugu Taniguchi.

Viruses and AdV DNA. Ad5CiG and Ad5CiG-�RGD (52) and ts1-Ad2 (8)
were previously described. Viruses were purified through two rounds of CsCl
gradient ultracentrifugation and stored at �70°C in storage buffer (10 mM Tris,
2 mM MgCl2, 40% sucrose, pH 7.5). AdV DNA was purified by standard
procedures (52). All viral preparations contained less than 0.1 endotoxin unit per
ml, and DNA preparations contained less than 0.001 U/mg DNA as determined
by the Limulus amebocyte lysate assay (BioWhittaker). Psoralen-UV inactivation
was performed by mixing 0.01 volume of 33-mg/ml 8-methoxy-psoralen (Sigma)
with the purified viral vector and exposing it to a 365-nm UV light source 4 cm
from the light filter for 60 min on ice. Residual psoralen was removed by dialysis.
For heat inactivation, Ad5CiG was incubated at 56°C for 1 h. AdV empty capsids
(eAdV) were purified by placing the upper band from an AdV-maxiprep CsCl
step gradient onto a continuous gradient (1.2 to 1.45 gm/ml) and centrifugation
at 100,000 � g for 8 h. The eAdV band from this gradient was applied to a second
continuous CsCl gradient for 12 h, and the eAdV band was then isolated and
dialyzed into storage buffer. The ratio of contaminating intact AdV to eAdV
determined by real-time PCR with hexon primers was 1:40. AdV and eAdV
amounts were matched by protein content and by Western blotting with rabbit
polyclonal anti-Ad5 serum. HSV-1 (strain KOS) was kindly provided by F. Homa
(University of Pittsburgh).

BMMO and BMDC. Bone marrow cells were extracted from the femurs and
tibiae of mice, and red cells were removed with lysis solution (0.15 M NH4Cl, 1
mM KHCO3, 0.1 mM EDTA). For BMMO, bone marrow cells were cultured in
Dulbecco modified Eagle medium (DMEM) supplemented with 20% fetal bo-
vine serum (FBS) and 25% supernatant derived from confluent L929 cell cul-
tures. At day 7, immature macrophages were collected. This procedure yields a
pure population of macrophage colony-stimulating factor-dependent, adherent
macrophages. For BMDC, bone marrow cells were cultured in DMEM contain-
ing 10% FBS and 30% supernatant derived from J558L cells (16). On day 2,
two-thirds of the supernatant was replaced to remove granulocytes. On day 7,
nonadherent cells were collected. Typically more than 80% of the BMDC pop-
ulation was CD11c� CD11b� GR1� as determined by fluorescence-activated
cell sorter analysis of specific surface markers.

Fluorescence-activated cell sorter analysis of cell surface phenotype. The
following antibodies against murine molecules were used: fluorescein isothio-
cyanate-conjugated anti-CD11c and anti-CD11b and phycoerythrin-conju-
gated anti-CD11c, anti-CD86, anti-CD80, anti-CD40, and anti-major histo-
compatibility complex class II. Cells were incubated for 15 min with rat
monoclonal antibody to CD16/32 to block Fc receptors and then with the
primary antibodies for 30 min on ice. Cells were fixed in 1% paraformalde-
hyde and analyzed using a Beckman Coulter XL flow cytometer. All antibod-
ies were from BD Biosciences.

Cell treatments. The dsRNA mimetic poly(I � C) was from Amersham
Biosciences. Ultrapure LPS from Escherichia coli and nuclease-resistant phos-
phorothioate-modified CpG ODN 1826 were purchased from InvivoGen.

Bone marrow-derived cells differentiated for 7 days were replated into 60-mm
plates at a density of 5 � 106 cells/plate in 3 ml DMEM with 10% FBS. At day
9, the medium volume was reduced to 1.5 ml and cells were treated with CpG
ODN 1826 (2 �M), LPS (100 ng/ml), or Ad5CiG at a ratio of 25,000 particles per
cell unless otherwise indicated. Herpesvirus infections were carried out at 5
PFU/cell. For transfection experiments, medium was replaced at day 8 with
OPTI-MEM I (Invitrogen). At day 9, 10 �g of Ad DNA or poly(I � C) and 10 �l
of Lipofectamine 2000 (Invitrogen) were incubated in 100 �l of OPTI-MEM I
for 15 min before being used for stimulation.

For inhibition studies, primary macrophages were pretreated for 60 min with
drugs prior to exposure to various stimuli. Actin or tubulin cytoskeleton poly-
merization was inhibited with 10 �M cytochalasin D or 20 �M nocodazole,
respectively. Cycloheximide (CHX) (50 �g/ml) and puromycin (25 �g/ml) were
used for de novo protein synthesis inhibition. Cell viability was above 85% for all
treatments as confirmed by trypan blue exclusion assay. All inhibitors were from
Sigma-Aldrich.

Western blots. Whole-cell extracts were prepared by washing cells twice
with ice-cold phosphate-buffered saline and harvesting them in lysis buffer (50
mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-40) with addition of
phosphatase inhibitor cocktails 1 and 2 (Sigma-Aldrich) and protease inhib-
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itors (30 mM sodium fluoride, 100 �M sodium orthovanadate, 1 mM phenyl-
methylsulfonyl fluoride, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 1 �g/ml
pepstatin, 1 �g/ml microcystin-LR, and 1 mM benzamidine). The lysates were
cleared by centrifugation at 13,000 � g for 15 min at 4°C, and protein
quantification was performed with the DC protein assay kit (Bio-Rad Labo-
ratories).

For Western blot analysis, gel boxes, 10% NuPage bis-Tris gels, and buffers
were purchased from Invitrogen and Immobilon-P membranes from Millipore.
All blots were blocked in 5% skim milk in Tris-buffered saline–Tween (0.1%) at
room temperature for 1 h. Phospho-Akt (Ser473, no. 9271), phospho-extracel-
lular signal-regulated kinase 1/2 (ERK1/2) (Thr202/Tyr204, no. 9101), phospho-
p38 mitogen-activated protein kinase (MAPK) (Thr180/Tyr182, no. 9211), phos-
pho-IRF3 (Ser396, no. 4961), phospho-Jun N-terminal protein kinase (Thr183/
Tyr185; no. 9251), phospho-I�B� (Ser32, no. 9241), phospho-p65 (Ser536, no.
3031), �-actin (no. 4967), and horseradish peroxidase-linked anti-rabbit immu-
noglobulin G (no. 7074) antibodies were from Cell Signaling. Total IRF3 anti-
body was from Santa Cruz Laboratories (no. SC-9082). All primary antibodies
were used at a dilution of 1:1,000 in 5% bovine serum albumin in Tris-buffered
saline, except �-actin antibody, which was used at a dilution of 1:2,000. Signals
were visualized with an ECLplus kit (Amersham Biosciences).

Electrophoretic mobility shift assay (EMSA). Cells were washed twice with
ice-cold phosphate-buffered saline and disrupted in hypotonic buffer with NP-40
(10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1%
NP-40) on a rocking platform for 10 min at 4°C. Nuclei were spun down,
resuspended in 50 �l of hypertonic buffer (10 mM HEPES [pH 7.9], 400 mM
NaCl, 0.1 mM EDTA, 0.1 mM EGTA), and incubated on ice for 30 min. Both
buffers contained the same cocktail of protease and phosphatase inhibitors as
described for Western blots. The final nuclear extracts were collected by centrif-
ugation at 14,000 rpm for 20 min. The protein content in the extract was
measured with the DC protein assay kit (Bio-Rad Laboratories). Gel shift assays
were performed with the Promega gel shift assay system as instructed by the
manufacturer, using 2 �g of nuclear proteins for each gel shift reaction. The
sequence of the double-stranded consensus NF-�B-binding oligonucleotide was
5	-AGT TGA GGG GAC TTT CCC AGG C-3	. Probe labeling was carried out
according to the manufacturer’s instructions, using [�-32P]ATP (3,000 Ci/mmol,
10 mCi/ml; DuPont NEN Research Products). Reaction mixtures were separated
on 6% DNA retardation gels (Invitrogen) at 150 V for 30 min at 4°C. Gels were
dried and exposed on Kodak XAR film for 12 to 18 h.

RPA. Total RNA was extracted with TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. For each sample, 5 �g of total RNA was used for
RNase protection assay (RPA). The 32P-labeled RNA probe mix was prepared
by in vitro transcription using mCK-3b (cytokines) or mCK5c (chemokines)
multiprobe template sets (BD Pharmingen). The hybridized RNAs were treated
with RNase, using an RPA kit (BD Pharmingen), and precipitated, and the
protected fragments were resolved on vertical sequencing (10% acrylamide) gels.
Following electrophoresis, the gels were dried and exposed to a PhosphorImager
screen (Molecular Dynamics). The signals on the screen were analyzed by
PhosphorImager software.

Enzyme-linked immunosorbent assay (ELISA). Cells were seeded in 12-well
tissue culture plates to give a final concentration of 2 � 106 cells/well in 1 ml of
medium. At 36 h posttreatment the supernatants were harvested for determina-
tion of cytokines and IFN-� protein levels according to the manufacturer’s
instructions (R&D systems).

SYBR green I QRT-PCR. For quantitative reverse transcription-PCR (QRT-
PCR), total cellular RNA was isolated from 5 � 106 cells grown in 60-mm
tissue culture plates using Tri-Reagent (Molecular Research Center) as in-
structed by the manufacturer. Amplifications were carried out in a total
volume of 20 �l by using a one-step QuantiTect SYBR green kit (QIAGEN,
Valenica, CA) in an Applied Biosystems Prism 7900H sequence detection
system with SDS 2.1 software. Cycles consisted of an initial incubation at 95°C
for 15 min followed by 35 cycles at 94°C for 15 s, 60°C for 30 s, and 72°C for
20 s, with a final incubation at 72°C for 7 min. All determinations were
performed in triplicate. Nontemplate controls run with every assay consis-
tently had no cycle threshold values before 35 cycles of PCR. The abundance
of each mRNA was normalized to �-actin expression and compared to that in
untreated cells to calculate the relative induction. Sequences of primers are
available on request.

Statistical analysis. Data were expressed as means 
 standard errors of the
means. Statistical analysis was performed with Student’s t test. A P value of less
than 0.05 was considered significant.

RESULTS

AdV activation of APC occurs in the absence of MyD88 or
TRIF adaptor molecules. The immediate-early steps leading to
AdV activation of APC are not well understood, leading us to
investigate the molecular mechanisms of recognition and APC
activation triggered by AdV. We first asked if the adaptor
molecule MyD88 or TRIF contributes to the activation of
BMDC and BMMO following exposure to AdV. WT, MyD88-
deficient (MyD88�/�), and TRIF-deficient (TRIF�/�) cells
were infected with 5,000 viral particles/cell, and upregulation
of costimulatory molecules was examined at 36 h postinfection.
AdV infection caused an increase in the expression of, and in
the percentage of cells positive for, CD86, CD40, and CD80
that was independent of MyD88 and TRIF (BMDC are de-
picted in Fig. 1A). Furthermore, virus titration experiments
conducted in both BMDC and BMMO revealed dose-depen-
dent induction of CD86 with little distinction between the viral
dose required for activating WT-, MyD88�/�-, or TRIF�/�-
derived cells (Fig. 1B). Supernatants from AdV-infected
BMMO and BMDC were used to quantify inflammatory cyto-
kines and IFNs at 36 h postinfection by ELISA (Fig. 1C). AdV
infection induced significant levels of IL-6, TNF-�, IFN-�,
CXCL10, and CCL5 in cells derived from WT as well as
MyD88�/� and TRIF�/� mice. For MyD88�/�-derived APC,
there was a significant reduction in the levels of IL-6 in both
BMMO and BMDC and of TNF-� from MyD88�/� BMMO
compared to WT cells.

We next examined the influence of the MyD88�/� and
TRIF�/� mutations on early AdV-mediated gene induction of
a diverse array of inflammatory cytokines, chemokines, and
IFNs in primary APC. BMDC were exposed to 25,000 AdV
particles/cell, and total RNA was harvested at 5 h posttreat-
ment. RPAs were performed to quantify mRNA levels for a
panel of cytokines (Fig. 1D) and chemokines (Fig. 1E). For
comparative purposes, APC were treated with 10 ng/ml LPS
(TLR4 agonist, MyD88 and TRIF adaptor dependent) or 2
�M CpG DNA (TLR9 agonist, MyD88 adaptor dependent).
The RNA protection profiles for TNF-�, IL-6, IFN-�, CCL5,
CCL1, CCL3, CCL4, and IP-10 were comparable in WT,
TRIF�/�, and MyD88�/� BMDC exposed to AdV. Transcripts
corresponding to IL-6, TNF-�, and IFN-� were reduced in
MyD88- and TRIF-deficient cells by 20% and 15%, respec-
tively, compared to RNA from WT cells (phosphorimager
quantification, data not shown). Similar RPA results were ob-
served in BMMO (data not shown). The pattern of gene ex-
pression induced by AdV differed considerably from that of
LPS or CpG DNA TLR agonists. AdV induced strong type I
IFN but moderate chemokine and weak inflammatory cytokine
responses, failing to induce CXCL2 and CCL11. In contrast,
TLR agonists induced robust inflammatory cytokine and che-
mokine responses but undetectable levels of IFNs. These data
indicate that a high level of MyD88- and TRIF-dependent
activation occurs with known TLR agonists, whereas AdV re-
sults in a more modest APC response that is largely indepen-
dent of MyD88 and TRIF adaptors.

Pathogen recognition channeled through MyD88 or TRIF
induces strong activation of NF-�B and MAPK signaling cas-
cades and to a lesser degree involves the Akt signaling pathway
(24). The distinct patterns of APC transcript induction elicited
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by AdV compared to TLR ligands led us to examine the acti-
vation profiles of these signaling cascades. BMMO were ex-
posed to 25,000 AdV particles/cell, 10 ng/ml LPS, or 2 �M
CpG DNA, and cell lysates were harvested at the indicated
time points (Fig. 2A). Activation was measured by Western
blotting using phospho-specific antibodies. Levels of �-actin
were determined to confirm equal protein amounts in each
sample, and mock-treated cells were harvested at each time
point to establish a control for the experimental time course.
Levels of phosphoprotein in all treated samples were com-
pared to those found at the corresponding time points in the
mock-treated samples to determine the levels of induction.
Exposure of WT cells to AdV led to a modest induction of
NF-�B (p65, I�B�), MAPK (p38, Jun N-terminal protein ki-
nase, ERK1/2), and Akt that was detectable at 4 h postinfec-

tion and increased slightly at later time points. In contrast to
AdV, LPS and CpG DNA treatments led to rapid (30 min
posttreatment) and sustained accumulation of phosphorylated
products (Fig. 2A).

MyD88�/� BMMO were nonresponsive to CpG DNA but
were responsive to LPS; however, the overall levels of phos-
phoprotein were significantly below those observed in WT-
treated BMMO (Fig. 2A). Similarly, AdV induced phosphor-
ylation of p65, I�B�, and p38 (compare 4-h time point to
mock-treated cells), but the amount of phosphoprotein was
lower than that achieved in WT cells. Importantly, back-
ground levels of phosphorylated signaling molecules, partic-
ularly NF-�B (p65, I�B�), were lower in MyD88�/�-derived
extracts (compare mock treatments for WT and MyD88 in
Fig. 2A). The differences in background were not due to

FIG. 1. Role of MyD88 and TRIF in the innate immune response to AdV. (A) Expression of CD86, CD40, and CD80 on gated CD11c� BMDC
after 36 h of treatment with 5,000 AdV particles/cell (black) or mock treatment (gray). (B) CD86 expression in BMMO and BMDC from WT,
MyD88�/�, and TRIF�/� mice incubated with various doses of AdV at 36 h postinfection. (C) Induction of cytokines in macrophages and DC
derived from WT, MyD88�/�, and TRIF�/� mice. Cells were incubated with 25,000 AdV particles/cell for 36 h, and supernatant cytokine levels
(pg/ml) were determined by ELISA. Error bars represent standard deviations for triplicate wells in a single experiment; data are representative
of four independent experiments. Student’s t tests were completed, and P values of �0.05 are indicated (*). (D and E) RPA analysis for cytokines
(D) and chemokines (E) of total RNA isolated from BMDC of the indicated genotypes after 5 h of treatment with 25,000 AdV particles/cell, 10
ng/ml LPS, or 2 �M CpG DNA. The triplicate results shown for AdV are from independent infections and are representative of two separate
experiments. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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differences in total NF-�B (Western blot of total p65, data
not shown). Phospho-Akt and phospho-ERK were not de-
tectable following AdV treatment of MyD88�/� BMMO.
AdV-induced signaling in TRIF-deficient BMMO was
largely consistent with WT induction patterns.

To clarify the involvement of the MyD88 and TRIF adaptor
molecules in AdV activation of APC, an EMSA was used to
examine the induction of NF-�B DNA binding activity induced
by AdV, CpG DNA, and LPS. At 1, 3, and 5 h postinfection,
nuclear extracts were prepared from WT, MyD88�/�, and
TRIF�/� BMMO and used in an NF-�B-specific gel shift assay
(EMSA) (Fig. 2B). In WT BMMO, AdV induced a detectable
but modest NF-�B binding activity that increased throughout
the 5-hour experimental time course. A much stronger and
more rapid NF-�B gel shift was associated with LPS treat-
ments, and CpG DNA induced modest levels of NF-�B acti-
vation (Fig. 2B). As observed with the Western blot analysis of
phosphoproteins, background levels of active NF-�B were
greatly reduced in MyD88�/�-derived BMMO (compare mock
lanes in Fig. 2B). Both AdV and LPS induced an identifiable
NF-�B gel shift product, and the time course of induction was
consistent with those found in WT BMMO. CpG DNA did not
induce an NF-�B gel shift product in MyD88�/� BMMO.

The data indicate that AdV stimulation of NF-�B, MAPK,
and Akt occurs in BMMO at very modest levels, with kinetics
that are delayed compared to those for LPS or CpG DNA
agonists. They demonstrate a lack of TRIF involvement in
AdV signaling and diminished but significant levels of activa-
tion in MyD88�/� BMMO. This compromise in activation may
reflect a minor contribution of MyD88 to a primary activation
event, it may be due to MyD88 involvement in a secondary
(autocrine) pathway of APC stimulation, or, alternatively, the
attenuated levels of response may be attributed to inherent
differences in the MyD88 mutant strain (54, 56) that are un-
related to the direct function of this protein as an adaptor
molecule.

AdV induce a robust primary type I IFN response in APC.
The data presented led us to examine in greater detail the

cytokine response triggered by AdV infection of macrophages
and DC. BMMO and BMDC were stimulated with increasing
concentrations of AdV, 10 ng/ml LPS, or 2 �M CpG DNA, and
supernatants were collected after 36 h. ELISAs were used to
determine the levels of proinflammatory cytokines (IL-6 and
TNF-�) and type I IFN (IFN-�). AdV-induced expression of
IL-6, TNF-�, and IFN-� was dose dependent in both APC
types. AdV induced smaller amounts of IL-6 and TNF-� than
the NF-�B agonists (LPS and CpG DNA) (Fig. 3A). However,
Ad infection caused a major induction of IFN-� compared to
LPS and CpG DNA. Type I IFNs have been shown to augment
cytokine and chemokine synthesis in an autocrine and para-
crine manner (14). To determine whether induction was a
direct consequence of AdV stimulation and not the result of
autocrine IFN stimulation, BMMO were exposed to CHX at
1 h prior to treatment with 25,000 particles/cell of AdV and
were harvested for total RNA at 5 h postinfection. Using
real-time RT-PCR, we examined the influence of protein syn-
thesis inhibition on an array of cellular transcripts, including
cytokine, chemokine, and IFN genes (Fig. 3B). Samples were
standardized with �-actin and the fold increase calculated
against mock-infected controls. Induction of IRF7 requires the
type I IFN-dependent transcription factor ISGF3 (42), and
suppression of IRF7 induction by CHX treatment is consistent
with suppression of autocrine-induced pathways that require
de novo protein synthesis (Fig. 3B). Similarly, CHX treatment
resulted in diminished levels of AdV-induced CXCL9,
CXCL10, IL-6, and TNF-�, suggesting that an autocrine cas-
cade may also contribute to induction of these genes. However,
type I IFNs (IFN-�4 and IFN-�) and the chemokine CCL5
were largely insensitive to downregulation by CHX treatment,
indicating that induction of these transcripts was a primary
response to Ad infection. Type I IFN and CCL5 are regulated,
in part, by the transcriptional activator IRF3 (5, 12). There-
fore, further experiments were conducted to investigate the
possible involvement of IRF3 in the activation of the innate
immune response to AdV.

FIG. 2. Biochemical analysis of signaling responses to AdV, MyD88, and MyD88/TRIF agonists. (A) Western blot analysis of signal trans-
duction using the indicated antibodies. At each indicated time point, whole-cell lysates from mock-treated macrophages were compared to lysates
from macrophages stimulated with either 25,000 AdV particles/cell, 10 ng/ml LPS, or 2 �M CpG DNA. Data are representative of three
independent experiments. (B) NF-�B gel shift assay. Nuclear extracts from macrophages stimulated for the indicated times were used in gel shift
assay with an [�-32P]ATP-labeled probe containing a consensus NF-�B-binding sequence.
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AdV potently activate IRF3. IRF3 is a phosphoprotein that is
constitutively expressed in its inactive form in the cytoplasm of
most cell types (33). Activation of IRF3 has been associated
with the phosphorylation of a cluster of Ser/Thr residues
(Ser385, Ser386, Ser396, Ser398, Ser402, Ser405, and Thr402
in human or their equivalents Ser378, Ser379, Ser388, Ser390,
Ser394, Ser397, and Thr396 in mouse) at the C-terminal end of
the protein (14, 39). To determine whether IRF3 activation
occurs as a result of AdV infection, BMMO were infected with
AdV and harvested over a time course of 8 hours (Fig. 4A).
Whole-cell extracts were immunoblotted with phospho-
Ser396-specific IRF3 antibody. The TLR ligands LPS and CpG
DNA served as control inducers for comparison. AdV led to
strong MyD88- and TRIF-independent C-terminal phosphory-
lation of IRF3, with maximal activation achieved at 4 h postin-
fection. LPS induced strong MyD88-independent, TRIF-de-
pendent C-terminal phosphorylation, while CpG DNA did not
activate IRF3 (Fig. 4A).

To determine whether IRF3 phosphorylation was a primary
antiviral response, BMMO were infected after CHX pretreat-
ment. IRF3 activation levels were enhanced by treatment with
the protein synthesis inhibitor (Fig. 4B). AdV induction of
BMMO is dose dependent (Fig. 1B and 3A); accordingly, AdV
mediated a dose-dependent increase in Ser396 IRF3 phosphor-

ylation (Fig. 4C). To determine whether AdV can stimulate
IRF3 phosphorylation in other primary cell types, we charac-
terized activation of IRF3 in early-passage primary lung fibro-
blasts. Lung fibroblast treatment with 25,000 particles/cell re-
sulted in IRF3 phosphorylation (Fig. 4D); however, the
induction was delayed compared to that after a similar treat-
ment of BMMO.

Ser396 phosphorylation is necessary but not sufficient to
confer transcriptional activity to IRF3 (39, 49). If AdV stimu-
lates transcriptionally functional IRF3, then IRF3-dependent
transcripts should undergo specific induction following AdV
treatment. BMMO from WT, MyD88�/�, and TRIF�/� ani-
mals were infected in the presence of CHX to eliminate sec-
ondary stimulation by type I IFNs. Real-time RT-PCR analysis
of four IRF3-driven genes, those for ISG15, ISG54, ISG56,
and IFN-� (42, 43), revealed AdV-mediated induction in WT
as well as MyD88�/� and TRIF�/� BMMO (Fig. 4E). LPS-
induced expression of IRF3-dependent transcripts occurs in a
MyD88-independent, TRIF-dependent manner, whereas the
TLR9-MyD88-dependent agonist CpG DNA had no effect on
the IRF3-dependent transcripts (Fig. 4E). Therefore, AdV-
mediated C-terminal phosphorylation of IRF3 directly corre-
lates with transcriptional activity of IRF3-dependent genes.

FIG. 3. AdV induce a primary type I IFN and chemokine response in APC. (A) Cytokines produced by BMMO and BMDC after stimulation
for 36 h with various doses of AdV, 10 ng/ml LPS, or 2 �M CpG DNA. (B) QRT-PCR analysis of type I IFNs and proinflammatory cytokines
induced in BMMO after 5 h of treatment with buffer or 25,000 AdV particles/cell. White and black bars represent the fold induction in the absence
and in the presence of 50 �g/ml CHX, respectively. Cell treatments were performed in triplicate. �-Actin levels were quantified in all total RNA
samples for normalization of the data. The fold change in gene expression was determined by comparison to the mock-treated samples. IRF7 was
monitored to assess CHX effectiveness, and the porphobilinogen deaminase (PBGD) housekeeping gene was used as negative control. Two
independent real-time PCR experiments gave comparable results.
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The IRF3 pathway is triggered by an element in the inter-
nalized virion. Activation of IRF3-driven genes is associated
with host cell recognition of viral dsRNA that is generated by
transcription and replication following infection by RNA vi-
ruses (53). High-multiplicity AdV infection has been associ-
ated with dsRNA formation (36) and has been implicated as a
contributor to the activation of type I IFNs by Ad. To deter-
mine if viral transcription and RNA production contribute to
activation of the IRF3 cascade in BMMO, we used psora-
len/UV cross-linking to specifically inhibit transcription of the
viral genome. Psoralen/UV inactivation had no effect on the
ability of BMMO to phosphorylate IRF3 in response to AdV
infection (Fig. 5A). Real-time RT-PCR of RNA isolated from
AdV and psoralen/UV AdV-treated virus revealed that high
levels of IRF3-dependent transcripts were induced under both
conditions (Fig. 5B). That AdV induction of IRF3 phosphory-
lation occurs in the absence of viral gene expression implies
that recognition of AdV takes place during an early stage of
virus infection independent of dsRNA formation.

To determine whether an intact viral particle is required for
BMMO activation, AdV was treated for 1 h at 56°C, a condi-
tion known to inactivate virus entrance by causing a dissocia-
tion of penton base-fiber complex from the capsid body but
leaving the capsid proteins intact (48). When heat-inactivated
virus was used to stimulate BMMO, we did not detect IRF3
phosphorylation (Fig. 5C). Real time RT-PCR analysis of
RNA isolated from BMMO revealed a complete absence of
ISGs, IFN-�, and CCL5 transcripts following treatment with
heat inactivated virus (Fig. 5D). We next determined if a virus
mutated in the RGD motif of penton base was compromised in
phosphorylation of IRF3 and gene expression. BMMO treated
with AdV�RGD showed delayed and diminished IRF3 phos-

phorylation (Fig. 5C), while mRNA levels for ISGs, IFN-�,
and CCL5 were reduced by more than 80% (Fig. 5D).

To investigate whether triggering of the IRF3 pathway oc-
curs in the endosome or requires viral escape into the cyto-
plasm, macrophages were infected with an Ad carrying a thermo-
sensitive mutation in the L3/p23 protease. Mutant Ad2 viruses
lacking a functional p23 protease (ts1-Ad2) are taken up
through endosomes but fail to escape into the cytosol (8). Since
the ts1 virus is an E1-containing WT Ad, it was made tran-
scriptionally inactive by psoralen/UV cross-linking. A WT Ad2
virus similarly inactivated was used as a positive control. Con-
sistent with a need for AdV to escape from the endocytic
particle, the ts1 virus failed to activate IRF3 (Fig. 5E). Endo-
cytic internalization of Ad depends on an intact actin cytoskel-
eton (32). When primary macrophages were treated with the
actin polymerization blocker cytochalasin D, AdV-mediated
IRF3 activation was significantly reduced (Fig. 5F). Following
entry into the cell and release into the cytoplasm, AdV trans-
locates to the nucleus through a microtubule-dynein-depen-
dent transport mechanism (31, 57). When macrophages were
treated with nocodazole, a microtubule depolymerization
agent that inhibits Ad particle translocation to the nuclear
pore, activation of the IRF3 pathway was detected. Taken
together, these data indicate that AdV recognition by macro-
phages requires viral entrance into the cytosol but not nuclear
translocation.

Viral DNA is the IRF3-activating ligand of Ad. Infectious Ad
consists of two main elements, the viral capsid and the dsDNA
Ad genome. To determine whether either the capsid or the
viral nucleic acid stimulates the IRF3 pathway, we isolated
empty viral capsids (intact virions devoid of genomic material
and core proteins) and protein-free viral DNA. Infection of

FIG. 4. AdV activate an IRF3-mediated innate immune response. (A to D) Ser396P-IRF3 levels in whole-cell lysates from BMMO. AdV
stimulations were performed at 25,000 viral particles per cell unless otherwise indicated. (A) WT, MyD88-KO, and TRIF-KO BMMO were
stimulated with buffer, AdV, 10 ng/ml LPS, or 2 �M CpG DNA for the indicated times. After Ser396P-IRF3 determination, membranes were
stripped and reprobed using a pan-IRF3 specific antibody. (B) WT macrophages were stimulated with buffer or AdV with and without CHX;
whole-cell lysates were prepared at the indicated times. (C) Macrophages were stimulated with various doses of AdV in the presence or absence
of CHX for 4 h. (D) IRF3 phosphorylation from primary lung fibroblasts treated with or without 25,000 particles AdV/cell with or without CHX
over a 12-h time course. (E) Induction of IRF3-dependent gene expression in BMMO. Total RNA from BMMO infected at 25,000 AdV
particles/cell for 5 h in the presence of CHX (to avoid ISGF3 gene induction) was analyzed by QRT-PCR. Cell treatments were performed in
triplicate. �-Actin levels were quantified for normalization of the data. The fold change in gene expression was determined by comparison to the
mock-treated samples. Data are representative of at least three independent experiments.
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BMMO with empty adenoviral particles did not induce Ser396
phosphorylation (Fig. 6A). In contrast, AdV DNA transfected
with Lipofectamine, but not Lipofectamine alone, resulted in
induction of IRF3 phosphorylation (Fig. 6B). AdV dsDNA but
not empty virions triggered the transcription of ISGs and type
I IFNs in BMMO (Fig. 6C). These data indicate that AdV
dsDNA serves as the key mediator of APC recognition through
IRF3 activation. This observation led us to examine whether
another dsDNA virus, HSV-1, would also stimulate the IRF3
cascade. We used TLR9-deficient macrophages in this exper-
iment to rule out any potential contribution of TLR9 as a
foreign DNA sensor. TLR9-deficient BMMO underwent IRF3
induction by both AdV and HSV-1 with identical activation
kinetics (Fig. 6D). The catalytic subunit of DNA-dependent
protein kinase (DNA-PKcs) can stimulate IRF3 phosphoryla-
tion (20). To determine whether the DNA-PKcs mutation in-
fluenced AdV activation of IRF3, BMMO from DNA-PKcs-
deficient animals (SCID) were exposed to AdV. We found a
strong IRF3 phosphorylation response (Fig. 6E), indicating
that the DNA-PKcs pathway does not influence the state of
IRF3 following AdV activation. These results demonstrate that
AdV DNA is a central activating ligand of IRF3 phosphoryla-

tion and IRF3-mediated gene transcription, and they provide
evidence in support of the existence of a TLR-independent
pathway that senses cytosolic DNA (17). Importantly, the data
presented reveal the importance of this recognition pathway in
response to infection by DNA viruses.

Essential role of IRF3 in AdV recognition by macrophages.
To examine the contribution of the IRF3 pathway to BMMO
activation by AdV, primary macrophages from IRF3-deficient
mice (50) were infected with 25,000 AdV particles/cell, and
upregulation of CD86 was measured 36 h later. The total
percentage of CD86-positive cells (27%) following infection of
IRF3�/� BMMO was equivalent to the percentage found in
mock-infected WT or IRF3�/� cells (26%), whereas AdV in-
fection of WT cells results in 89% CD86-positive cells (Fig. 7A,
sum of upper right and left quadrants), indicating that CD86
upregulation is strictly dependent on IRF3 activation. Previous
studies have shown that expression of the virally encoded en-
hanced green fluorescent protein (eGFP) transgene inversely
correlates with the ability of the host cell to mount an antiviral
state (10, 21). Thus, AdV-infected BMMO were also analyzed
for expression of the virally encoded eGFP transgene. Seventy-
two percent of the IRF3�/� macrophage population was pos-

FIG. 5. Viral entrance but not viral transcription or nuclear localization is required for AdV activation of IRF3. (A) Ser396P-IRF3 and actin
Western blots of lysates from macrophages stimulated with buffer, AdV, or UV/psoralen-inactivated AdV (multiplicity of infection, 25,000
particles/cell) (B) Real-time PCR analysis comparing the induction of IRF3-dependent genes by AdV (white bars) and by UV/psoralen-inactivated
AdV (black bars) at a multiplicity of infection of 25,000 particles/cell. Total RNA from BMMO was harvested after 5 h. �-Actin levels were
quantified for normalization of the data. The fold change in gene expression was determined by comparison to the mock-treated samples. Data
are representative of at least three independent experiments. (C) Ser396P-IRF3 and actin Western blots of lysates from macrophages stimulated
with buffer, AdV, heat-inactivated (1 h at 56°C) AdV, or penton base-RGD mutant AdV (AdV-RGD) at a multiplicity of infection of 25,000
particles/cell. (D) Real-time PCR analysis comparing the induction of IRF3-dependent genes by AdV (black bars), 56°C AdV (gray bars), and
AdV-RGD (white bars). (E) Ser396P-IRF3 and actin Western blots of lysates from macrophages infected with 25,000 particles/cell UV/psoralen-
inactivated WT Ad2 or ts1 mt Ad2 and harvested at the indicated times. (F) Ser396P-IRF3 and actin Western blots of lysates from macrophages
stimulated with buffer or AdV in the presence of cytochalasin D (CCD) or nocodazole (Noco) for the indicated times. Western blot data are
representative of three independent experiments.
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itive for eGFP, compared to 16% of WT cells (Fig. 7A). There-
fore, the data are consistent with IRF3 fulfilling a central role
in the antiviral response to AdV. An assessment of the IRF3
contribution to eGFP expression was also carried out with
primary lung fibroblasts. Primary lung fibroblasts were more
permissive to AdV infection than BMMO; whereas 25,000
AdV particles/BMMO results in 16% of cells being GFP pos-
itive, 500 AdV particles/lung fibroblast resulted in 35% of
exposed cells being positive for GFP at 36 h postinfection
(compare Fig. 7A and D). Even in the more permissive fibro-
blast cell, the per-cell fluorescence and the percentage of the
population positive for eGFP was much higher in IRF3�/�

than in WT primary lung fibroblasts (Fig. 7D), confirming that
loss of IRF3 results in a more permissive viral transduction
environment.

Next, using real-time RT-PCR, we found that IRF3 plays a
critical role not only in the induction of type I IFNs and
IFN-inducible genes following AdV infection but also in the
production of proinflammatory mediators in cell types as di-
verse as macrophages (Fig. 7B) and lung fibroblasts (Fig. 7E).
Thus, induction of IFN-�4, IFN-�, ISG15, ISG54, ISG56,
Vig1, IL-6, TNF-�, CXCL10, CCL5, CCl2, CCL3, CCL4, and
CXCL9 in response to AdV was reduced by more than 90% in
IRF3�/� cells compared to WT controls. In addition, direct
induction of these genes was totally abrogated in IRF3�/� cells
infected with AdV in the presence of CHX (Fig. 7B and E). In
contrast, when IRF3-defective macrophages were treated with
the MyD88/TRIF-dependent ligand LPS or poly(I � C), tran-
scripts strictly dependent on MyD88, such as CXCL1 and
TNF-�, were induced in both WT and IRF3�/� cells (Fig. 7C).
Not all responses to AdV were absent in IRF3�/� cells. AdV
induced IRF3�/� macrophages and fibroblasts to produce the

CXCL1 chemokine in small quantities comparable to those in
WT cells, where AdV induction of CXCL1 was largely depen-
dent on de novo protein synthesis (Fig. 7B and E). Residual
mRNA upregulation in IRF3�/� macrophages that was inhib-
ited by CHX treatment most likely represents a contribution of
IRF7 to the AdV innate immune surveillance system, as pre-
viously mentioned.

Finally, we found that the genes primarily induced by AdV
infection in macrophages (ISG15, ISG54, ISG56, Vig1, IFN-
�4, IFN-�, and CCL5) only partially overlapped with those
primarily induced in fibroblasts (IFN-�4, IFN-�, CCL4, CCL5,
and TNF-�), suggesting clear differences in the antiviral pro-
gram induced in nonimmune cells compared to APC. Further
work will be required to establish the functional relevance of
each cell type in orchestrating the host immune response
against Ad vectors.

DISCUSSION

Recognition of a viral infection triggers the antiviral innate
immune response, which in turn contributes to activation of
antiviral adaptive immunity. Both the innate and adaptive im-
mune responses to AdV are well documented, yet the molec-
ular mechanisms associated with recognition of the nonenve-
loped DNA viral vector are poorly understood. We have
established that APC recognition of AdV occurs through a
TLR-independent viral DNA sensing mechanism that targets
phosphorylation of IRF3 as a master antiviral transcriptional
switch. The results presented in this study are consistent with
the following model of viral recognition: (i) virus engagement
of the APC is mediated primarily through penton-base RGD
motif binding to membrane integrins; (ii) virus engagement

FIG. 6. Viral DNA and not capsid protein is the IRF3-activating ligand of Ad. (A, B, D, and E) Western blots showing levels of
Ser396P-IRF3 and corresponding �-actin in lysates from BMMO that were stimulated for the times indicated. (A) Macrophages were
infected with buffer, AdV, or eAdV. (B) BMMO were transfected with buffer or AdV genomic DNA. (C) Total RNA was isolated from
BMMO 5 h after stimulation with AdV or eAdV or transfection with AdV DNA. �-Actin levels were quantified for normalization of the data,
and the fold change in gene expression (compared to a mock-treated sample) was quantified by QRT-PCR. (D) BMMO from TLR9-defective
mice were infected with buffer, AdV, or HSV-1 (multiplicity of infection, 5). (E) BMMO from SCID mice (DNA-PKcs defective) and from
CB-17 controls were treated with buffer or AdV.

VOL. 81, 2007 SENSING INFECTION BY ADENOVIRUS 4153



stimulates endocytosis, particle internalization, and endosomal
escape; and (iii) coincident with or following endosomal es-
cape, viral DNA is exposed to a cellular sensor, leading to
phosphorylation of IRF3. Phosphorylated IRF3 translocates to
the nucleus and contributes to APC activation and induction of
the antiviral transcription profile.

In contrast to the view that AdV capsid plays a major role in
triggering the innate immune response in APC (41, 44), our
current model has the viral capsid functioning mainly as a
necessary delivery vehicle presenting the viral genome to the
intracellular sensor. AdV capsid proteins influence the binding
and uptake of virus to a variety of cell types, including APC.
We have demonstrated that APC are nonresponsive to heat-

inactivated virus; therefore, an intact capsid is required for
APC recognition. Mutation of the penton base RGD motif
greatly reduced the activation of BMMO by AdV; however,
residual IRF3 phosphorylation was detected, albeit with a
greater delay in activation than for WT AdV. Comparison
between whole virus, empty capsid, and viral DNA revealed
that AdV DNA recapitulates the whole particle’s ability to
activate IRF3 and to induce inflammatory and IFN-associ-
ated responses, whereas APC were refractory to activation
by AdV empty capsid, which includes the intact penton
(penton base-fiber) necessary for binding and internaliza-
tion of the virion. These data argue against the structural
proteins of AdV being the principal target sensory ligand;

FIG. 7. IRF3 Is essential for innate immune responses against AdV. (A) BMMO from WT and IRF3�/� mice were stimulated for 36 h with
buffer or AdV at 25,000 particles/cell. CD86 upregulation and eGFP expression were analyzed by flow cytometry. The number in each quadrant
represents the percentage of positive cells. (B) QRT-PCR analysis of total RNA isolated from macrophages derived from WT and IRF3�/� mice
5 h after stimulation with buffer or AdV at 25,000 particles/cell in the presence or absence of CHX. (C) mRNA levels of CXCL1 and TNF-� in
macrophages stimulated with 10 ng/ml LPS or 10 �g poly (I � C) with Lipofectamine 2000. (D) Mean fluorescence intensity (MFI) and percentage
of eGFP-positive lung fibroblasts infected for 36 h with the indicated doses of AdV. (E) QRT-PCR analysis of mRNA levels induced in lung
fibroblasts derived from WT and IRF3-KO mice. The experiments were performed similarly to those for panel B except that the total RNA was
harvested at 8 h after stimulation. �-Actin levels were quantified for normalization of the data. The fold change in gene expression was determined
by comparison to the mock-treated samples. Data are representative of at least three independent experiments.
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rather, they indicate that the capsid plays an important role
in viral genome delivery.

Neither the MyD88�/� nor the TRIF�/� genotype abolished
the APC activation responses, nor did they affect the kinetics
of NF-�B and MAPK activation. In contrast, deletion of IRF3
results in a drastic and generalized defect in multiple cell types,
indicating that IRF3 is essential for AdV induction of innate
immune responses. The IRF3 pathway is activated in response
to AdV in nonpermissive macrophages (Fig. 4) as well as in
permissive lung fibroblasts (Fig. 4), and based on eGFP ex-
pression, IRF3 activation leads to diminished transgene ex-
pression from the viral genome. LPS and transfected DNA
induce maximal phospho-IRF3 within 1 to 2 h, whereas AdV
maximal induction of phospho-IRF3 occurs at 4 h in macro-
phages and at 8 h in lung fibroblasts. Similarly, it has been
recently reported that macrophage recognition of DNA from
intracellular bacteria approaches maximal levels after 4 h (11).
Differences in the kinetics of IRF3 phosphorylation may reflect
cell-specific trafficking differences that influence exposure of
pathogenic DNA to the DNA sensor. In permissive nonim-
mune cells such as lung fibroblasts, more efficient delivery of
viral DNA to the nucleus may result in delayed or diminished
exposure to the DNA sensor, whereas transient DNA trans-
fections deliver significant concentrations of DNA directly to
the target sensor.

The best-characterized sensor of foreign DNA is TLR9. It
functions as an intracellular detector of unmethylated CpG
DNA (9) and has been implicated in recognition of several
members of the herpesvirus family (13, 27, 35). In this report,
we provide several lines of evidence showing that TLR9 is not
the DNA sensor responsible for turning on the IRF3 pathway
in response to AdV. First, TLR9-mediated stimulation by CpG
DNA was confirmed to be a MyD88-dependent event that
leads to strong NF-�B but undetectable IRF3 activation in
BMMO. Second, we demonstrate that two dsDNA viruses,
AdV and HSV-1, induce IRF3 phosphorylation in BMMO
from TLR9-deficient mice. Recent studies indicate the exis-
tence of a TLR-independent cytosolic surveillance system for
transfected DNA that elicits type I IFN gene induction via
TBK-1/Ikkε3IRF3 (17, 55). The current study demonstrates
that dsDNA virus infection of APC and fibroblasts stimulates
antiviral recognition by way of a cellular dsDNA sensor.

The demonstration that IRF3 activation by the AdV genome
provides a molecular mechanism supports previous studies
that have characterized an antiviral type I IFN response to Ad
and provides a framework to understand the viral strategy for
suppressing induction of the antiviral state (reviewed in refer-
ence 63). The E1A immediate-early gene of Ad is involved in
regulating viral and host gene expression. E1A is also involved
in suppressing induction of type I IFNs and IFN-stimulated
genes (19, 47). Studies from the laboratory of P. Pitha (18)
extended these observations to demonstrate that Ad E1A in-
hibits induction of ISGs that are dependent on IRF3. They
proposed that inhibition occurred through competition be-
tween IRF3 and E1A for the coactivator CBP/p300. That Ad
has evolved immediate-early gene products that target the type
I IFNs and specifically the ISGs induced by IRF3 offers a
biological argument supporting the importance of the IRF3
cascade to host protection from dsDNA viruses. Similarly, the
herpesvirus family of enveloped dsDNA viruses which express

a large array of immune modulators (reviewed in reference 40)
produce several viral proteins that target inhibition of IRF3
activation, most notably the immediate-early gene product
ICPO (34, 37).

The immune response generated against AdV following sys-
temic administration is a composite response generated by a
variety of cell types that recognize and respond to AdV (re-
viewed in reference 41). We have utilized primary bone mar-
row-derived murine APC as our model system for character-
izing immediate-early innate recognition of AdV. In this
relatively simple system, it is clear that following primary rec-
ognition of AdV, autocrine and paracrine responses make ma-
jor contributions to the final outcome of macrophage activa-
tion. We have also shown that macrophages and primary lung
fibroblasts both respond to AdV through IRF3 activation, but
the end response is qualitatively cell specific. It is also consis-
tent with the redundant nature of the immune system to an-
ticipate that additional recognition pathways not featured in
our studies of primary macrophages may operate in other cell
types, including TLR-dependent pathways. Further investiga-
tion will be required to fully understand how the antiviral IRF3
cascade contributes to the innate and adaptive immune re-
sponses to AdV in vivo.
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