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Adenovirus Detection by the cGAS/STING/TBK1 DNA Sensing
Cascade
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Adenovirus (Ad) infection triggers a cell-specific antiviral response following exposure of viral DNA to the intracellular com-
partment. A variety of DNA sensors (DAI, AIM2, DDx41, RNA polymerase [Pol] III, and IFI16 [p204]) have been identified in
recent years; however, the DNA sensor involved in detection of adenovirus has not been established. Cyclic GMP-AMP synthase
(cGAS), a DNA sensor that produces a cyclic guanine-adenine dinucleotide (cGAMP) inducer of STING, has been examined to
determine its role in generating an antiadenoviral response. Short hairpin RNA (shRNA) lentiviral vectors targeting TBK1,
STING, and cGAS were established in murine MS1 endothelial and RAW 264.7 macrophage cell lines. Knockdown of TBK1,
STING, and cGAS results in a dramatic reduction in the activation of the primary antiviral response marker phosphorylated in-
terferon (IFN) response factor 3 (IRF3) following exposure to adenovirus. Furthermore, activation of secondary type I IFN sig-
naling targets (P°""STAT1 and P?"STAT2 [PY"STAT1/2]) was also compromised. Consistent with compromised activation of pri-
mary and secondary response markers, transcriptional activation of IRF3-responsive genes (beta IFN [IFN-3], ISG15, ISG54)
and secondary response transcripts were diminished in cells knocked down in cGAS, STING, or TBK1. These data establish cGAS
as the dominant cytosolic DNA sensor responsible for detection of internalized adenovirus leading to induction of the type I in-

terferon antiviral cascade.

he human serotype 5 adenovirus (Ad5) is a nonenveloped lin-

ear double-stranded DNA virus associated with upper respi-
ratory tract disease in humans. It has been extensively studied as a
model for virus and host cell interactions. Replication-defective
recombinant Ad5 vectors (rAdV) deleted in E1 and E3 coding
domains have been characterized in gene therapy, vaccine, and
oncolytic vector strategies in the murine model. Although non-
permissive for Ad5 replication, the murine model of rAdV infec-
tion provides a valuable resource for characterizing how the in-
nate and adaptive immune response orchestrates an antiviral
response to nonenveloped DNA viruses.

Virus uptake by immune sentinel cells such as macrophage and
dendritic cells is vital to initiating the antiviral immune response.
In addition to antigen-presenting cells (APCs), other cell types,
including endothelial cells or tissue-specific cells such as hepato-
cytes, when exposed to virus, also contribute to the host antiviral
response. In vitro studies of isolated bone marrow-derived APCs
or representative cell lines have revealed a cell-specific antiviral
innate response, where activation of the type I interferon (IFN)
cascade is a dominant feature (1-4). A valuable marker for early
events in the antiviral recognition response is activation of the
transcription factor interferon response factor 3 (IRF3). Follow-
ing infection, cytosolic IRF3 undergoes phosphorylation as a pri-
mary response to adenovirus uptake. Activation occurs in a
MyD88/TRIF-independent manner; it requires integrin-depen-
dent endosomal entry, escape, and presentation of viral DNA to
the cytosolic compartment (3).

In rAdV-responsive murine cell lines, the STING/TBKI1 cas-
cade is required for IRF3 phosphorylation (5, 6). STING (7, 8)
functions as an adaptor linking DNA recognition signaling to ac-
tivation of the TBK1 kinase. TBK1 activation (9) leads to C-ter-
minal IRF3 phosphorylation, dimerization, and translocation to
the nucleus (10, 11). In the nucleus, IRF3, in collaboration with
additional transcription factors (NF-kB and AP1), results in tran-
scriptional activation of IRF3-responsive genes (including IFN-3)
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(12). This sequence of events contributes to the primary antiviral
response to adenovirus infection. The translation of primary re-
sponse transcripts such as IFN-{3 leads to autocrine/paracrine sec-
ondary signaling. The combination of primary and secondary re-
sponse functions leads to expression of a complete antiviral
response, which is distinct for different cell types.

Using various screening protocols, cell lines, and output assays,
an extensive list of cytosolic DNA sensors, including DAI, RNA
polymerase (Pol) IIL, IFI16, DDX41, and Aim 2, has been estab-
lished (reviewed in reference 13). However, the DNA sensor in-
volved in recognizing infection by adenovirus leading to early
IRF3 activation has not been convincingly established. The recent
identification of cyclic dinucleotide activation of STING (14-18)
and the elegant discovery of cyclic-GMP-AMP synthase (cGAS) as
aDNA sensor (19, 20) provide an important bridge between DNA
detection and downstream signaling. cGAS in complex with du-
plex DNA (21-23) leads to enzyme activation and production of a
novel cyclic guanine-adenine dinucleotide (cGAMP) (24-27) and
STING activation.

In this report, we establish that knockdown of ¢cGAS using
short hairpin RNA (shRNA)-expressing lentiviral vectors results
in loss of IRF3 activation following infection by first-generation
recombinant adenovirus vector (rAdV). The magnitude of sup-
pression is equivalent to that observed with knockdown of TBK1
or STING in the responsive cell lines tested. Secondary signaling as
well as induction of antiviral gene expression is severely compro-
mised as a consequence, disrupting the cGAS/STING/TBK1 path-
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way. These data lead us to conclude that cGAS is a primary cyto-
solic antiviral pattern recognition receptor (PRR) responding to
adenovirus infection.

MATERIALS AND METHODS

Viruses. Ad5CiG (28) was previously described. Viruses weres grown at a
large scale in 293 cells, followed by 2 rounds of CsCl banding and dialysis
against 4% sucrose-50 mM Tris (pH 8.0)-2 mM MgCl,, and stored at
—80°C. Viral particle numbers were quantified by spectrophotometric
detection of intact virions according to the optical density at 260 nm
(OD,4,) (10" particles [p]/OD,, unit).

Cells. RAW264.7 macrophage-like cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) (Cellgro) with 5% fetal bovine
serum (FBS) (characterized; HyClone); MS1 murine endothelial cells
were maintained in DMEM containing 10% FBS. All media were supple-
mented with 1% penicillin-streptomycin (Gibco).

Cell treatment. For protein cell lysate assays, 10° cells per well were
plated in 1 ml media in 12-well plates 24 h before treatment. For RNA cell
harvest assays, 2 X 10° cells per well were plated in 2 ml media in 6-well
plates 24 h before treatment. At time point 0, 2 X 10* Ad5CiG particles/
cell diluted in 100 pl of Opti-MEM (Gibco) were added to each sample.
Mock samples were treated with 100 wl Opti-MEM.

shknockdown. sh constructs for Scrambled (SCR), TBK1, and STING
were previously described (5). Target sequences for murine cGAS (shl
series [AGGATTGAGCTACAAGAATAT] and sh2 series [GCTGTAACA
CTTCTTATCAGG]) were identified with the small interfering RNA
(siRNA) at the Whitehead website (29) and cloned into pLKO.1 (which
includes a puromycin selection cassette) as previously described. The final
sequenced constructs were used to generate lentiviral particles in 293T
cells following cotransfection with vesicular stomatitis virus G glycopro-
tein (VSVG) and A8.9 packaging plasmids according to standard proto-
cols. Cells targeted for knockdown were infected with sh-lentivirus and,
48 h postinfection (pi), selected with 4 pg/ml puromycin (Sigma) for
approximately 7 days, at which point there was no survival of control cells
lacking the puromycin cassette. The puromycin-selected sh cells were
used in experiments as described below.

Western blots. Whole-cell extracts were prepared by washing cells
twice with ice-cold phosphate-buffered saline (PBS) and incubating them
in lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1%
NP-40) with the addition of Phosphatase Inhibitor Cocktails 1 and 2
(Sigma catalog no. P2850 and P5726) and protease inhibitors (30 mM
sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 10 wg/ml apro-
tinin, 10 pg/ml leupeptin, 1 wg/ml pepstatin, 1 mM benzamidine) for 30
min at4°C on a rocking platform before scraping and transferring to tubes
were performed. The lysates were cleared by centrifugation at 13,000 X g
for 20 min at 4°C, and protein quantification was performed with a deter-
gent-compatible (DC) protein assay kit (Bio-Rad Laboratories).

For Western blot analysis, 20 pg total protein was separated using
standard 10% SDS polyacrylamide gels and transferred to polyvinylidene
difluoride (PVDF) membranes (Immobilon P from Millipore). All blots
were blocked in 5% skim milk—Tris-buffered saline (TBS)-Tween (0.1%)
at room temperature for 1 h. Phospho-IRF3 (Ser396; catalog no. 4961),
total STAT1 (catalogno. 9172), phospho-STAT1 (58D6) (Tyr701; catalog
no. 9167), beta-actin (catalog no. 4967), total IRF3 (catalog no. 4302),
STING (catalog no. 3337), TBK1 (catalog no. 3013), and horseradish per-
oxidase (HRP)-linked anti-rabbit IgG (catalog no. 7074) antibodies were
from Cell Signaling. pSTAT2 (Tyr689; catalog no. 07-224) antibody was
from Millipore. All primary antibodies were used at a dilution of 1:3,000
in 5% bovine serum albumin (BSA)-TBS. The HRP-linked secondary
antibody was diluted 1:4,000 in 5% milk Tween—TBS. Signals were visu-
alized by the use of Luminator Western HRP substrate (Millipore) and
exposed to BioExcell autoradiography film. Exposed representative films
were scanned and stored as TIFF files for figure production or quantita-
tion using GelEval 1.35 software.
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SYBR green I RT-qPCR. Total cellular RNA was isolated using RNA-
zol reverse transcriptase (RT) (Molecular Research Center) as instructed
by the manufacturer. For RT-quantitative PCR (RT-qPCR), a two-step
protocol was employed. First, cDNA was synthesized from 2 g total RNA
in a volume of 20 pl using random hexamer primers with a Maxima First
Strand ¢cDNA Synthesis kit (Fermentas); second, amplifications were car-
ried out in a total volume of 15 pl by using Maxima SYBR green/ROX
qPCR Master Mix (Fermentas) in an Applied Biosystems Prism 7900H
sequence detection system with SDS 2.1 software. Cycles consisted of an
initial incubation step at 95°C for 10 min, 40 cycles at 95°C for 15 s, 60°C
for 30 s, and 72°C for 30 s, and a melting curve analysis cycle. Data acqui-
sition was performed during the extension step. All determinations were
performed in technical triplicate. Nontemplate controls and controls
lacking RT (—RT) were run with every assay and had cycle threshold (C;)
values which were significantly higher than those of experimental samples
or were undetermined. The relative abundance of each mRNA was calcu-
lated by the AAC;. method (30, 31), normalizing to Tata-binding protein
(TBP) expression with standardization to one reference sample as indi-
cated. 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

Characterization of shRNA knockdown of cGAS/STING/TBK1
in MS1 endothelial cells. In prior studies investigating cell differ-
ences with respect to viral uptake (28) and induction of early an-
tiviral responses (6), the murine MS1 endothelial cell line was
found to be transduced by rAdV at modest levels but to undergo
activation of IRF3 in a STING- and TBK1-dependent manner.
Based on studies reported from the Chen laboratory (19, 20),
STING activation has been found to occur through a cGAS-de-
pendent recognition of DNA. To determine the role of cGAS as a
pattern recognition receptor (PRR) for adenovirus, pLKO.1
shRNA lentiviral expression vectors targeting cGAS were con-
structed based on two cGAS sh target domains (1.5 and 2.1) as
described in Materials and Methods. Lentiviral vectors targeting
TBKI1, STING, or cGAS were used to establish MS1 knockdown
cell line pools. RNA from each pool was first characterized for
target mRNA depletion. All transcripts were normalized to Tata-
binding protein (TBP), and the relative level of targeted mRNA
knockdown efficiency (in comparison to scramble shRNA [shSCR]
control levels) was determined. TBK1 and STING knockdown effi-
ciencies were 80% whereas mRNA knockdowns were 60% for
both ¢cGAS 1.5 and 2.1 shRNA cell pools (Fig. 1A). These cell line
pools were used in an antiadenoviral response assay. Cells exposed
to 2 X 10" viral particles/cell of the recombinant first-generation
Ad5CiG vector (cytomegalovirus [CMV] promoter driving ex-
pression of chloramphenicol acetyltransferase [CAT] internal
ribosome entry site [IRES]-green fluorescent protein [GFP]
[CATiresGFP]) (28) were harvested at 6 and 24 h postinfection.
Cell lysates were analyzed by Western blotting by first using a
phosphoserine 388-specific anti-IRF3 antibody (murine p-ser 388
IRF3, corresponding to p-ser 396 in human IRF3). Phosphoryla-
tion at this site is a key indicator of IRF3 activation (10) and pro-
vides a robust, reliable marker for the early response to virus in-
fection (2, 3, 5, 6). Wild-type (wt) MSI cells and shSCR control
cell pools revealed the presence of pIRF3 at both 6 and 24 h postin-
fection. In contrast, pIRF3 levels in virus-treated cell pools from
TBK1, STING, and c¢GAS knockdowns were indistinguishable
from those in mock-infected cells. Levels of secondary response
targets such as pSTAT1/2 (STAT1 pTyr 701 and STAT2 pTyr 247)
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FIG 1 shRNA knockdown of ¢cGAS, TBK1, and STING in MS1 endothelial
cells. (A) RT-qPCR quantitation of mRNA levels in MS1 endothelial cells after
knockdown and puromycin selection using shRNA lentiviral vectors targeting
TBK1, STING, and c¢GAS. Samples were normalized to the cellular control
TBP. One shSCR control sample was selected as representing a 100% standard.
All gRT-PCR assays included biological triplicates as well as technical tripli-
cates of each sample. (B) Western analysis of lysates harvested from wild-type
(wt) or stable stRNA MS1 knockdown cell line pools at 6 or 24 h post-mock or
-Ad5CiG infection using the indicated antibody. ns corresponds to a nonspe-
cific band. M corresponds to mock treatment and AD to Ad5CiG infection. All
experiments were carried out a minimum of three times; representative results
are presented.
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were too low at 6 h postinfection to provide an assessment of an
altered response in the knockdown cell lines. At 24 h, when the
pSTATT1 levels in wt and shSCR cells had increased, the TBK1,
STING, and cGAS knockdown cell lines were indistinguishable
from mock-infected cells. Western analysis of total TBK1 and
STING confirmed the knockdown efficiency achieved within the
knockdown pools (suitable anti-cGAS antibodies were not avail-
able).

RNA isolated at 6 and 24 h post-adenovirus infection was used
to evaluate the influence of sShRNA treatments on the activation of
established antiviral early-response genes (2, 3, 6). TBP was used
for normalization of all RT-qPCR assays. For each mRNA tran-
script, a scrambled mock sample (shSCR) was given an arbitrary
unit value of 100, allowing direct comparison to all other samples
(Fig. 2). At 6 h postinfection, Ad5CiG induction of IFN- and
ISG15 transcripts was evident in wt and shSCR MS1 cell line pools
but absent in cells knocked down in TBK1, STING, and cGAS. The
IFN-B, ISG15, ISG54, and STAT1 transcripts by 24 h postinfec-
tion were significantly induced (P < 0.01) in wt and shSCR-
treated cells, whereas TBK1, STING, or cGAS shRNA cell line
pools were nonresponsive to rAdV infection with respect to
IFN-f3, ISG15, ISG54, and STAT1 induction. Additionally, in cell
line pools treated with TBK1, STING, and cGAS shRNA, the basal
level of the steady state of ISG15 was well below that found in
shSCR-treated or wt cells. These data provide the first indication
that cGAS is involved in adenoviral recognition and in subsequent
induction of primary response transcription units in the infected
cell.

Adenovirus detection by cGAS in the RAW 264.7 macro-
phage-like cell line. RAW 264.7 cells are a well-established mu-
rine macrophage-like cell line that undergoes an early response to
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FIG 2 Comparative RT-qPCR of RNA isolated from shSCR, cGAS, and STING and TBK1 shRNA knockdown MSI endothelial cell pools infected with
adenovirus. Data represent the results of two-step RT-qPCR of RNA isolated from mock- or Ad5CiG-infected MS1 and shRNA knockdown cell pools harvested
at 6 (A) and 24 (B) h pi. Results are shown for PCR primers corresponding to IFN-f-, ISG15-, ISG54-, and STAT1-inducible transcripts. All samples were
normalized to TBP using the AAC; method as described in Materials and Methods. The value for scramble sample 1 was set as an arbitrary unit of 100.
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FIG 3 Stable shRNA knockdown of c¢GAS, TBK1, and STING in the
RAW264.7 macrophage cell line. (A) RT-qPCR quantitation of mRNA levels
in the RAW264.7 macrophage cell line after knockdown and puromycin selec-
tion using shRNA lentiviral vectors targeting TBK1, STING, and cGAS. shSCR
corresponds to scramble control shRNA. Samples were normalized to the cel-
lular control TBP. One shSCR control sample was selected as representing a
100% standard. (B) Western analysis of lysates harvested from wild-type or
stable sShRNA macrophage knockdown cell line pools 6 h post-Ad5CiG infec-
tion using the indicated antibody. (C) Quantitation of AdV-induced phospho-
IRF3 for each sh knockdown. Determinations were averaged from the results
of 5 or more experiments (as described for panel B), where the shSCR value
was set as 100% for each experiment.

rAdV infection (5). shRNA knockdown cell pools corresponding
to the shSCR control, shTBK1, shSTING, and the two shcGAS 1.5
and 2.1 constructs were established in RAW 264.7 cells. Following
puromycin selection, cell pools were analyzed for mRNA knock-
down efficiency. As previously described, all transcripts were nor-
malized to TBP, and the relative levels of targeted mRNA knock-
down efficiency (in comparison to shSCR control levels) were
65% for TBK1, 80% for STING, 50% for cGAS 1.5, and 50% for
cGAS 2.1 (Fig. 3A). These cell line pools were used in our standard
rAd5CiG infection assay and harvested at 4 and 6 h postinfection
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to assess the impact of shRNA knockdowns. In the shSCR control
cell pool, the RAW cells revealed detectable phosphorylation of
IRF3 (Fig. 3B). In lysates harvested from rAdV-infected shTBK1,
shSTING, and shcGAS cell pools, pIRF3 levels were diminished at
6 h postinfection (Fig. 3B and C). For quantitation of pIRF3 levels,
5 similar but separate experiments were used to determine the
average decrease of pIRF3 at 6 h postinfection compared to the
shSCR control level. In all shRNA knockdown assays, the levels of
secondary response target phosphorylation (pSTAT1/2) were di-
minished in a manner consistent with the decrease in pIRF3.
RNA was harvested 6 h postinfection from mock- or Ad5CiG-
infected shRNA knockdown cell pools to assess the early antiviral
response to virus infection. wt RAW264.7 cells were included as a
second positive control. IRF3-dependent transcripts (IFN-f,
ISG15, and ISG54) were strongly induced by Ad5CiG infection of
shSCR and wt cell pools. In contrast, levels of these transcripts
were significantly reduced in TBK1, STING, and cGAS cell pools
exposed to Ad5CIG (Fig. 4A). Secondary response transcripts
(TNF-a, IRF-7, and STAT1) were upregulated in Ad5CiG-in-
fected wt and shSCR cell pools. Levels of these transcripts were
comparatively lower in RNA isolated from STING and c¢GAS
knockdowns. In this assay, the shTBK1 knockdown influence on
TNF-« expression levels was not significantly different from that
of the shSCR control. Furthermore, as noted in MS1 cells, basal
steady-state levels of ISG15 in STING and cGAS RAW 264.7 cell
pools were markedly lower than those found in shSCR pools. We
also determined mRNA levels of TBK1, STING, and cGAS in each
cell pool (Fig. 4B) and found cGAS to be inducible at 6 h postin-
fection. Finally, in analyzing the quantitative RT-PCR (qRT-PCR)
data, rAdV-induced transcript levels were greatly reduced for each
of the knockdown cell pools. However, we also detected a residual
low-level induction response following Ad5CiG infection. We at-
tribute a portion of the residual Ad5CiG induction response in
these cell pools to incomplete knockdowns in the RAW 264.7 cells.
This was most evident in the TBK1 and cGAS 1.5 knockdowns.

DISCUSSION

We have used the shRNA lentiviral knockdown strategy in
RAW?264.7 macrophage and MS1 endothelial cells to investigate
the role of the newly discovered cGAS DNA sensor (19) as a PRR/
DNA sensor for rAdV infection. Using IRF3 phosphorylation as
our primary recognition response marker, cGAS shRNA knock-
down pools from each of these murine cell lines were compro-
mised in response to rAdV infection. Furthermore, knocking
down c¢GAS resulted in diminished secondary signaling indicated
by phosphorylation of STAT1 and STAT2. We have also included
assays of cell pools knocked down in STING and TBKI. Knock-
down of cGAS had an impact on the rAdV recognition response
equal to or greater than that of STING and TBK1 (modeled in Fig.
5). In further support of the idea of a critical role played by each of
these proteins in the early recognition/activation response to
rAdV, qRT-PCR analysis of mRNA isolated from each shRNA
knockdown following infection revealed a similarly muted induc-
tion of antiviral response transcripts. The shRNA knockdowns are
remarkably effective in suppressing the antiadenoviral induction
profile in the MS1 endothelial cell line and highly significant in
RAW264.7 cells for IFN-3, ISG15, and 1SG54.

APCs are key early responders to rAdV infection, contributing
to both innate and adaptive immune responses in the murine
model; however, they are not the only cell type that participates in
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FIG 4 Comparative RT-qPCR of RNA isolated from shSCR, cGAS, STING, and TBK1 shRNA knockdown RAW264.7 shRNA cell pools infected with adeno-
virus. Data represent the results of two-step RT-qPCR of RNA isolated from mock- or Ad5CiG-infected RAW264.7 cell lines and shRNA knockdown cell pools
harvested at 6 h pi. Results are shown for PCR primers corresponding to primary response genes [FN-3, ISG15, and ISG54 and secondary response-inducible
transcripts STAT1, TNF-a, and IRF7 (A) and to shRNA-targeted genes (B). All samples were normalized to TBP using the AAC method as described in Materials
and Methods. The value for scramble sample 1 was set as an arbitrary unit of 100.

the antiviral innate immune response. In an earlier study, several
murine cell lines were screened to characterize cell type-specific
antiviral responses (6). Nonresponsive FL83 hepatocytes lacked
the STING adaptor, whereas the MS1 endothelial cell line and
RAW?264.7 macrophage cell lines revealed rAdV DNA-dependent
activation of IRF3. shRNA knockdown of STING and TBK1 com-
promised IRF3 activation in both of these cell lines (5, 6). How-
ever, knockdown of putative DNA sensors, including DAI, p204,
DDX41, and AIM2, had not revealed a consistent or sustainable
antiadenovirus phenotype (5, 6), implying either redundancy of
function within the population of established DNA sensors or the
existence of at least one additional sensor which functions as a
dominant adenovirus PRR. Based on the data derived from cGAS
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knockdown in these two distinct cell lines, we conclude that cGAS
functions as the dominant cytosolic DNA PRR for adenovirus in
the murine cell line model.

Although members of the population of putative DNA sensors
are not essential to the primary recognition response to rAdV, asa
group they are inducible by rAdV infection as part of the second-
ary antiviral response (6). Several of these DNA sensors partici-
pate in inflammatory cell death cascades (32-34). Unlike the
direct DNA-mediated induction of the cGAS/STING/TBK1 path-
way, activation of AIM2 or NLRP3 inflammasome complexes
(35-37) is greatly enhanced by pretreatment or by priming the cell
with lipopolysaccharide (LPS). Stimulation of cells by such agents
leads to induction of ISG-responsive transcripts, including com-
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ISG15, -54, and -56). In collaboration with additional transcription factors

(NF-kB, ATF/cJUN), gene expression is induced. AIM2 and p204 are Hin-200

proteins that complex with ASC through pyrin domains to form an inflammasome complex, leading to secretion of IL-1 and IL-18. DNA template present either
in the cytosol or in the nucleus can be transcribed. Small viral RNAs have been implicated in stimulating the antiviral response through activation of RNA sensors
(MDA-5 and RIG-I) which in turn complex with IPS (MAVS) and activate TBK1.

ponents of the inflammasome complex. Absent this priming, ad-
enovirus-induced inflammasome complexes are inefficiently
formed (38). DAl is also an interferon-inducible transcript in the
cell lines we are using (6). DAI was identified as the first DNA
sensor contributing to IFN induction (39) but has also been
shown to contribute to virally induced cell death pathways
through DAI/RIP1/3 complexes (40—42). Therefore, stimulation
of the cGAS/STING/TBK1/IRF3 pathway by rAdV induces several
genes critical to inflammatory death-related pathways. Treat-
ments that result in elevation of the basal state of cGAS/STING/
TBK1/IRF3 pathway may result in a higher level of inflammatory
priming and decrease the activation thresholds required to stim-
ulate cell death cascades.

In addition to transcript-specific mRNA degradation, expres-
sion of siRNAs and microRNAs (miRNAs) can suppress gene ac-
tivity through blocking gene-specific mRNA processing and or
translation (reviewed in references 43 and 44). In the case of shc-
GAS 1.5 and 2.1, these modes of RNA interference may contribute
to inhibition of cGAS expression and subsequent IRF3 activation
by rAdV. Although the level of shRNA depletion of cGAS mRNA
was only 50% to 60%, the impact on IRF3 phosphorylation and on
the level of inducible transcript expression indicated that the level
of functional interference was greater than that of the mRNA deg-
radation. The potency of shRNA interference may vary in a cell-
dependent manner; we observed that the antiviral response in
MS1 cells was more vulnerable to complete suppression by the
shRNA knockdown strategy.

January 2014 Volume 88 Number 2

Separate from its role in the rAdV recognition response, tar-
geting the cGAS/STING/TBK1 pathway was found to influence
the homeostatic balance of ISG mRNAs. Following knockdown of
cGAS, STING, or TBK1 in both cell lines, basal levels of several ISG
transcripts were reduced (Fig. 2 and 4). ISG15 offers the most
pronounced example of this influence (P < E-6). ISG is a ubiqui-
tin-like protein that targets cellular and viral proteins as part of a
posttranslational antiviral mechanism (45). In RAW264.7 cells,
where the knockdowns were less pronounced, basal levels of
rAdV-inducible genes were diminished but the genes were still
inducible following rAdV infection, albeit to a lower level. We
propose that the cGAS/STING/TBK1 cascade is an important
contributor to basal maintenance of a primed state for ISGs. In-
terferon sensitization has been hypothesized to contribute to
maintenance of a basal state priming for responsive cell lines that
facilitates rapid induction of target genes (46—48). Changes in
basal priming of ISGs may contribute to alterations in the antiviral
response phenotype and provide an avenue for modifying the an-
tiviral response in a cell-specific manner.

rAdV are deficient in E1 and E3 genes; they are nonreplicating
and lack many of the viral gene products that suppress host cell
antiviral strategies. The model that we have employed focuses on
early host response functions, absent most known adenoviral im-
mune evasion mechanisms. Insights gained from these studies are
relevant to viral vectors for gene therapy, vaccine strategies, and
strategies involving oncolytic vectors. However, the model does
not allow us to address questions of Ad mechanisms that may

jviasm.org 979


http://jvi.asm.org

Lam et al.

function to downregulate the cGAS/STING/TBK1/IRF3 cascade.
Such studies need to be carried out in human cell lines with rep-
lication-competent adenovirus. Studies have established Toll-like
receptor 9 (TLR9)-mediated sensing of CD46-targeted Ad vectors
in HeLa and human plasmacytoid dendritic cells (49); however,
the role of the STING/TBK1/cGAS pathway in human cell lines
needs to be fully characterized. Additionally, in both the murine
and human models, if TLR9 and cGAS signaling cascades are
equally available, the determinants guiding use of one pathway
rather than the other are not known, and we do not know if the
uses of these pathways are mutually exclusive. Having established
the sensing pathways leading to rAdV induction of type I IFN, we
are in position to address these issues. Finally, the identification of
cGAS and cGAMP in activating STING following virus internal-
ization provides new targets that may be used to manipulate the
antiviral response to adenovirus vectors.
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