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Diminished Innate Antiviral Response to Adenovirus Vectors in
cGAS/STING-Deficient Mice Minimally Impacts Adaptive Immunity
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Weill Cornell Medical College, Department of Microbiology and Immunology, Molecular Biology Graduate Program, New York, New York, USA

ABSTRACT

Infection by adenovirus, a nonenveloped DNA virus, induces antiviral innate and adaptive immune responses. Studies of trans-
formed human and murine cell lines using short hairpin RNA (shRNA) knockdown strategies identified cyclic guanine adenine
synthase (cGAS) as a pattern recognition receptor (PRR) that contributes to the antiadenovirus response. Here we demonstrate
how the cGAS/STING cascade influences the antiviral innate and adaptive immune responses in a murine knockout model. Us-
ing knockout bone marrow-derived dendritic cells (BMDCs) and bone marrow-derived macrophages (BMMOs), we determined
that cGAS and STING are essential to the induction of the antiadenovirus response in these antigen-presenting cells (APCs) in
vitro. We next determined how the cGAS/STING cascade impacts the antiviral response following systemic administration of a
recombinant adenovirus type 5 vector (rAd5V). Infection of cGAS™'~ and STING ™/~ mice results in a compromised early antivi-
ral innate response compared to that in wild-type (WT) controls: significantly lower levels of beta interferon (IFN-3) secretion,
low levels of proinflammatory chemokine induction, and reduced levels of antiviral transcript induction in hepatic tissue. At 24
h postinfection, levels of viral DNA and reporter gene expression in the liver were similar in all strains. At 28 days postinfection,
clearance of infected hepatocytes in cGAS or STING knockout mice was comparable to that in WT C57BL/6 mice. Levels of neu-

tralizing anti-Ad5V antibody were modestly reduced in infected cGAS mice. These data support a dominant role for the cGAS/
STING cascade in the early innate antiviral inflammatory response to adenovirus vectors. However, loss of the cGAS/STING
pathway did not affect viral clearance, and cGAS deficiency had a modest influence on the magnitude of the antiviral humoral

immune response to adenovirus infections.

IMPORTANCE

The detection of viral infection by host sentinel immune cells contributes to the activation of a complex and varied antiviral in-
nate and adaptive immune response, which limits virus replication, spread, and susceptibility to infection. In this study, we have
characterized how the cGAS/STING DNA-sensing cascade contributes to early detection of adenovirus infections. cGAS influ-
ences APC activation and early innate antiviral inflammatory immune responses, but adaptive immune pathways associated
with virus clearance and anti-Ad antibody production were minimally influenced by the loss of the cGAS PRR signaling cascade.

uman adenoviruses (Ads) are a family of nonenveloped dou-

ble-stranded DNA viruses that contribute to upper respira-
tory infections, epidemic conjunctivitis, and severe acute respira-
tory diseases in military recruits (1). Among the 57 serotypes of
human adenoviruses, the group C type 2 and 5 adenoviruses are
the most studied, providing a basic foundation for adenoviral
mechanisms of transformation, viral gene expression, viral DNA
replication, and virus entry. Replication-defective versions of ad-
enovirus type 5 (Ad5) have been widely used as vectors for gene
delivery, gene therapy, anticancer, and DNA vaccine applications.
Infection by wild-type (WT) adenoviruses or replication-defec-
tive recombinant Ad5 vectors (rAd5Vs) stimulates an antiviral
innate response that is followed by cellular and humoral antiviral
immune responses.

Virus uptake by immune sentinel macrophages and dendritic
cells (DCs) plays a pivotal role in determining the outcome of a
viral infection. Macrophages contribute directly to viral clearance
(2—4). Virus uptake by these cells triggers an antiviral response
through the activation of pattern recognition receptors (PRRs)
(5-9). Induction of beta interferon (IFN-B), a type I interferon,
was established nearly 50 years ago as a dominant feature of the
antiviral recognition response to adenovirus (10, 11). Adenovirus
DNA (vDNA) was subsequently identified as a pathogen-associ-
ated molecular pattern (PAMP) that led to IFN-f induction (12).
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Using a variety of model systems, several PRRs, including Toll-like
receptor 9 (TLRY), DAI, DDX41, p204 (IFI16), RNA polymerase
III (Pol III), and cyclic adenine guanine synthase (cGAS), have
been identified as DNA sensors that can lead to type I IFN expres-
sion (reviewed in references 13—15). Two general rAdV-respon-
sive, IFN-B-inducing, DNA-sensing cascades have been identi-
fied: one is MyD88 dependent and the other is MyD88
independent (7). The TLR9/MyD88 cascade is activated by vDNA
in plasmacytoid dendritic cells (pDCs) (7). This cascade signals
through TRAF6 stimulation of interferon response factor 7
(IRF7), a transcription factor that binds a consensus IRF binding
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site, AANNGAAA, present in the IFN-B promoter (16-18). In
conventional DCs or macrophages, adenovirus induction of
IFN-B occurs through the activation of IRF3 by a MyD88-inde-
pendent mechanism (6, 7, 19). Virus entry, endosomal escape,
and exposure of vDNA to the cytosol are required for the activa-
tion of IRF3 (6). Presumably, vDNA is exposed to PRRs during the
process of transport to the nucleus. In murine and human cell
lines, cGAS (20, 21) has been identified as a vDNA PRR required
for IFN-f induction following adenovirus infection of responsive
cell lines (22, 23).

The mechanism for cGAS induction of IRF3 has been estab-
lished through in vitro studies. Binding of DNA by cGAS in-
duces protein conformational changes and homodimerization
(24, 25). Dimerized cGAS synthesizes 2'-3" cyclic guanine ad-
enine monophosphate (cGAMP) (20, 26, 27), and cGAMP
binds to the STING adaptor protein. Activation of STING re-
sults in migration from the endoplasmic reticulum to mem-
brane vesicles associated with autophagosome proteins (28,
29). STING binds tank-binding kinase 1 (TBK1), and TBK1 un-
dergoes phosphorylation (P5"'”TBK1) (30-32). The STING/
TBKI1 scaffold complex binds IRF3, presenting the C-terminal
domain of IRF3 to TBKI1 for phosphorylation (PSET39%TRF3) (31).
PSer3%IRE3 undergoes dimerization and translocation to the nu-
cleus, where it engages the beta interferon promoter consensus
IRF-binding site and contributes to the upregulation of beta in-
terferon gene expression (33-36). Not all cells are equally
equipped to carry out an efficient antiviral recognition response.
Differences in virus entry and variable levels of either cGAS or
STING impact the potency of the primary antiviral recognition
response (22, 37).

Through the activation of IRF3 and the induction of IFN-f3,
the cGAS-induced antiviral cascade is amplified by autocrine and
paracrine IFN-f activation of secondary signaling cascades (re-
viewed in reference 38). IFN-B binds to interferon receptor I
(IFNRI) present on infected and uninfected cells. IFNRI activa-
tion mediates Tyk/Jak phosphorylation of STAT1 and STAT?2, the
formation of interferon-stimulated gene factor 3 (ISGF3), and the
transcriptional activation of interferon-stimulated genes (ISGs)
(39). Although IFN-f is a dominant feature of the antiviral sec-
ondary signaling response to rAd5V, other cytokines and chemo-
kines (tumor necrosis factor alpha [TNF-a], interleukin-6 [IL-6],
and IL-1) are also expressed following virus infection and make
significant contributions to the antiviral response to rAdV. In cell
line models, the antiviral response to rAdV is minimally a combi-
nation of two cell populations, naive uninfected cells that undergo
simple paracrine cytokine stimulation and infected cells that
have undergone both primary antiviral response signaling and
secondary cytokine-induced autocrine signaling.

In vivo, several additional factors contribute to the initiation of
both the innate and adaptive antiviral immune responses to rAdV
(40). Following systemic administration of virus, rAd5 virions are
exposed to diverse serum factors. Serum proteins such as factor X
(41-43), native antibodies (3, 4, 44), or preexisting serotype-spe-
cific antibody (45) can bind virus and influence mechanisms con-
tributing to virus uptake, transduction, localization, and intracel-
lular signaling. How these interactions impact antiadenovirus
responses has not been fully established. A second layer of com-
plexity occurs by the varied population of cells that take up virus in
vivo (i.e., neutrophils, macrophages, dendritic cells, endothelial
cells, and hepatocytes). Depending on delivery and the availability
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of PRR/adaptor complexes, each cell type may initiate a unique
antiviral response program. The in vivo antiviral response to ade-
novirus reflects the combined aggregate of cell-specific primary
activation responses overlaid with cytokine/chemokine-mediated
secondary signaling.

The antiviral response to rAdV matures with time. The early
PRR innate response occurs rapidly at 0 to 6 h postinfection (p.i.)
in the murine model, and by 24 h, the ISG transcript induction
phase is in decline (46). At this point, the majority of systemically
administered virus is cleared through innate mechanisms (47).
Coincident with vector clearance, infected dendritic cells undergo
maturation and migration to regional lymph nodes, where,
through the presentation of viral antigens, they stimulate CD4 and
CD8 T-cell activation against viral epitopes (48). In immunocom-
petent murine models, the presentation of virus-associated gene
products by infected cells contributes to efficient elimination
through T-cell-mediated cytolysis (49-51). Since DC maturation
contributes to both T- and B-cell antigen-dependent selection,
defects in antigen-presenting cell (APC) maturation may impact
the antiviral adaptive immune response.

In this study, we have determined how the antiviral recogni-
tion response in APCs derived from ¢GAS and STING knockout
(KO) mice compares to that in wild-type cells derived from
C57BL/6 mice or from a negative-control IRF3~/~ knockout
strain. We extend our characterization of these knockout strains
to assess how early innate antiviral signaling is altered in response
to systemic administration of rAd5V and how these mutant
mouse strains impact the hepatic clearance of rAdV and the pro-
duction of antiadenovirus neutralizing antibody (NAD).

MATERIALS AND METHODS

Viruses. Ad5CiG and Ad5BGal were previously described (52, 53) and
were grown on a large scale in HEK-293 cells according to standard pro-
tocols, purified through two rounds of CsCl gradient ultracentrifugation,
and stored at —80°C in storage buffer (10 mM Tris, 2 mM MgCl,, 4.0%
sucrose [pH 7.5]). Virus particle numbers were quantified by spectropho-
tometric detection of intact virions at an optical density at 260 nm
(OD,¢,) (10"* particles/OD,, unit).

Mice. Eight- to twelve-week-old male and female C57BL/6 and
C57BL/6]J-Tmem173%/] (STING KO) mice were obtained from Jackson
Laboratories, cGAS™/~ C57BL/6 mice were generously provided by H.
Virgin, and IRF3™/~ mice were generously provided by T. Taniguchi
through Riken BRC.

Bone marrow-derived macrophages and dendritic cells. Bone mar-
row cells were extracted from the femurs and tibiae of mice. For bone
marrow-derived macrophages (BMMOs), red cells were removed with a
lysis solution (0.15 M NH,CI, 1 mM KHCO,, 0.1 mM EDTA). Bone
marrow cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20% fetal bovine serum (FBS) and 25%
supernatant derived from confluent 1929 cells. On day 7, immature mac-
rophages were collected. Bone marrow-derived dendritic cells (BMDCs)
were differentiated in RPMI medium containing 10% FBS, 1% L-glu-
tamine, and beta-mercaptoethanol (BME) in the presence of 20 ng/ml
granulocyte-macrophage colony-stimulating factor (GM-CSF), as previ-
ously described (54). Briefly, bone marrow was harvested and plated into
petri dishes at a density of 4 X 10° cells/ml, 10 ml/dish. At day 3, 10 ml of
medium was added, and at days 6 and 8, 10 ml of medium was replen-
ished. Immature, nonadherent BMDCs were gently harvested at day
10. The typical purity of each population was >90%, as determined by
fluorescence-activated cell sorter (FACS) analysis of CDI11b and
CD11c surface markers, respectively.

Culture infections. BMMOs were harvested at day 7, BMDCs were
harvested at day 10, and cells were plated at densities of 5 X 10° cells/ml in
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12-well plates (Western blot and flow cytometry analyses) (5 X 10° cells/
well) and 10° cells/ml in 6-well plates (for RNA extraction) (2.5 X 10°
cells/well). Twenty-four hours after plating, cells were infected with
Ad5CiG at 20,000 virus particles (vp)/cell and diluted in Opti-MEM.
For Western blot analysis, cells were harvested at 2, 4, and 6 h p.i. Flow
cytometry was performed at 24 h p.i., and RNA extraction was per-
formed at 6 h p.i.

Animal infections. Mice were infected by intraorbital intravenous
(i.v.) injections with 10"" vp/mouse of Ad5pGal diluted in DMEM. Mice
were euthanized at 5 h, 24 h, and 28 days postinfection for liver and blood
serum harvest. All experiments were performed in accordance with Weill
Cornell Medical College IACUC protocols.

Antibodies, surface staining, and fixation. Antibodies were pur-
chased from BioLegend (San Diego, CA). BMMOs and BMDCs were pre-
pared from bone marrow as described above. For phenotypic analysis,
cells were surface stained with the following monoclonal antibodies
(MAbs): anti-CD11b allophycocyanin (APC) (catalog number 101212),
anti-CD11c Pac Blue (catalog number 117322), anti-CD11c APC (catalog
number 117310), anti-CD86 phycoerythrin (PE) (catalog number
105008), and anti-major histocompatibility complex class II (MHC-II)
peridinin chlorophyll protein (PerCP)-Cy5.5 (catalog number 116416).
After staining, washing, and fixation in 1% paraformaldehyde, cells were
analyzed by using a FACSCanto flow cytometer (BD Biosciences). Data
analysis was performed by using FlowJo software, and 12,000 events per
sample were analyzed.

Western blot analysis. 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
(catalog numbers P2850 and P5726; Sigma) and protease inhibitors (30
mM sodium fluoride, I mM phenylmethylsulfonyl fluoride [PMSF], 10
pg/ml aprotinin, 10 pug/mlleupeptin, 1 wg/ml pepstatin, 1 mM benzami-
dine) for 30 min at 4°C on a rocking platform before scraping and trans-
ferring cells to tubes. The lysates were cleared by centrifugation at
13,000 X g for 20 min at 4°C, and protein quantification was performed
with the DC protein assay kit (Bio-Rad Laboratories).

For Western blot analysis, 20 g total protein was separated by using
standard 10% SDS-polyacrylamide gels and transferred onto polyvi-
nylidene difluoride (PVDF) membranes (Immobilon P; Millipore). All
blots were blocked in 5% skim milk in Tris-buffered saline (TBS) plus
Tween (0.1%) at room temperature for 1 h. Phospho-IRF3 (Ser396) (cat-
alog number 4947), phospho-STAT1 (58D6) (Tyr701) (catalog number
9167), beta-actin (catalog number 4967), total IRF3 (catalog number
4302), STING (catalog number 3337), TBK1 (catalog number 3503),
phospho-NF-kB p65 (pNF-kB p65) (Ser536) (catalog number 3033),
pTBKI1 (Ser172) (catalog number 5483), green fluorescent protein (GFP)
(catalog number 2956), and horseradish peroxidase (HRP)-linked anti-
rabbit IgG (catalog number 7074) antibodies were obtained from Cell
Signaling. Primary antibodies were used at a dilution of 1:2,000 to 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. Detection was
done with the Luminator Crescendo Western HRP substrate (Millipore).

SYBR green I RT-qPCR. Total cellular mRNA was isolated by using
RNAzol reverse transcriptase (RT) (Molecular Research Center) accord-
ing to the manufacturer’s instructions. For RT quantitative PCR (RT-
qPCR), a two-step protocol was employed: first, cDNA was synthesized
from 2 pg total RNA in a volume of 20 pl by using random hexamer
primers with the Maxima first-strand cDNA synthesis kit (Fermentas),
and second, amplifications were carried out with a total volume of 15 p.l
by using the 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 acquisition was performed during the
extension step. All determinations were performed in technical triplicate.
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Nontemplate and no-RT controls were run with every assay and had cycle
threshold (Cy) values that were significantly higher than those of experi-
mental samples or were not detected. The relative abundance of each
mRNA was calculated by the AAC; method (55, 56), normalizing to Tata-
binding protein (TBP) expression with standardization to one reference
sample, as indicated. For comparisons between cell lines, or in late-stage
virus infections, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as a normalization standard. Sequences of primers are available
upon request.

SYBR green I qPCR of viral DNA. Liver fragments were Dounce ho-
mogenized in lysis buffer containing 10 mM NaCl, 10 mM Tris (pH 8.0),
10 mM EDTA (pH 8.0), and 0.5% SDS, followed by proteinase K diges-
tion. Crude homogenates were cleared by double centrifugation. Total
DNA was purified by using NaCl salting-out and ethanol precipitation
protocols (57). Following DNA purification and resuspension in 100 pl
H,0, OD,,, DNA concentrations were determined by using a NanoDrop
instrument. Five nanograms of sample DNA in a final reaction mixture
volume of 15 pl (Maxima SYBR green/ROX qPCR master mix [Fermen-
tas] system) was used for each assay. Ad5 hexon and cellular control prim-
ers (IFN-f3) were used to characterize each DNA sample. Normalization
to the cellular genomic standard was used to derive the relative viral DNA
yield/host genome. Assays were carried out with 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 155, 60°C for 30's, and 72°C for 30 s; and a melting-curve analysis cycle.
Data acquisition was performed during the extension step. Data points
represent the averages of results from biological and technical triplicates.

3-Gal assays. The Tropix Galacto-Star chemiluminescent reporter
gene assay (catalog number T1012; Applied Biosystems) was used for
B-galactosidase (3-Gal) detection in the livers of infected mice at 24 h and
28 days p.i., according to the manufacturer’s protocol. Liver fragments
were sonicated on ice for 20 s in 1 ml lysis buffer with PMSF. Homoge-
nates were spun down twice at 13,000 rpm for 15 min. The supernatant
was heat inactivated at 48°C for 1 h to neutralize endogenous (3-galacto-
sidase activity and spun down at 13,000 rpm for 15 min. The protein
concentration was determined by a Bradford assay (58). Ten microliters
of the supernatant per well was loaded into 96-well Immulon assay plates
and incubated with 100 pl reaction buffer for 30 min at room tempera-
ture. The luminescence in each well was measured for 1 s. Each sample was
loaded in triplicates, and data were averaged. The background given by the
lysis buffer was subtracted, and results were expressed per microgram of
liver protein.

Antibody neutralization assays. Mouse blood samples isolated at 28
days postinfection were left at room temperature for 15 min to allow clot
formation and then centrifuged at 13,000 rpm for 10 min for serum sep-
aration. Mouse serum was immediately flash frozen and thawed when
used for biological assays. Briefly, serum neutralization assays were car-
ried out as follows. HeLa cells were plated out at 2.5 X 10* cells/well in
96-well plates 24 h prior to infection. On the following day, serum was
thawed, and 1:4 serial dilutions in DMEM were generated for each serum
sample. Ad5BGal, diluted in DMEM for a final delivery of 10® particles/
cell, was incubated with a serum dilution (technical triplicates for each
sample) for 1 h at 37°C. Following virus/serum incubation, the mixture
was incubated with HeLa cells for 30 min at 37°C. Medium was removed,
and cells were washed with fresh medium and incubated in 100 pl fresh
medium for 24 h. At 24 h p.i., plates were spun down at 2,000 rpm for 5
min, and medium was removed. Cell lysates were harvested in a volume of
100 pl lysis buffer. Ten microliters of the supernatant was applied for a
Tropix Galacto-Star activity assay as described above. The background
generated by the lysis buffer was subtracted from the result for each assay
point, and results were expressed as luminescence units.

Cytokine and chemokine multiplex assays. Mouse serum derived
from blood samples as described above was harvested at the indicated
times and stored at —80°C until it was evaluated in cytokine assays. Serum
was centrifuged for 15 min at 13,000 rpm to remove any residual cells or
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debris and then evaluated for cytokine secretion with Meso Scale Discov-
ery (MSD) (Rockville, MD) technology using a mouse proinflammatory
7-plex tissue culture kit (catalog number K15012B-1). Kits were run ac-
cording to the manufacturer’s instructions. Samples were run in dupli-
cate, at the Weill Cornell Medical School CTSC facility, by using Meso
Scale Discovery Sector Imager 2400 (S12400).

ELISA. Mouse IFN-3 was measured by using a mouse IFN-f3 (PBL
Interferon Source) enzyme-linked immunosorbent assay (ELISA) kit
(catalog number 42400; R&D Systems). Serum from mice was obtained as
described above and stored at —80°C until it was evaluated for cytokine
secretion. Kits were run according to the manufacturer’s instructions. The
absorbance at 450 nm was read within 5 min after the addition of the stop
solution. Each sample was assayed as a technical duplicate.

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 <0.05 was considered significant.

RESULTS

The antiviral response to rAdV is compromised in cGAS- and
STING-deficient murine BMMOs. Short hairpin RNA (shRNA)
knockdown assays targeting cGAS, STING, and TBK1 were previ-
ously used to identify these proteins as components of the anti-
adenovirus DNA recognition response in both human and mu-
rine cell lines (23, 37). To establish the essentiality of STING to
adenovirus-induced recognition responses in primary murine
macrophages, bone marrow-derived CD11b™* macrophages were
isolated from WT C57BL/6 and Goldenticket mice containing a
null STING allele (59). As a negative control, BMMOs were also
isolated from C57BL/6 IRF3 knockout (IRF3 /™) mice. BMMOs
from each strain were infected with first-generation (E1"/E37)
replication-defective Ad5CiG (cytomegalovirus [CMV]-driven
chloramphenicol acetyltransferase internal ribosome entry site
[IRES] GFP [CATiresGFP] reporter gene cassette) (2 X 10* vp/
cell). Cell protein lysates were harvested over a 6-h time course.
Western blot analysis of lysates from WT BMMOs revealed a time-
dependent increase in the phosphorylation of TBK1 and IRF3
(Fig. 1A). TBK1 and IRF3 are primary response markers, which
undergo activation as a direct consequence of viral DNA recogni-
tion by the cGAS/STING PRR machinery. In contrast to WT
BMMOs, infection of STING '~ BMMOs did not result in the
phosphorylation of TBK1 or IRF3. Lysates generated by infection
of BMMOs from negative-control IRF3~'~ mice indicated that
the primary DNA recognition cascade was intact (enhanced phos-
phorylation of TBK1), which is consistent with IRF3 being a
downstream substrate for TBKI.

IRF3 phosphorylation, dimerization, and translocation to the
nucleus are required for transcriptional activation of IFN-pB.
IFN-@ expression and secretion contribute to the secondary anti-
viral signaling response. Activation of type I IFN receptor (IFNRI)
triggers the phosphorylation of STAT1; therefore, the induction of
PIY7OISTAT1 provides a marker for the secondary antiviral signal-
ing response. Lysates harvested from infected STING '~ or
IRF3~/~ BMMOs were severely restricted in the phosphorylation
of STATI compared to BMMOs from WT mice. Our data indicate
that both primary and secondary signaling responses to rAdV
were compromised in STING-deficient and IRF3 ™/~ BMMOs.

Asindicated above, the combination of primary and secondary
antiviral signalingleads to transcriptional activation of proinflam-
matory genes and ISGs. To determine the influence of the STING
deficiency on antiviral gene induction, total RNA harvested at 6 h
postinfection was characterized by a two-step RT-qPCR assay
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(Fig. 1B). Levels in all samples were normalized to the level of TBP
by using the AAC method, where the value for mock WT sample
1 was set as an arbitrary unit of 100. As a quantitative reference, the
unnormalized average C; for each mock WT primer pair is indi-
cated above the expression bar (Al log ~3 C;, and Cys of >30
indicate relatively low-abundance transcripts). Transcripts corre-
sponding to IFN-B, ISG15, ISG54, VIP, CXCL9, TNF-a, IL-1B,
and IL-6 were strongly induced following infection of BMMOs
from WT mice. In contrast, induction of these transcripts was not
observed following infection of STING '~ or IRF3 '~ BMMOs.
We also found that basal levels of several transcripts (ISG15,
ISG54, viperin (VIP), TNF-a, and IL-18) were significantly re-
duced in BMMOs from both knockout strains. Macrophage mat-
uration following virus uptake results in the upregulation of the
costimulatory protein CD86 at 24 to 48 h postinfection (Fig. 1C
and D). CD86 surface expression levels following infection of
STING '~ or IRF3~/~ BMMOs were significantly lower than lev-
els found with WT BMMOs. Based on these criteria, primary and
secondary signaling markers, induction of antiviral gene expres-
sion, and upregulation of costimulatory CD86, BMMOs from
STING-deficient mice were essentially nonresponsive to rAdV in-
fection.

We next obtained BMMOs from cGAS (MB21D1) knockout
mice (60), allowing us to confirm the role of cGAS in the antiviral
response to rAdV. cGAS ™/~ BMMOs infected with rAd5CiG were
harvested over a 6-h time course for protein lysates or at 24 h
postinfection to assess CD86 surface expression. Western blot
analysis of cGAS BMMO-derived protein lysates revealed a com-
plete lack of primary and secondary activation events (pTBK1,
pIRF3, and pSTAT1) in cGAS KO compared to WT infections
(Fig. 2A). Using CD86 upregulation as a maturation marker,
c¢GAS BMMO:s failed to mature in response to rAdV infection
(Fig. 2B). These experiments demonstrate that the cGAS/STING
DNA sensor complex functions as the dominant PRR pathway for
rAdV infection of murine BMMOs.

cGAS and STING deficiencies limit the antiadenovirus re-
sponse in CD11c* bone marrow-derived dendritic cells. While
macrophages contribute to virus clearance through phagocytic
elimination of virus and secretion of inflammatory chemokines,
virus uptake by dendritic cells (DCs) results in the maturation of
DCs into highly efficient professional antigen-presenting cells
(APCs). Bone marrow progenitor cells grown in the presence of
GM-CSF differentiate intoa CD11c* immature dendritic cell type
(BMDCs). Using cultures of GM-CSF-differentiated BMDCs iso-
lated from WT, STING /~, IRF3 /', and cGAS™/~ mice, we de-
termined how these mutations influenced the BMDC antiviral
response. Day 10 BMDCs were infected with 2 X 10* Ad5CiG
vp/cell, and protein lysates were harvested at the indicated times
over a 6-h time course (Fig. 3A). Western analysis of WT BMDC
protein lysates indicated that IRF3, TBK1, and STAT1 are phos-
phorylated in a time-dependent manner following exposure to
rAd5CiG. In contrast, analysis of lysates from infected cGAS ™/~
and STING /~ BMDCs revealed levels of pIRF3, pTBK1, and
pSTAT1 that were similar to those in uninfected mock samples.
Consistent with observations made in BMMOs, infection of
IRF3™/~ BMDCs resulted in the production of pTBKI1 in a time-
dependent manner. Additionally, low levels of pSTAT1 were pres-
ent in infected IRF3 '~ lysates. These data indicate that primary
and secondary antiviral signaling responses were compromised in
¢GAS™'~ and STING™'~ BMDCs.
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FIG 1 Characterization of the antiviral innate response to Ad5CiG infection in wild-type, STING™/~, and IRF3™/~ bone marrow-derived macrophages. (A)
Western blot analysis of lysates harvested 2, 4, or 6 h after mock or Ad5CiG infection of wild-type (wt), STING '~ (st), and IRF3~/~ (3) BMMOs with the
indicated antibodies. (B) Two-step RT-qPCR of mRNA isolated from wild-type, STING ™/, and IRF3~/~ BMMOs. PCR primers correspond to hypoxanthine
phosphoribosyltransferase (HPRT), IFN-f3, ISG15, ISG54, VIP, CXCL9, TNF-a, IL-1f3, and IL-6. Values for all samples were normalized to TBP values by using
the AAC; method as described in Materials and Methods; mock scramble sample 1 was assigned an arbitrary value of 100. The unnormalized average C, value
for mock-treated WT samples is shown above the bar. All RT-qPCR assays included biological triplicates as well as technical triplicates for each sample. Statistical
analysis was performed with Student’s t test. A P value of <0.05 (*) was considered significant. (C) FACS analysis of bone marrow-derived macrophages after
Ad5CiG infection. Cells were infected with 20,000 vp/cell of Ad5CiG and harvested at 24 h p.i. for FACS analysis after staining with anti-CD11b and anti-CD86
antibodies. (D) Frequencies of CD11b" CD86 " cells within total cells analyzed. Data represent the averages of results from 3 experiments.

We next harvested total RNA from mock- or rAdV-infected each of the knockout strains was significantly compromised com-
BMDC:s at 6 h postinfection. Two-step RT-qPCR was carried on  pared to that in infected WT BMDCs. Transcripts corresponding
all RNA samples as described above. The first observation taken to IFN-f3, ISGs, and proinflammatory transcripts were all im-
from the RT-qPCR assay (Fig. 3B) was that transcript inductionin  pacted by these mutations. The IL-1f transcript was not apprecia-

July 2016 Volume 90 Number 13 Journal of Virology jviasm.org 5919


http://jvi.asm.org

Anghelina et al.

WT cGAS-/-

A. s
O

7 M 2 4 6 M 2 4 &6
pIRF3 . e e
pTBK1 |
PSTAT1 - -

STING |- 'A--.Q.
Actin «ib G WD - > o> S

B.

Mock AdV
105400 12.2|10540.0 83.7
- 104j 104j
; 103_ 103“
102: 102: M
o ool o er7l®leal 162
8 0102 10% 10* 105 0 102 10% 10* 10
O,45]0.0 10.4)40540.0 12.9
< |10 104
2
10° 103
O E 1
@ 1024 1024
®oal . 898°foa] 870
0102 103 10% 105 0102 103 10% 105
CD11b

FIG 2 Characterization of the antiviral innate response to Ad5CiG infection
of cGAS™'~ bone marrow-derived macrophages. (A) Western blot analysis of
lysates harvested 2, 4, or 6 h after mock (M) or Ad5CiG infection of wild-type
and cGAS™'~ BMMOs with the indicated antibodies. (B) FACS analysis of
bone-marrow derived macrophages from cGAS™'~ mice after Ad5CiG infec-
tion. Cells were infected with 20,000 vp/cell of Ad5CiG, harvested at 24 h p.i.,
and assayed by FACS analysis after staining with anti-CD11b and anti-CD86
antibodies. Dot plots are representative of results from 3 independent experi-
ments (¥, P < 0.05, as determined by a ¢ test).

bly induced by rAd5CiG infection of WT BMDCs. A second ob-
servation taken from these assays was the existence of strain- and
transcript-specific induction trends. For each strain, in compari-
sons between mock- and rAdV-treated samples, there were exam-
ples of low-level but significant transcript induction (notably with
c¢GAS ISGs). The final observation taken from the RT-qPCR assay
of BMDCs was that we did not find significant differences in basal
levels of any ISG. Of note, low-level induction of IFN-B mRNA
following infection of IRF3~/~ BMDCs was observed, which is
consistent with the low level of pSTAT1 observed in the BMDC
Western analysis of protein lysates (Fig. 3A).

Upregulation of costimulatory markers is an important func-
tional measurement of BMDC maturation in response to patho-
gen activation. BMDCs at 24 h postinfection were analyzed by
flow cytometry for increased CD86 surface expression levels for
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each knockout strain (Fig. 3C and D). Consistent with compro-
mised primary and secondary signaling, levels of CD86 surface
expression from cGAS- or STING-deficient BMDCs exposed to
rAd5CiG were at mock-infected levels. Therefore, at the levels of
primary and secondary signaling, induction of antiviral tran-
scripts, and upregulation of costimulatory molecules, we have es-
tablished that the cGAS/STING DNA-sensing cascade is a critical
component of the antiviral recognition response in primary mu-
rine BMDCs. We note that in BMMOs, these mutations resulted
in an essentially nonresponsive anti-rAdV phenotype, while in
BMDC:s, the antiviral responses were severely compromised but
not completely eliminated.

c¢GAS and STING deficiencies impact chemokine induction
following intravenous administration of rAd53Gal. In the mu-
rine systemic infection model, administration of rAdV exposes
virus to serum factors, including native antibody and factor X,
which bind virus. The vast majority of virus localizes to the liver,
where a heterogeneous population of cells, including hepatocytes,
endothelial cells, macrophages (Kupffer cells), and dendritic cells,
is exposed to rAdV. To determine the role of cGAS and STING in
the in vivo antiviral recognition response, intravenous administra-
tion of 10" rAd5BGal particles per mouse was carried out for each
mouse strain. Mice were euthanized at 5 h postinfection for tissue
and serum harvest (1 = 6 to 9 mice/strain). We first characterized
liver protein lysates for the activation of the IRF3 primary re-
sponse marker and found that levels of pIRF3 from WT lysates
were below detectable limits (Fig. 4A). From our experience, mu-
rine hepatocyte cell lines are nonresponsive to rAdV due to a lack
of cGAS/STING expression (37). Hepatocytes make up the major-
ity of the liver cell mass; therefore, the nonresponsive pool of cells
may dilute and obscure the signal derived from responsive cells.
When screening for the IFN secondary response marker pSTAT1,
we found detectable induction of pSTAT1 in liver lysates from
infected WT mice, whereas lysates from STING ™/~ mice had
lower basal and induced levels of pSTAT1. The data from Western
analysis imply that a low level of interferon expression occurred
following infection of WT mice, which was compromised in
knockout mice. An IFN-@ ELISA was employed to directly quan-
titate serum IFN- levels in all strains at 5 h postinfection (n = 6
mice/strain) (Fig. 4B). Serum IFN-{ levels from mock-treated
mice (WT and each knockout strain) were uniformly below the
limit of detection (LOD) for the ELISA. A significant level of IFN-3
was detected in serum from infected WT mice. Serum levels of IFN-3
from all infected knockout mice were found to be statistically indis-
tinguishable from those of mock-treated serum samples.

To assess the impact of cGAS/STING cascade deficiencies on
rAdV-induced secretion of proinflammatory chemokines and cy-
tokines, a mouse proinflammatory multiplex strip serum assay
was carried out (which detects TNF-«, IL-6, CXCL1/KC, IL-10,
IL-1P3, IFN-vy, and IL-12p70). Data are presented for both mock-
and rAd5BGal-treated mice (n = 6 mice/strain) at 5 h p.i.(Fig.
4C). Infection of WT mice resulted in elevated serum levels of
TNF-q, IL-6, KC, and IL-10 compared to those in mock-infected
mice. Significant changes in IL-1@ and IL-12p70 levels were not
detected. rAd5BGal infection of knockout strains generated sig-
nificantly lower levels of serum TNF-a, IL-6, and IL-10 than did
rAd5BGal infection of WT mice. Levels of both KC and IFN-vy
were trending down, but differences were not statistically signifi-
cant. Furthermore, we found diminished basal levels of several
cytokines in untreated IRF3 '~ and ¢cGAS™/~ mice. Diminished
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FIG 3 Characterization of the antiviral innate response to Ad5CiG infection in cGAS ™™,

STING /™, and IRF3 "/~ bone marrow-derived dendritic cells. (A)

Western blot analysis of lysates harvested 2, 4, or 6 h after Ad5CiG infection of wild-type (wt), STING /™ (st), IRF3 ™/~ (3), and cGAS™/~ (cGAS) BMDCs with
the indicated antibodies. A mock-treated sample from wild-type BMDCs harvested at 6 h is included. (B) Two-step RT-qPCR of mRNA isolated from wild-type,
STING /7, IRF3™/", and cGAS™/~ BMDCs. PCR primers correspond to IFN-B, RANTES, ISG15, ISG54, VIP, CXCL9, TNF-q, IL-1{, and IL-6. Values for
samples were normalized to TBP values with the AAC;. method. The unnormalized average C; value for WT mock-treated samples is shown above the bar. A P
value of <0.05 (*) was considered significant. (C) FACS analysis of bone marrow-derived dendritic cells after Ad5CiG infection. Cells were infected with 20,000
vp/cell of Ad5CiG, harvested at 24 h p.i., and assayed by FACS analysis after staining with anti-CD11c and anti-CD86 antibodies. (D) Frequencies of CD11c*

CD86™ cells within total cells analyzed. Data represent the averages of results from 3 experiments.

basal level of cytokines contributed to the identification of strain-
specific instances of cytokine induction following rAd5pGal
infection of knockout mice. Overall, these data indicate that cyto-
kine levels are reduced in knockout strains, but a residual low-
level antiviral cytokine induction response persists.
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RT-qPCR analysis of 5- and 24-h antiviral response tran-
scripts reveals an important role for the cGAS/STING pathway
in activation of antiadenovirus responses in vivo. Data indicate
that antiviral signaling cascades are compromised in cGAS,
STING, and IRF3 knockout mice. To determine how these defi-
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FIG 4 Characterization of the in vivo response to Ad5BGal infection in cGAS/
STING cascade-deficient mice at 5 h postinfection. Mice were infected by i.v.
administration of 10'" vp Ad5BGal/mouse. Mice were euthanized at 5 h
postinfection for serum and tissue harvest. (A) Western blot analysis of liver
homogenates 5 h after Ad5CiG infection of wild-type (WT) and STING '/~
(ST) mice with the indicated antibodies. (B) Serum levels of IFN- determined
by an ELISA at 5 h postinfection. Levels of IFN-f in all mock-treated mice were
uniformly below limits of detection. (C) Serum levels of TNF-a, IL-6, KC,
IL-10, IFN-vy, IL-1B, and IL-12p70 were determined by a multiplex assay at 5 h
p.i. Six mice were analyzed per strain, in 2 different experiments (*, P < 0.05,
as determined by a t test) (# denotes comparison to the corresponding mock
control).

ciencies influence the transcriptional induction of antiviral re-
sponse transcripts, total liver RNA was isolated from mock- or
rAd5BGal-infected mice at 5 and 24 h postinfection and used in a
two-step RT-qPCR assay with the indicated primer pairs (Fig. 5).
Exposure of WT mice to rAd5BGal resulted in ~2-log increases in
IFN- transcript and interferon-stimulated gene transcript levels
corresponding to ISG15, ISG54, VIP, and CXCL9 at 5 h postinfec-
tion. Proinflammatory transcripts corresponding to TNF-a and
IL-6 were significantly induced, whereas IL-1p was not. Levels of
each transcript had declined by 24 h postinfection, with CXCL9
being the sole exception.

RT-qPCR analysis of total liver RNA from knockout strains at
5 h postinfection revealed significantly lower levels of the IFN-f3
transcript, which were similar to those in mock-treated mice
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(Fig. 5). For all strains, levels of IFN-f in mock-treated mice were
extremely low and not significantly different from those for a
no-RT control. Consistent with diminished levels of IFN-B and
IFN- transcripts (Fig. 4B and 5, respectively), rAdV-induced ISG
and proinflammatory transcript levels from rAd5BGal-infected
knockout strains were significantly lower than the levels observed
for their WT counterparts, with the exception of CXCL9 (which
was trending downward). Several additional observations were
made from these assays. Basal levels of ISG15, ISG54, and VIP
were diminished in IRF3 knockout samples but not in cGAS and
STING knockout mice (in comparison to levels in mock-treated
WT mice). It is apparent that in spite of the diminished levels of
induced transcripts, there is persistent low-level induction of
ISG15 and CXCL9 following Ad infection of knockout strains.
Furthermore, ISG15 and CXCL9 were the only inducible tran-
scripts whose levels were largely maintained above background
levels at 24 h postinfection for all strains. At 24 h postinfection,
levels of IFN-B, 1SG54, VIG1, IL-6, and TNF-a were trending
toward levels with mock treatment. Overall, these data strongly
indicate that the cGAS/STING DNA-sensing cascade plays a ma-
jor role in rAdV activation of innate antiviral responses in vivo.

cGAS/STING cascade deficiencies minimally impact virus
clearance and the humoral immune response to rAdV. Follow-
ing systemic rAdV infection, the vast majority of virus is cleared
through phagocytic uptake by macrophages and neutrophils. He-
patocyte uptake of rAdV and ensuing vector transgene expression
serve as a marker for the persistence of virus-infected cells in im-
munocompetent or compromised mouse models. Based on our
observations that cGAS/STING DNA sensing of rAdV makes a
major contribution to the early innate antiviral response in vitro
and in vivo, we asked if mice deficient in the cGAS/STING cascade
demonstrate a compromised ability to clear virus-infected cells.
Administration of 10"' rAd5BGal vp/mouse for each strain (n = 6
to 9/strain/harvest time point, as described above) was followed
by tissue harvest on day 1 or day 28 postinfection.

Transgene expression levels over 28 days are not significantly
affected by cGAS or STING knockouts. As described in Materials
and Methods, liver segments were homogenized and clarified
by centrifugation for use in a Tropix Galacto-Star chemilumi-
nescent B-Gal reporter gene expression assay and compared to
strain-specific mock-infected lysates (Fig. 6A). At 1 day postin-
fection, levels of B-Gal expression from WT and mutant strains
(STING /7, IRF3™/", and cGAS ') were equally elevated (~3
logs) compared to those in mock-treated lysates. Under these ex-
perimental conditions, cGAS DNA-sensing cascade deficiencies
did not result in significant differences in Ad-mediated liver trans-
gene expression. In comparison to the levels of 3-Gal expression
at 1 day postinfection, liver homogenates from infected mice on
day 28 postinfection revealed a significant loss of B-Gal expression
for all mouse strains. We found no statistical difference between
WT mice and each of the knockout strains. These data argue that
clearance of virus-infected cells was not influenced by deficiencies
of cGAS/STING DNA-sensing cascade components.

Viral DNA clearance is not diminished by cGAS or STING
knockouts over a 28-day time course. Liver DNA was harvested
from mock-infected mice and infected mice at 1 day and 28 days
postinfection for quantitative PCR of viral DNA. qPCR of persis-
tent viral DNA provides a reporter gene-independent assay for
quantifying rAd5BGal and vDNA persistence. Five nanograms of
total DNA from each liver sample (# = 6 mice/strain/time point)
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FIG 5 In vivo antiviral response to Ad5BGal infection as determined by RT-qPCR analysis of liver RNA from WT, STING ~/~, IRF3™/~, and cGAS™/~ mice
harvested at 5 or 24 h p.i. Wild-type or KO animals were injected with PBS (mock) or Ad5BGal, as described in the text, and liver tissue was harvested at the
indicated times and processed as described in Materials and Methods to obtain mRNA. mRNA from each sample was used in a two-step RT-qPCR assay with
primer pairs corresponding to IFN-,ISG15, ISG54, TNF-a, IL-6, IL-18, VIP, and CXCL9. The unnormalized average C.for WT mock-treated samples is shown
above the bar. Values for samples were normalized to TBP values by using the AAC method. A P value of <0.05 (*)was considered significant.

was used in a standard qPCR assay (see Materials and Methods),
using an Ad5 hexon-specific primer pair with normalization to the
value for a cellular IFN-B genomic control using the AAC,
method. An infected WT sample from day 28 was arbitrarily as-
signed a relative vDNA expression value of 1 as a unit standard for
all samples. Mock-infected samples from each strain resulted in
no detection of rAd5BGal, as expected (Fig. 6B). For each sample
derived from a 24-h total DNA harvest, we found no statistically
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significant differences in rAd5 hexon PCR products between each
mouse strain. These data are in agreement with the observations
made in transgene expression assays. Levels of viral DNA and
transgene expression were similar in WT and cGAS/STING-defi-
cient mice at 24 h postinfection.

In agreement with data from the 3-Gal expression assays, levels
of vDNA isolated from livers at 28 days postinfection were equally
reduced for all strains. In comparison to mock-treated samples,
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fragments, and qPCR of viral DNA was performed, as described in Materials
and Methods. Normalization with the cellular genomic standard (IFN-) was
used to derive the relative viral DNA yield/host genome. Data represent the
averages of results from biological and technical triplicates. Nine mice were
analyzed for each strain. nd, not determined. (C) Serum antiviral antibody
activity, as determined by antibody-Ad5BGal neutralization assays in HeLa
cells (see Materials and Methods). Three independent experiments were per-
formed (*, P < 0.05 was considered significant).
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low-level residual vDNA was detected at 4 weeks postinfection in
all infected strains. Based on data from the B-Gal reporter assay,
residual vDNA present at these later time points was not yielding
detectable reporter gene expression. Clearance of the rAd5 vector
from the liver is partly attributed to the development of antigen-
specific cytotoxic T cells (49, 51, 61). Based on the data presented,
impairment of the cGAS/STING antiviral recognition response
does not compromise virus clearance from the liver.

Production of antiadenovirus neutralizing antibodies in
cGAS/STING-deficient mice is minimally impacted. Adenovirus
infections generate a potent neutralizing humoral immune re-
sponse in the immunocompetent host. To assess the influence of
cGAS/STING cascade mutants on the development of neutraliz-
ing antibody (NAb) against rAd5BGal, serum was harvested from
mock- or rAd5BGal-infected mice at 28 days postinfection (n =
6/strain). A HeLa cell rAd5BGal transduction-blocking assay was
used to assess NAb in serum samples from infected WT and
knockout mice (as described in Materials and Methods) (Fig. 6C).
Controls consisting of incubation of rAd5B8Gal with medium (no
serum) or a 1:40 dilution of mock-treated WT serum resulted in
similarly high levels of 3-Gal expression. Sera from the infected
WT strain and each cGAS/STING cascade-deficient strain at day
28 postinfection effectively blocked rAd5BGal transduction in a
concentration-dependent manner. Although each strain devel-
oped NAbs against rAd5, higher luminescence levels in infected
cGAS™/™ serum suggest that the NADb titer produced by infection
of cGAS™'™ mice was slightly but significantly lower than the NAb
titer generated from WT mice.

DISCUSSION

Induction of the type I interferon antiviral response is a well-
established mechanism for controlling virus infections. For both
RNA and DNA viruses, viral nucleic acids are key pathogen-asso-
ciated molecular patterns recognized by host pattern recognition
receptors in a cell-specific manner. An array of nucleic acid-sens-
ing PRRs have been identified, which leads to IRF3 activation and
the induction of the type I interferon antiviral response. We have
asked how the cGAS/STING DNA-sensing cascade contributes to
the antiadenovirus recognition response in vitro and in vivo in the
nonpermissive mouse model. We have demonstrated that cGAS/
STING-dependent signaling is essential for initiating an in vitro
antiviral response in murine APCs following exposure to rAdV.
Furthermore, the cGAS/STING DNA-sensing cascade has a major
role in defining antiviral inflammatory responses in vivo at early
times postinfection (5 h). The data also indicate that cGAS/
STING-independent antiviral recognition pathways were activated
following systemic administration of rAdV. In spite of compromised
APC activation in vitro and early antiviral response deficiencies in
c¢GAS/STING knockout mice, adaptive immune endpoint assays
(vector clearance and neutralizing antibody at 28 days postinfection)
were only marginally affected compared to those for wild-type mice.
Based on the latter observations, we conclude that the cGAS/STING
DNA-sensing cascade is not essential for clearance of infected cells or
the generation of a humoral immune response to rAd vectors.
Criteria used to assess cGAS/STING-dependent antiviral re-
sponses in primary BMMOs and BMDCs included the activation
of primary and secondary response markers (P5"'7?TBKI,
PSer39%TRF3, and PIY7OISTATI), transcriptional induction of es-
tablished antiviral and proinflammatory genes, and increased sur-
face expression of CD86 costimulatory proteins. In BMMOs from
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cGAS and STING knockout strains, the lack of a significant anti-
viral response indicates that the antiviral recognition/signaling re-
sponse under these in vitro conditions is exclusively dependent on
cGAS activation of the STING adaptor pathway. IRF3 knockout
mice were used for comparison as a negative control. As the one
established target of the cGAS/STING/TBKI signaling cascade,
the IRF3 knockout phenotype might be expected to be phenotyp-
ically similar to both ¢cGAS and STING mutations. Data from in
vitro assays of BMMO activation and maturation were completely
in agreement with this premise, indicating that cGAS/STING/
TBK1/IRF3 is the featured antiadenovirus recognition response
pathway for BMMOs.

We came to a similar conclusion with BMDCs, but there were
noticeable differences. The cGAS/STING cascade is required for
primary and secondary signaling, transcript induction, and the
upregulation of the maturation marker CD86. However, when
rAdV induction of RNA transcripts from cGAS- and STING-de-
ficient BMDCs was assessed, a low-level, cGAS/STING-indepen-
dent, transcript-specific induction response was detected (Fig.
3B). This low-level response was not observed for IFN- mRNA
but was detected for select ISGs and proinflammatory transcripts.
In BMDC s, we also found several features that distinguished the
IRF3 knockout strain from both ¢cGAS and STING knockout
BMDCs. As noted above for BMMOs, levels of pTBK1 were in-
duced by rAdV in IRF3 ™/~ mouse-derived cells. Levels of pSTAT1
were also detectable at 6 h postinfection in IRF3~/~ BMDCs but
not in AdV-treated cGAS™'~ or STING "/~ cells. Furthermore,
levels of transcript induction in IRF3 ™/~ BMDC were significantly
higher for IFN-B after infection and trending toward higher levels
for viperin, proinflammatory transcripts, and ISGs than for
cGAS™’~ and STING '~ BMDC. One possible explanation for
the low-level antiviral response in IRF3~/~ BMDCs but not in
cGAS™'~ or STING /'~ BMDCs would be TBK1 activation of a
second IRF substrate that is not available to the same extent in
BMMOs. IRF7 is the most obvious candidate (19), and a recent
study indicated that a cGAS-independent STING/IRF7 pathway
plays a significant role in the immune response to DNA vaccines
(62). Other possibilities include secondary signaling targets of
cGAMP or STING, independent of TBK1. Further studies will be
required to determine the mechanism contributing to residual
activity in the knockout BMDCs. These observations indicate that
cell-specific phenotypes are detectable when cGAS and STING
knockouts are compared to IRF3 knockouts. The virus recogni-
tion complexes operating in BMDCs indicate a greater degree of
complexity than those functioning in BMMOs.

Specific explanations for differences between BMMOs and
BMDC:s could involve secondary PRRs functioning in BMDCs but
not BMMOs. Such a BMDC pathway necessarily signals through a
STING/TBK1/IRF3-independent mechanism. MyD88 signaling
pathways that influence the APC response to rAdVs are one pos-
sibility; enhanced activities of [F116, DDX41, or AIM?2 are exam-
ples of established DNA sensors that may operate in BMDCs as
secondary DNA sensors that are able to engage in STING-inde-
pendent signaling. Alternatively, cell-specific differences in intra-
cellular signaling through penton-integrin stimulation may dif-
ferentially influence the induction of a subpopulation of antiviral/
inflammatory transcripts following infection. Since secondary
signaling by IFNs (pSTAT1) was not evident, and upregulation of
the CD86 maturation marker was not observed, we believe that
the low-level transcription response to rAdV in cGAS and STING
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knockout BMDCs is biased toward an NF-kB-dependent inflam-
matory response and not an IFN-inducing mechanism.

The early antiviral response to systemically administered rAdV
in cGAS™~ and STING '~ mice compared to that in WT or
IRF3~/~ mice was largely consistent with the in vitro characteriza-
tion of APCs. By using an ELISA to quantify serum levels of IFN-3
at 5 h postinfection, significant induction was found for WT mice
but was absent in STING '~ and ¢cGAS ™'~ mice and marginally
detectable in IRE3 ™/~ mice. This observation was consistent with
levels of total liver IFN-8 mRNA expressed following virus infec-
tion. Inflammatory cytokines corresponding to TNF-, IL-6, and
IL-10 were induced in WT mice, and levels of induction were
significantly lower in knockout strains. TNF-o and IL-6 transcript
induction occurred in WT mice but was significantly reduced in
each knockout strain. ISG transcript induction was predictably
diminished in knockout strains. Because total liver RNA assays reflect
a population of cell types, we believe that a major contributor to the
induction profile arises from Kupffer cell uptake of adenovirus and
secondary signaling events through the expression of IFNs. Systemic
delivery of rAdV exposes the virus to serum factor binding as well as
opsonization, which impacts virus uptake into a variety of cell types.
This may expose the virus to PRRs other than ¢cGAS. Our data indi-
cate that following systemic administration of rAdV, signaling
through the cGAS/STING cascade was the predominant mechanism
for the induction of antiviral response transcripts.

Previous studies established that compromised dendritic cell
activation/maturation (63) influenced both the clearance of in-
fected cells and the induction of an antiviral humoral immune
response. Although BMDC activation and maturation were com-
promised in cells derived from the ¢cGAS™~, STING ', or
IRF3 ™' strain, using systemically administered virus in vivo, both
vector clearance and antiviral neutralizing antibody responses oc-
curred. The minimal impact of the type I IFN antiviral response
on the adaptive immune response to AdV is consistent with data
from studies characterizing antiadenovirus responses in the STAT2
knockout Syrian hamster model (64) and recent observations of
rAdV vaccine vectors in IFNRI and STING knockout strains (65).
Our observations that compromised dendritic cell maturation in
vitro can be separated from an adaptive immune response phenotype
are consistent with the characterization of the antiviral response to
rAdV in type I IEN receptor knockout mice (66).

The cGAS/STING cascade has been viewed as an adjuvant tar-
get for vaccine applications (20). Clearly, this pathway facilitates
APC presentation and upregulation of costimulatory molecules.
Our observation that the anti-Ad neutralizing antibody level was
modestly reduced in cGAS-deficient mice is consistent with such a
role. The distinct parameters necessary for triggering an adaptive
immune response through dendritic cell migration/activation and
those required for the adjuvant properties associated with stimu-
lation of the cGAS/STING cascade require further investigation.
In vivo, DC maturation and migration following virus activation
are complex and dynamic processes leading to CD4 and CD8
T-cell priming. Recent reports have revealed that for different vi-
ruses, infection and DC migration to lymph nodes result in dis-
tinct spatially and temporally defined interactions between CD4
and CD8 T cells and multiple subsets of DCs (67, 68). The factors
that influence these distinct DC interactions with T-cell subsets
have not been fully established for Ad infections. The residual
low-level antiadenovirus activation response identified following
infection of cGAS/STING-deficient BMDCs may be augmented
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by unidentified in vivo interactions leading to eventual T- and
B-cell priming in regional lymph nodes. Further studies will be
required to identify these interactions. The studies presented here
have established the cGAS/STING pathway as the dominant an-
tiadenovirus type I IFN-inducing cascade in vitro and in vivo in the
murine model, with no observed impact on viral clearance, and a
cGAS deficiency resulted in a slightly diminished humoral im-
mune response to viral infection.
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