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The bacterial second messenger cyclic di-GMP (c-di-GMP) stimulates inflammation by initiating innate immune cell recruit-
ment and triggering the release of proinflammatory cytokines and chemokines. These properties make c-di-GMP a promising
candidate for use as a vaccine adjuvant, and numerous studies have demonstrated that administration of purified c-di-GMP with
different antigens increases protection against infection in animal models. Here, we have developed a novel approach to produce
c-di-GMP inside host cells as an adjuvant to exploit a host-pathogen interaction and initiate an innate immune response. We
have demonstrated that c-di-GMP can be synthesized in vivo by transducing a diguanylate cyclase (DGC) gene into mammalian
cells using an adenovirus serotype 5 (Ad5) vector. Expression of DGC led to the production of c-di-GMP in vitro and in vivo, and
this was able to alter proinflammatory gene expression in murine tissues and increase the secretion of numerous cytokines and

chemokines when administered to animals. Furthermore, coexpression of DGC modestly increased T-cell responses to a Clos-
tridium difficile antigen expressed from an adenovirus vaccine, although no significant differences in antibody titers were ob-
served. This adenovirus c-di-GMP delivery system offers a novel method to administer c-di-GMP as an adjuvant to stimulate

innate immunity during vaccination.

C yclic di-GMP (c-di-GMP) is a bacterium-specific second mes-
senger that controls a wide range of phenotypes, including
motility, biofilm formation, and virulence (1). c-di-GMP was first
discovered in 1987 by Benziman et al. (2) and since has been
predicted to be utilized in >75% of all bacteria in representatives
from every major bacterial phyla (3). Diguanylate cyclase (DGC)
enzymes which contain conserved GGDEF domains synthesize
c-di-GMP from two GTP molecules. In contrast, c-di-GMP is
hydrolyzed by c-di-GMP-specific phosphodiesterase (PDE) en-
zymes which contain conserved EAL or HD-GYP domains (1).
Bacteria typically contain numerous DGCs and PDEs within their
genomes; for example, the marine bacterium Vibrio cholerae en-
codes 70 predicted c-di-GMP turnover domains (4).

Previous studies indicated that c-di-GMP is a potent stimula-
tor of innate immunity in eukaryotic organisms. This occurs at
least in part through the protein STING, which senses pathogen-
derived nucleic acids in the cytoplasm and subsequently activates
a signaling cascade to stimulate a type I interferon response (5, 6).
Studies show that the presence of c-di-GMP can trigger the pro-
duction of interleukin-2 (IL-2), IL-4, IL-5, IL-6, IL-8, IL-12p40,
IL-17, IP-10, tumor necrosis factor alpha (TNF-a), keratinocyte-
derived chemokine (KC), macrophage inflammatory protein lo
(MIP-1at), MIP-1B, MIP-2, monocyte chemotactic protein 1
(MCP-1), RANTES, beta interferon (IFN-B), and IFN-v, stimu-
late the NLRP3 inflammasome pathway and promote the recruit-
ment and activation of macrophages, NK cells, and a3 conven-
tional T cells, and enhance dendritic cell (DC) maturation (6-14).
Furthermore, in vivo studies have shown that coadministration of
purified ¢c-di-GMP with an antigen confers increased protection
of animals in several different murine challenge models, including
those utilizing Staphylococcus aureus, Klebsiella pneumoniae, and
Streptococcus pneumoniae (10-12, 15).

Because c-di-GMP activates a robust immune response, there
has been an ongoing focus on using c-di-GMP as an adjuvant to
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improve vaccine efficacy (16). Adjuvants are compounds admin-
istered alongside vaccine antigens for the purpose of enhancing
the longevity and potency of the memory response or reducing the
effective dose of the antigen without introducing toxic side effects.
This is accomplished by stimulating the innate arm of the immune
system, resulting in increased cytokine and chemokine produc-
tion and upregulation of proinflammatory genes (17), which then
enhances antigen recognition and response (18). The develop-
ment of novel adjuvants may be critical to the success of vaccines
targeting diseases for which vaccinations have previously failed
such as those caused by Clostridium difficile and human immuno-
deficiency virus, malaria, and cancer. Despite the demand, cur-
rently there are few adjuvants approved for human use. The most
commonly used adjuvants are aluminum salt (alum)-based; how-
ever, these adjuvants have drawbacks, including local reactions to
administration, inadequate T-cell responses, and allergic IgE-type
responses, and are ineffective with specific types of antigens (19).
Other less commonly utilized adjuvants include oil and water
emulsions, lipopolysaccharide derivatives, self-assembling viral
nanoparticles, and cholera toxin B subunit (19). While each adju-
vant offers different advantages and disadvantages, there is a large
demand for novel adjuvants that can be paired with and improve
vaccine antigens. Because c¢-di-GMP has effective immunostimu-
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latory properties, it is a promising candidate as a novel adjuvant
(16).

The studies examining the adjuvant properties of c-di-GMP
utilized mucosal, intramuscular (IM), or systemic administration
of chemically synthesized c-di-GMP (10-12, 15). While this
method has been shown to effectively activate innate immunity,
the mechanism by which c-di-GMP enters the cytoplasm of cells
to stimulate STING is unknown as c-di-GMP has two phosphate
groups that prevent it from easily passing through the cellular
membrane. Consistent with this, it has been shown that c-di-GMP
delivered with a liposome delivery system is more effective than
c-di-GMP administered alone, suggesting that unmodified c-di-
GMP does not efficiently enter host cells (20). Furthermore,
chemical synthesis of pharmaceutical grade c-di-GMP in large
quantities is costly. To bypass these limitations and provide an-
other mechanism for delivery of c-di-GMP, we sought to synthe-
size c-di-GMP directly within host cells to stimulate innate immu-
nity.

One vehicle that has been used for antigen and adjuvant deliv-
ery is replication-deficient adenovirus-based vectors (21). Adeno-
virus vectors transduce large fragments of DNA into a wide range
of cells in order to synthesize proteins in vivo, and gene expression
can be modulated and even localized to specific cell types. Unlike
that for other types of viral delivery systems, the DNA delivered by
adenovirus vectors does not integrate into the genome and thus
the danger of insertional mutagenesis is circumvented (22). Ade-
novirus vectors have been shown to induce innate immunity,
which is partially due to induction of the STING DNA recognition
pathway (23). Additionally, adenovirus vectors can be produced
cost efficiently in high abundance. Importantly, adenovirus vec-
tors are currently being used in human clinical trials worldwide
(24).

We investigated whether an adenovirus vector might be used
to deliver a gene encoding a DGC into eukaryotic cells to synthe-
size c-di-GMP in vivo, manipulating this host-pathogen interac-
tion to activate the innate arm of the immune system. We have
constructed an adenovirus encoding the V. cholerae DGC
VCA0956. We have shown that this DGC is capable of synthesiz-
ing c-di-GMP when virally transduced into cell culture lines. Fur-
thermore, we have demonstrated that use of the VCA0956 adeno-
virus construct in a murine system results in c-di-GMP synthesis
and subsequent upregulation of genes associated with innate im-
munity as well as increased secretion of numerous cytokines and
chemokines. Finally, we have provided preliminary evidence that
c-di-GMP produced by VCA0956 in vivo functions as an adjuvant
by reducing the effective dose of a C. difficile toxin A (TA) antigen
necessary to generate a T-cell response. Therefore, adenovirus
vectors encoding DGCs offer a novel, alternative strategy to de-
liver c-di-GMP in vivo.

MATERIALS AND METHODS

All of the DNA manipulation and plasmid construction were performed
as previously described (25). The VCA0956 gene was amplified from the
Vibrio cholerae El tor strain C6706 using the DNA polymerase Phusion
(New England BioLabs) and the oligonucleotides 5'-ATAGGTACCCCA
CCGTGATGACAACTGAAGATTTCA-3" and 5'-ATACTCGAGTTAGA
GCGGCATGACTCGAT-3" (IDT). This product was then inserted into
the plasmid pShuttle-CMV (cytomegalovirus) (26) by digestion with
Kpnl and Xhol (Fermentas) and ligated with a T4 DNA ligase (Invitro-
gen). Escherichia coli strain DH10B (Invitrogen) was used for harboring
plasmid DNA, and sequence fidelity was confirmed by sequencing (Ge-
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newiz). The active site mutant allele was generated using the QuikChange
Lightning site-directed mutagenesis kit (Agilent) with the primer 5'-TG
ACAGCTTATCGTTATGCCGCTGAAGAGTTTGCACTGAT-3'.

A first-generation, human adenovirus type 5 (Ad5) replication-defi-
cient vector (deleted for the E1 and E3 genes) was used in this study (27).
Recombination, viral propagation of the Ad5 vectors, and subsequent
virus characterization were performed as previously described (27, 28).
Viral particle (vp) numbers were determined by optical density measure-
ment at 260 nm and validated as previously described (29). Construction
of Ad5-null and Ad5-TA is described elsewhere (30, 31). All virus con-
structs were confirmed to be replication-competent adenovirus (RCA)
negative using RCA PCR and direct sequencing methods (27), and the
bacterial endotoxin content was found to be <0.15 endotoxin unit
(EU)/ml (27). All procedures with recombinant adenovirus constructs
were performed under BSL2 conditions.

All transfections of plasmid DNA into HeLa cells were performed with
the TransIT-HeLaMonster transfection kit (Mirus) in 6-well plates with
2.5 pg plasmid DNA. For HeLa cell infections with adenovirus vectors,
cells were infected with 2.0 X 10° viral particles (multiplicity of infection
[MOI] of 500). Cell cultures were checked for confluence and morphol-
ogy before and after transfection and for infection using microscopy. Af-
ter 24 h of growth at 37°C in 5% CO,, the cells were dissociated using 300
pl 0.25% trypsin, and then cells were resuspended in 4 ml phosphate-
buffered saline (PBS) and pelleted by centrifugation at 1,600 rpm at 4°C.
Afterward, the cells were resuspended in 100 pl extraction buffer (40%
acetonitrile, 40% methanol, and 0.1 N formic acid). The cell lysate was
incubated at —20°C for 30 min and then centrifuged at the maximum
speed for 10 min. The extraction buffer was removed from the pelleted
debris and stored at —80°C until analysis.

Immediately prior to analysis, the extraction buffer was evaporated
using a vacuum manifold, and the samples were rehydrated in 100 pl
water. c-di-GMP was quantified using an Acquity ultraperformance lig-
uid chromatography system (Waters) coupled with a Quattro Premier XE
mass spectrometer (Waters) as previously described (32). The concentra-
tion of c-di-GMP was determined by generating an 8-point standard
curve (1:2 dilutions) of chemically synthesized c-di-GMP (Biolog) rang-
ing from 1.9 to 250 nM. The intracellular concentration was estimated by
dividing the total molar amount of c-di-GMP extracted by the estimated
total intracellular volume of HeLa cells extracted using cell counts, and
size measurements were determined with a Countess automated cell
counter (Life Technologies). The transfection efficiency was determined
to be 18.2%, which was obtained by transfecting HeLa cells with a plasmid
containing green fluorescent protein (GFP) under CMV promoter con-
trol and measuring the percentage of GFP-positive cells using flow cytom-
etry. The infection efficiency of HeLa cells was determined to be 82.2% by
infecting HeLa cells with Ad5-gfp (28) and quantifying the percentage of
GFP-positive cells using flow cytometry.

Adult BALB/c wild-type (WT) male mice (6 to 8 weeks old) were used
for all animal experiments (The Jackson Laboratory). For c-di-GMP
quantification and innate studies, mice were anesthetized using isoflu-
rane, and 2 X 10'" adenovirus vp per mouse (200 wl total volume, sus-
pended in 1X sterile PBS) were administered intravenously (IV) via retro-
orbital injection. After administration, mice were monitored every 6 h by
lab personnel for mortality and other health parameters in accordance
with the Michigan State University Environmental Health and Safety
(EHS) and IACUC. After 24 h, the mice were sacrificed, and the spleen and
the left lobe of the liver were isolated from each animal. Each tissue was
placed in 500 .l PBS, and the tissue suspension was homogenized using an
Omni tissue homogenizer (Omni International). Then 300 pl of homog-
enate was added to an equal volume of equilibrated phenol solution
(Sigma). The homogenate-phenol solution was vortexed and centrifuged
at 15,000 rpm for 10 min. The aqueous phase was removed and added to
500 pl chloroform. The mixture was vortexed and centrifuged at 15,000
rpm for 10 min. The aqueous phase was then removed and stored at
—80°C until analysis.
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Quantitative PCR was used to determine adenovirus abundance from
DNA extracted from the liver tissue as previously described (33). Ad5
genome copy numbers were quantified using an ABI 7900HT fast real-
time PCR system and SYBR green PCR master mix (Applied Biosystems)
in a 15-pl reaction with a primer set for the Ad5 hexon gene that has been
previously described (34). All PCRs were subjected to the following pro-
cedure: 95.0°C for 10 min, followed by 40 cycles of 95.0°C for 15 s and
60.0°C for 1 min. Standard curves to determine the number of viral ge-
nomes per liver cell were run in duplicate and consisted of 6 half-log
dilutions using DNA extracted from purified Ad5 virus (27). As an inter-
nal control, liver DNA was quantified using primers spanning the glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) gene (33), and standard
curves were generated from the total genomic DNA. Melting curve anal-
ysis was performed to confirm the quality and specificity of the PCR (data
not shown).

To determine the relative abundance of the specific liver-derived RNA
transcript, reverse transcription (RT) was performed on RNA derived
from the liver tissue using SuperScript III (Invitrogen) and random hex-
amers (Applied Biosystems) according to the manufacturer’s instruc-
tions. RT reactions were diluted to a total volume of 60 p.l, and 2 pl from
each sample was used as the template for the subsequent PCRs. Quanti-
tative PCRs were subsequently performed as described above using an ABI
7900HT fast real-time PCR system and SYBR green PCR master mix (Ap-
plied Biosystems) with primer sets that were previously described (27).
The comparative threshold cycle (C;) method was used to determine
relative gene expression using GAPDH to standardize expression levels
across all samples. Relative expression changes were calculated by com-
paring the experimental levels of the liver transcript to the levels of the
liver transcript derived from mock-treated animals.

IFN-B was quantified using the VeriKine mouse IFN beta enzyme-
linked immunosorbent assay (ELISA) kit (PBL Assay Science) according
to the manufacturer’s instructions. Cytokine and chemokine concentra-
tions were quantified from plasma samples using a Bio-Plex multiplex
bead array system (Bio-Rad). At 6 and 24 h, blood samples were taken
from mice using heparinized capillary tubes and EDTA-coated Mi-
crovettes (Sarstedt). The samples were centrifuged at 3,400 rpm for 10
min to isolate plasma. Samples were assayed for 12 independent cytokines
and chemokines (IL-1a, IL-4, IL-6, IL-12-p40, IFN-v, granulocyte colo-
ny-stimulating factor [G-CSF], eotaxin, KC, MCP-1, MIP-1a, MIP-1,
and RANTES) according to the manufacturer’s instructions (Bio-Rad) via
Luminex 100 technology (Luminex).

For adaptive immunity studies, mice were administered adenovirus
ranging from 1 X 10°to 5 X 10° vp per mouse suspended in 25 .l PBS via
IM injection into the tibialis anterior of the right hindlimb. To measure
antigen-specific recall responses, mice were sacrificed, and the spleen was
harvested after 14 days. Splenocytes were isolated and ex vivo stimulated
with immunogenic peptides from the C. difficile TA library as previously
described (31). Enzyme-linked immunosorbent spot assay (ELISpot)
analysis was performed as previously described (31) using 96-well multi-
screen high-protein binding Immobilon-P membrane plates (Millipore)
and the Ready-Set-Go! IFN-y mouse ELISpot kit (eBioscience). Spots
were photographed and counted using an automated ELISpot reader sys-
tem (Cellular Technology). To determine TA-specific IgG titers, ELISA-
based titering was used on plasma samples taken from the mice 14 days
postinfection (d.p.i.) as previously described (31).

All animal procedures were reviewed and approved by the Michigan
State University EHS and TACUC. Care for the mice was provided in
accordance with the U.S. PHS and AAALAC standards. Plasma and tissue
samples were collected and handled in accordance with the Michigan
State University IACUC.

RESULTS

Generating an adenovirus harboring a V. cholerae DGC. c-di-
GMP is an exciting new adjuvant that stimulates the innate im-
mune system (16). These studies most frequently used chemically
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synthesized c-di-GMP. Because c-di-GMP is synthesized from
GTP and GTP is abundant in the cytoplasm of eukaryotic organ-
isms, we postulated that a DGC expressed under the control of a
strong eukaryotic promoter/enhancer element would lead to c-di-
GMP synthesis within the eukaryotic cell and subsequent en-
hancement of downstream innate immune responses. This ap-
proach offers a novel, alternative method to administer c-di-GMP
as a vaccine adjuvant as opposed to direct delivery of the synthe-
sized molecule. To identify a DGC that would produce c-di-GMP
in the cytoplasm of a eukaryotic cell, we examined DGCs from V.
cholerae, as V. cholerae is a well-studied model system for c-di-
GMP signaling, and many V. cholerae DGCs have been shown to
synthesize c-di-GMP in high concentrations (32). We selected the
DGC VCA0956 due to the fact that it had no predicted N-terminal
regulatory or transmembrane domains. Furthermore, VCA0956
has a canonical GGDEF domain and active site motif, and ectopic
expression of VCA0956 has been shown to increase biofilm for-
mation in both V. cholerae and Vibrio vulnificus (32, 35), repress
motilityin V. cholerae (36), and increase intracellular c-di-GMP in
V. cholerae and Shewanella oneidensis (37-39).

To determine if VCA0956 is able to synthesize c-di-GMP in
eukaryotic cytoplasm, we constructed a plasmid containing
VCA0956 under the control of the constitutive CMV promoter/
enhancer in the plasmid pShuttle-CMV. We also constructed a
second vector containing the same VCA0956 allele with a muta-
tion in the active site of the GGDEF domain (GGEEF — AAEEF).
These plasmids were transfected into HeLa cells, and c-di-GMP
levels were measured in cell lysates after 24 h using liquid chroma-
tography coupled with tandem mass spectrometry (LC-MS/MS).
We found that eukaryotic cells transfected with the VCA0956 al-
lele produced detectable levels of c-di-GMP (Fig. 1A). In contrast,
no detectable c-di-GMP was observed in either cells transfected
with the active site mutant allele or mock treatment controls (Fig.
1A). The estimated intracellular c-di-GMP concentrations of
HeLa cells grown in 6-well dishes expressing VCA0956 are greater
than the dissociation constant (Ky) range of the c-di-GMP bind-
ing protein STING (2.5 to 4.9 pM) (40, 41).Cell cultures were
checked by microscopy, and we observed no discernible morpho-
logical differences between cells expressing VCA0956 and the con-
trols. Furthermore, trypan blue staining indicated that treatment
with VCA0956 did not appear to impact overall cell viability. Ad-
ditionally, HeLa cells grown in T75 flasks, transfected with the
VCA0956 plasmid, and measured 48 h later had less intracellular
c-di-GMP, suggesting that c-di-GMP synthesis is transient (Fig.
1B). We speculate that c-di-GMP might be degraded in eukaryotic
cells by nonspecific phosphodiesterase enzymes. We observed less
¢-di-GMP production in these experiments, which may be a func-
tion of decreased transfection efficiency in the flasks. Nevertheless,
these results indicate that VCA0956 is capable of transiently syn-
thesizing c-di-GMP in the cytoplasm of eukaryotic cells grown in
vitro.

The pShuttle-CMV-VCA0956 plasmid and its mutant allele
counterpart were then used to construct and purify to high con-
centrations the respective recombinant Ad5-based vectors. To
confirm that the VCA0956 Ad5 construct, herein referred to as
Ad5-VCA0956, was able to produce c-di-GMP in eukaryotic cy-
toplasm, we infected HeLa cells (MOI of 500) with the Ad5-
VCA0956 and Ad5-VCA0956 mutant allele (Ad5-VCA0956%) ad-
enovirus vectors and measured c-di-GMP using LC-MS/MS after
24 h. The Ad5-null vector, an adenovirus construct carrying no
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FIG 1 LC-MS/MS was used to quantify c-di-GMP in HeLa cells. (A) HeLa
cells were transfected with plasmid vectors containing the VCA0956 allele or
the active site mutant allele, VCA0956*. Bars represent the means from 5
independent cultures. (B) c-di-GMP in HeLa cells cultured in T75 flasks and
transfected with plasmid vectors containing the VCA0956 allele at 24 and 48 h.
Bars represent means from independent cell cultures (24 h, n = 3;48 h, n = 2).
bd, below detection.

transgene, was also included as a negative control. We found
that cells infected with Ad5-VCA0956 produced high concen-
trations of c-di-GMP comparable to those with transfection of
the pShuttle-CMV-VCA0956 plasmid, whereas cells infected with
Ad5-VCA0956* or Ad5-null produced no detectable c-di-GMP
(Fig. 2). Importantly, similar to VCA0956 plasmid transfections,
infection with Ad5-VCA0956 had no noticeable impact on cell
morphology or viability. These results demonstrate that an ade-
novirus vector can be used to deliver VCA0956 into HeLa cells to
synthesize c-di-GMP.
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FIG 2 HelLa cells were infected with Ad5 vectors (MOI of 500). Bars represent
the means from 3 independent cultures; error bars indicate standard devia-
tions. bd, below detection.
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FIG 3 Infection of Ad5-VCA0956 in a murine system. (A) After 24 h, quan-
titative PCRs were used to quantify Ad5 genomes in liver cells or spleen cells.
Data were normalized to an internal GADPH control. (B) LC-MS/MS was
used to quantify c-di-GMP extracted from the liver or spleen. Bars represent
the means from 3 independent mouse samples; error bars indicate standard
deviations. bd, below detection.

Synthesis of c-di-GMP in vivo. As the Ad5-VCA0956 vector is
capable of producing c-di-GMP in HeLa cells in vitro, we next deter-
mined if our vector produces c-di-GMP in vivo in a murine model
system. BALB/c mice (n = 3) were injected IV with the Ad5-null,
Ad5-VCA0956, or Ad5-VCA0956* vectors, and quantitative PCRs
were utilized to measure adenovirus genomes in the spleens and livers
ofinjected mice at 24 h postinjection (h.p.i.). Using reverse transcrip-
tion-quantitative PCR (qQRT-PCR), we observed comparable Ad5 ge-
nome counts for each treatment in the liver and the spleen (Fig. 3A).
Consistent with previous reports that the predominant tropism of
adenovirus is in the liver (34, 42, 43), there were significantly more
Ad5 genomes in the liver cells than in the spleen cells. We then mea-
sured c-di-GMP in both the liver and spleen using LC-MS/MS and
found that the Ad5-VCA0956 vector produced detectable c-di-GMP
in both tissues, whereas the Ad5-null and Ad5-VCA0956* vectors
produced no detectable c-di-GMP (Fig. 3B). The concentration of
c-di-GMP was consistent with the abundance of Ad5-VCA0956 ge-
nomes per cell, as the amount of c-di-GMP was significantly higher in
the liver tissue than in the spleen. These data indicate that the Ad5-
VCAQ956 vector is capable of initiating c-di-GMP synthesis in a
mouse.

c-di-GMP synthesized in vivo stimulates innate immunity in
a mouse model. It was previously shown that adenovirus vectors
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FIG 4 qRT-PCR of mouse liver gene transcripts 24 h after infection with Ad5 vectors. The data were normalized to an internal GADPH control. Fold change
indicates each value normalized to values measured from mock-treated mice. Results are separated into liver gene expression increased by Ad5-VCA0956 (A),
decreased by Ad5-VCA0956 (B), or unaffected by Ad5-VCA0956 (C). Bars represent the means from 3 independent mouse samples; error bars indicate standard
deviations. Brackets indicate statistical significance, which was determined using a two-tailed Student’s ¢ test (P < 0.05).

stimulate several proinflammatory innate immune response
genes (21, 27, 33). To examine if Ad5-VCAQ0956 alters the profile
of innate immune gene expression compared to the Ad5 vector
alone, BALB/c mice (n = 3) were injected IV with Ad5-null, Ad5-
VCA0956, and Ad5-VCA0956*, and qRT-PCRs were utilized to
quantify the expression levels of several liver gene transcripts at 24
h.p.i. Infection with Ad5-VCA0956 had no observable effect on
the health of the mice. We found that the Ad5-null treatment was
able to stimulate 6 of the 12 markers examined (>2-fold) (ADAR,
MCP-1, TLR2, IP10, Oasla, and RIG1) (Fig. 4). These results are
consistent with previous studies demonstrating that the adenovi-
rus vector alone is capable of altering gene expression in the liver
(26, 27). The expression of four genes was significantly (P < 0.05)
higher in the Ad5-VCA0956 treatment than in the Ad5-
VCA0956* treatment (Fig. 4A); these include the IFN-responsive
gene ADAR, MCP-1, the Toll-like receptor (TLR) signaling path-
way gene MyD88, and the pattern recognition receptor TLR2. It is
worth noting that c-di-GMP sensing in the cytoplasm is thought
to be independent of TLRs (10). Additionally, the expression of
three genes was significantly (P < 0.05) repressed in the Ad5-
VCA0956 treatment compared to that in the Ad5-VCA0956*
treatment (Fig. 4B): the proinflammatory interleukin genes IL-18
and IL-1B and the interferon transcription factor IRF3. Interest-
ingly, IRF3 has been shown to interact with STING to initiate a
c-di-GMP-mediated host type I interferon response (5, 44, 45).

In the cytoplasm, c-di-GMP interacts with STING to initiate a
type I interferon response and activates IRF3, NF-kB, and the
p38/Jun N-terminal protein kinase (JNK)/extracellular signal-
regulated kinase (ERK) mitogen-activated protein (MAP) kinase
signaling pathways, resulting in increased production of numer-
ous cytokines and chemokines (5). To determine if Ad5-VCA0956
is capable of inducing type I interferons, we measured the concen-
tration of IFN- in the plasma of mice treated IV with Ad5-null,
Ad5-VCA0956, or Ad5-VCA0956* at 6 h.p.i. and 24 h.p.i. We
found that at 6 h.p.i., [IFN-B concentrations were significantly
higher in mice treated with Ad5-VCA0956 than in the other con-
trol mice (Fig. 5). At 24 h.p.i., IFN-f concentrations were unde-
tectable in the control mice, whereas mice treated with Ad5-
VCA0956 demonstrated IFN-f concentrations that were detectable,
although lower than those at the 6 h.p.i. time point. These data
indicate that Ad5-VCA0956 is capable of inducing a type I inter-
feron response in mice.

In addition to IFN-3, we wanted to determine if other cy-
tokines and chemokines were induced by Ad5-VCA0956. To
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this end, we directly quantified the abundance of cytokines and
chemokines in the plasma of mice treated with Ad5-VCA0956
using a multiplexed assay system at 6 and 24 h.p.i. Consistent with
prior studies showing that the adenovirus vector stimulates the
secretion of proinflammatory cytokines and chemokines (27, 28),
we observed 9 cytokines and chemokines that were modestly in-
duced in the Ad5-null-treated mice compared to the naive mice
(>3-fold) (IFN-y, MCP-1, G-CSF, MIP-1q, IL-6, MIP-13, IL-
12p40, KC, and RANTES), and these differences were greatest at
the 6-hour time point (Fig. 6). We found that 12 cytokines and
chemokines, shown in Fig. 6, were significantly increased in the
plasma of the Ad5-VCA0956-treated mice compared to those in
the plasma of the control Ad5-VCA0956*-treated mice at one or
both of the two time points. Furthermore, for the majority of
cytokines and chemokines examined, the largest differences ob-
served were at the 24-h time point, indicating that the effect of
Ad5-VCA0956 is both more potent and longer lasting than that of
the adenovirus vector alone. The inductions of most of these cy-
tokines and chemokines are consistent with those in other studies
examining the immunostimulatory effects of c-di-GMP (7, 9-13).
Interestingly, we observed increases in IL-1a, G-CSF, and eotaxin
levels in the Ad5-VCA0956-injected mice, which have not been

600

*k *%k [] Mock
Ad5-Null
400 l Ad5-VCA0956
t [ Ad5-VCA0956*
g
200
0 bd bd bd i bd
& N
o o
A o
© .-"b-
IFN-B

FIG 5 IFN-B concentrations in the plasma of mice infected with Ad5 vectors.
Mice were infected with either Ad5-null, Ad5-VCA0956, or Ad5-VCA0956*.
At 6 and 24 h, IFN-B was quantified from plasma samples. Brackets indicate
statistical significance, which was determined using a one-way ANOVA test
combined with a Bonferroni posttest (**, P < 0.01). Bars indicate the means
from independent mouse plasma samples (n = 2: mock, Ad5-Null; n = 3:
Ad5-VCA0956 and Ad5-VCA0956%), and error bars indicate standard devia-
tions. bd, below detection.
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FIG 6 Plasma cytokine and chemokine levels in mice infected with Ad5 vectors. Mice were infected with either Ad5-null, Ad5-VCA0956, or Ad5-VCA0956*. At
6 and 24 h, cytokines and chemokines were quantified from plasma samples. Brackets indicate statistical significance, which was determined using a two-way
ANOVA test combined with a Bonferroni posttest (¥, P < 0.05,and **, P < 0.01). Bars indicate the means from independent mouse plasma samples (n = 2: mock,
Ad5-null; n = 3: Ad5-VCA0956 and Ad5-VCA0956*), and error bars indicate standard deviations.

previously reported to be induced by c-di-GMP. These data to-
gether indicate that the Ad5-VCA0956 vector is capable of induc-
ing a robust innate response beyond that of the adenovirus vector
alone in a murine model system.

Ad5-VCA0956 lowers the effective dose for a T-cell response
to a Clostridium difficile antigen. The function of an adjuvant is
to enhance the efficacy of a paired antigen by increasing the lon-
gevity and potency or reducing the effective dose. Our previous
data show that Ad5-VCA0956 strongly upregulates inflammatory
responses. To test if the Ad5-VCA0956 construct functions as a
vaccine adjuvant, we determined if Ad5-VCA0956 could enhance
the adaptive response to a C. difficile antigen. C. difficile, a Gram-
positive spore-forming anaerobic bacteria, is the leading causative
agent of nosocomial infections leading to diarrheal disease in the
developed world. C. difficile-associated diarrhea (CDAD) repre-
sents nearly 1% of all hospital stays in the United States and can
lead to septicemia, renal failure, and toxic megacolon (46). The
incidence and mortality rates of C. difficile infections are rising in
the United States, and the economic burden on the health care
system is reported to be in the billions of dollars (46-50). Further-
more, to date there are no approved effective vaccines available for
CDAD treatment or prevention (51).
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We had previously developed an adenovirus vector that ex-
presses the immunogenic portion of the C. difficile toxin A (Ad5-
TA) and demonstrated that this vector protects mice from a toxin
challenge by generating a humoral and T-cell response specific to
toxin A in a murine model system (31). We hypothesized that
supplementing this vaccine with the Ad5-VCA0956 adjuvant
would enhance this humoral and T-cell response due to the strong
innate immune stimulatory activity of VCA0956. We therefore
vaccinated mice by IM injection with various concentrations of
the Ad5-TA vector in combination with the Ad5-VCA0956 vector
in equal ratios ranging from 1 X 10° to 5 X 10° viral particles (vp).
After 2 weeks, we measured TA-specific IgG titers in the plasma of
the vaccinated mice. At the 1 X 107 dose, we observed no signifi-
cant changes in TA-specific IgG in the plasma of any of the treated
mice compared to those in mice with the mock treatment, indi-
cating that this dose of Ad5-TA and Ad5-VCA0956 is not suf-
ficient to produce a robust IgG response in mice (Fig. 7A). In
contrast, the 5 X 10° dose resulted in significantly increased
TA-specific IgG for both Ad5-VCA0956 and Ad5-VCA0956%;
however, the TA-specific IgG titers in the Ad5-VCA0956*-
treated animals was modestly higher (2-way analysis of vari-
ance [ANOVA], P < 0.05) than those in animals treated with
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FIG 7 C. difficile TA-specific IgG from the plasma of mice vaccinated IM with
1 X 107 vp Ad5-TA and Ad5-VCA0956 (A) or 5 X 10° vp Ad5-TA and Ad5-
VCA0956 (B) (both 14 d.p.i.) was quantified using an ELISA. The optical
density at 450 nm (OD,s,) was measured at various plasma dilutions. Each
point represents the mean of 6 independent mouse plasma samples, and error
bars indicate standard deviations.

Ad5-VCA0956 (Fig. 7B), suggesting that higher doses of c-di-
GMP have a negative impact on humoral immunity.

We also assessed TA-specific T-cell responses in the spleens of
the naive and vaccinated animals using an IFN-y ELISpot assay,
utilizing the 15-mer peptide (VNGSRYYFDTDTAIA) that has
been previously shown to elicit the secretion of IFN-+y in spleno-
cytes of mice immunized with the Ad5-TA vector (31). We found
that coinjection of equal amounts of the Ad5-TA and the mutant
DGC allele vector Ad5-VCA0956* produced no induction of IFN-
v-secreting T cells over that of naive splenocytes at viral doses of
1 X 10%and 1 X 107 but did generate significant IEN-y-producing
T cells at 1 X 10% and 5 X 10° (Fig. 8). The numbers of spot-
forming cells (SFCs) in the mice treated with Ad5-TA and Ad5-
VCA0956* at the 5 X 10° dose were consistent with the numbers
of SFCs in mice vaccinated with Ad5-TA alone (31). These data
indicate that antigen-specific T-cell responses in splenocytes pla-
teau at high levels of Ad5-TA independent of the addition of c-di-
GMP. Although coinjection of 1 X 10° Ad5-TA with Ad5-
VCA0956 did not produce increased IFN-vy levels, we observed
significantly increased (P < 0.05) IEN-y-producing T cells at a
dose of 1 X 107 compared to cells derived from the DGC mutant-
treated control (Fig. 8, black squares). However, the numbers of
IFN-vy splenocytes did not reach those of the mice injected with
higher concentrations of Ad5-TA and Ad5-VCA0956, suggesting
only a modest improvement compared to the negative controls.
The numbers of IFN-y-producing T cells at injections of 1 X 10°
and 5 X 10° Ad5-TA and Ad5-VCA0956 were similar to those in
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FIG 8 IFN-vy ELISpot analysis of mice vaccinated with Ad5-TA and Ad5 vec-
tors. Mice were administered (IM) various doses of Ad-TA and either Ad-
VCA0956 or Ad-VCA0956*. After 14 days, splenocytes were ex vivo stimulated
with a C. difficile-specific peptide, and the number of IFN-y-secreting spleno-
cytes was determined using ELISpot. Each point represents an individual
mouse. Lines indicate the mean of the replicates, and error bars indicate stan-
dard errors. *, statistically significant with a two-way ANOVA test combined
with a Bonferroni posttest (P < 0.05).

the DGC mutant control. No c-di-GMP was detected in the livers
of mice infected with Ad5-VCA0956 at the 5 X 10° dose after 14
days, suggesting that even at high doses intramuscular adminis-
tration of Ad5-VCA0956 does not lead to long-lasting c-di-GMP
production at distal sites (data not shown). Thus, we conclude
that although it does not increase a humoral response, c-di-GMP
synthesized by Ad5-VCA0956 modestly lowers the effective
dose to generate a T-cell response to Ad5-TA in a murine
model system.

DISCUSSION

With a current demand for novel vaccines that target difficult-to-
treat diseases, it is crucial to have adjuvants to pair with these
vaccines to optimize efficacy. Currently, there are a limited num-
ber of adjuvants available for clinical use, and there is a need for
new adjuvants which can enhance the efficacy of vaccines to im-
prove immunological protection (18, 52). Numerous studies have
indicated that c-di-GMP is a promising novel adjuvant. Indeed,
this second-messenger molecule has been shown to stimulate a
robust type I interferon response and increase the secretion of
numerous cytokines and chemokines to initiate a balanced Th1/
Th2 response and to stimulate the inflammasome pathway and
immune cell activation/recruitment (6-14). Our approach is
novel in that it utilizes an adenovirus vector to deliver a c-di-
GMP-producing enzyme DNA into cells, thereby synthesizing the
adjuvant in vivo. Adenovirus vectors are promising in that they are
cost-effective to produce and can efficiently deliver specific anti-
gens or adjuvants into cells for in vivo production.

We have demonstrated that an adenovirus vector carrying a
bacterial DGC s capable of synthesizing c-di-GMP in both human
and mouse model systems. Similar to previous studies, we have
demonstrated that c-di-GMP synthesized by Ad5-VCA0956 is
able to induce a type I interferon response (Fig. 5). Furthermore,
synthesis of c-di-GMP by Ad5-VCA0956 increases the secretion of
numerous cytokines and chemokines (7, 9-14). Importantly, we
have demonstrated that Ad5-VCA0956 induces an innate re-
sponse beyond that of the adenovirus vector alone, which is capa-
ble of stimulating the STING system (23).These cytokines and
chemokines induced by Ad5-VCA0956 include signals character-
istic of both Thl-type (e.g., IFN-vy and IL-12) and Th2-type (e.g.,
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IL-4 and IL-6) responses. Additionally, c-di-GMP production
from Ad5-VCA0956 enhances activation of the innate immune
system by activating TLR signaling (e.g., TLR2 and MyD88). It
appears, however, that c-di-GMP synthesized in vivo negatively
regulates the expression of inflammasome-dependent pathways
in hepatocytes (IL-1@ and IL-18) (Fig. 4). The significance of this
finding is unclear, especially as it has been reported that c-di-GMP
activates the NLRP3 inflammasome pathway (8). Importantly, we
observed no signs of poor cell physiology or health in our cell
cultures and animal models. Furthermore, our data indicate that
the c-di-GMP synthesized by the Ad5-VCA0956 vector is tran-
sient and thus should enhance antigen recognition and response
while minimizing any potentially unwanted long-term effects as-
sociated with administration, such as autoimmune activation
(53). The mechanism by which c-di-GMP is being eliminated
from cell cultures is unknown; we speculate that native eukaryotic
phosphodiesterases are able to hydrolyze the second messenger.

We have also shown that c-di-GMP synthesized in vivo mod-
estly reduces the effective antigen dose of Ad5-TA to produce a
T-cell response to a vaccine antigen which targets the toxin of the
human pathogen C. difficile. Reducing the dose required to initiate
an adaptive immune response is of particular significance as high
viral particle doses can lead to global toxicities, endothelial cell
activation, and liver damage (33, 42, 54-56). Our data suggest that
increased c-di-GMP did not enhance the humoral response, how-
ever, and we even observed modestly decreased antibody produc-
tion against the C. difficile toxin. Whether these observations are
specific to toxin A from C. difficile or more generally applicable to
other antigens is under investigation.

While we have demonstrated that Ad5-VCAQ0956 is capable of
in vivo c-di-GMP synthesis and has the potential to act as a vaccine
adjuvant, further optimization is required to enhance this re-
sponse. V. cholerae contains 40 predicted DGC alleles within its
genome, and it has been shown that ectopic expression of these
different DGCs results in different intracellular c-di-GMP con-
centrations (32). Hence, intracellular expression of other DGCs
might produce different amounts of c-di-GMP in eukaryotic cells
to optimize the intracellular concentration of c-di-GMP for dif-
ferent applications. Alternatively, other types of second messen-
gers might be used to stimulate innate immunity. One example is
to express a diadenylate cyclase to synthesize the related bacterial
second messenger cyclic di-AMP (c-di-AMP) in vivo. c-di-AMP
has similarly been shown to induce a robust innate immune re-
sponse through STING-mediated recognition (57, 58). Another
example is the dinucleotide cyclic GMP-AMP (cGAMP), a host
second messenger produced in response to foreign DNA to acti-
vate a STING-dependent type I interferon response (59-62). As
these second messengers stimulate a STING-mediated innate im-
mune response, they are good alternative candidates for Ad-5-
mediated in vivo synthesis. Different promoters might be used in
lieu of the CMV promoter to produce localized or temporally
controlled c-di-GMP production in the body. Finally, the kinetics
of adjuvant production by DGCs and antigen expression might be
key factors in stimulating increased adaptive responses.

Other research studies suggest that STING-dependent inflam-
mation inhibits the development of cell-mediated immunity. Ar-
cher et al. recently showed that production of c-di-AMP by the
intracellular bacterial pathogen Listeria monocytogenes inhibits
cell-mediated immunity while inducing inflammatory cytokines
in a STING-dependent manner (63). We did not observe a signif-
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icant inhibition of either antibody production or IFN-y-produc-
ing memory T cells. Whether these differences are due to the de-
livery route (L. monocytogenes versus Ad5 transduction), the levels
of the signal, or other factors remains to be determined, but ad-
dressing this question has significant implications for using c-di-
GMP or ¢c-di-AMP as a vaccine adjuvant.

c-di-GMP has been shown to enhance protection against other
pathogens, including S. aureus, K. pneumoniae, and S. pneumoniae
(10-12, 15), indicating that c-di-GMP has broad antigen-adju-
vant synergy. Although the results of this study imply that the
c-di-GMP produced from adenovirus vectors may not enhance
vaccines that rely on antibody production, such as those targeting
bacterial toxins, the Ad5-VCA0956-stimulated c-di-GMP innate
immune response might enhance protection of vaccines that drive
cell-mediated immunity such as those targeting viral infections or
cancers. Consistent with this idea, c-di-GMP has been shown to
exhibit anticancer properties in a number of studies (20, 64, 65),
which are thought to be mediated through stimulation of a type I
interferon response as observed here. Miyabe et al. (20) showed
that enhancing c-di-GMP entry into cancer cells using liposomes
increased its efficacy; adenovirus delivery of DGCs to tumors
might function similarly by driving synthesis of c-di-GMP in can-
cer cells. One advantage of using adenovirus over general admin-
istration for this purpose is that modified adenovirus vectors have
been constructed to target specific tissue types (66), and c-di-
GMP might be directly delivered to tumor cells or other tissues.
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