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Abstract

The bacterial second messenger (3'-5)-cyclic-di-guanosine-monophosphate (CDG) is a
promising mucosal adjuvant candidate that activates balanced Th1/Th2/Th17 responses. We
showed previously that CDG activates stimulator of IFN genes (STING)-dependent IFN-I
production in vitro. However, it is unknown whether STING or IFN-1 is required for the CDG
adjuvant activity in vivo. In this study, we show that STING ™~ mice (Tmem173<tm1Camb>) g not
produce Ag-specific Abs or Th1/Th2/Th17 cytokines during CDG/ Ag immunization. Intranasal
administration of CDG did not induce TNF-a, IL-1, IL-6, IL-12, or MCP-1 production in STING
I~ mice. Surprisingly, we found that the cytokine and Ab responses were unaltered in CDG/Ag-
immunized IFNAR™~ mice. Instead, we found that CDG activates STING-dependent, IFN-1—
independent TNF-a. production in vivo and in vitro. Furthermore, using a TNFR1~~ mouse, we
demonstrate that TNF-a signaling is critical for CDG-induced Ag-specific Ab and Th1/Th2
cytokine production. This is distinct from STING-mediated DNA adjuvant activity, which requires
IFN-I, but not TNF-a, production. Finally, we found that CDG activates STING-dependent, but
IRF3 stimulation-independent, NF-xB signaling. Our results established an essential role for
STING-mediated TNF-a. production in the mucosal adjuvant activity of CDG in vivo and revealed
a novel IFN-I stimulation—independent STING-NF-xB-TNF-a pathway.

Mucosal vaccination induces protective immune responses in the mucosal and systemic
immune compartments. A bacterial second messenger, (3’-5)-cyclic-di-
guanosinemonophosphate (CDG), exhibits strong immunostimulatory properties in mouse
and human cells. Particularly, CDG can activate human immature dendritic cells (DCs) and
enhances DCs’ ability to stimulate T cells (1). In 2007, Ebensen et al. (2) demonstrated that
CDG has mucosal adjuvant activity, inducing efficient Ag-specific secretory IgA production
in the lung and vagina. Later groups demonstrated that the mucosal immune response
induced by CDG translates into protective immunity against various pathogen infections,
including H5N1 influenza (3), Acinetobacter baumannii (4), Staphylococcus aureus (5),
Klebsiella pneumoniae (6), and Streptococcus pneumoniae (7, 8). Notably, the mucosal
adjuvant activity of CDG is comparable to cholera toxin, the “gold standard” of mucosal
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adjuvanticity (8). CDG seems to have a better safety profile than cholera toxin (8) and elicits
a balanced Th1/Th2/Th17 response (9, 10). Thus, CDG is a promising mucosal vaccine
adjuvant candidate.

The mechanism by which CDG acts as a mucosal adjuvant is unknown. CDG activates broad
immune responses, including the production of Th1/Th2/Th17 cytokines (9),
proinflammatory cytokines, such as IL-1p and TNF-a (2, 6, 8, 9), and chemokines (2, 4, 6,
8, 9), as well as the recruitment of leukocytes (1, 4, 6, 8). IFN-I is also produced (11).
However, it is not clear how the host responds to CDG in vivo, what cell type is the main
responder to CDG in vivo, or the molecular mechanism that CDG uses to activate these
cells. Furthermore, it is completely unknown which observed response in vivo is relevant to
the adjuvant activity of CDG. A concentrated effort is needed to separate the adjuvant
activity of CDG from the potential toxicity to be used in human mucosal vaccination.

Stimulator of IFN genes (STING) (12), also known as MPYS (13) and TMEM173, appears
to be a universal receptor for cyclic dinucleotides, including the bacterial second messengers
(3’-5")cyclic-di-adenosine-monophosphate (CDA) and CDG, as well as the newly identified
metazoan second messenger cyclic-GMP— AMP (cGAMP) (14). STING is absolutely
required for cyclic dinucleotide-induced IFN-I production (15, 16). Structural studies
revealed that cyclic dinucleotides interact with the cytoplasmic tail of STING, activating the
TBK1-IRF3-IFN-I signaling axis (17, 18). It is unknown whether STING or IFN-I is
required for the mucosal adjuvant activity of these cyclic dinucleotides in vivo.

In this study, using STING™~, IFNAR™~, and TNFR1~/~ mice, we found that STING-
mediated TNF-a, but not IFN-1, signaling is essential for the mucosal adjuvant activity of
CDG. This is distinct from the STING-mediated adjuvant activity of a DNA vaccine that
requires IFN-1, but not TNF-a, signaling (19). Thus, our results reveal that STING-mediated
DNA and CDG sensing can be dissociated in vivo.

Materials and Methods

Mice

Six- to twelve-week-old female mice were used for all experiments. IFNAR™~ and STING
~I~ mice (Tmem173<tmiCamb>.y \ere described previously (15, 20). TNFR1~/~ mice were
from The Jackson Laboratory (C57BL/6- Tnfrsf1a™1/mX|3). All mice were on a C57B6/L
background. Mice were housed and bred in the Animal Research Facility at Albany Medical
College. All experiments with mice were performed in accordance with the regulations and
approval of Albany Medical College and the Institutional Animal Care and Use Committee.

Immunization and sample collection

Mice were immunized with three doses (14 d apart) of OVA (20 ug, InvivoGen; cat. code
vac-efova), with or without CDG (5 ug, InvivoGen; cat. code vac-cdg) (Fig. 1A). Mice (n=
4/group) were vaccinated intranasally (i.n.) with adjuvanted Ag or nonadjuvanted Ag (20 pg
OVA/ dose). For i.n. vaccination, animals were anesthetized using isoflurane in an E-Z
Anesthesia system (Euthanex, Palmer, PA). Ag, with or without CDG, was administered
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drop-wise at 5 pl/nostril. Sera and nasal washes were collected 14 d after the last
immunization.

Bronchoalveolar lavage

Mice were sacrificed at the indicated time by CO, asphyxiation, and lungs were lavaged
twice with 0.8 ml ice-cold PBS. The bronchoalveolar lavage fluid (BALF) was centrifuged
at 2000 x gfor 1 min. Collected cells were analyzed by flow cytometry. The supernatant was
collected and stored at —80°C for cytokine analysis.

Cell culture

Bone marrow—derived macrophages (BMDMSs) (15) was generated as previously described.
For bone marrow—derived DCs (BMDCs), bone marrow cells were cultured for 7 d in
DMEM supplemented with 10% FBS, sodium pyruvate (1 mM), L-glutamine (2 mM), 1%
penicillin/streptomycin, 2-ME (50 uM), HEPES buffer (10 mM), 1% nonessential amino
acids, and ~3% GMCSF (B78hi/GMCSF.1 cell line hybridoma supernatants). During
culture, media were changed on days 2 and 4. Differentiation into DCs was verified on day 7
by flow cytometric analysis of surface CD11c levels (~70-80%).

Detection of Ag-specific IgG in serum

The Ag-specific Abs in serum samples were determined by ELISA. The anti-lgG-HRP Abs
used were anti-mouse 1gG-HRP (cat. no. 030-05), anti mouse IgG1-HRP (cat. no. 1070-05),
anti-mouse 1gG2C-HRP (cat. no. 1079-05), and anti-mouse IgA-HRP (cat. no. 1040-05; all
from Southern Biotech). Total anti-OVA IgG and 1gG1 were quantified using a mouse anti-
OVA 1gG kit (cat. no. 3011) and an anti-OVA 1gG1 kit (cat. no. 3013; both from Chondrex,
Redmond, WA).

ELISAs

Cytokine concentrations were measured using commercial ELISA kits, according to the
manufacturer’s instructions. The ELISA kits used were MCP-1 (cat. no. 88-7391), IL-2 (cat.
no. 88-7024), IL-4 (cat. no. 88—-7044), IL-6 (cat. no. 88—-7064), IL-12/p70 (cat. no. 88—
7921), IL-17A (cat. no. 88— 7371), TNF-a (cat. no. 88-7324), IL-1p (cat. no. 88-7013),
and IFN-y (cat. no. 88-7314; all from eBioscience), as well as an IFN-a. ELISA kit (PBL
InterferonSource; cat. no. 42120).

In vitro activation of lymphocytes

Splenocytes from OVA- or OVA/CDG-immunized mice (100 pl, 2 x 10° cells/ml) were
seeded in a U-bottom 96-well plate and stimulated with OVA (100 pg/ml) for 4 d. Cell
supernatants were removed and stored at —80°C for later cytokine measurement.

Flow cytometric assay
Cells were stained with FITC-CD80 (BD Pharmingen; clone 30-F11), PECD86 (BD
Pharmingen; clone A3-1), allophycocyanin-Ly6C (BD Pharmingen; clone AL-21),
allophycocyanin—-CY7-CD11b (BD Pharmingen; clone M1/70), allophycocyanin-F4/80
(Caltag; clone BM8), or PE-Ly6G (BD Pharmingen; clone 1A8). Live cells were gated.
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FACS was performed using a FACScan flow cytometer (BD Biosciences) and analyzed
using FlowJo software (CellQuest).

In vitro CDG- or IFN-stimulating DNA activation

CDG- or IFN-stimulating DNA (ISD) activation was done in 24-well plates or in a 12-well
plate when isolating nuclear proteins. BMDMs or BMDCs were seeded at 0.5 x 108 cell/
well in a 24-well plate in 1 ml BMDM or BMDC medium overnight. The next day, the
following solutions were prepared for each well of stimulation: (a) 50 pl DMEM (Life
Technologies; cat. no. 11965) plus 2 pg CDG (InvivoGen; cat. code tlrl-cdg) or ISD
(InvivoGen; cat. code tirl-isdn) or (b) 50 ul DMEM plus 2 ml Lipofectamine 2000
(Invitrogen; cat. no. 11668). Solutions were vortexed for 1 sec and incubated at room
temperature for 5 min. Solution (a) was added to solution (b), vortexed for 2 s, and incubated
at room temperature for 20 min. At the end of the incubation, an additional 100 pl complete
10% medium was added to the combined solution. A total of 200 pl CDG or ISD solution
was introduced to the cells at a final concentration of 10 pg/ml.

Western blot

Cells were lysed in RIPA buffer (15), and whole cell lysates (WCL) were loaded directly on
a 10% Mini-PROTEAN TGX precast gel (Bio-Rad; cat. no. 456-1035). The following Abs
were used: anti-a-tubulin (Rockland; cat. no. 200-301-880), anti-IxB-a (Santa Cruz; cat.
no. 371), anti-p-IRF3 (S396) (Cell Signaling Technology; cat. code 4D4G), anti-TBK1 (Cell
Signaling Technology; cat. code D1B4), anti-iNOS (BD Transduction Laboratories; cat. no.
610332), anti-NF-xB p65 (Santa Cruz; cat. code sc-372), anti-IRF3 (Cell Signaling
Technology; cat. code D83B9), and anti-histone H3 (Cell Signaling Technology; cat. code
D1H2).

Isolation of nucleus proteins

BMDMSs or BMDCs were washed once in ice-cold PBS. Cells (~10° cells) were
resuspended in 400 pl hypotonic lysis buffer (20 mM Tris-HCI [pH 7.4], 3 mM MgCl,, 10
mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, and protease inhibitors) and left on ice for 15 min.
At the end of the incubation, Nonidet P-40 was added to a final concentration of 0.6%, and
the suspension was vortexed vigorously for 15 s. The nuclei were recovered by
centrifugation (3000 rpm for 10 min, at 4°C). The supernatant was removed, and the pellet,
which is the nuclear fraction, was resuspended in 18 ml extraction buffer (100 mM Tris-HCl
[pH 7.4], 10% glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 300 mM
NaCl, 0.5% deoxycholate, 0.5 mM DTT, 1 mM PMSF, and protease inhibitors) and kept at
—-80°C overnight. The next day, the nuclei were thawed on ice and centrifuged for 30 min at
14,000 x gat 4°C. The supernatant is the nuclear extraction.

Chemical inhibitor treatment
BMDMs or BMDCs were treated with 1 pM Bx-795 (InvivoGen; cat. code tlrl-bx7) or 4
pg/ml MG-132 (Selleckchem; cat. code S2619) at 37°C in culture for 2 h. Medium was
changed, and cells were activated for the indicated length of time. Cytokine and NO were
measured in the supernatant. Cells were lysed for Western blot analysis.
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Statistical analysis

The statistical significance was determined using the unpaired student t test (GraphPad
Prism 5.0; GraphPad).

Results

The mucosal adjuvant activity of CDG depends on STING

Cytosolic sensing of CDG activates STING-mediated IFN-I production. To investigate the
role of STING in CDG-induced mucosal adjuvant activity, we immunized STING ™~
(Tmem173<tmiCamb>) mice (15) with CDG plus OVA or OVA alone (i.n.) and measured the
OVA-specific 1gG response in blood (Fig. 1A). We found that CDG failed to stimulate an
OVA-specific IgG response in STING™~ mice (Fig. 1B). CDG-adjuvanted vaccination
generated balanced Thi, Th2, and Th17 responses (9). The Thl immune response is
associated with the generation of IgG2C Abs in C57BL/6 mice, whereas the Th2 humoral
immune response is associated with 1gG1 production. We found that CDG-induced OVA-
specific 1gG1 and 1gG2C responses are completely absent in STING™~ mice (Fig. 1C-E).
Nasal IgA production is also absent in STING™~ mice (Fig. 1F). The ex vivo recall assay in
splenocytes from OVA/CDG-immunized wild-type (WT) mice showed balanced Th1 (IFN-
¥), Th2 (IL-4), and Th17 (IL-17) cytokine production (Fig. 1G). Importantly, all of these
responses were absent in splenocytes from OVA/CDG-immunized STING ™~ mice (Fig. 1G).
We concluded that STING is essential for the mucosal adjuvant activity of CDG, including
CDG-induced Th1/Th2/Th17 responses, in vivo.

STING is not required for alum-adjuvanted IgG responses

A previous report (21) showed that STING is also required for the adjuvant activity of DNA.
We then asked whether STING™~ animals have abnormal responses to other adjuvants.
Aluminum salts (alum) have been used as a human vaccine adjuvant since the 1930s. We
immunized STING™~ mice with either alum-adjuvanted OVA (i.p.) or CDG-adjuvanted
OVA (i.p.) and measured the production of OVA-specific IgG in serum. Although STING ™/~
failed to produce OVA-specific IgG in response to adjuvant CDG (i.p) (Supplemental Fig.
1A), they had no problem producing OVA-specific 1gG when immunized with adjuvant alum
(Supplemental Fig. 1B). This suggested that STING is required for the adjuvant activity of
DNA or CDG. This is consistent with the recent report (22) that STING is dispensable for
alum-adjuvanted IgG1 responses. Furthermore, STING™~ mice did not produce OVA-
specific IgG1 and 19G2C when immunized with CDG/OVA via the i.p. route (Supplemental
Fig. 1C, 1D). This demonstrated that STING mediates the adjuvant activity of CDG via the
i.p. and i.n. routes.

STING is required for CDG-induced cytokine and chemokine production in vivo

Consistent with the essential role for STING in mediating the adjuvant activity of CDG, we
found that STING ™~ mice did not exhibit CDG-induced neutrophil recruitment in the
peritoneal cavity during i.p. administration (Supplemental Fig. 1E). As a control, these mice
had alum-induced neutrophil influx (Supplemental Fig. 1F). To characterize the in vivo
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events during i.n. CDG immunization further, we examined CDG-induced cytokine and
chemokine production in BALF.

Intranasal administration of CDG induces cytokine and chemokine production in BALF (8).
We found that there was no CDGinduced IL-18, IL-6, IL-12p70, or TNF-a production in
BALF from STING ™'~ mice (Fig. 2A). CDG administration (i.n.) also did not induce
chemokine MCP-1 production (Fig. 2A) or the recruitment of Ly6CNCD11b* inflammatory
monocytes in STING ™~ mice (Fig. 2B). Thus, STING is essential for CDG-induced
cytokine and chemokine production in vivo.

STING is essential for CDG-induced DC maturation

DCs play a central role in mediating adjuvant-induced immune responses. Previous studies
(1) showed that CDG activates human and mouse DCs, promoting the production of
cytokines and chemokines and enhancing DCs’ ability to stimulate T cells. CDG also
induces NO production (6). We examined CDG-activated STING™~ BMDCs (Supplemental
Fig. 2). CDG stimulation failed to upregulate the costimulatory molecules CD80 and CD86
in STING™~ BMDCs (Supplemental Fig. 2A, 2B). CDG-induced TNF-a, IFN-a, and IL-6
production was absent in STING™~ BMDCs (Supplemental Fig. 2C). STING was needed
for CDGinduced inducible NO synthase expression (Supplemental Fig. 2D) and NO
production in DCs (Supplemental Fig. 2E). As a control, LPS induces CD80 and CD86
expression (Supplemental Fig. 2A, 2B), as well as TNF-a,, IFN-a,, IL-6, and NO production
in STING™~ BMDCs (Supplemental Fig. 2C, 2E). Notably, NO induced by CDG
stimulation is much weaker than that induced by LPS stimulation (Supplemental Fig. 2D,
2E).

Next, we examined the ability of CDG-activated STING™~ BMDCs to stimulate OVA-
specific CD4* T cells. BMDCs were first activated by CDG/OVA or LPS/OVA for 24 h.
These activated BMDCs were then cocultured with CFSE-labeled OVA-specific CD4* T
cells from OT |1 mice for 4 d. IL-2 production was measured to determine T cell activation
(Supplemental Fig. 2F). CD4* T cell proliferation was determined by CFSE dilution
(Supplemental Fig. 2G). Compared with WT BMDCs, CDG/ OVA-stimulated STING ™/~
BMDCs did not induce the production of I1L-2 or cell proliferation in OVA-specific CD4* T
cells (Supplemental Fig. 2F, 2G). As a control, LPS/OVA-stimulated STING™~ BMDCs
activated OVA-specific CD4* T cells as efficiently as did the WT BMDCs (Supplemental
Fig. 2F, 2G). In summary, STING is critical for CDG-induced DC maturation.

IFN-1 signaling is dispensable for the mucosal adjuvant activity of CDG

STING is essential for CDG-induced IFN-I production (15, 16). In fact, the hallmark
function of STING is to stimulate IFN-I production (23). The adjuvant activity of a DNA
vaccine depends on TBK1-mediated IFN-I production (19). Thus, it is no surprise that
STING is required for the adjuvant activity of a DNAvaccine (21). In this study, we asked
whether IFN-I signaling is required for STING-mediated adjuvant activity of CDG, as well.

We immunized WT and IFNAR ™/~ mice with OVA i.n., with or without CDG, as before.
OVA-specific Abs were measured by IgG ELISA. To our surprise, CDG/OVA-immunized
(i.n.) IFNAR™~ mice showed no difference in OVA-specific Ab responses compared with
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the CDG/OVA-immunized WT mice (Fig. 3). Both groups of mice have similar total serum
1gG, 1gG1, 1gG2C, and nasal IgA production (Fig. 3A-E). Furthermore, OVA stimulation of
ex vivo splenocytes from immunized IFNAR™~ mice showed significant production of Thi,
Th2, and Th17 cytokines, although they were slightly decreased compared with splenocytes
from immunized WT mice (Fig. 3F). We concluded that CDG-induced IFN-I production is
dispensable for the mucosal adjuvant activity of CDG.

IFN-I is not required for CDG-induced cytokine and chemokine production in vivo

We also examined CDG-induced cytokine and chemokine production in BALF from CDG-
treated IFNAR ™~ mice. There was no difference in the production of MCP-1, I1L-12/p70, or
TNF-a between CDG-treated WT and IFNAR ™~ mice (Fig. 4A). The recruitment of
Ly6CNCD11b* inflammatory monocytes to BALF was also similar between WT and
IFNAR™~ mice (Fig. 4B). Lastly, CDG-activated IFNAR™~ BMDCs increased surface
CDB80 and CD86 expression similar to the WT BMDCs (Fig. 4C). These in vivo and in vitro
observations are consistent with the notion that IFN-1 is dispensable for the mucosal
adjuvant activity of CDG.

STING differentially regulates CDG- and ISD-induced TNF-a. production in vitro

To understand the mechanism by which STING functions in the absence of IFN-I
stimulation, we studied CDG activation in BMDMs and BMDCs. Consistent with the in vivo
observation, CDG induced a significant amount of TNF-a in BMDMSs or BMDCs from
IFNAR™~ mice (Fig. 5, /eft panels). This is especially prominent in BMDMs, in which the
CDG-induced TNF-a is largely independent of IFN-I signaling (Fig. 5).

ISD is a 45-nt non-CpG oligomer from the Listeria monocytogenes genome. Distinct from
CDG activation, ISD-induced TNF-a production was absent in IFNAR ™~ cells (Fig. 5, right
panels). Both ISD- and CDG-induced TNF-a required STING (Fig. 5). Thus, ISD and CDG
activate the production of TNF-a via distinct STING pathways in vitro. This is in agreement
with our in vivo data showing that, although the adjuvant activities of DNA and CDG
require STING, they are distinct with regard to IFN-I signaling. As a control, both STING ™~
and IFNAR ™~ cells respond normally to LPS stimulation (Fig. 5, midale panels).

TNF-a signaling is critical for the mucosal adjuvant activity of CDG

TNF-a has promising mucosal adjuvant activity (24). We next asked whether the IFN-I-
independent TNF-a production by CDG is responsible for its mucosal adjuvant activity. We
immunized WT and TNFR1~/~ mice i.n. with OVA, with or without CDG, as before.
Excitingly, CDG/OVA-immunized (i.n.) TNFR1~~ mice showed a dramatic decrease in total
OVA-specific IgG responses compared with the CDG/OVA-immunized WT mice (Fig. 6A,
6B). The OVA-specific 1gG1, 1gG2C, and nasal IgA production were also severely impaired
in TNFR1~/~ mice (Fig. 6C—F). OVA stimulation of ex vivo splenocytes from immunized
TNFR1~/~ mice resulted in a significant reduction in Th1 (IFN-y) and Th2 (IL-4) cytokines
(Fig. 6G). Interestingly, OVA-induced IL-17 production was not affected (Fig. 6G).

There were no differences in CDG-induced MCP-1, TNF-a, or IL-12 production in BALF
from TNFR17~ and WT mice (Fig. 6H). IL-17 (Fig. 6H) and GM-CSF (data not shown)
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production in BALF were also intact in TNFR1~/~ mice. CDG also activated TNFR1 ™/~
BMDC:s by increasing surface CD86 expression (Fig. 61). As expected, BMDCs from
TNFR17~ mice had little response to TNF-a stimulation (Fig. 61, /et panels), whereas
STING™~ BMDCs had increased CD86 expression after TNF-a treatment. In contrast,
STING™~ BMDCs did not respond to CDG activation, whereas TNFR1~/~ BMDCs did (Fig.
61, right panel). We concluded that CDG-induced TNF-a production is critical for the
mucosal adjuvant activity of CDG.

TNF-a signaling is critical for the mucosal adjuvant activity of CDA

CDA is one of the most recent cyclic dinucleotide second messengers discovered in bacteria
(25). A previous study (9) showed that CDA also has mucosal adjuvant activity. More
importantly, we showed previously that, like CDG, CDA signals via STING in vitro (15).
We next asked whether CDA used the same STING- TNF-a pathway to elicit its mucosal
adjuvant activity.

We immunized WT, STING -, and TNFR1™/~ mice with OVA i.n., with or without CDA, as
before. After two immunizations, blood and nasal wash were collected 14 d after the last
boost. OVA-specific Abs were measured by ELISA. Similar to CDG immunization, CDA-
induced Ag-specific 1gG, 1gG1, 1gG2C, and IgA production were absent in STING™~ mice
and severely impaired in TNFR1~/~ mice (Supplemental Fig. 3). We concluded that the
STING-TNF-a pathway is also critical for the mucosal adjuvant activity of CDA.

STING is required for CDG-induced NF-gB activation

TNF-a production is mainly a result of canonical NF-xB activation (26, 27). Previous
studies (11) indicated that CDG can activate the NF-xB pathway. Because CDG-induced
TNF-a production is STING dependent, we hypothesized that STING is required for CDG-
induced NF-xB activation, as well.

To demonstrate the role of STING in CDG-induced NF-xB signaling, we isolated the
nuclear fraction and examined nuclear translocation of RelA/p65 upon CDG stimulation. We
used ISD as a positive control because STING is required for cytosolic DNA- induced NF-
xB activation (28). As expected, STING™~ BMDMSs and BMDCs were defective in CDG-
induced nuclear translocation of IRF3 (Fig. 7). Similar to ISD stimulation, CDG-induced
RelA/p65 nuclear translocation was dramatically decreased in STING ™~ cells (Fig. 7). We
concluded that STING is essential for the CDG-induced NF-xB activation.

Uncoupling STING-mediated NF-xkB and IRF3 activation

CDG simultaneously activates STING-dependent IRF3-IFN-I and RelA-TNF-a pathways.
The fact that STING-mediated TNF-a, but not IFN-I, production is critical for the adjuvant
activity of CDG suggested that IRF3 and RelA may be activated via different STING
pathways. To determine whether these STING-mediated events are indeed uncoupled, we
used chemical inhibitors Bx-795 (29) to inhibit IRF3 activation and MG-132 (30) to inhibit
NF-xB activation. Nuclear-translocation analysis showed that, although Bx-795 inhibits
CDG-induced IRF3 translocation, it did not affect CDG-induced RelA nuclear translocation
in BMDMs and BMDCs (Fig. 8A, 8B). In contrast, MG-132 inhibits CDG-induced RelA,
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but not IRF3, nuclear translocation in BMDMs and BMDCs (Fig. 8A, 8B). In fact, MG-132
treatment increased CDG-induced IRF3 nuclear translocation (Fig. 8A, 8B).

To further demonstrate that STING-mediated NF-xB and IRF3 activation can be uncoupled
from each other, we examined IRF3 phosphorylation and IxBa degradation in WCL upon
Bx-795 or MG-132 treatment. Bx-795 efficiently inhibited CDG-induced IRF3
phosphorylation, but it did not affect CDG-induced IxBa degradation in both BMDMs and
BMDCs (Fig. 8C, 8D). Similarly, MG-132 inhibited CDG-induced IxBa degradation and
did not reduce, but rather increased, IRF3 phosphorylation (Fig. 8E, 8F). We concluded that
STING mediated NF-xB and IRF3 activation via two separate signaling pathways.

Uncoupling STING-mediated TNF-a and IFN-I production

We next examined whether NF-xB—mediated TNF-a production and IRF3-mediated IFN-I
production can also be uncoupled. Treating WT BMDMs with Bx-795 abolished CDG-
induced IFN-a production (Fig. 9A). However, CDG-induced TNF-a production in
BMDMs decreased only slightly (Fig. 9A). In contrast, MG-132 inhibited CDG-induced
TNF-a production but did not inhibit, but rather increased, CDG-induced IFN-a production
(Fig. 9C). Thus, CDG-induced STING-mediated TNF-a. and IFN-I production can be
uncoupled in BMDMs (Fig. 9E, /eft panel).

We also examined TNF-a and IFN-I uncoupling in BMDCs. We found that Bx-795
inhibited CDG-induced TNF-a production greatly (Fig. 9B). This is different from the
response in BMDMs (Fig. 9A) and suggested that TBK1 activation and the subsequent IFN-
I signaling play major roles in CDG-induced TNF-a activation in BMDCs (Fig. 9E, right
panel). This is consistent with the observation in BMDCs from IFNAR™/~ mice (Fig. 5B).

Nevertheless, Bx-795-resistant TNF-a production was still seen in CDG-activated BMDCs
(Fig. 9B). Similar to in BMDMs, MG132 treatment inhibited CDG-induced TNF-a
production and did not inhibit, but rather increased, CDG-induced IFN-a production (Fig.
9D). Thus, CDG-induced TNF-a and IFN-I production can also be uncoupled in BMDCs
but to a much lesser extent.

Bx-795 inhibits TBK1 activation (29). We next examined TNF-a and IFN-I uncoupling in
TBK1-knockdown cells. We used SMARTpool small interfering RNA from Dharmacon to
knock down TBK1 in BMDCs and BMDMs. The knockdown efficiency was confirmed by
Western blot (Supplemental Fig. 4) and the lack of IFN-I production by CDG (Supplemental
Fig. 4). Similar to the observation with Bx-795 treatment, decreasing TBK1 expression
reduced, but did not eliminate, CDG-induced TNF-a production in BMDCs and BMDMs
(Supplemental Fig. 4). We concluded that STING mediates CDG stimulation by
simultaneously activating parallel NF-xB-TNF-a and TBK1-IRF3-IFN-I pathways.

Discussion

Cytosolic sensing of DNA or bacterial second messenger CDG activates a common STING-
TBK1-IRF3-signaling axis and leads to IFN-I production (31). Both DNA and cyclic
dinucleotides have promising adjuvant activity (32). Previous studies (19, 21) showed that
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the adjuvant activity of DNA requires STING and IFN-I. In this study, we demonstrated,
surprisingly, that the adjuvant activity of CDG requires STING-mediated TNF-a,, but not
IFN-I, production. Therefore, STING-mediated DNA and CDG sensing can be dissociated
in vivo.

STING is required for both CDG- and DNA-induced TNF-a production. However, CDG-
induced TNF-a is largely independent of IFN-I signaling, whereas DNA-induced TNF-a
production requires intact IFN-1 signaling. We hypothesize that CDG and DNA adopt
distinct STING pathways to activate TNF-a.. Recently, cyclic GMP-AMP synthase was
identified as a DNA sensor (33). It catalyzes the synthesis of a metazoan second messenger,
cGAMP, in the presence of DNA (34). This novel metazoan second messenger contains
G(2’,5")pA and A(3’,5")pA phosphodiester linkages and binds to STING with high affinity
(Kg = 4 nM) (14). This is ~300-fold lower than the Ky for CDG-STING binding (Kg=1.2
UM) (14). This association difference with STING may explain why STING mediates the
adjuvant effect of DNA, through the generation of 2’5’-3’5" ¢cGAMP, and CDG differently.
Alternatively, STING may use different coreceptors for sensing DNA and CDG, leading to
different outcomes in vivo.

It was shown that TNF-a. (24), and its family member TL1A (35), have mucosal adjuvant
activity. However, like many cytokine mucosal adjuvants, they are costly and prone to
degradation when administrated via the i.n. route (24). Furthermore, soluble TNF-a, as a
mucosal adjuvant, primarily elicits Th2 responses (24). CDGinduced local production of
TNF-a in lung likely has different kinetics and potency than exogenous soluble TNF-a.. In
this study, we found that TNF-a is required for CDG-induced Th2 responses, as well as Thl
responses, which supports this notion. Interestingly, a previous study (36) showed that
particulate TNF-a can elicit both Th1 and Th2 responses and protects against a lethal flu
challenge. Thus, although CDG adjuvant activity is mediated by TNF-a, it has many
advantages over soluble TNF-a as a mucosal adjuvant.

It is not clear which cell type(s) makes TNF-a in response to CDG immunization in vivo.
Alveolar macrophages, bronchial epithelial cells, pulmonary mast cells, lung T cells, and B
cells can all make TNF-a (37-39). Inflammatory DCs (Ly6CNCD11b*) also make TNF-a
in lung (40). However, the type of stimuli likely determines the source of TNF-a.. Systemic
TNF-a in response to LPS is produced mainly by macrophages (38), whereas TNF-a is
produced largely by Ly6C*CD11b* inflammatory DCs during fungal infection (40).
Importantly, TNF-a produced by different types of cells could have distinct and
nonredundant in vivo functions (38). Additional studies are required to determine the source
of TNF-a, as well as effector cells, during CDG immunization.

Of note, TNFR1™~ mice have some residual Ag-specific Ab response during CDG
immunization, which is different from STING™~ mice. TNFR1 is one of the two TNF-a
receptors (TNFR1 and TNFR2) found in mice and humans. TNFR1 is the major mediator of
TNF-a signaling and is ubiquitously expressed on almost all cell types (41). In contrast,
TNFR2 expression is limited to specific cell types, such as endothelial cells and CD4* T and
CD8* T cells (42). Moreover, TNFRL1 is activated by both membrane-bound and soluble
TNF-a, whereas TNFR2 is preferentially activated by membrane-integrated TNF-a. (43).
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Currently, we are pursuing the hypothesis that the residual CDG adjuvant activity seen in
TNFR1~~ mice comes from the recognition of TNF-a. by TNFR2.

Another exciting finding is the STING-TBK1-IRF3-independent activation of STING-NF-
xB-TNF-a production. It is known that CDG can induce the production of TNF-a and NO
(1), which are indicators of NF-xB activation. Indeed, McWhirter et al. (11) found that CDG
activates Rel A/p65. However, it is not clear how this NF-xB signaling is related to the well-
established STING- TBK1-IRF3-signaling axis; also, the biological significance of CDG-
induced NF-xB activation is unknown. In this study, we showed that STING-NF-xB-TNF-
a signaling is critical for the mucosal vaccine adjuvant activity of CDG in vivo and
demonstrated that this arm of STING signaling is independent of its well-known TBK1-
IRF3-signaling axis. For the future implementation of CDG or CDA as mucosal adjuvants in
human trials, it will be important to determine how the human STING variants that we
identified previously (44) affect this unique STING-NFxB-TNF-a pathway.

Cyclic dinucleotides are promising adjuvant candidates (32). In light of our current finding,
we suggest that 2'5’-3’5" cGAMP, generated during DNA sensing, requires IFN-I for its
adjuvant activity, whereas the 3'5’-3’5’ cyclic dinucleotide, similar to CDG and CDA, uses
a TNF-a—dependent mechanism to mediate its adjuvant activity. Indeed, while this
manuscript was in review, Li et al. (45) showed that 2’5’3’5’ ¢cGAMP exhibits adjuvant
activity that is dependent on IFN-I signaling. Thus, potential chemical engineering on
various cyclic dinucleotides can pave the way for the development of a new group of
adjuvants with different underlying mechanisms: IFN-I or TNF-a dependent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CDG (3’-5’)-cyclic-di-guanosine-monophosphate
cGAMP cyclic-GMP-AMP
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FIGURE 1.

STING is essential for the mucosal adjuvant activity of CDG. (A) Outline of the study. Mice
were vaccinated i.n. with three doses (14 d apart) of OVA (20 ug) together with CDG (5 pg)
or OVA alone (20 pg). Blood and nasal wash samples were collected 14 d after the last
immunization (day 42). (B—-F) Each group has four mice. Sera or nasal washes from the four
mice in the same group were pooled. OVA-specific Abs in the sera and nasal washes were
measured by ELISA, as described in Materials and Methods (n = 3). (G) Splenocytes were
collected 14 d after the last immunization and were activated in vitro with OVA (100 pg/ml)
for 4 d. Supernatants from the same group were pooled together. Thl (IFN-y), Th2 (IL-4),
and Th17 (IL-17) cytokines were measured by ELISA (n= 3). Data are mean = SE from
three independent experiments. *p, 0.05.
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FIGURE 2.
STING is essential for CDG-induced cytokine and chemokine production in vivo. (A) Mice
were administered CDG (10 yg) or PBS i.n. After 15 h, cytokine production was measured
in BALF by ELISA (n7= 3). Data are mean + SE from three independent experiments. (B)
Cells from BALF were analyzed by FACScan with the indicated Abs. Live cells were gated
(n=13).*p<0.05.
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IFN-I signaling is dispensable for the mucosal adjuvant activity of CDG. (A-E) WT and
IFNAR ™~ mice were vaccinated i.n. as in Fig. 1. Abs in the blood and nasal wash samples
were determined as in Fig. 1 (7= 3). (F) Splenocytes from WT and IFNAR ™~ mice were
collected and activated in vitro with OVA (100 ug/ml) as in Fig. 1. (G) Th1/Th2/Th17
cytokines were determined in supernatants as in Fig. 1 (#7= 3). Data are mean + SE from
three independent experiments. *p, 0.05. n.s, Nonsignificant
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FIGURE 4.
IFN-1 signaling is dispensable for CDG-induced cytokine and chemokine production in vivo.

(A) WT, STING™~, and IFNAR ™/~ mice were given CDG (10 pg) or PBS i.n. Cytokine
production was measured in BALF as in Fig. 2 (n= 3). Data are mean + SE from three
independent experiments. (B) Live cells from BALF were analyzed by FACScan with the
indicated Abs as in Fig. 2 (7= 3). (C) BMDCs from WTand IFNAR™/~ iy e were activated
by CDG (10 pg/ml) or medium alone (mock) for 18 h. Cells were stained with Abs against
CDB80 and CD86. Live cells were analyzed by flow cytometry (7= 3). *p, 0.05. n.s.,
Nonsignificant.
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STING differentially regulates CDG- and 1SD-induced TNF-a production in vitro. BMDMSs
(A) or BMDCs (B) from WT, STING™~, or IFNAR™'~ mice were activated by CDG (10 ug/
ml), LPS (200 ng/ml), ISD (10 pg/ml), or medium alone (mock) for 6 h. TNF-a production
was measured in the supernatant by ELISA (7= 3). Data are mean + SE from three
independent experiments. *p <, 0.05. N.D., Not detected.
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FIGURE 6.

TNF-a signaling is critical for the mucosal adjuvant activity of CDG. (A-F) WTand
TNFR17~ mice were vaccinated i.n. as in Fig. 1. Abs in the blood and nasal wash samples
were determined as in Fig. 1 (7= 3). (G) Splenocytes from WTand TNFR1 ™~ mice were
collected and activated in vitro with OVA (100 ug/ml) as in Fig. 1. Th1/Th2/Th17 cytokines
were determined in supernatants as in Fig. 1 (7= 3). Data are mean + SE from three
independent experiments. (H) WT, STING™~, and TNFR1~/~ mice were treated as in Fig. 2.
Cytokine production was measured in BALF as in Fig. 2 (7= 3). Data are mean + SE from
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three independent experiments. (1) BMDCs from WT, STING™~, or TNFR1~/~ mice were
activated by TNF (600 ng/ml), CDG (10 pg/ml), or medium alone (mock) for 18 h. Cells
were stained with Abs against CD86. Live cells were analyzed by flow cytometry (n= 2).
*p<,0.05. N.D., Not detected; n.s, nonsignificant.
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FIGURE 7.
STING is required for CDG-induced NF-xB activation. BMDCs (A) or BMDM s (B) from

C57BL/6, STINGZ*, or STING™~ mice were activated by CDG (10 pg/ml) for 4 h. Nuclear
fractions were isolated as described in Materials and Methods. Samples were run on SDS-
PAGE gel and probed with the indicated Abs (7= 3). n.s, Nonspecific.

J Immunol. Author manuscript; available in PMC 2018 October 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Blaauboer et al.

Page 23
i BMDM (Nuclear Fraction)
A BMDC (Nuclear Fraction) B BMDM (Nuclear Fraction
k mock Bx-795 MG-132
mock  _MG-132 _Bx-795 s — 7T T
CDG - + -+ “ + T
- e
S - - RelA/p65 - - - P
. a IRF3 = IRF3
Won.s
Histone H3 — — — —— Histone H3
C BMDC (WCL) D BMDM (WCL
mock Bx-795 mock Bx-795
CDG 0O 1h 3h 5h O 1h 3h 5h CDG 0 1h 3h 5h 0 1h 3h 5h
- p-IRF3 w p-IRF3
T - —— B T e - kB
T ——— R YT
E BMDC (WCL) F BMDM (WCL)
mock MG-132 mock MG-132
CDG 0 1h 3h O 1h 3h CDG 0 1 3h 0 1h 3h
Sl . - DD
S s e - Bu L R E I N-¥
— - — Tubulin S Tubulin
FIGURE 8.

Uncoupling STING-mediated NFkB activation and IRF3 activation. BMDCs (A) or
BMDMs (B) from C57BL/6 mice were treated with Bx-795 (1 uM), MG-132 (4 pg/ml), or
DMSO (mock) for 2 h. Cells were then activated by CDG (10 pg/ml) for 4 h. Nuclear
fractions were isolated and processed as in Fig. 7 (7= 3). BMDCs (C) or BMDMs (D) were
treated with Bx-795 (1 pM) or DMSO (mock) as in (A) and (B). Cells were then activated
by CDG (10 pg/ml) for the indicated time. WCLs were run on SDS-PAGE gel and probed
with the indicated Abs (7= 3). BMDCs (E) or BMDM s (F) were treated with MG-132 (4
pg/ml) or DMSO (mock) as in (A) and (B). Cells were then activated by CDG (10 pg/ml) for
the indicated time. WCLs were run on SDS-PAGE gel and probed with the indicated Abs (n
= 3). n.s, Nonspecific.
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FIGURE 9.
Uncoupling STING-mediated TNF-a and IFN-I production. BMDMs (A) or BMDCs (B)

from C57BL/6 mice were treated with Bx-795 (1 mM) or DMSO (untreated) for 2 h. Cells
were then activated by CDG (10 pg/ml) for 5 h. TNF-a and IFN-a were measured in
supernatant (/7= 3). Data are mean + SE from three independent experiments. BMDMs (C)
or BMDCs (D) were treated with MG-132 (4 pg) or DMSO (untreated) for 2 h. Cells were
then activated by CDG (10 ug/ml) for 5 h. TNF-a and IFN-a were measured in supernatant
(n=3). Data are mean * SE from three independent experiments. (E) Uncoupling of CDG-
STING-TBK1~-IRF3-IFN-I with CDG-STING-NF-xB-TNF-a in BMDMs and BMDCs.
*p<, 0.05. N.D., Not detected.
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