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Background: One of the most concerning public health issues, related to vaccination and disease preven-
tion, is the inability to induce durable immune responses following a single-dose immunization. In this
regard, the nature of the inflammatory environment induced by vaccine adjuvants can negatively impact
the resulting immune response. To address these concerns, new strategies to vaccine design are needed
in order to improve the outcomes of immune responses, particularly in immunologically disadvantaged
populations.
Methods: Comparisons of the scope of innate immune activation induced by TLR agonists versus cyclic
dinucleotides (CDNs) was performed. Their effects on the activation characteristics (e.g., metabolism,
cytokine secretion) of bone marrow derived dendritic cells (BMDCs) were studied. In addition, the differ-
ential effects on in vivo induction of antibody responses were measured.
Results: As compared to TLR ligands, the stimulation of BMDCs with CDNs induced distinctly different
metabolic outcomes. Marked differences were observed in the production of nitric oxide (NO) and the
cytokine BAFF. These distinct differences were correlated with improved (i.e., more rapid and persistent)
vaccine antibody responses in both aged and young mice.
Conclusions: Our results illustrate that the innate immune pathway targeted by adjuvants can critically
impact the outcome of the immune response post-vaccination. Specifically, CDN stimulation of APCs
induced an activation phenotype that was characterized by decreased innate effector molecule produc-
tion (e.g., NO) and increased BAFF. This was attributed to the induction of an innate inflammatory envi-
ronment that enabled the host to make the most of the existing B lymphocyte potential. The use of
adjuvants that differentially engage mechanisms of innate immune activation would be particularly
advantageous for the generation of robust, single dose vaccines. The results of this study demonstrated
that CDNs induced differential innate activation and enhanced vaccine induced antibody responses in
both young and aged mice.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

As a result of their relatively low immunogenicity, recombinant
subunit-based vaccine formulations generally require the addition
of adjuvants to induce protective immunological responses [1,2].
One of the often-selected families of adjuvants are Toll-like recep-
tor (TLR) ligands [3]. These are chosen for their ability to provide
activation (i.e., induce inflammation) of the innate and adaptive
immune system through ligation of pattern recognition receptors
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(PRRs) to effectively mimic the presence of an active infection.
While effective at activating innate immune responses, TLR
engagement leads to the production of reactive nitrogen and reac-
tive oxygen species by innate immune cells [4].

While production of nitric oxide (NO) and mitochondrial reac-
tive oxygen species (mROS) are often central in the clearance of
pathogenic infections prior to development of adaptive immunity,
each are known to have deleterious effects on the magnitude of
activation as well as the phenotype and survival of innate and
adaptive immune cells [5–10]. For example, mice infected with
lymphocytic choriomeningitis virus (LCMV) which develop severe
lymphopenia have a poor adaptive immune response (e.g., no neu-
tralizing antibody) that has been attributed to the large amounts of
NO produced by inflammatory monocytes in the lymph nodes [11].
The elevated levels of NO leads to B cell death, decreased produc-
tion of BAFF (i.e., cytokine promoting B cell survival), and subse-
quent loss of antibody production [12–15]. NOS2 derived NO
from innate immune cells has also been described to interfere with
lymphatic function and flow that can impair the adaptive immune
response [16]. ROS have also been described to influence the phe-
notypic differentiation of B cells to plasma cells or immunoglobulin
class switching in germinal center B cells. Varying levels of ROS
will react with and inhibit the ability of heme to regulate critical
B cell transcription factors determining B cell fate [17]. While ben-
eficial for acute innate immune responses, excessive levels of NO
and/or ROS may have a negative impact on the adaptive immune
response. In this regard, proper ‘‘management” of the inflamma-
tory response induced by vaccine adjuvants needs to be carefully
considered especially for older adults [18].

Those with immunological deficiencies, such as older adults
developing an age related narrowing of the naïve lymphocyte
repertoire leading to less than adequate antibody responses, must
make the most of the limited number of naïve cells remaining [19–
21]. This will require the identification of more optimal activation
pathways for adjuvants to target or avoid targeting, and will be
critical in order to achieve the broadest protective response to
recombinant subunit vaccines. Besides TLRs, another, independent
receptor family interacting with microbial associated molecular
patterns (MAMPs) or damage associated molecular patterns
(DAMPs) are the cytosolic nucleic acid sensors, such as Stimulator
of Interferon Genes (STING) [22–25]. Herein, the ability of STING
targeting cyclic dinucleotides (CDNs), specifically a synthetic ana-
log of cyclic di-GMP (cdG), to provide effective innate immune acti-
vation and adjuvanticity was evaluated. While STING stimulation
induces inflammation, we show that CDNs did not induce deleteri-
ous amounts of innate effector molecules (e.g., NO and ROS) that
are associated with TLR agonist-based adjuvants [26,27]. We also
illustrate that the activation of the STING pathway results in a dis-
tinct metabolic profile of DCs which is indicative of a unique acti-
vaton phenotype as compared to TLR agonist. The results of this
study furthers our understanding of adjuvant properties that con-
tribute to the induction of durable protective immunity while
avoiding the adverse reactions associated with adjuvants such as
Alum or TLR agonists. Specifically, these studies demonstrate that
the use of CDNs induce a more favorable early innate immune acti-
vation phenotype and associated inflammatory environment
which is linked to a rapid and greater magnitude of the vaccine-
induced antibody responses in both aged and young mice.
2. Materials and Methods

2.1. Animals

Female BALB/c or C57BL/6 mice of six to eight weeks of age
were obtained from Charles River (Wilmington, MA) for young
mouse vaccination studies as well as in vitro APC studies. Aged
female BALB/c mice of �20 months of age were obtained from
Jackson Laboratory (Bar Harbor, ME). All studies involving the
use of animals was carried out in accordance with current institu-
tional guidelines for the care and use of animals.

2.2. Vaccination studies

Young (6–8 weeks) and aged (18 + months) female BALB/c mice
were immunized subcutaneously at the nape of the neck with for-
mulations consisting of 50 mg ovalbumin (Ova), and 20 mg of the
indicated TLR ligand or CDN (dithio-RP, RP-cyclic di-guanosine
monophosphate) (Aduro Biotech, Berkley, CA) adjuvant, or where
indicated Ova alone. Where applicable N-[[3-(aminomethyl)phe
nyl]methyl]-ethanimidamine, dihydrochloride (1400W) (Cayman
Chemical, Ann Arbor, MI) was administered intraperitoneally at
5 mg/kg body weight, every eight hours for seven days following
vaccination. Female C56BL/6 mice (6–8 weeks of age) were immu-
nized with 20 mg of recombinant protective antigen (PA) from B.
anthracis (BEI, NR-3780) along with 20 mg of CDNs, or with 50 mL
of the commercial BioThrax Anthrax Vaccine Adsorbed (Emergent
Biosolutions, Rockville, MD) subcutaneously at the base of the
neck.

2.3. Extracellular flux analysis

For mitochondrial stress tests (MST), BMDCs were stimulated
overnight with 0.5 mg/mL CDNs, 1 mg/mL LPS or MPLA, 5 mg/mL imi-
quimod, CpG ODN, or no stimulation control in 5 mL polypropy-
lene tubes (to avoid cell adherence). Treated BMDCs were seeded
into 24 well seahorse plates coated with Cell-Tak (Corning, Corning
NY) at a density of 2.5 � 105 cells per well. Mitochondrial stress
test was carried out according to manufacturer’s MST protocol
(Agilent, Santa Clara, CA). Concentrations of 1 mM oligomycin,
2 mM FCCP, and 0.5 mM rotenone and antimycin were used (Agilent,
Santa Clara, CA). Kinetic stimulation assays were conducted with
non-stimulated BMDCs seeded at 2.5 � 105 cells per well in 24 well
seahorse plates coated with Cell-Tak (Corning, Corning NY). Stim-
ulants were injected at the concentrations outlined in the APC
stimulation section, after the third baseline measurement interval.
Metabolic phenotyping was conducted on a Seahorse XFe24 (Agi-
lent, Santa Clara, CA).

2.4. Bone marrow dendritic cell and macrophage generation

Bone marrow was collected from femurs and tibias of BALB/c
mice. Cells (4 � 106 cells per 100 mm plate) were washed and pla-
ted in 10 mL of complete RPMI 1640 medium (100 U/mL penicillin
and 100 mg/mL streptomycin, 2 mM glutamine, and 10% FBS) was
supplemented with 10 ng/mL of GM-CSF (Peprotech, Rocky Hill,
NJ). On day three of culture, 10 mL of GM-CSF containing complete
medium was added. On days six and eight of culture, 10 mL of cul-
ture medium was exchanged for 10 mL of fresh GM-CSF containing
complete medium. On day 10 of culture, DCs were harvested by
gently rinsing and collecting non-adherent cells. The same protocol
was used to generate BMMs but substituting M-CSF in place of
GM-CSF.

2.5. In vitro APC stimulation

BMDCs or BMMs were plated at 5 � 105 cells/well in a 96-well
round bottom tissue culture plate in 200 mL of the previously
described complete RPMI 1640 medium. Stimulants used included
5 mg/mL CpG ODN 1668, 5 mg/mL imiquimod, 1 mg/mL LPS, 1 mg/mL
MPLA, 0.5 mg/mL cyclic di-GMP (cdg) CDN, or non-stimulated con-
trol wells (i.e., medium alone). Stimulations were carried out for
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48 h and supernatants and cells were harvested for cytokine anal-
ysis and cell surface maker expression by flow cytometry. In
in vitro experiments, the NOS2 inhibitor 1400Wwas used at a con-
centration of 50 mM.

2.6. Flow cytometry

Following stimulation APCs were analyzed for costimulatory
marker expression using flow cytometry. 5 � 105 DCs were aspi-
rated from a 96 well plate and transferred to polystyrene tubes.
Prior to labeling with specific monoclonal antibodies, Fc receptors
on DCs were blocked to prevent non-specific antibody binding by
incubating the cells with 100 mg/mL of rat IgG (Sigma Aldrich, St.
Louis, MO) and 10 mg/mL of anti-CD16/32 (eBioscience). Subse-
quently, DCs were stained with fluorescently conjugated antibod-
ies for CD80 (Biolegend, PerCP-Cy5.5, clone 16-10A1), CD86
(eBioscience, FITC, clone GL1), CD11c (Biolegend, APC-Cy7, clone
N418), MHCII (eBioscience, AF700, clone M5/114.15.2), diluted in
FACS buffer. Mitochondrial superoxide production was evaluated
using live cells stained with MitoSOX Red according to manufac-
turer’s specifications (ThermoFisher Scientific). Samples were fixed
using BD stabilizing fixative where applicable (BD Bioscience,
Franklin Lakes, NJ). Data was collected on a FACSCanto II (BD Bio-
science, Franklin Lakes, NJ), and analyzed using FlowJo (Flowjo
LLC).

2.7. Nitric oxide quantification

Nitric oxide (NO) was quantified in BMDC supernatants via
Griess assay. A sodium nitrite standard curve was created using
two-fold serial dilutions with concentrations ranging from
100 mM to 0 mM. 100 mL of standard or supernatant was added to
100 mL of Griess reagent (Cat. No. 03553, Sigma-Aldrich) in a 96
well microtiter plate. Samples were allowed to react for 15 min
at room temperature and the optical density at 540 nm was
recorded using a SpectraMAX 190 (Molecular Devices, Sunnyvale,
CA). Concentrations of nitrite were calculated using a linear regres-
sion method.

2.8. BAFF quantification

Quantification of serum BAFF, collected at seven days post-
vaccination, and DC supernatant BAFF was performed via ELISA.
A murine BAFF/BLyS/TNFSF13B Quantikine ELISA kit (R&D Systems,
Cat. No. MBLYS0, Minneapolis, MN) was used according to manu-
facturer’s instructions and the optical density at 540 nm was
recorded using the SpectraMAX 190. Concentrations of serum
and supernatant BAFF were calculated using a linear regression
method.

2.9. Serum antibody detection

Vaccinated mice were bled via saphenous vein at the indicated
timepoints post-vaccination. Anti-Ova serum antibody titers were
measured via indirect ELISA. Costar 3590 96-well EIA/RIA high
binding plates (Corning, Corning NY) were coated with 100 mL of
Ova (5 mg/mL PBS) or PA (0.5 mg/mL PBS) and incubated overnight
at 4C. Plates were blocked using 2% (w/v) Difco gelatin in PBS
(0.05 M, PH 7.2) containing 0.05% Tween-20 (PBS-T) for two hours
at room temperature. After three washes using PBS-T, serum sam-
ples were titrated across the plate using two-fold serial dilutions,
starting at 1:200, in PBS-T and 1% (v/v) normal goat serum. Sam-
ples were incubated overnight at 4C. After three washes in PBS-T,
an alkaline phosphatase conjugated goat anti-mouse IgG (H + L)
secondary detection antibody (Cat# 115-005-003, Jackson Immu-
noResearch) was diluted 1:1000, added to the wells and allowed
to incubate at room temperature for two hours. Plates were
washed three times with PBS-T and alkaline phosphatase substrate
was added at 1 mg/mL in buffer containing 50 mM sodium carbon-
ate, 2 mM magnesium chloride, and sodium bicarbonate added to
achieve a pH of 9.3. Plates were allowed to develop for 30 min
and analyzed using the SpectraMAX 190 at a wavelength of
405 nm.
3. Results

3.1. CDNs result in higher antibody titers when compared to TLR
agonists

Studies incorporating the use of CDNs in recombinant subunit
vaccine studies have illustrated the ability of CDNs to enhance
the induction of durable, high titer antibody after vaccination
[28]. Herein, the antibody titers induced in mice that received
TLR agonist or CDNs were compared (Fig. 1). Mice were vaccinated
with 50 mg of Ova alone, or adjuvanted with either 20 mg of
monophosphoryl lipid A (MPLA) or Imiquimod as representative
TLR ligands, or 20 mg of CDN. Antibody titers were measured at
14- and 28-days post-vaccination. Animals that had received vac-
cination with CDNs as the adjuvant had higher serum anti-Ova
IgG titers compared to mice that had been vaccinated using TLR
agonists as the adjuvant at both 14- and 28-days after vaccination
(Fig. 1a and b). CDNs were also compared to a vaccine containing
the commonly used adjuvant alum. To demonstrate that the differ-
ence in the magnitude of the immune response induced with CDNs
was not specific to Ova, it was also shown that higher serum anti-
body titers were achieved after vaccination with the protective
antigen (PA) of B. anthracis admixed with CDNs as compared to
the commercially available alum-based vaccine, Biothrax (Supple-
mental Fig. 1).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.vaccine.2019.04.
004.
3.2. CDN stimulation of BMDCs results in early dual metabolic burst
and sustained mitochondrial respiration

Stimulation and activation of BMDCs has been described to
cause distinct acute, and long term, metabolic alterations in
response to encounter and activation upon exposure to TLR ago-
nists [29–31]. Immediately upon stimulation with TLR ligands, a
hallmark glycolytic burst is observed. Stimulation with CDNs also
results in a comparable uptick in glycolytic rate upon activation,
albeit a somewhat slower response (Fig. 2a and b). While TLR
ligand stimulation results in no immediate increase in mitochon-
drial respiration after stimulation, CDN stimulation results in an
upregulation of oxygen consumption rate in addition to the
observed glycolytic burst (Fig. 2c and d).

Mitochondrial function was analyzed after an 18-h stimulation
with CDNs and TLR agonists. The TLR ligand results are consistent
with previous observations that BMDCs are driven to a persistent
state of aerobic glycolysis and inhibited mitochondrial function
[29,32]. CDN mediated activation results in a sustained basal oxy-
gen consumption rate, ATP production, decreased proton leak, and
maintenance of spare capacity (Fig. 2e and f) while TLR stimulation
results in depressed functionality of mitochondrial (Fig. 2e and f).
Similar decreases in mitochondrial respiration are also observed
in the monocyte like J774 cell line after 18 h of stimulation with
TLR agonists, but not with CDNs (Supplemental Fig. 2). The rela-
tionship between metabolism and phenotypic outcome of cells is
described to be closely linked [33–35]. These results illustrate a
differential metabolic phenotype arose, as well as a corresponding
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Fig. 1. Assessment of the murine serum antibody response to ovalbumin (Ova) when adjuvanted with cyclic dinucleotides (CDNs) or TLR-ligands. Young (6–8-week-old)
female BALB/c mice were immunized subcutaneously with formulations consisting of 50 lg Ova alone or with the addition of 20 lg of the indicated TLR ligand (Imiquimod
(Imiq) or monophosphoryl lipid A (MPLA)) or CDN as an adjuvant (n = 8). Serum antibody titer to Ova was quantified via ELISA at (a) 2-weeks and (b) 4-weeks post-
immunization. Titer values were Log2 transformed and compared for statistical significance via an ordinary one-way ANOVA with a Dunnett’s multiple comparison test with
each group being compared back to CDN. P value is indicated as follows (* = p < 0.05). Individual animals are shown with bars indicating mean ±SEM.

2724 R.J. Darling et al. / Vaccine 37 (2019) 2721–2730
distinct activation phenotype, depending on the PRR activation
pathway engaged by these adjuvants.

3.3. CDN stimulation results in decreased innate immune effector
molecule production and increased BAFF

The sustained aerobic glycolysis observed in murine BMDCs
after TLR stimulation is the direct result of the production of high
concentration of nitric oxide (NO) leading to nitrosylation of elec-
tron transport chain molecules [31,36]. This results in mitochon-
drial deficiency and dependence on glycolysis for survival and
the metabolic demands of activation [32]. After observing the
acute characteristic metabolic effects of activation, yet mainte-
nance of mitochondrial function of CDN stimulated BMDCs at later
time points, it was hypothesized that there would be low to no
production of the innate effector molecule NO. After 48 h, CDN
stimulation results in control levels of NO accumulation in the
supernatant, while TLR ligands induce a dramatic upregulation of
NO concentrations (Fig. 3a). Bone marrow macrophages (BMM)
as well as monocyte like J774 cells also show similar patterns of
low NO production after stimulation with CDNs (Supplemental
Fig. 3). As glycolytic reprogramming upon activation in macro-
phages has been linked to production of reactive oxygen species,
we also assayed stimulated BMDCs for mitochondrial superoxide
(mROS) [37]. Similar patterns are again observed in the production
of mROS after stimulation. CDNs result in control levels of mROS
generation while TLR ligand stimulation overall resulted in an
increase (Supplemental Fig. 4).

BAFF is a critical cytokine in promoting B cell and plasma cell
survival, as well as maintenance of germinal centers and B cell fol-
licles [12,13,15,38]. As NO is a known inhibitor of the expression of
BAFF, it was hypothesized that that the extremely low production
of NO from CDN stimulated BMDCs, would allow for the generation
of higher levels of BAFF expression. Supernatant concentrations of
BAFF were measured after 48 h of stimulation with CDNs or TLR
ligands via ELISA. As hypothesized CDN stimulation lead to higher
concentrations of supernatant BAFF (Fig. 3b).

3.4. In vitro NOS2 inhibition improves TLR induced BAFF production
and costimulatory expression, but not CDNs

It has been illustrated via the use of NOS2 knockout mice and
in vitro NOS2 inhibitors that NO suppresses TLR agonist-
mediated costimulatory molecule upregulation on BMDCs
[14,36]. Therefore, BMDCs were stimulated with CDNs or TLR
ligands in the presence or absence of the NOS2 inhibitor 1400 W.
After 48 h, supernatants were harvested and assayed for NO pro-
duction. Results showed that the NOS2 inhibitor was effective at
significantly decreasing NO concentrations in TLR agonist stimu-
lated cells (Fig. 4a). BMDC culture supernatants were also analyzed
for BAFF production after stimulation with or without 1400W.
Increases in BAFF production in TLR stimulation groups that have
NOS2 activity inhibited are observed, but not in CDN stimulated
cells (Fig. 4b). Like BAFF production, upregulation of the costimula-
tory molecules CD86 and CD80 after stimulation with CDNs is
unaffected by inhibition of NOS2 while TLR ligand stimulated
groups have enhanced upregulation of these molecules (Fig. 4c
and d). This suggests that CDN stimulation of the STING pathway
in BMDCs leads to an enhanced upregulation of the costimulatory
molecules and increased BAFF production, compared to TLR
ligands, by avoiding production of the innate effector molecule NO.

3.5. Short term in vivo inhibition of NO results in improved antibody
titers

As improved costimulatory expression and BAFF secretion was
observed in vitro with TLR agonist/1400W treated BMDCs, it was
hypothesized that inhibiting in vivo NOS2 activity during the acute
inflammatory period after vaccination would result in increased
antibody titers. This was tested by vaccinating mice with Ova
alone, Ova adjuvanted with MPLA, or Ova adjuvanted with CDNs.
In addition, mice also received an injection of 1400W or a sham
injection three times daily for 7 days. Serum antibody titers were
measured at 2 weeks, 6 weeks, and 32 weeks post-vaccination.
Anti-Ova IgG titers at 2 weeks post-vaccination reveal improved
titers in MPLA mice receiving inhibitor as compared to MPLA only
mice, but treatment with the NOS2 inhibitor did not improve the
antibody response in the CDN treated mice (Fig. 5a). 6 weeks after
vaccination the inhibitor did not result in a statistically significant
increase in titer when inhibitor was added relative to adjuvant
alone (Fig. 5b). At 32 weeks post-vaccination time point, beneficial
effects were observed for mice treated with MPLA and the NOS2
inhibitor. Interestingly, the CDN treated mice receiving the NOS2
inhibitor also exhibited an increase in titer as compared to those
receiving CDNs alone (Fig. 5c).

3.6. CDN vaccination results in increased BAFF and antibody titer in
aged recipients

NO production following in vitro stimulation, or vaccination
with a TLR ligand as the adjuvant has deleterious effects on the
generation of critical cytokines (e.g. BAFF), and of antibody titers



Fig. 2. Acute metabolic responses and long-term mitochondrial function. Acute and chronic metabolic responses of bone marrow derived dendritic cells (BMDCs) stimulated
with cyclic dinucleotides (CDNs) or TLR ligands. For acute assays non-stimulated BMDCs were seeded at 2.5 � 105 cells per well in a Seahorse plate coated with Cell-Tak.
Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were measured as indicators of glycolysis and mitochondrial respiration respectively. (a–d) After
three baseline readings either CDNs, Imiquimod, MPLA, or medium control were injected into each well at the indicated time point (n = 3). (b) ECAR % and (d) OCR % change
relative to baseline readings at 100 min. For longer term mitochondrial stress test (MST), (e) BMDCs were stimulated for 18 h with CDNs, Imiquimod (Imiq),
lipopolysaccharide (LPS), CpG, or non-stimulated control in 5 mL polypropylene tubes. Stimulated BMDCs were seeded into seahorse plates coated with Cell-Tak at a density
of 2.5 � 105 cells per well and OCR was measured. (f) Basal respiration, ATP production, maximal respiratory capacity, and spare capacity are calculated from the MST.
Significance (p < 0.05) was determined via one-way ANOVA with a Dunnett’s (b) or Sidak’s (d–f) multiple comparison test. Significance is indicated as compared to control
with (*) and as compared to CDN with (#), respectively. All bars and symbols represent the group average ±SEM. Data shown is a single experimental replicate that is
representative of at least one additional experimental repeat.
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(Fig. 5) [10,11]. It was hypothesized that immunologically compro-
mised populations that often respond poorly to vaccination, such
as older adults, would benefit (i.e., higher Ag-specific titers) from
a vaccine formulation containing CDNs as opposed to a TLR ligand.
Aged mice (�20 months old) were vaccinated with Ova adjuvanted
with either CDNs or the TLR7 ligand, imiquimod. Serum anti-Ova
antibody titers were measured at 28- and 75-days post-
vaccination. Mice receiving the CDN adjuvanted vaccine regimen



Fig. 3. Comparison of nitric oxide (NO) and BAFF produced by bone marrow derived dendritic cells (BMDCs) stimulated with cyclic dinucleotides (CDNs) or TLR-ligands.
Supernatants were collected from BMDCs after 48 h of stimulation with CDNs, CpG, Imiquimod (Imiq), lipopolysaccharide (LPS), monophosphoryl lipid A (MPLA), or Non-
stimulated control as described in Materials and Methods Section 3.6. The supernatants were assayed for (a) NO production was measured via Griess assay detection of
supernatant nitrite, and (b) supernatant BAFF concentrations were measured via ELISA. All histograms represent the group average ±SEM. Significance was determined via
one-way ANOVA with a Sidak’s multiple comparison test. Significance is indicated as compared to control with (*) and as compared to CDN with (#), respectively. P value is
indicated as follows (* or #=p < 0.05). Data shown is a single experimental stimulation with (a) n = 4 Griess replicates, or (b) n = 2 BAFF ELISA replicates.

Fig. 4. Effect of NOS2 inhibition on the costimulatory expression and BAFF secretion of innate immune cells. BMDCs were stimulated for 48 h with CDNs, CpG, Imiquimod,
LPS, MPLA, or non-stimulated control as described in Materials and Methods Section 3.6. Each stimulant was given/used alone (–) or with the NOS2 inhibitor 1400w (+) and
supernatants collected and were assayed for (a) NO production via Griess assay detection of supernatant nitrite, (b) supernatant BAFF concentrations via ELISA, and
costimulatory expression of (c) CD86 and (d) CD80 expression via flow cytometry. All histograms represent the group average ± SEM. Statistical significance was determined
between each stimulant alone (–), and the stimulant with 1400 W present (+) via multiple Unpaired t-tests (one-tailed). P value is indicated as follows (* = p < 0.05). Data
shown includes three independent experiments.
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had higher antibody titers as compared to mice receiving Imiqui-
mod at both time points (Fig. 6a). We hypothesized that mice
receiving the CDN formulation would have increased BAFF concen-
tration after vaccination as compared to Imiquimod as CDNs do not
result in NO production. Serum concentrations of BAFF were mea-
sured 7 days post-vaccination, and aged mice receiving CDNs had
significantly increased serum BAFF concentrations as compared
to those treated with imiquimod (Fig. 6b).



Fig. 5. Assessment of the murine serum antibody response to ovalbumin (Ova) when adjuvanted with cyclic dinucleotides (CDNs) or TLR-ligand in the presence or absence of
a NOS2 inhibitor. Young (6–8 weeks) female BALB/c mice were immunized subcutaneously with formulations consisting of 50 lg Ova alone (sOva) or with 20 lg of MPLA or
CDN as an adjuvant. Mice were treated with MPLA or CDNs alone (–) or were treated intraperitoneally with the NOS2 inhibitor 1400 W (+) for 7 days post-immunization
(n = 6). Serum antibody titer was quantified via ELISA at (a) 2-weeks and (b) 6-weeks (c) 32-weeks post-immunization. Titer values were Log2 transformed and each
treatment group was compared to itself with and without 1400 W. Individual values for each mouse in a given treatment group are depicted by the symbols and the group
average ± SEM is also indicated. Statistical significance was determined via multiple Unpaired t-tests (one-tailed). P value is indicated as follows (* = p < 0.05), ns = not
significant.

Fig. 6. Assessment of serum BAFF and antigen-specific antibody responses in aged mice following vaccination. Aged (20 + months) female BALB/c mice were immunized
subcutaneously with formulations consisting of 50 lg Ova plus 20 lg of imiquimod (Imiq) or cyclic dinucleotides (CDN) (n = 7). (a) Serum antibody titer of anti-ova
antibodies was quantified via ELISA at 28- and 75-days post-immunization. Titer values were Log2 transformed and CDNs were compared to Imiquimod for statistical
significance at each timepoint via Unpaired t-tests (one-tailed). (b) Serum was collected from immunized mice 7 days post-immunization and BAFF concentrations were
determined via ELISA. Statistical significance was determined via Unpaired t-test (one-tailed). P value is indicated as follows (* = p < 0.05). All bars and symbols indicate
mean ± SEM.
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4. Discussion

As the trend to use recombinant proteins in the development
and design of new vaccine formulations expands, there is need to
develop immunization strategies that induce durable, protective
immunity in the absence of adverse reactions [39]. Because of
the low immunogenicity of many recombinant proteins, there is
a need to include adjuvants in the vaccine formulation to induce
an inflammatory response in order to drive higher antibody titers
[40,41]. While safety of any adjuvant deployed for use in humans
or animals is a major concern, patients’ perceptions of the discom-
fort (i.e., pain) associated with vaccines that employ inflammatory
adjuvants (e.g., Alum, ASO4) often impacts patient willingness to
receive a booster immunization or be immunized at all [39]. That
said, these studies were designed to evaluate host and cellular
responses induced by CDNs in comparison to TLR ligands in order
to gain insights into functional inflammatory characteristics that
would avoid some adverse negative aspects of inflammation and
improve the outcome of an adaptive immune response [18].

In these studies, the differential effects of TLR agonists and
CDNs on the outcome of antigen-specific antibody responses sub-
sequent to vaccination were evaluated. The inclusion of CDNs as
an adjuvant in a vaccine regimen, as compared to MPLA or Imiqui-
mod, resulted in higher antibody titers at all time points after vac-
cination (Fig. 1) suggesting that the phenotype of the inflammatory
environment induced by the TLR ligands may have muted the mag-
nitude of the antibody response. Therefore, studies were per-
formed to elucidate the differing effects on the innate immune
responses that could be responsible for affecting the magnitude
of the observed humoral response.

It has been shown that elevated induction of NO and ROS can
inhibit B cell responses [10,11]. Innate immune cell derived NO
in particular, has been linked to B cell death in the lymph node,
and suppressive effects on antibody titers [10,11]. Furthermore,
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levels of ROS have been linked to determining B cell fate (i.e.,
plasma cell vs class switching recombination in B cells) by reacting
with heme and affecting its regulation of transcription factors (e.g.,
BACH2, BLIMP-1) that are critical in determining B cell phenotypes
[17,42]. In the current study, distinct differences in the metabolic
phenotype of DCs and the resultant levels of NO and ROS following
stimulation indicated that the activation phenotype induced by
CDN stimulation was markedly different than that induced by
TLR agonists (Fig. 2). Studies assessing metabolism of immune cells
has inextricably linked the metabolic demands/profile of various
immune cells to their phenotype (e.g. M1 vs M2, effector vs mem-
ory vs regulatory, etc) [33,43,44]. In this regard, CDN stimulation of
DCs resulted in the immediate upregulation of glycolysis, as well as
mitochondrial respiration, resulting in a metabolic ‘‘double-
dipping” that is indicative of a distinct phenotype in contrast to
that induced by TLR agonist that solely upregulate glycolysis. The
CDN-induced activation phenotype of DCs diverged further from
that induced by TLR-ligands based on the production of lower
levels of innate immune effector molecules (i.e. NO/ROS) and the
differential effects on mitochondrial function at a later timepoint
(e.g. 18 h). Observed differences in adaptive immune responses
may be the result of the contextual activation of APCs via innate
signals linked to recognition of ‘‘infectious-nonself” activators
(e.g., TLR signaling pathway) compared to danger/damage signals,
which are not exclusively a result of microbial encounter (e.g.,
CDNs and the STING pathway) [41].

In addition to having direct effects on B lymphocytes, NO from
inflammatory monocytes and monocyte derived DCs has been
shown to inhibit the production of BAFF, as well as expression of
DC costimulatory molecules [45]. To demonstrate the inhibitory
impact of NO on DC functions, expression of costimulatory mole-
cules on stimulated BMDCs was observed in conjunction with
the use of the NOS2 inhibitor, 1400W. As expected, the level of
CD80 and CD86 expression on DCs stimulated with CDN was not
affected by presence or absence of 1400W while TLR induced
costimulatory expression greatly benefited (Fig. 4c and d).

BAFF is a key cytokine responsible for B cell survival, mainte-
nance of germinal centers, as well as for plasma cell survival,
directly affecting the maintenance of antibody titers after vaccina-
tion. As an adjuvant that enhances B cell responses, the very low
levels of NO produced by BMDCs stimulated with CDNs (Fig. 3a)
correlated with higher BAFF production as compared to the signif-
icantly lower (p � 0.05) levels of BAFF induced by TLR-ligands in
the presence of higher amounts of NO production (Fig. 3a). In vivo,
the heightened amounts of BAFF induced by CDNs correlated with
elevated titers of anti-Ova antibody compared to mice immunized
with Ova plus MPLA (Fig. 5a). This effect is also observed in the
serum BAFF concentrations of aged mice immunized with Ova plus
CDN when compared to aged mice immunized with Ova plus imi-
quimod (Fig. 6a) and the significantly higher (p � 0.05) antibody
titers to Ova in the aged mice immunized with the CDN formula-
tion (Fig. 6b).

Results of this study also indicated that in vivo inhibition of
NOS2 derived NO with 1400W after vaccination lead to improved
antibody titers at 2 weeks post-vaccination in animals vaccinated
with MPLA. Not unexpectedly, the administration of 1400W had
no effect on the antibody response of mice receiving Ova plus
CDNs. This suggests that even mice immunized with MPLA, a
detoxified TLR ligand, are at a disadvantage relative to those
receiving CDNs as a consequence of the induction of NO that con-
tributed to lower antibody titers. However, at late time points (e.g.,
32 weeks), mice immunized with vaccines incorporating either
MPLA or CDNs presented with higher antigen-specific antibody
titers when NOS2 was inhibited during the first week post-
vaccination. In this situation, the observed benefits to mice immu-
nized with Ova adjuvanted with CDNs are likely explained by the
fact that CDNs, while inducing extremely low levels of NO relative
to TLR agonists, do produce detectable levels of NO that likely have
a minor effect on diminishing the resultant antibody response. This
may be explained in part by the propensity of CDNs to induce
interferon beta, a type 1 interferon, which have been described
to inhibit the production of NO. This is at best a partial explanation
as it has been shown that TLR 7/9 agonists also stimulate the pro-
duction of interferon alpha, another type 1 interferon, yet there
was demonstrable production of NO in vitro (Figs. 3 and 4)
[10,22,23]. To achieve higher antibody titers post-immunization,
use of an adjuvant (e.g., CDNs) that induces very low amounts of
NO would avoid the negative impacts on the antibody response
without the need to include a NOS2 inhibitor as part of the vacci-
nation strategy [14,46].

Recombinant subunit-based vaccine formulations will con-
tinue to require the addition of effective adjuvants in order to
induce elevated and durable antibody responses at a given
immunogen dose and in as few injections as possible. In this
regard, it has been shown that multiple administrations of the
DTaP vaccine to humans in the presence of inflammatory adju-
vants induced isotype class switching such that the ratio of
IgG1 to IgG4 decreased [47]. While IgG4 effectively neutralized
toxins, this isotype does not fix complement nor does it effec-
tively bind to FcRgIIIB or FcRgIIIa (i.e., a poor opsonin) [48]. Tra-
ditionally, the general strategy in selection of adjuvants often
involved mimicking various characteristics of naturally-
occurring infections consistent with infectious-nonself (i.e.
pathogen or microbial associated) activation pathways [40,41].
In many situations, currently approved oil-in-water, TLR agonist,
or aluminum salt-based adjuvants will induce efficacious
immune responses and be effective components of vaccine for-
mulations. However, they are not without their shortcomings,
such as, induction of adverse, local inflammation (i.e., reacto-
genicity) is associated with oil-in-water- or alum-based adju-
vants and the negative impact these responses have on patient
compliance (i.e., avoiding booster immunization) [39]. In addi-
tion, these adjuvants often fail to induce optimal CD8+ T cell
responses (i.e., cell-mediated immunity), and can be implicated
in undesirable effects after subsequent re-encounter with anti-
gen, such as dysfunction of T cell populations [49,50]. This is fur-
ther corroborated by work in our laboratory that CDNs have also
exhibit improved induction of vaccine-associated memory CD8+

T cell generation as compared to the TLR agonist CpG (data
not shown).

In conclusion, as new and more optimized vaccine formulations
are identified, developed, and tested, the optimal immunological
outcome (i.e., high titer, durable antibody responses, improved
memory) may include/encompass a paradigm shift away from
the need to induce an innate immune response similar to that
which occurs during infection [41]. The results of this study
demonstrate that the choice of an adjuvant that induces a dis-
parate inflammatory response from that induced by traditional
MAMP-based adjuvants, that often induce antimicrobial effector
molecules (e.g., NO, ROS), and that can result in the induction of
effective humoral immune responses in both young and aged mice.
CDNs as a vaccine adjuvant are an ideal candidate to induce rapid
generation of high titer antibody responses that were durable
through at least 32 weeks. In the broadest sense, individuals that
may benefit the most from the use of CDNs in vaccine regimen
would be older adults or others presenting as poor vaccine respon-
ders. Unlike more traditional adjuvants (e.g., alum, TLR ligands),
these studies demonstrated that the distinct phenotype of APCs
stimulated by CDNs contribute to enhanced antibody responses
while avoiding the overt production of NO and mROS induced by
more traditional vaccine adjuvants (e.g., TLR ligands) that may
attenuate the resultant immune response.
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