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Abstract

The recently discovered mammalian enzyme cyclic GMP-AMP synthase produces cyclic GMP-AMP (cGAMP) after being
activated by pathogen-derived cytosolic double stranded DNA. The product can stimulate STING-dependent interferon type
I signaling. Here, we explore the efficacy of cGAMP as a mucosal adjuvant in mice. We show that cGAMP can enhance the
adaptive immune response to the model antigen ovalbumin. It promotes antigen specific IgG and a balanced Th1/Th2
lymphocyte response in immunized mice. A characteristic of the cGAMP-induced immune response is the slightly reduced
induction of interleukin-17 as a hallmark of Th17 activity – a distinct feature that is not observed with other cyclic di-
nucleotide adjuvants. We further characterize the innate immune stimulation activity in vitro on murine bone marrow-
derived dendritic cells and human dendritic cells. The observed results suggest the consideration of cGAMP as a candidate
mucosal adjuvant for human vaccines.
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Introduction

Cyclic di-nucleotides (CDNs) are bacterial second messengers

with functions in motility and development. Bis-(39,59)-cyclic

dimeric guanosine monophosphate (c-di-GMP), a member of this

molecule family, is produced for example by the bacterium

Pseudomonas aeruginosa in which it functions in biofilm formation

[1,2]. It was also described to be synthesized by the eukaryotic

organism dictyostelium with implications in the regulation of

motility and proliferation [3]. The related compound bis-(39,59)-

cyclic dimeric adenosine monophosphate (c-di-AMP) is involved in

the sporulation control of Bacillus subtilis [4] and has host

immune modulatory activity in Listeria monocytogenes infection

[5,6]. Immunization experiments on mice using CDNs as

adjuvants suggest that they can have the immune activity of

pathogen associated molecular patterns (PAMPs). C-di-GMP, c-di-

AMP, and the non-natural bis-(39,59)-cyclic dimeric inosine

monophosphate were shown by us and others to have immune

stimulatory effects and to promote balanced specific humoral and

cellular responses upon immunization of mice [7–10].

The recently discovered mammalian enzyme cyclic GMP-AMP

synthase (cGAS) synthesizes the CDN cyclic GMP-AMP (cGAMP)

upon activation by foreign double stranded DNA [11–14]. It was

proposed that cGAMP could serve as an adjuvant in vaccine

formulations, because of its capability to activate innate immune

responses [14–17]. Short term parenteral immunization studies

with mice using the mammalian cGAS product

c[G(29,59)pA(39,59)p] as adjuvant demonstrated enhanced anti-

gen-specific immunoglobulin (Ig) G1 and T cell activity [15]. This

cGAMP isomer was shown to bind the stimulator of interferon

genes (STING) and activate interferon (IFN) type I production

[13,16,18]. It was reported to have a higher affinity and more

efficient activation potential toward human STING than the

cGAMP isomer c[G(39,59)pA(39,59)p] that is produced by

prokaryotes [11,17,19]. CGAMP would not qualify as a classical

PAMP, since it can be produced by the host organism itself.

Here, we studied the effect of the prokaryotic cGAMP isomer

(c[G(39,59)pA(39,59)p]) on the immune response to the model

antigen ovalbumin (OVA) in mice. We chose the intra-nasal (i. n.)

route, because we are especially interested in developing mucosal

vaccines which were shown to evoke robust mucosal on top of

systemic immunity [20,21]. This feature makes mucosal vaccina-

tion more favorable in combating pathogens entering via mucosal

surfaces of the host. We demonstrate the in vivo adjuvant effects of
cGAMP on model antigen-specific humoral and cellular immune

responses in mice. We further show that cGAMP can also induce

the surface expression of select activation markers on human

dendritic cells (DCs) in vitro.

Materials and Methods

Ethics statement
All animal experiments have been performed in agreement with

the local government of Lower Saxony, Germany (approved

permission No. 33.9-42502-04-12/0942).
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Human blood was donated by healthy individuals who provided

their written informed consent. The written consent’s documen-

tation and archival storage procedures are approved by the

regional Ethics Committee of Lower Saxony, Germany. The

blood donors’ health is rigorously checked before being admitted

for blood donation. This process includes a national standardized

questionnaire with health questions, an interview with a medical

doctor and standardized laboratory tests for HIV1/2, HBV,

HCV, Syphilis infections and hematological cell counts. The blood

donations were obtained from the Institute for Clinical Transfu-

sion Medicine, Klinikum Braunschweig, Germany, in accordance

with the declaration of Helsinki (2013) and approved by the

regional Ethics Committee of Lower Saxony, Germany, and were

analyzed anonymously.

Mice
Female C57BL/6 (H-2b) mice 6–8 weeks old (Harlan, Rossdorf,

Germany) were kept at the animal facility of the Helmholtz Centre

for Infection Research under specific pathogen-free conditions.

Animals were randomly assigned to experimental groups.

Cyclic di-nucleotides
Lyophilized cGAMP c[G(39,59)pA(39,59)p] (InvivoGen, San

Diego, California, USA; BioLog, Bremen, Germany) and c-di-

AMP (BioLog, Bremen, Germany) were dissolved in water

(Ampuwa; Serumwerk, Bernburg, Germany). LPS contamination

higher than 1.6 ng/ml was ruled out by employing the HEK-Blue

LPS Detection Kit (InvivoGen, San Diego, California, USA)

(Figure S1).

Preparation of murine bone marrow-derived cells
The femur and tibia from mice were flushed with medium

(RPMI 1640, 10% v/v fetal calf serum (FCS), 100 U/ml

penicillin, 50 mg/ml streptomycin, 100 mg/ml gentamycin; Gibco,

USA). Erythrocytes were lysed in 150 mM NH4Cl, 10 mM

KHCO3, 0.1 mM EDTA (Sigma-Aldrich, Steinheim, Germany),

pH 7.2. 106 cells/ml were seeded in medium with 5 ng/ml murine

granulocyte macrophage colony-stimulating factor (GM-CSF) (BD

Pharmingen, USA) and cultured for 7 days at 37uC.

Preparation of human DCs from peripheral blood
mononuclear cells (PBMCs)
PBMCs were isolated from human blood donations by

centrifugation on Ficoll (GE Healthcare, Sweden). DCs were

prepared using the Myeloid DC Isolation Kit, human (Miltenyi,

Germany) and recovered overnight in medium (RPMI 1640, 10%

v/v FCS, 100 U/ml penicillin, 100 mg/ml streptomycin; Gibco) at

37uC.

In vitro stimulation of primary cells
The culture medium of primary cells was supplemented with

5 mg/ml (murine cells) or 60 mg/ml (human cells) of c-di-AMP or

cGAMP or left without additive. Cells were incubated for 24 h at

37uC.

Flow cytometric analysis of in vitro-stimulated primary
cells
Cells were collected in phosphate buffered saline (PBS) and pre-

incubated with Fc receptor blocking anti-mouse CD16/CD32

(clone 93) or human Fc receptor binding inhibitor (eBioscience

Inc., USA). A blue fluorescent amine-reactive dye (Invitrogen,

USA) was used as live/dead cell marker. Murine cells were

decorated with anti-mouse CD80 (clone 16-10A1, APC-conjugat-

ed), CD86 (clone GL1, PE-conjugated), I-Ab (clone AF6-120.1,

FITC-conjugated), CD11c (clone N418, PE-Cy7-conjugated);

human cells with anti-human CD40 (clone 5C3, PE-conjugated),

CD54 (clone HA58, APC-conjugated), CD80 (clone 2D10, APC-

conjugated), CD83 (clone HB15e, PE-conjugated), CD86 (clone

IT2.2, PE-Cy7-conjugated), CD11c (clone 3.9, Brilliant Violet

711-conjugated) (BioLegend, USA). Flow cytometry analysis was

performed using an LSR-II and the software FACSDiva (BD

Bioscience, USA) and FlowJo Mac v9.6 (Tree Star, Inc., USA).

Forward and sideward scatter gating was used to restrict

fluorescence analysis to intact single cells only. Live cells were

gated based on their lower blue fluorescence emission of the live/

dead cell marker and DCs were identified by their enhanced

surface expression of CD11c. Activated cells were identified by

gating for cell populations with enhanced fluorescence intensity

indicative of the antibody-detected surface molecules.

Flow cytometric analysis of intracellular IL-17 in re-
stimulated spleen cells
Spleen cells from immunized mice were incubated for 16 h at

37uC in the presence of 40 mg/ml OVA. Then, 5 mg/ml brefeldin

A and 6 mg/ml monensin were added and the cells were incubated

for another 8 h at 37uC. Cells were collected in PBS and stained

with live/dead cell marker (see above) and decorated with the

following fluorophore-conjugated antibodies: anti-mouse CD3

(clone: 145-2c11, FITC-conjugated), CD4 (clone: RM4-5, PE-

Cy7-conjugated) (eBioscience Inc., USA). Cells were fixed in 1%

paraformaldehyde in PBS, washed, permeabilized in 0.5% w/v

BSA (Roth, Karlsruhe, Germany), 0.5% w/v saponin (Serva,

Heidelberg, Germany) in PBS and decorated with anti-mouse IL-

Figure 1. cGAMP promotes the antigen-specific proliferation
capacity of spleen cells in mice. Proliferation of antigen-stimulated
spleen cells from mice immunized with the model antigen OVA alone or
adjuvanted with the model cyclic di-nucleotide c-di-AMP or cGAMP was
measured by 3H-thymidine incorporation. Spleen cells of the mock
sample were taken from antigen and adjuvant free immunization
control mice. The error bars represent the SEM of three independent
experiments with five mice per group per experiment. Significant
differences between select groups are indicated with * for p,0.05.
doi:10.1371/journal.pone.0110150.g001
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17 (clone TC11-1 8H10, V450-conjugated) (BD Bioscience, USA).

Live CD3+/CD4+ cells were gated and analyzed for IL-17+ cells

(see information above on flow cytometer and analysis software).

Mouse immunization experiments
Five animals per group were immunized i. n. on days 0, 14 and

28. Animals were anesthetized with Isoflurane (Abbott Animal

Health, USA) and treated 10 ml per nostril with 15 mg OVA

(EndoGrade, Hyglos, Germany) (Figure S1) alone or co-adminis-

tered with 5 mg per dose of c-di-AMP, cGAMP or cholera toxin B

subunit (CTB; Sigma-Aldrich) (Figure S1) in Ampuwa or with

Ampuwa alone in the control group (mock immunization). On day

42 after immunization animals were sacrificed and samples were

collected.

Sample collection
Blood samples were collected from the retro-orbital complex on

days -1, 13 and 42, centrifuged at 80006g, 5 min, and sera were

stored at 220uC. Spleens were isolated, pooled per groups,

transferred to medium (RPMI 164, 10% v/v FCS, 100 U/ml

penicillin, 50 mg/ml streptomycin, 100 mg/ml gentamycin and 2-

mercaptoethanol 50 mM; Gibco), and gently pressed through a

100 mm cell mesh. Erythrocytes were lysed in 150 mM NH4Cl,

10 mM KHCO3, 0.1 mM EDTA (pH 7.2) and cells were washed.

To isolate cells from the cervical lymph nodes (CLN) lymph nodes

were also pooled per groups, transferred to medium (see above),

pressed through a 100 mm pore nylon mesh and washed. Nasal

lavage samples were collected by flushing the nasal cavity and

stored at 220uC in 300 ml PBS supplemented with FCS (5% v/v)

and 2 mM PMSF (Sigma-Aldrich).

Spleen cell proliferation assay
Spleen cells (46105) were stimulated with 4 mg/ml OVA,

incubated for 72 h at 37uC, then incubated for another 16 h in the

presence of 20 mCi/ml 3H-thymidine (PerkinElmer, USA) and

harvested on Filtermat A filters (PerkinElmer, USA) using cell

harvester (Inotech, Switzerland). Incorporated 3H-thymidine was

measured by a c scintillation counter (1450 Microbeta Trilux,

Wallach Sverige, Sweden). The blank values were subtracted from

values obtained with re-stimulated cells and the average value for

each group was calculated.

Measurement of IgG titers in the serum of immunized
mice by ELISA
OVA-specific antibodies in serum samples were measured by

IgG total or isotype specific ELISA. The plates were coated

overnight at 4uC with OVA (2 mg/ml in 0.05 M carbonate buffer,

pH 8.2) and blocked with 3% w/v bovine serum albumin (BSA) in

Figure 2. cGAMP promotes the antigen-specific cytokine production by spleen cells of immunized mice. Mice were immunized with
OVA alone or adjuvanted with CTB, c-di-AMP or cGAMP. Spleen cells of these mice were re-stimulated with OVA and analyzed for the production of
the cytokines (A) IFN-c, (B) IL-2, (C) IL-4 and (D) IL-17 in ELISPOT assays. The number of spots is given for 106 cells. The error bars represent the SEM of
three independent experiments with five mice per group per experiment. Significant differences between select groups are indicated with * for p,
0.05 and *** for p,0.001. (E) IL-17 producing cells were detected by flow cytometry analysis. Shown are the fluorescence signals on dot plots of cells
with intracellular presence of IL-17 as percentage of 95700 gated CD3+/CD4+ cells.
doi:10.1371/journal.pone.0110150.g002
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PBS for 1 h at 37uC. Serial 2-fold dilutions of the samples were

prepared in 3% w/v BSA in PBS and incubated for 2 h at 37uC,
washed 6 times with 0.1% v/v Tween20 in PBS. The biotinylated

detection antibodies goat, anti-mouse IgG (Sigma-Aldrich), goat

anti-mouse IgG1 or goat, anti-mouse IgG2c (Southern biotech,

USA), 1:5000 in 1% w/v BSA/0.1% v/v Tween20 in PBS, were

used for incubation for 2 h at 37uC. Six washes were followed by

incubation with Streptavidin-horse radish peroxidase (HRP) (BD

Pharmingen), 1:1000 in 1% w/v BSA/0.1% v/v Tween20 in PBS,

for 1 h at 37uC, six washes, incubation with ABTS [2,20-azino-

bis(3-ethylbenzthiazoline-6-sulfonic acid)] in 0.1 M citrate-phos-

phate buffer (pH 4.35) and 0.03% H2O2 (Sigma-Aldrich), and the

Figure 3. cGAMP promotes antigen-specific Ig responses in immunized mice. Mice were immunized with OVA alone or adjuvanted with
CTB, c-di-AMP or cGAMP. Sera samples of these mice were analyzed for their OVA-specific (A) total IgG, (B) IgG1, (C) IgG2c, (D) IgA titers by ELISA. The
titer gives the dilution factor of the assay sample with twice the readout value of the blank (absorbance of light of 405 nm wave length). (E) Mucosal
IgA was analyzed in nasal lavage samples by ELISA and is given as percentage of OVA-specific IgA of total IgA titers. The error bars represent the SEM
of three independent experiments with five mice per group per experiment. Significant differences between select groups are indicated with * for p,
0.05 and ** for p,0.01.
doi:10.1371/journal.pone.0110150.g003

Figure 4. cGAMP up-regulates surface expression of activation markers on murine and human dendritic cells. (A) Murine bone
marrow-derived DCs and (B) human PBMC-derived DCs were stimulated in vitro with c-di-AMP, cGAMP (both at (A) 5 mg/ml or (B) 60 mg/ml) or left
untreated (mock) for 24 h. The DCs were decorated with fluorophore-conjugated antibodies against the DC activation markers CD40, CD54, CD80,
CD83, CD86 or MHC class II (I-Ab) and analyzed by flow cytometry. Shown are the percentages of marker-positive CD11c+ cells of the three
independent experiments. Error bars are SEM of three independent experiments.
doi:10.1371/journal.pone.0110150.g004

cGAMP as Mucosal Adjuvant
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absorbance of light at 405 nm wave length was measured using a

Synergy 2 Multi-Mode Microplate Reader (Biotek, USA). Titers

were determined as the highest dilution factors of the assay

samples with twice the average readout value of the blank.

Measurement of IgA titers in the nasal lavage of
immunized mice by ELISA
The OVA-specific IgA response was determined in ELISA with

OVA-coated plates, total IgA was determined in ELISA with anti-

mouse IgA (Southern biotech, USA)-coated plates for both using

anti-mouse IgA biotinylated goat, anti-mouse IgA (Southern

biotech, USA) for detection [22] following the procedures

described for measuring OVA-specific IgG titers. The titers of

total IgA and of OVA-specific IgA were determined as the highest

dilution factors of the assay samples with twice the average readout

value of the blank. For normalization, the percentage of OVA-

specific IgA titer of the total IgA titer was calculated for each

sample.

Detection of cytokine production in spleen cells from
immunized mice by ELISPOT analysis
The numbers of IFN-c, interleukin (IL)-2, IL-4 and IL-17

producing cells from the spleen or the CLN were analyzed using

MultiScreen HTS filter plates (Millipore, Germany) and mouse

ELISPOT pair antibodies (BD Bioscience) according to the

manufacturers instructions. Spleen cells (46105) were incubated

for 24 h (IFN-c) or 48 h (IL-2, IL-4, IL-17) in the presence of

30 mg/ml OVA at 37uC. A CTL ELISPOT reader and the

ImmunoSpot image analyzer software v3.2 (Cellular Technology,

Ltd., Germany) were used. The values of cells without re-

stimulation were subtracted from those obtained with OVA re-

stimulated cells and the average value for each of the groups was

calculated. The subtracted background was always below five

percent of the spot number value for the samples from

immunization experiments with CDN-adjuvanted OVA.

Statistical analysis
The statistical analysis was performed by applying the unpaired

t-test; n.s. indicates not significant; ***indicates p,0.001; **indi-

cates p,0.01; and *indicates p,0.05.

Results

To characterize the potential immune enhancing effects of

cGAMP we designed immunization experiments comparing

immune responses to an antigen with and without cGAMP

supplementation. The experiments included five groups of five

mice each: the first group received the model antigen OVA alone,

the second group received OVA in combination with cGAMP and

as controls the third group received OVA with the standard

adjuvant CTB, the fourth group received OVA in combination

with the model cyclic di-nucleotide c-di-AMP and the fifth group

received neither the antigen OVA nor any other supplement (the

mock control). The different formulations were applied i. n., the

mice were boosted with the respective formulations two weeks and

four weeks after the first immunization and were sacrificed six

weeks after the first application. Samples were analyzed for

parameters of immune response characterization.

cGAMP promotes antigen-specific cellular immune
responses in immunized mice
First, spleen cells were isolated and proliferation upon in vitro

re-stimulation with OVA was assessed by 3H-thymidine incorpo-

ration. Spleen cells from mice immunized with the antigen OVA

alone responded with proliferation to the presence of OVA.

However, co-administration of the model cyclic di-nucleotide c-di-

AMPand cGAMP resulted in enhanced proliferative capacity of

the re-stimulated cells (Figure 1).

Second, we sought to identify the cell types that were specifically

activated by OVA. To this end, we applied ELISPOT assays

measuring the production of T helper (Th) lymphocyte type

indicator cytokines, such as IFN-c and IL-2 for Th1 cells, IL-4 for

Th2 cells, and IL-17 for Th17 cells [23,24]. A very pronounced

enhancement in numbers of IFN-c and IL-2 secreting cells was

observed for the samples derived from mice immunized with OVA

in combination with c-di-AMP or cGAMP when compared to

samples from immunizations with the antigen OVA alone

(Figure 2). A quite similar observation was made for IL-4 and

IL-17 producing cells (Figure 2). However, the number of IL-17

producing cells was much higher in the samples from mice

immunized with the OVA/c-di-AMP combination than for those

immunized with OVA/cGAMP (Figure 2D). Taken together these

results suggest that cGAMP has the potential to promote a

balanced specific immune response with regard to Th cell types.

This response lies in the same range as that evoked in the presence

of c-di-AMP, albeit with a less pronounced but still facilitated

Th17 response when compared to immunizations with non-

supplemented antigen. We further substantiated the differential

IL-17 production in response to c-di-AMP vs cGAMP adjuvanted

antigen by flow cytometry analysis of intracellular IL-17 expres-

sion in CD3+/CD4+ cells (Figure 2E). The obtained results

confirm that cGAMP enhances the IL-17 production in compar-

ison to OVA alone, but to a lesser extent than c-di-AMP.

cGAMP promotes antigen-specific humoral immune
responses in immunized mice
Next we asked if cGAMP can also enhance the specific humoral

response to an antigen when used as its adjuvant. We analyzed the

sera of the immunized mice described above with regard to their

content of OVA-specific IgG and IgA by ELISA. We found higher

titers of OVA-specific IgA and total IgG as well as IgG1 and

IgG2c in the sera of mice immunized with cGAMP-adjuvanted

OVA as compared to sera from OVA-immunized mice (Fig-

ure 3A–D). The elevated titers of IgG1 and IgG2c also point to an

enhanced activity of Th2 and Th1 cells, respectively [25]. Thus,

we found the suggested balanced Th1/Th2 cell response based on

the cytokine production (Figure 2A–C) confirmed by the results

presented in figure 3. Nasal lavage was performed on the

immunized mice to obtain samples for the analysis of mucosal

OVA-specific IgA responses upon supplementary cGAMP admin-

istration. cGAMP indeed enhanced the mucosal antigen-specific

IgA titers as compared to samples from mice immunized with

OVA without cGAMP (Figure 3E).

cGAMP directly activates murine and human dendritic
cells in vitro
We tested the capacity of cGAMP to activate murine innate

immune cells to establish an in vitro readout that can also be

applied to human immune cells. Such experiments would allow

first conclusions on the potential of cGAMP to be used as an

adjuvant in human vaccines. Hence, cGAMP was added to the

culture medium of murine bone marrow-derived DCs (cultured in

the presence of GM-CSF) and the surface expression of the

activation markers CD80, CD86 and MHC class II was assessed

by flow cytometry (Figures 4A and S3B). The observed up-

regulation of the activation markers on cGAMP- and c-di-AMP-

cGAMP as Mucosal Adjuvant
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stimulated DCs in comparison to the non-stimulated mock control

DCs suggests that cGAMP directly activates murine innate

immune cells with a capacity resembling that of the model CDN

c-di-AMP. Similarly, cGAMP can also activate human PBMC-

derived DCs as indicated by the up-regulation of the human DC

activation markers CD40, CD54, CD80, CD83 and CD86

(Figures 4B and S3A). The purity of the tested cell populations

with respect to CD11c+ cells was 95% for the human PBMC-

derived DCs and 82% for the mouse bone marrow-derived DCs.

Hence, we concluded that the observed activation of the DCs was

predominantly due to direct effects of c-di-AMP and cGAMP on

these cells rather than mediated by CD11c2 bystander cells

present in the preparations.

Discussion

The formulation of modern subunit vaccines usually requires

the addition of adjuvants to compensate for the rather low

immunogenicity of isolated antigens. Not many adjuvants are

approved for the use in human vaccines. Especially for mucosal

vaccination, for example via the nasal route, adjuvants need to be

suited to cross the mucosal barrier but at the same time have to

meet high safety standards. Molecules such as cGAMP that are

produced by the mammalian organism itself are expected to be of

very low toxicity. Here we demonstrate the efficacy of cGAMP as

an i. n. administered mucosal adjuvant in a pre-clinical mouse

model. The cGAMP-dependent enhanced specific IgG and IgA

titers in our mouse immunization experiments (Figure 3) suggest

that the use of cGAMP promotes the antigen-specific humoral

immune response. Spleen cells from mice immunized with

cGAMP-adjuvanted antigen showed a facilitated antigen-specific

proliferation capacity (Figure 1). They secrete cytokines indicating

antigen-specific activity of different Th cell types (Figure 2). A

similar secretion profile was observed in cells obtained from the

CLN of immunized mice (Figure S2). The analysis of the cytokines

produced by re-stimulated cells obtained from immunized mice six

weeks after the last boost provides a first indication of the potential

of cGAMP to trigger long-term immunity (Figure S4). These

observations demonstrate the efficacy of cGAMP as an adjuvant

that promotes a broad cellular immune response in our mouse

immunization model. The induction of considerable Th1 cell

activity and of IL-17 secretion at a comparatively low level

mediated by cGAMP could be a valuable unique feature for the

development of vaccines with defined specific effects. Different

pathogens require different immune responses to be controlled: for

example, a pronounced Th1 activity is needed to combat

intracellular pathogens while a robust Th2 stimulation aids the

immune response against extracellular bacteria or parasites. Both

activities were promoted by cGAMP. Notably, the use of cGAMP

as an adjuvant in our mouse immunization model gave rise to a

very robustly enhanced number of IFN-c and IL-2 secreting cells

(Figure 2) suggesting a considerable Th1 response. This can hardly

be achieved with the use of alum as a widespread adjuvant among

vaccines currently approved for humans [26,27]. IL-17 signaling,

largely provided by activated Th17 cells, can also modulate Th1

responses [28]. In the here described immune response to OVA/

cGAMP, the observed Th1 indicator molecule profile resembled

that induced in the OVA/c-di-AMP immunized mice (Figure 2).

This suggests that Th1 profiles are not strongly dependent on IL-

17 modulation. However, it was also reported that IL-17 activity

can have adverse effects. For example, vaccinated mice can

develop arthritis after the challenge with Borrelia burgdorferi in an

IL-17 dependent manner [29]. In such cases one may want to

compose vaccines that provide control over IL-17 secretion

activity, for instance by using cGAMP as an adjuvant.

The observed in vitro responsiveness of human innate immune

cells (Figure 4B) indicates a promising activity of cGAMP in the

human background. It suggests that cGAMP does not exclusively

act on mouse-specific sensor molecules to cause immune cell

activation and qualifies cGAMP to be considered as candidate

adjuvant for the use in human vaccines. One pathway that was

suggested to be activated by cGAMP is the STING-mediated IFN

type I production. It was reported that STING variants of different

species show differential binding or activation behavior with the

canonical cGAMP isomer c[G(39,59)pA(39,59)p] and the non-

canonical isomer c[G(29,59)pA(39,59)p] which is the mammalian

cGAS product. As opposed to murine STING, human STING

was reported to prefer [12] or exclusively respond to [11,17] the

non-canonical c[G(29,59)pA(39,59)p] isomer of cGAMP. Here, we

demonstrate the activity of the canonical c[G(39,59)pA(39,59)p] on

human innate immune cells.

Taken together, the activity of cGAMP as a mucosal adjuvant

promotes model antigen specific adaptive immune responses in a

pre-clinical model. The distinct profile of cGAMP adjuvant effects,

especially with regard to its Th1/Th2/Th17 induction, makes it

an interesting candidate adjuvant with predictable immune

modulation properties and, hence, a valuable tool with a potential

in rational vaccine design [30].

Supporting Information

Figure S1 Test of reagents used in immunization
experiments for endotoxin activity. Potential LPS contam-

ination of the model antigen OVA and the adjuvants CTB, c-di-

AMP and cGAMP was tested by employing the HEK-Blue LPS

Detection Kit (Invivogen, USA) according to the manufacturer’s

instructions. The substances were applied in the medium of the

HEK-Blue cultures at the following concentrations: LPS with

1.625 ng/ml, OVA with 15 mg/ml, CTB with 25 mg/ml, c-di-

AMP and cGAMP with 25 mg/ml. LPS was clearly detected by

the readout absorbance whereas the absorbance values of OVA,

CTB, c-di-AMP and cGAMP are at the same level as the blank

value. The values represent duplicates, the error bars are SD.

(TIF)

Figure S2 cGAMP-promotes antigen-specific cytokine
production by cells of the spleen and the cervical lymph
nodes (CLN). Mice were immunized with OVA alone or OVA

adjuvanted with either c-di-AMP or cGAMP. Cells from the

spleen and the CLN of these mice were re-stimulated with OVA

and analyzed for the production of the cytokines (A) IFN-c, (B) IL-
2, (C) IL-4 and (D) IL-17 in ELISPOT assays. The number of

spots is given for 106 cells.

(TIF)

Figure S3 cGAMP up-regulates the surface expression
of activation markers on human and murine dendritic
cells. Human PBMC-derived DCs (A) and murine bone marrow-

derived DCs (B) were stimulated in vitro with c-di-AMP, cGAMP

or left untreated (mock) for 24 h. The DCs were decorated with

fluorophore-conjugated antibodies against the markers CD40,

CD54, CD80, CD83, CD86 and MHC class II (I-Ab) and further

analyzed by flow cytometry. Histograms for activation marker

analysis on CD11c+ cells are shown for each single experiment,

one row representing data of one experiment. The horizontal bars

show the applied gates for marker-positive cells.

(TIF)
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Figure S4 cGAMP-promoted antigen-specific cytokine
production by spleen cells persists for six weeks after
the last immunization boost. Mice were immunized with

OVA alone or OVA adjuvanted with c-di-AMP or cGAMP. The

mice were sacrificed six weeks after the last boost and spleen cells

of these mice were re-stimulated with OVA and analyzed for the

production of the cytokines (A) IFN-c, (B) IL-2, (C) IL-4 and (D)

IL-17 in ELISPOT assays. The number of spots is given for

106 cells.

(TIF)
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