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ARTICLE INFO ABSTRACT

Article history: Vaccination is the most efficient strategy to protect from infectious diseases and the induction of a pro-
Received 30 January 2019 tective immune response not only depends on the nature of the antigen, but is also influenced by the vac-
[liecelvetzl n re]vnszed] form 30 May 2019 cination strategy and the co-administration of adjuvants. Therefore, the precise monitoring of adjuvant
ceepte 6qu 019 candidates and their immune modulatory properties is a crucial step in vaccine development. Here,
Available online 15 July 2019 . . . . .
one central aspect is the induction of appropriate humoral and cellular effector mechanisms.
In our study we performed a direct comparison of two promising candidates in adjuvant development,

Kexwords" the STING activator bis-(3,5)-cyclic dimeric adenosine monophosphate (c-di-AMP) and the Toll-like
Adjuvant . . . . ; .

c-di-AMP receptor ligand formulation poly(I:C)/CpG. These were evaluated in C57BL/6 mice using the model anti-
Poly(1:C)/CpG gen ovalbumin (OVA) in subcutaneous vaccination with soluble protein as well as in a dendritic cell (DC)
DEC-205 targeting approach (aDEC-OVA). Strikingly, c-di-AMP as compared to poly(I:C)/CpG resulted in signifi-
DC targeting cantly higher antigen-specific IgG antibody levels when used in immunization with soluble OVA as well
Subcutaneous route as in antigen targeting to DC. In vaccination with soluble OVA, c-di-AMP induced a significantly stronger
Cell mediated immunity CTL, Th1 and IFNy-producing CD8* memory T cell response than poly(I:C)/CpG. The response was CTL and

Th1 cell dominated, a profile shared by both adjuvants. In the context of targeting OVA to DC, c-di-AMP
induced significantly increased Th1 and Th2 cell responses as compared to poly(I:C)/CpG. Interestingly,
the Th1 response dominated the overall T cell response only when c-di-AMP was used, indicating a dis-
tinct modulatory property of c-di-AMP when the DC targeting immunization approach was exploited.
Taken together, we describe superior properties of c-di-AMP as compared to poly(I:C)/CpG in subcuta-
neous vaccination with soluble antigen as well as antigen targeting to DC. This indicates exceptionally
effective adjuvant properties for c-di-AMP and provides compelling evidence of its potential for further
adjuvant development, especially also when using DC targeting approaches.
© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Adjuvants are key components in vaccines that boost the
potency and longevity of specific immune responses to antigens.
They can also be exploited to modulate the immune responses eli-
cited. Thus, the search for new and promising effective adjuvants
plays a key role in vaccine development [1].

Toll-like receptors (TLR) play a crucial role in the activation of
innate and adaptive immune responses and therefore represent
effective targets for the design of vaccine adjuvants. Numerous
adjuvant formulations are based on agonists for this class of pat-
tern recognition receptors (PRR) and several TLR ligands are cur-
rently being evaluated in vaccine development [2]. Prominent
examples are the TLR3 and TLR9 agonists polyinosinic-
polycytidylic acid (poly(I:C)) and synthetic oligodeoxynucleotides
containing unmethylated CpG motifs (CpG), respectively. Both
have been demonstrated to exhibit excellent adjuvant properties
as indicated by the induction of strong antibody titers [3,4], a pre-
dominant Th1 T helper cell response [5-7] and cytotoxic T lympho-
cytes (CTL) [8,9]. Furthermore, poly(I:C) and CpG effectively trigger
the activation of IL-12 and type I interferon production in dendritic
cells (DC) [10,11] and their simultaneous administration was
shown to have beneficial synergistic effects, resulting in superior
adaptive immune responses [12-17]. Fairly recently, cyclic
di-nucleotides (CDN) such as bis-(3,5)-cyclic dimeric guanosine,
inosine or adenosine monophosphate (c-di-GMP, c-di-IMP and
c-di-AMP, respectively) have moved to the focus of vaccine
research. These molecules are ubiquitous signaling molecules of
prokaryotes and have been described to exert strong adjuvant
activities [ 18-24]. C-di-AMP was discovered as a secreted molecule
of intracellular Listeria monocytogenes that triggers the host
immune response [25]. It induces the production of type I interfer-
ons (IFN) through the activation of the PRR DDX41 (DEAD box
polypeptide 41) and a cytosolic signaling axis composed of STING
(stimulator of IFN genes), TBK1 (TANK-binding kinase 1) and
IRF3 (IFN response factor 3) [26,27]; it also triggers expression of
tumor necrosis factor (TNF) by a non-canonical induction pathway.
As a mucosal adjuvant c-di-AMP promotes excellent humoral and
cellular immune responses to model and disease related antigens
and vaccines, such as Crucipain, in mice. Importantly, these
responses are stronger than those induced by c-di-GMP or cholera
toxin B adjuvants [19,21,24]. Mechanistically, DC and macrophages
were identified as target cells of c-di-AMP, which induces surface
expression of T cell co-stimulatory molecules and IFN-B production
in these cells [28] and so far c-di-AMP adjuvant activity has been
evaluated following mucosal or parenteral routes of administration
[18,19,21,23,24] but not for subcutaneous (s.c.) applications.

Next to designing potent adjuvants, the choice of effective cel-
lular targets is essential for successful vaccination. Here, DC as cen-
tral players of the host immune response represent optimal target
cells [29]. One of the most studied approaches involves in vivo tar-
geting of specific surface receptors on DC by linking relevant anti-
gens to receptor ligands or to receptor-specific antibodies. Over the
last decades, more than 100 studies have evaluated a wide array of
different receptors such as Fc receptors, CD40 or C-type lectin
receptors (CLR) for their effectiveness in in vivo DC targeting [30].
In these, the CLR DEC-205 displays a prominent example. Antigen
delivery to DC by means of DEC-205-directed (o«DEC) antibody-
antigen conjugates together with appropriate adjuvants (e.g. poly
(I:C) alone or in combination with CpG) proved to be a powerful
tool to elicit long-lived protective CD4* and CD8" T cell responses
as well as antigen-specific antibody responses [7,31-34]. The effec-
tiveness of DEC-205 targeting was confirmed for a variety of viral
[35], bacterial [36], parasitic [37] and tumor antigens [33].
Importantly, we could recently show that targeting of DEC-205"
DC displays an effective approach for the induction of anti-viral

immunity in the liver [34], which is essential for designing effec-
tive vaccines protecting from viral hepatitis.

In our study we addressed the effectiveness of c-di-AMP as an
adjuvant in s.c. vaccine administration in comparison to the formu-
lation poly(I1:C)/CpG frequently used in experimental models.
Importantly, next to the administration of soluble antigen, we also
evaluated its suitability for supporting in vivo DC targeting via
DEC-205, which to our knowledge has not been investigated
before. To this end, we s.c. vaccinated C57BL/6 mice with the
model antigen ovalbumin (OVA) together with either c-di-AMP
or poly(I:C)/CpG to directly compare the immunostimulatory prop-
erties of these adjuvant formulations. We show that c-di-AMP
exhibits superior adjuvant activity as compared to poly(I1:C)/CpG.
Importantly, this also holds true for in vivo DC targeting through
DEC-205. Our study thus identifies c-di-AMP as a promising vac-
cine adjuvant for subcutaneous antigen delivery and as well as
for DEC-205-targeted antigen vaccination.

2. Materials and methods
2.1. Mice

Female, 6-8 week old C57BL/6 mice were purchased from Har-
lan Winkelmann (now Envigo; Borchen, Germany) and housed
under specific pathogen-free conditions according to national and
institutional guidelines. All experiments were approved by the
local government agency (Niedersdchsisches Landesamt fiir
Verbraucherschutz und Lebensmittelsicherheit; file number
33.12-42502-04-10/0108).

2.2. Immunization protocols

Mice were immunized s.c. with 7 pg EndoGrade OVA (>98% pur-
ity) (Hyglos, Germany) together with 50 pg poly(I:C) (Invivogen,
Germany; High Molecular Weight) and 50 pg CpG (5’ TCC ATG
Acg TTC CTG Acg TT 3’, Eurofins MWG Operon, Germany) or
together with 7.5 pug of c-di-AMP (BioLog, Bremen, Germany) in a
total volume of 60 ul phosphate-buffered saline (PBS) on days O,
14 and 28 (Fig. 1A). Purified rat DEC-205-specific IgG2a antibody
(oDEC) was conjugated chemically to full-length OVA protein as
previously described [34]. Mice were immunized with 30 pg
oDEC-OVA or with 30 pg unconjugated oDEC antibody as a control
together with 50 pg poly(I:C)/CpG or 7.5 pg c-di-AMP.

2.3. Sample collection

Blood samples were collected from the retro-orbital sinus on
days —1, 13 and 27 and by cardiac puncture on day 42. Sera for
the analysis of antigen-specific IgG were prepared as previously
described [34]. For the isolation of splenocytes, organs were pooled
for the experimental groups, transferred to IMDM (GlutaMAX-I)
(Gibco) supplemented with 10% v/v FCS, 1% v/v penicillin/strepto-
mycin and 0.25 mM 2-mercaptoethanol. Spleens were passed
through a 100 um cell strainer (BD Biosciences, USA), erythrocyte
lysis was performed through osmotic shock (150 mM NH4(CI,
10 mM KHCOs, 0.1 mM EDTA (pH 7.2)) and splenocytes were
resuspended in medium.

2.4. Detection of antigen-specific total serum IgG

Antigen-specific total IgG as well as IgG1 and IgG2c subclasses
were determined in serum samples by enzyme-linked immunosor-
bent assay (ELISA) as previously described [34]. Antibody binding
to coated antigen was assessed using biotin-conjugated goat
o-mouse IgG (Sigma, Germany), goat o-mouse IgGl and goat
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Fig. 1. Humoral immune responses following vaccination with soluble antigen and the adjuvants c-di-AMP or poly(1:C)/CpG. (A) Experimental plan. C57BL/6 mice (n=5)
were s.c. immunized with OVA + c-di-AMP or OVA + poly(I:C)/CpG or adjuvants alone on days 0, 14 and 28 (at least two independent experiments) and OVA-specific serum
IgG titers were monitored. OVA-specific total IgG titers of individual mice as well as the mean are indicated for (B) day 13, (C) day 27 and (D) day 42. (E) shows the kinetic of
OVA-specific total serum IgG titers (mean + SEM). Statistical significance was determined using the one-way ANOVA followed by the Bonferroni test (*p < 0.05; ***p < 0.0001).
F) OVA-specific serum IgG1 and IgG2c subclass antibody titers of individual mice on day 42. Results (mean + SD) were statistically analyzed using the two-way ANOVA

(***p <0.001).

o-mouse IgG2c (Southern Biotech, USA) and Streptavidin-HRPO
(BD Biosciences, Germany). Endpoint titers were expressed as the
reciprocal value of the last serum dilution yielding an absorbance
two-fold higher than that of negative controls.

2.5. Analysis of IFNy- and IL-4-producing splenocytes by ELISPOT assay

Enzyme-linked immunosorbent spot (ELISPOT) kits for
the detection of murine IFNy (eBioscience, Germany) and IL-4

(BD Biosciences, Germany) were used according to the manufac-
turer’s instructions. In brief, isolated splenocytes pooled for the
experimental groups were cultured in the presence of either
5 ng/ml EndoGrade OVA protein (>98% purity) (Hyglos, Germany),
5 pg/ml of the immune dominant OVA peptides CD43;3_339 (ISQAV-
HAAHAEINEAGR) or CD8357.264 (SIINFEKL) (synthesized in-house at
the Helmholtz Centre for Infection Research, Germany) in tripli-
cates (1 x 10° or 5 x 10° per well) for 18 h (IENy) or 36 h (IL-4).
Positive spots were counted with an ELISPOT reader (C.T.L. Europe
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GmbH, Germany) and analyzed using the ImmunoSpot image ana-
lyzer software v3.2 (C.T.L. Europe GmbH, Germany).

2.6. Analysis of IFNy-producing CD44CD8" T cells by flow cytometry

Splenocytes were stimulated with a mixture of the OVA pep-
tides CD4353.339 and CD8;57.264 (5 ng/ml final concentration) or left
unstimulated. After 2 h of incubation at 37 °C, 5 ug/ml Brefeldin A
(Sigma, Germany) was added and cells were further incubated for
4 h. For flow cytometric analysis, splenocytes were stained for CD8
(clone 53-6.7) and CD44 (clone IM7) (BD Biosciences, Germany)
following Fc-receptor blocking (anti-mouse CD16/CD36 antibody;
BD Biosciences, Germany) and live/dead staining (LIVE/DEAD® Fix-
able Blue Dead Cell Stain kit; Life technologies GmbH, Germany).
Cells were fixed (2% PFA/PBS), permeabilized using 0.1% Igepal®
CA-630 in PBS (Sigma, Germany) and stained for intracellular IFNy
(clone XMG1.2) (eBioscience GmbH, Germany). Data were acquired
on an LSR Fortessa instrument (BD Biosciences) and further ana-
lyzed using the FlowJo software 9.7.5 (Tree Star, USA).

2.7. Statistical analysis

Experimental results were statistically analyzed as indicated by
one-way or two-way ANOVA followed by Bonferroni testing using
the Graph Pad Prism 5 software (Graph Pad Software, La Jolla). A p-
value below 0.05 was considered to indicate statistical significance
(*p <0.05, **p <0.01, ***p < 0.001).

3. Results

3.1. Upon s.c. protein immunization the adjuvant c-di-AMP induces
stronger humoral immune responses than poly(1:C)/CpG

In order to directly compare the adjuvant properties of c-di-
AMP to the well-established adjuvant formulation poly(I1:C)/CpG,
we analyzed their capacity to induce humoral immunity upon sub-
cutaneous vaccination. To this end, C57BL/6 mice were immunized
with either OVA + c-di-AMP or OVA + poly(I:C)/CpG or treated with
the respective controls according to the vaccination regimen indi-
cated in Fig. 1A. After we had experimentally proven that OVA pro-
tein without adjuvant does not induce specific IgG or T cell
responses higher than that observed in PBS mock vaccinated ani-
mals (Supplementary Figs. 1 and 2), we decided to use PBS treated
mice as the negative control indicating background responses.
Regarding the adjuvants, a combination of 50 pg poly(I:C) and
50 ug CpG was chosen since these adjuvants are known to act syn-
ergistically with regard to immune activation and we and others
have shown before that the selected dose induces robust humoral
and cellular immunity in mouse vaccination approaches
[12,14,16,17,33,34]. Finally, pilot experiments revealed 7.5 ug c-
di-AMP to be sufficient to induce strong T and B cell responses in
mice following s.c. vaccination (Supplementary Fig. 2) and was
thus used for the study. Although the OVA-specific IgG titer was
significantly higher in the OVA + poly(I:C)/CpG vaccinated group
after the primary vaccination (day 13; Fig. 1B), the use of c-di-
AMP as adjuvant resulted in a significantly higher OVA-specific
IgG titer after the first (day 27; 3-fold increase, Fig. 1C) and second
boost (day 42; 2-fold increase, Fig. 1D). Of note, every successive
OVA + c-di-AMP vaccination resulted in a significant increase of
the IgG titer as compared to the respective pre-vaccination serum
antibody level (~3-fold increase from day 13 to day 27 and another
~3-fold increase from day 27 to day 42). In contrast, for the OVA
+ poly(I:C)/CpG formulation only the second boost vaccination on
day 27 led to a significant further increase in the serum IgG
titer (~4-fold increase from day 27 to day 42) (Fig. 1E). Both

poly(I:C)/CpG and c-di-AMP strongly induced antigen-specific
IgG1 and IgG2c subclass antibodies when co-administered with
OVA (Fig. 1F). However, a significant (up to 4-fold) increase of
OVA-specific IgG1 was observed in mice vaccinated with OVA
+ c-di-AMP as compared to OVA + poly(I:C)/CpG. At the same time,
the IgG2c subtype titers were nearly unchanged between the vac-
cinated groups.

Taken together, these data indicated that the adjuvant capacity
of c-di-AMP is superior to that of the combined TLR agonists poly(I:
C) and CpG with respect to the induction of humoral immune
responses following s.c. prime-boost vaccination.

3.2. Antigen-specific IFNy-secreting effector CD4* and CD8" T cells are
more efficiently induced through vaccination with c-di-AMP as
adjuvant as compared to poly(I:C)/CpG

We next asked whether and how the nature of the induced
antigen-specific cellular immune response would be affected by
the different adjuvant formulations. Therefore, we quantified
OVA-specific IFNy- and IL-4-secreting T cells following ex vivo re-
stimulation of splenocytes either with the full-length OVA protein
or with the immune-dominant MHC class I (CD8) and II (CD4) OVA
peptides two weeks after the third vaccination (day 42). As already
observed for the antibody titers, vaccination with OVA + c-di-AMP
showed a stronger potential to induce IFNy-producing CD4" and
CD8" effector T cells as compared to OVA + poly(I:C)/CpG
(Fig. 2A-C). Of note, this observation was independent of the mode
of splenocyte re-stimulation. While both adjuvant formulations
also potently induced IL-4-secreting CD4" T cells (Fig. 2D, E), signif-
icantly more elevated numbers of IL-4"CD4" T cells were observed
following OVA + poly(I:C)/CpG as compared to OVA + c-di-AMP
vaccination in response to in vitro re-stimulation with the OVA-
CD4 peptide (Fig. 2E). In order to assess the adjuvants effects on
the relative distribution of the induced CTL as well as T helper cell
response, we compared the type of the T cell response detected in
these analyses in more detail. Inmunization using either adjuvant
formulation predominantly induced CTL (IFN7y-producing spleno-
cytes following MHC 1 (CD8) peptide stimulation) and Thil
(IFNy-producing splenocytes following MHC II (CD4) peptide stim-
ulation) responses as opposed to significantly lower levels of Th2
cells (IL-4-producing splenocytes following MHC II (CD4) peptide
stimulation) (Fig. 2F).

In conclusion, our results demonstrate the effective induction of
antigen-specific IFNy- and IL-4-secreting T cells with an overall
Th1- and CTL-dominated effector T cell profile for vaccination with
both of the evaluated adjuvants. As compared to poly(I:C)/CpG, the
adjuvant c-di-AMP proved to be superior in inducing IFNy-
producing Th1 cells and CTL, whereas poly(I:C)/CpG induced a
stronger Th2 response following s.c. immunization.

3.3. Antigen-specific CD8*IFNy* memory T cells are more efficiently
induced through vaccination with c-di-AMP as adjuvant as compared
to poly(I:C)/CpG

Since both OVA + c-di-AMP and OVA + poly(I:C)/CpG immuniza-
tion potently induced IFNy-secreting T cells (Fig. 2A-C), we next
evaluated the abundance of IFNy*CD44'CD8" memory T cells
induced following vaccination with either formulation. To this
end, splenocytes isolated from immunized mice were antigen-
specifically re-stimulated in vitro or left untreated and analyzed
by flow cytometry. Independently of the applied adjuvant, OVA
immunization resulted in a high abundance of antigen-specific
IFNy-producing CD44*CD8* memory T cells that were entirely
absent in the respective controls, i.e. solely adjuvant-treated mice
and in unstimulated splenocytes (Fig. 3A). It is important to high-
light that the frequency of IFNy*CD44"CD8* memory T cells was
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Fig. 2. Cellular immune responses following vaccination with soluble antigens and the adjuvants c-di-AMP or poly(I:C)/CpG. C57BL/6 mice (n=5) were s.c. immunized as
indicated on days 0, 14 and 28. On day 42, splenocytes were isolated, pooled for the experimental groups and re-stimulated with OVA protein (A, D), OVA-CD4 peptide (B, E)
or OVA-CDS peptide (C) and ELISPOT assays for IFNy (A-C) and IL-4 (D, E) were performed. Results are presented as spot forming units per 10° cells, from which the values
obtained from non-stimulated samples were subtracted. The bars represent the mean + SEM compiled from two independent experiments. (F) T cell subset distributions were
evaluated from the results of the ELISPOT analyses. Black bars represent IFNy-producing cells detected following re-stimulation with OVA-CD8 peptide (=CTL). White bars
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peptide stimulation (=Th2). Results were statistically analyzed using the one-way ANOVA followed by the Bonferroni test (*p < 0.05; **p < 0.01; ***p <0.0001).

significantly higher in mice that were vaccinated with OVA + c-di-
AMP as compared to those receiving OVA + poly(1:C)/CpG (Fig. 3B).
This clearly indicated that as compared to poly(I:C)/CpG, the adju-
vant c-di-AMP is superior at inducing IFNy-producing memory
CD8" T cells.

3.4. «DEC-OVA administered with c-di-AMP is superior at inducing
humoral immunity as compared to «DEC-OVA administered with poly
(I:C)/CpG

In vivo targeting of antigen to DEC-205" DC has been demon-
strated to result in the potent induction of antigen-specific CD4"
and CD8"* T cells as well as humoral immune responses [33,34].
Based on our results obtained from s.c. vaccination with soluble
OVA, we next sought to evaluate the adjuvant potential of

c-di-AMP in an aDEC-205-based in vivo targeting approach in com-
parison to the previously used and well-established poly(I:C)/CpG
formulation [35,36]. After successful chemical conjugation of the
oDEC-205 (aDEC) antibody to the OVA antigen («DEC-OVA) fol-
lowing a previously published protocol [34], mice were vaccinated
s.c. with either aDEC-OVA + c-di-AMP or aDEC-OVA + poly(I:C)/
CpG or treated with uncoupled oDEC in combination with the
respective adjuvants as controls. Evaluation of the OVA-specific
total IgG titer revealed only slightly increased antibody levels after
the first vaccination (day 13, Fig. 4A), but strongly increased levels
two weeks after the second (day 27, Fig. 4B) and third (day 42,
Fig. 4C) vaccination in mice that received oDEC-OVA + c-di-AMP
or oDEC-OVA + poly(I:C)/CpG. Interestingly, OVA-specific IgG
levels were significantly increased following the first (Fig. 4B)
and second boost (Fig. 4C) in mice vaccinated with aDEC-OVA
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+ c-di-AMP as compared to the established adjuvant formulation
poly(I:C)/CpG. In addition, only in mice that were vaccinated with
oDEC-OVA + c-di-AMP a significant increase of total OVA-specific
serum IgG was observed after the first (day 13 to day 27) and sec-
ond (day 27 to day 42) boost vaccination (Fig. 4D). Analyses of the
IgG subclasses IgG1 and IgG2c revealed significantly higher IgG1
titers following oDEC-OVA + c-di-AMP compared to oDEC-OVA
+ poly(I:C)/CpG vaccination (~3.5 fold increase), but comparable
levels of serum IgG2c in both experimental groups (Fig. 4E). Of
note, this observation was similar to the results from the previous
vaccination experiments with soluble OVA (Fig. 1F).

Taken together, as was already observed for OVA protein alone,
the adjuvant capacity of c-di-AMP was significantly increased with
respect to the induction of antigen-specific IgG and IgG1 subclass
responses as compared to poly(I:C)/CpG in in vivo DC targeting
via DEC-205.

3.5. aDEC-OVA administered with c-di-AMP is more effective with
respect to the induction of IFNy*Th1 and IL-4"Th2 cells than «DEC-
OVA administered with poly(1:C)/CpG

Next to inducing a humoral immune response, in vivo targeting
of antigens to DEC-205" DC in combination with adjuvants that
induce DC maturation and co-stimulatory capacity efficiently
induces cellular immune responses [31,32,34,35]. Thus, we next
asked whether as compared to poly(I:C)/CpG, aDEC-OVA adminis-
tered with c-di-AMP would also induce stronger CTL, Th1 and Th2

cell responses following s.c. prime-boost-vaccination. ELISPOT
assays revealed the efficient induction of IFNy-secreting T cells in
both aDEC-OVA + c-di-AMP as well as aDEC-OVA + poly(I:C)/CpG
immunized mice (Fig. 5A-C). Remarkably, more elevated numbers
of IFNy-secreting T cells were detected in the spleens of mice
immunized with oDEC-OVA +c-di-AMP as compared to
oDEC-OVA + poly(I:C)/CpG (Fig. 5A-C). This observed increase
was strongest and statistically significant when splenocytes were
re-stimulated with full-length OVA protein or the MHC II (CD4)
peptide, i.e. for Th1 cells (Fig. 5A, B). Strikingly and in contrast to
vaccination with soluble OVA (Fig. 2D, E), «DEC-OVA + c-di-AMP
but not aDEC-OVA + poly(I:C)/CpG vaccination resulted in a pro-
nounced induction of OVA-specific IL-4-secreting Th2 cells (Fig. 5D,
E). The evaluation of the T cell subset distribution induced using
either c-di-AMP or poly(I:C)/CpG revealed that c-di-AMP led to
the induction of a clearly Th1 dominated profile in combination
with less prominent but balanced CTL and Th2 immune responses
(Fig. 5F). In contrast, the numbers of CTL and Th1 cells were equally
high following oDEC-OVA + poly(I:C)/CpG vaccination, whereas
negligible numbers of Th2 cells were induced.

In conclusion, c-di-AMP proved to be highly effective in stimu-
lating T cell responses following oDEC-OVA vaccination as
mirrored by the superior induction of antigen-specific
IFNy-producing Th1 cells as well as the induction of CTL and
IL-4-producing Th2 cells. Furthermore, there was a distinct shift
in the relative distribution towards Th1 cells in vaccination with
oDEC-OVA + c-di-AMP.
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3.6. c-di-AMP and poly(1:C)/CpG are equally potent in inducing
IFNy*CD8* memory T cells following vaccination with «DEC-OVA

We next compared the efficiency of memory T cell induction
upon oDEC-OVA vaccination with either c-di-AMP or
poly(I:C)/CpG. As expected, flow cytometric analyses revealed
IFNY"CD44"CD8" memory T cells to be detectable exclusively fol-
lowing antigen-specific re-stimulation of splenocytes obtained
from oDEC-OVA immunized mice, but not of splenocytes isolated
from the control groups vaccinated with uncoupled oDEC or in
untreated splenocytes (Fig. 6A). However, in terms of potential dif-
ferences in the abundance of memory IFNy-producing CD8" T cells
induced following prime-boost vaccination, aDEC-OVA adminis-
tered with poly(I:C)/CpG induced slightly more elevated numbers
of [FNy-producing memory CD8" T cells as compared to mice vac-
cinated with aDEC-OVA + c-di-AMP (Fig. 6B). This difference did
however not reach statistical significance. Thus, we conclude that
upon in vivo antigen targeting to DEC-205" DC, c-di-AMP and
poly(I:C)/CpG induce IFNy-secreting memory CD8" T cells nearly
to the same extent.

4. Discussion

In our study we compared the efficacy of the recently discov-
ered vaccine adjuvant c-di-AMP to the well-established TLR ago-
nist formulation poly(I:C)/CpG in two different experimental
vaccination approaches: in mice, we applied both adjuvants for s.
c. vaccination using either the soluble model antigen OVA or
oDEC-OVA for in vivo DC targeting. In the latter, OVA is chemically
conjugated to an antibody specific for the CLR DEC-205. DEC-205
was first described to be expressed on DC and thymic epithelial
cells and later weak DEC-205 expression was also demonstrated
for murine B cells, T cells and granulocytes. Notably, DEC-205 is
particularly highly expressed on certain DC subsets including
CD8* resident DC from lymphoid tissue (reviewed in [38,39]).
Interestingly, a unique CD8"¢/"°" DEC-205" DC population has
been identified in murine lymph nodes [40]. Further studies
revealed that DEC-205 expression can be induced on CD8~ DC,
which in their immature stage are negative for this marker, during
their induced maturation [41,42]. To our knowledge no publication
exists to date demonstrating DEC-205 expression on murine
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plasmacytoid (p)DC and therefore murine pDC are considered to be
DEC-205". Thus, while we cannot exclude that the observed effects
following oDEC-OVA vaccination in our study are at least in part
due to cells other than CD8" conventional DC, these cells are gen-
erally accepted to be the major targets in in vivo oDEC-205-
mediated vaccination approaches.

Our study revealed that as compared to poly(I:C)/CpG, c-di-AMP
co-administered with soluble antigen is of superior efficacy in
terms of inducing both humoral and cellular immune responses.
We detected high and with every boost steadily and significantly
rising OVA-specific IgG titers in the sera of OVA + c-di-AMP immu-
nized mice (Fig. 1C, D, E), which is in line with previous reports by
other groups [19,24]. While poly(I:C) and CpG are well-known for
their potential to induce antigen-specific IFNy* effector T cells fol-
lowing vaccination [5-9], our data uncovered a superior efficiency
of c-di-AMP in this respect (Fig.2A-C). Even though higher

numbers of IL-4-producing Th2 cells were observed in the
poly(I:C)/CpG-adjuvanted group (Fig. 2D, E), both adjuvant formu-
lations overall induced an IFNy- (CTL, Th1) rather than IL-4- (Th2)
dominated cytokine profile in T cells (Fig. 2F). While this is well
in line with the described adjuvant effects of poly(I:C)/CpG [5-9],
inconsistent data have been published regarding the nature of
effector T cells induced by c-di-AMP adjuvanted vaccine formula-
tions. A balanced Th1/Th2 response was observed upon administra-
tion of c-di-AMP as a mucosal adjuvant after intranasal vaccination
using B-galactosidase as model antigen [19], whereas a Th1 (IFNy,
IL-2) dominated cytokine profile was stimulated using the nucleo-
protein of the influenza virus as antigen by the same administration
route [24]. Moreover, a non-invasive transcutaneous c-di-AMP adju-
vanted vaccination approach for OVA resulted in a Th2 cytokine
dominated response, which was shifted to a balanced Th1/Th2
pattern when the antigen was packed in nanoparticles [23].
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Next to experimental variations such as antigen and adjuvant
concentrations or the nature of the antigen and delivery system,
the route of administration certainly plays a critical role with
respect to the quality and quantity of the induced immune
responses [43]. We recently observed that in contrast to intramus-
cular immunization, three intranasal administrations of antigen
adjuvanted with c-di-AMP were not sufficient to induce neutraliz-
ing antibodies [21]. In a c-di-GMP vaccination study, sublingual
vaccine application was beneficial in inducing local as well sys-
temic humoral and cellular immune responses as compared to
the intranasal and intramuscular route, respectively [44]. To our
knowledge this is the first study to show that the excellent adju-
vant properties of c-di-AMP also hold true for the s.c. route of
administration and that these effects are superior as compared to
poly(I:C)/CpG. Most of the c-di-AMP adjuvant studies primarily
focused on its high potential as a mucosal adjuvant [18,19,21,24].
Certainly, mucosal vaccination holds the advantage of improved
general compliance, ease of administration and stimulation of local
immune responses at the pathogen portal of entry [45]. Neverthe-
less, i.n. application has been associated for certain adjuvants with

neurological side effects [46] and to date the application in clinical
practice has been limited due to technical and logistic challenges
[45]. Thus, it is important to emphasize the excellent adjuvant
activity of c-di-AMP for the most commonly used s.c. route of vac-
cine administration.

Side-by-side comparisons of the c-di-IMP, c-di-GMP and c-di-
AMP with gold standard adjuvants, such as the B subunit of the
cholera toxin, LPS or alum suggested that CDN exert stronger adju-
vant properties than many of the standard compounds
[19,20,22,47]. Moreover, the adjuvant effects of c-di-AMP were
equal or even stronger as compared to c-di-GMP (e.g. regarding
the proliferative and cytotoxic capacity of T cells) [19]. In our
study, we also detected superior adjuvant qualities of c-di-AMP
compared to the frequently used TLR agonist formulation poly(l:
C)/CpG. Even though both adjuvant formulations trigger the innate
immune system, they act through different signaling pathways.
Poly(I:C) and CpG are detected by endosomal TLR3 and TLR9,
respectively, which triggers the induction of type I IFNs through
the TIR-domain-containing adapter-inducing interferon-p (TRIF)-
dependent and myeloid differentiation primary response protein
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88 (MyD88)-dependent signaling pathways, respectively [48].
Moreover, activation of multiple downstream pathways via poly
(I:C) and CpG causes a synergistic effect in terms of activating DC
and T cell mediated immune responses [12,14,16,17]. C-di-AMP
acts through the PRR DDX41 and a cytosolic signaling axis com-
posed of STING/TBK1/IRF3, thus utilizing an alternative signaling
cascade that nevertheless also results in the activation of type I
IFNs [26,27]. Thus, both pathways result in type I IFN production,
which exert direct effects on CD8" T cells [49]. Moreover, type I
IFNs inhibit Th2 cytokine production (IL-4 and IL-5), whereas at
the same time stimulating IFNy-production in CD4" T cells
[50,51]. Moreover, c-di-AMP promotes a non-canonical activation
of TNFa, which in turn is required for antibody responses [52].
Blaauboer et al. showed that c-di-AMP activates STING-
dependent, IFN-I-independent TNFa production for cellular
responses [52]. In contrast, Lirussi et al. showed that not TNFa
but the strong STING-dependent stimulation of type I IFN repre-
sents a key feature, which is essential for the stimulation of CTL
responses by cross priming as well as for optimal Th cell responses
[53]. Of note, CDN promote a “self-limited” immune activation by
targeting STING for degradation, which is in turn of high interest
for the development of adjuvanted vaccines with regard to safety
[54].

Taken together, this is generally well in line with our data
(Fig. 2F). Both, c-di-AMP and poly(I:C)/CpG have been shown to
exert immunostimulatory effects on DC [10,11,28]. The excellent
performance of c-di-AMP as compared to poly(I:C)/CpG in vaccina-
tion with soluble OVA encouraged us to extend our studies to a
vaccination trial focusing on in vivo antigen targeting to the
DEC-205 endocytosis receptor on DC. As for the soluble antigen,
c-di-AMP turned out to exhibit superior adjuvant capacities as
compared to poly(I:C)/CpG, which was demonstrated by the more
efficient induction of antigen-specific IgG (Fig. 4) as well as Th1
and Th2 cells (Fig. 5). This was in as much surprising as the adju-
vant poly(I:C) has been most frequently used in DEC-205 vaccina-
tion studies, either alone [7,36] or in combination with aCD40
[32,35,37,55]. Importantly, in combination with DEC-205- targeted
antigens these adjuvant formulations always resulted in a highly
effective induction of antibody and T cell responses
[7,32,33,35,36]. Moreover, Longhi et al. compared a number of dif-
ferent TLR ligands, including poly(I:C) (TLR3), MALP-2 (TLR2/6),
Pam3cys (TLR1/2), LPS (TLR4), R-848 (TLR7/8) and CpG (TLR9) in
an oDEC-205-based DC targeting approach and identified poly(I:
C) as the most potent adjuvant [15]. In our study, we now identi-
fied c-di-AMP to be even superior to poly(I:C)/CpG with respect
to the magnitude of B and T cell responses induced in an oDEC-
205-based in vivo DC targeting regimen. A quantitatively stronger
DC activation property displays one conceivable reason for the
stronger adjuvant effects observed for c-di-AMP, although both c-
di-AMP and poly(I:C) are capable to stimulate the induction of T
cell co-stimulatory molecules (MHC II, CD80, CD86) on murine
and human DC in vitro and in vivo [10,11,19,28], as well as to trig-
ger their type I IFN production [26,27,48].

Previous studies reported aDEC-antigen vaccination to induce an
overall Th1 cell-dominated immune response [7,15,35,37] in addi-
tion to CTL [31,34,35], regardless of the chosen adjuvant formula-
tions, antigen or route of immunization, with OVA being described
to induce an exceptionally strong CD8" T cell response in addition
to CD4" T cells [31] (reviewed [38,56]). This is well in line with the
results of our study in the case of aDEC-OVA + poly(I:C)/CpG immu-
nized mice (Fig. 5F). In contrast, aDEC-OVA + c-di-AMP vaccination
did not only induce Th1 cells and CTL, but also reasonable numbers
of Th2 cells. This can be at least in part due to the capacity of
c-di-AMP to promote also TNF-o induction. As such, «DEC-OVA
+ c-di-AMP was found to be superior to aDEC-OVA + poly(I:C)/CpG
vaccination in terms of inducing balanced CD4" T cell responses.

IL-4 has been shown to counteract CTL development [57], which is
one possible explanation for the lower relative CTL frequency as
compared to the Th1 subset in aDEC-OVA + c-di-AMP vaccination
(Fig. 5F and 2F). Importantly, the nature of the induced T cell
response strongly depended on whether c-di-AMP was used as an
adjuvant in combination with a soluble antigen or with an antigen
targeted to DEC-205" DC in vivo. The DEC-205 antibody used in this
study particularly targets the cross-presenting CD8" DC subset that
is known for its capacity to induce CTL and Th1 immunity [58]. Idoy-
aga et al. demonstrated that this effect is not only primarily depen-
dent on the targeted DC subset but also influenced by the adjuvant,
though independent from the targeted uptake receptor (e.g. DEC-
205, Langerin or Clec9A) [55]. Further studies are needed in order
to elucidate the mechanisms underlying the observed impact of c-
di-AMP on the bias in the T cell responses induced by soluble as
compared to DC-targeted antigen.

Yet another interesting aspect to be followed in the future is the
suitability of the aDEC-antigen + c-di-AMP formulation for muco-
sal vaccination. Since c-di-AMP displays an excellent mucosal adju-
vant [18,19,21,24] and the oDEC-205 targeting strategy also
effectively induces mucosal immunity [59], the nature of immune
responses induced following administration of «aDEC-205-targeted
antigens adjuvanted with c-di-AMP by the mucosal route is a
promising field for future investigations.

While soluble OVA protein adjuvanted with c-di-AMP induced a
significantly stronger memory T cell response than OVA + poly(I:
C)/CpG (Fig. 3B), this was not the case when OVA was targeted to
DEC-205" DC (Fig. 6B). Bonifaz et al. demonstrated that aDEC-
205-mediated antigen targeting to DC in combination with
olCD40 treatment led to a sustained memory CD8" T cell formation
[31], which was later confirmed by Trumpfheller et al. [35]. Since
IL-4 is known for its CTL counteracting potential [57], we may
speculate that the higher proportion of IL-4-producing Th2 cells
in the aDEC-OVA + c-di-AMP vaccinated group (Fig. 5E) is one pos-
sible reason for the similar size of memory CD8" T cell pool induced
by the DEC-205 targeting approach but not following vaccination
with soluble antigen. Here, OVA + poly(I:C)/CpG induced higher
frequencies of Th2 cells (Fig. 2E), which indeed correlated with sig-
nificantly reduced memory CD8* T cell formation (Fig. 3B). Cer-
tainly, further investigations are needed in order to elucidate the
impact of c-di-AMP on the nature of effector and memory T cell
responses in the context of aDEC-205-based vaccination in more
detail.

In conclusion, we show for the first time that the CDN c-di-AMP
is generally well suitable for s.c. vaccination and moreover exhibits
superior adjuvanticity during s.c. vaccination as compared to the
frequently used combined TLR ligands poly(I:C) and CpG. This
holds true for its use both in combination with soluble protein
antigen as well as with antigen conjugated to a DEC-205 antibody
targeting DC in vivo. Thus, we suggest c-di-AMP to be considered as
an exceptionally effective alternative to established adjuvant for-
mulations for s.c. vaccination approaches. Furthermore, we clearly
show that especially for applications where in addition to a strong
antibody and CTL response not only Th1 but also Th2 cell responses
are desired, DEC-205-targeted antibody-antigen conjugates adju-
vanted with c-di-AMP need to be taken into account.
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