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Modern subunit vaccines require the development of new adjuvant strategies. Recently, we showed that CpG-
ODN formulated with a liquid crystal nanostructure formed by self-assembly of 6-O-ascorbyl palmitate (Coa-
ASC16) is an attractive system for promoting an antigen-specific immune response to weak antigens. Here, we
showed that after subcutaneous injection ofmicewith near-infraredfluorescent dye-labeledOVA antigen formu-
lated with Coa-ASC16, the dye-OVAwas retained at the injection site for a longer period than when soluble dye-
OVA was administered. Coa-ASC16 alone elicited a local inflammation, but how this material triggers this re-
sponse has not been described yet. Although it is known that some materials used as a platform are not immu-
nologically inert, very few studies have directly focused on this topic. In this study, we explored the underlying
mechanisms concerning the interaction between Coa-ASC16 and the immune system and we found that the
whole inflammatory response elicited by Coa-ASC16 (leukocyte recruitment and IL-1β, IL-6 and IL-12 produc-
tion) was dependent on the MyD88 protein. TLR2, TLR4, TLR7 and NLRP3-inflammasome signaling were not re-
quired for induction of this inflammatory response. Coa-ASC16 induced local release of self-DNA, and in TLR9-
deficient mice IL-6 production was absent. In addition, Coa-ASC16 revealed an intrinsic adjuvant activity which
was affected byMyD88 and IL-6 absence. Taken together these results indicate that Coa-ASC16 used as a vaccine
platform is effective due to the combination of the controlled release of antigen and its intrinsic pro-
inflammatory activity. Understanding how Coa-ASC16 works might have significant implications for rational
vaccine design.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Coa-ASC16 (or coagel) is a liquid crystal nanostructure formed by
self-assembly of 6-O-ascorbyl palmitate (ASC16). The coagel phase is
composed of surfactant lamellae separated by interlayers of strongly
bound water molecules (Fig. 1A–B). ASC16 in water at room tempera-
ture is insoluble, but on heating, its solubility increases and it turns
into a transparent dispersion above the critical micelle temperature.
On cooling, water dispersion of ASC16 forms a liquid crystal structure
called Coa-ASC16, which possesses a lamellar structure that exhibits
sharp X-ray diffraction patterns and optical birefringence [1,2]. In previ-
ous studies, we reported the physicochemical characterization of
Coa-ASC16 [1]. As ASC16 contains a hydrophobic portion (alkyl chain)
and a polar group (ascorbic acid), this material has amphiphilic proper-
ties which provide an ideal environment for the solubilization of
hydrophobic and hydrophilic molecules with redox activity of vitamin
C being maintained. Previously, we have described the whole phase
diagram of ASC16 in water with an interesting feature of this system
being the way the water molecules interact with assembled ASC16
molecules. The water in this system is in three different states. The
first hydration layer is composed of about 11 water molecules per
ASC16 molecule, which are strongly attached to the oxygen and the
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Fig. 1. Characterization of empty and OVA loaded Coa-ASC16. (A) Schematic chemical composition of ASC16. (B) Schematic representation of a hexagonal arrangement of ASC16 forming
Coa-ASC16, side view is shown.White, cyan, and red spheres/sticks correspond to hydrogen, carbon, and oxygen, respectively.Watermolecules are not shown for clarity. (C) A represen-
tative E-SEM picture of Coa-ASC16 and OVA/Coa-ASC16 (1500×). (D) Photograph of Coa-ASC16 nodule retrieved from amouse 43 h after subcutaneous injection. (E) In vitro release pro-
file of OVA from Coa-ASC16 or dextrose solution over time in buffer Tris–HCl. (F) Mice subcutaneously injected with a solution of dye-OVA in dextrose or dye-OVA formulated with Coa-
ASC16 were in vivo imaged in an Odyssey® CLx. On left, fluorescence signal of dye-OVA at the injection sites as a function of time expressed as a percentage of the maximum recorded
value. Data show themean± SEM and are representative of two independent experiments (3mice/treatment group in each experiment). On left, representative pseudocolor fluorescent
images depict the dye-OVA fluorescence intensity. A higher intensity signal is shown in red, while a lower signal intensity is shown in blue in this heatmap display. *p b 0.05, ***p b 0.001.
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hydrogen of the –OH groups of the polar headgroups by hydrogen bonds,
included in a 3 Å thick layer; the second hydration layer is formed by
about 50–60 water molecules per ASC16 one and is extended up to 9 Å
from thepolar group.Water not included in these two categories behaves
as bulkwater that surrounds the plate like “islands” and dissolves the few
monomers in equilibrium with the coagel phase [3]. Their applications
are numerous and we have previously reported that these systems are
able to improve the apparent solubility and permeation of certain mole-
cules [4–6], and/or generating in vitro a controlled release [7].

Although protein subunit vaccines are safe, generally they are poorly
immunogenic and hence the inclusion of adjuvants is necessary to en-
hance, direct and maintain antigen-specific immune responses [8].
Only a few adjuvants have been licensed for human use, which include
aluminum salts, oil-in-water emulsion (MF59 and ASO3) and 3-O-
desacyl-4′-monophosphoryl lipid A (MPL) adsorbed onto aluminum
hydroxide (ASO4). When these licensed adjuvants are used with
protein subunit antigens, they are able to induce antibody responses.
However, these adjuvants are poor at building up protective and dura-
ble T cell-mediated immunity, which is crucial for the efficacy of
vaccines against intracellular pathogens and cancer [9,10]. Therefore,
the development of new adjuvant strategies for protein subunit vac-
cines is a current important area of investigation in the field of vaccine.

We recently used Coa-ASC16 as a vaccine platform to formulate the
model protein antigen ovalbumin (OVA) and the Toll-like receptor
(TLR) 9 agonist CpG synthetic oligodeoxynucleotide (CpG-ODN). The
latter represents an adjuvant that is part of many successful clinical
trials [11], with key features when it is used as a vaccine adjuvant (in
contrastwith currently licensed adjuvants), including the ability to elicit
the polarization of CD4+ T cells toward a T-helper (Th)1 phenotype and,
under certain conditions the generation of antigen-specific cytotoxic
CD8+ T cell [12,13]. An additional benefit of CpG-ODN is its ability to di-
vert the pre-existing Th2 response in neonates and elderly mice toward
a Th1 phenotype [14–17]. However, CpG-ODN still presents some limi-
tations such as a short half-life, unfavorable pharmacokinetics and
biodistribution, high binding to plasma protein, a lack of specificity for
target cells, poor cellular uptake, and CpG motif-independent side ef-
fects that subsequently restrict its clinical application [13,18–20]. Our
previous results demonstrated that mice immunized with OVA and
CpG-ODN formulated with Coa-ASC16 elicited strong antibodies (IgG1
and IgG2a) and Th1/Th17 cellular responses without toxic systemic
effects. These responses were superior to those induced by a solution
of OVA with CpG-ODN or OVA/CpG-ODN formulated with aluminum
salts. Furthermore, the immunization with OVA/CpG-ODN/Coa-ASC16
resulted in a long-lasting cell-mediated immune response (at least 6.5
months). Taken together, these data indicate that this new adjuvant
strategy is an attractive system for promoting an adaptive immune re-
sponse to emerging weak antigens [7].

It is important to understand the mechanisms of action of adjuvant
systems in order to use them rationally and to predict their potential
toxicity. However, the mechanisms of action of licensed adjuvants are
not well understood. For example, although aluminum salts have been
empirically used in vaccines for many decades, their mechanisms of ac-
tion are still not fully resolved [21]. With respect to our system (antigen
and CpG-ODN formulated with Coa-ASC16), we still do not understand
exactly how Coa-ASC16 operates in vivo. Previous results from our
group obtained by an in vitro release assay suggested that the enhanced
specific immune responses elicited when Coa-ASC16was used as a vac-
cine platform can be partially attributed to the controlled release of the
vaccine components [7]. In addition, in agreement with current evi-
dence that certain biomaterials are not immunologically inert, Coa-
ASC16 alone is sensed by the innate immunity triggering an inflamma-
tory response locally at the injection site characterized by leukocyte
(neutrophils and Ly6Chigh monocytes) recruitment and the production
of IL-1β, IL-6 and IL-12 [7]. Coa-ASC16 contains no known pathogen-
associatedmolecular pattern (PAMPs) and it is not known how thisma-
terial stimulates an innate immune response.

The purpose of the present study was to focus on how Coa-ASC16
impacted in vivo on the kinetic of antigen release from the injection
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site and to investigate the mechanisms involved in the interaction be-
tween Coa-ASC16 and the immune system. To address this last ques-
tion, we tested the inflammatory response elicited by Coa-ASC16
alone in mice that are deficient in key molecules of the innate immune
system.We then studiedwhether this inflammatory responsewas asso-
ciated with an adjuvant effect.

2. Materials and methods

2.1. Mice

WT mice were obtained from the Fundación Facultad de Ciencias
Veterinarias (Universidad Nacional de la Plata, La Plata, Argentina),
and Tlr4−/−, Tlr2−/−,Myd88−/− and Il-6−/− mice from Jackson Labora-
tory (Bar harbor, ME). Mice were housed in our animal facility in accor-
dance with the Guide for the Care and Use of Experimental Animals,
published by the Canadian Council on Animal Care; with the assurance
number A5802-01 delivered by the Office of Laboratory AnimalWelfare
(National Institutes of Health). Tlr9−/−, Ccr2−/−, Nlrp3−/− and C57BL/10
mice were obtained from the Centro Nacional de Biotecnología, Madrid,
España.

2.2. Reagents

ASC16was purchased from Fluka Analytical (Milan, Italy) and sterile
apyrogenic 5% dextrose solution was obtained from the Laboratorios
Roux-Ocefa (Buenos Aires, Argentina). CpG-ODN (sequence 5′-TCCA
TGACGTTCCTGACGTT-3′) was synthesized with a nuclease-resistant
phosphorothioate backbone (1826, B-class oligodeoxynucleotide) (Oper-
on Technologies, Alameda, CA). The endotoxin content in CpG-ODN after
reconstitution, determined by a standard Limulus amebocyte lysate assay
(BioWhittaker Inc., Walkersville, MD), was b1 endotoxin unit/mL. TLR9
(IRS 869, 5′-TCCTGGAGGGGTTGT-3) and TLR7 (IRS 661, 5′-TGCTTGCA
AGCTTGCAAGCA-3′) inhibitors were synthesized with a nuclease-
resistant phosphorothioate backbone and contained no LPS contaminants
(Operon Technologies). Both these inhibitors have previously been used
for in vivo assays [22,23]. We used DNase I from Sigma-Aldrich (Buenos
Aires, Argentina) and OVA from Worthington Biochemical Corporation
(Lakewood, NJ). CpG-ODN, DNase I, OVA, IRS 869 and IRS 661 stock solu-
tion were prepared in sterile apyrogenic 0.9% NaCl saline solution
(B. Braun Medical S.A., Mar del Plata, Argentina). Endotoxins were re-
moved from the OVA stock solution (10 mg/mL) by Detoxi-Gel™ Endo-
toxin removing columns (Thermo Fisher Scientific Inc., Waltham, MA),
and the endotoxin level in the OVA stock solutionwas determined to be
b1 EU/mL using the Endosafe Test (Charles River, Wilmington, MA). To
monitor antigen persistence at the injection site in vivo, near-infrared
fluorescent dye (IRDye® 680RD) was covalently linked to OVA accord-
ing to the manufacturer's instructions (LI-COR Biosciences, USA). The
use of this system to study in vivo vaccine component delivery has re-
ceived considerable attention in recent times [24].

2.3. Preparation of Coa-ASC16

ASC16 and 5% dextrose solution were mixed in hermetically closed
tubes. This dispersion was heated up to 72 °C (critical micelle tempera-
ture) in an ultrasonic bath for 15 min and then left to reach room tem-
perature. In other experiments, IRDye® 680RD OVA or OVA or OVA/
CpG-ODN were incorporated into an ASC16/dextrose mixture. In the
latter formulations, Coa-ASC16 was prepared using the same method
as above. In all cases, the ASC16 concentration was 2% (w/v).

2.4. Observation of the nanostructure by environmental scanning electron
microscopy (E-SEM)

Coa-ASC16 and OVA formulated with Coa-ASC16 (OVA/Coa-ASC16)
were observed using a FEI ESEM Quanta 200 microscopy (E-SEM
working mode: 5 kV, 6 °C and 6 Torr). E-SEM data were obtained at
the Servicio de Microscopía Electrónica y Microanálisis (SEMFI-LIMF),
Facultad de Ingeniería, Universidad Nacional de la Plata, Argentina.

2.5. In vitro release of OVA from Coa-ASC16

The in vitro release kinetic of OVA from Coa-ASC16 was performed
in amodified Franz diffusion cell assembly at 37± 1 °C. A Plain sintered
disc (17 mm diameter and 5 mm thickness) was placed between the
donor and receptor compartment and 1 mL of Coa-ASC16 loaded with
OVA (24 μg) or an OVA dextrose solution containing OVA (24 μg) was
placed in the donor compartment. The receptor compartmentwas filled
with 4.3 mL of Tris–HCl buffer pH 7.2 and stirred at 200 rpm with a
teflon-coated magnetic stirring bar. Periodically, 0.4 mL aliquots were
withdrawn and replaced by the same volume of receptor medium.
Data were corrected for dilution. The amount of OVA released and pres-
ent in the receptor compartment was quantified by the Bradford meth-
od. All assays were performed in triplicate.

2.6. Antigen persistence at the injection site

Hair from the ventral surface of C57BL/6 mice was removed using
depilatory cream. Then, mice were anesthetized by intraperitoneal in-
jectionwith Ketamine (88mg/kg)/Xylazine (17mg/kg) and finally sub-
cutaneously injected in the hind limbs with the different formulations
(50 μL/site). In these experiments, IRDye® 680RD OVA was used (1.2
μg/site/mouse). One mice group was injected with a solution of dye-
OVA in 5% dextrose in the right hind limb and 5% dextrose in the left
hind limb. Another group was injected with dye-OVA formulated with
Coa-ASC16 (dye-OVA/Coa-ASC16) in the right hind limb and Coa-
ASC16 in the left hind limb. At different time after administration,
in vivo scanning of the ventral side of the mice was performed on
Odyssey® CLx (LI-COR Biosciences). Scan parameters included resolu-
tion: 169 μm; quality: medium; focus offset: 1.0; intensity value: L1
for the 700 nm channel. The fluorescent signal of the injection site
was quantified using the Odyssey software package.

2.7. Intraperitoneal injection assay

Mice were injected intraperitoneally with 5% dextrose solution
(vehicle) or Coa-ASC16 (50 μL in both cases). At 10 min, 2 or 6 h post-
injection, peritoneal lavage was obtained. The peritoneal cavity was
washed 3 times with ice-cold HBSS (1 mL per turn) using a plastic
Pasteur pipette, and the resulting lavage was centrifuged at 2000 rpm
for 5 min in order to separate the supernatant from the cells.

2.8. Flow cytometry

For surface staining, peritoneal cells (1 × 106) were incubated with
anti-CD16/32 (2.4G2) (BD Biosciences, Buenos Aires, Argentina) for
15 min at 4 °C and then stained for 30 min at 4 °C with the following
antibodies: anti-mouse Ly-6G (1A8), Ly-6C (AL-21), CD11c (HL-3)
(all from BD Biosciences) and F4/80 (BM8) (Life Technologies,
Buenos Aires, Argentina). Cell subtypes were defined as: macrophage
(Ly-6Gneg F4/80high Ly-6Cneg), neutrophil (Ly-6Ghigh F4/80neg Ly-6C+)
and Ly6Chigh monocyte (Ly6Gneg F4/80neg Ly-6Chigh). For intracellular
detection of IL-6 cytokine, peritoneal cells (5 × 105 cell/well) were incu-
bated in a 96-well V-bottom plate (Greiner Bio One, Frickenhausen,
Germany) containing GolgiStop (Monensin 4 μL/6mL) (BD Biosciences)
at 37 °C for 4 h. Cellswere stained for surfacemarkers before beingfixed
and permeabilized using the BD Cytofix/Cytoperm™ Plus Kit (BD Biosci-
ences) according to the manufacturer's instructions. Finally, cells were
stained for intracellular IL-6 using antibody anti-mouse IL-6 (MPS-
20F3) (R&D Systems, Minneapolis, MN) or isotype-matched control an-
tibody for 30 min at 4 °C. For the Annexin/7-AAD assay, peritoneal cells
(1 × 105) were resuspended in 100 μL of binding buffer (10 mMHepes,
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pH 7.4, 140 mMNaCl, 2.5 mM CaCl2) and incubated for 15 min at room
temperature with 3 μL of Annexin V followed by 1.25 μL of 7-AAD (both
from BD Biosciences). Cells were acquired on a FACSCanto II flow
cytometer (BD Biosciences) and data were analyzed using FlowJo soft-
ware (Tree Star).

2.9. Cytokine detection by ELISA

IL-6, IL-12p40, IL17-A and IL-4 cytokines were determined using
standard sandwich ELISA. The antibody pairs used were as follows
(listed by capture/biotinylated detection): IL-6, MP5-20F3/MP5-32C11
(eBioscience, San Diego, CA); IL-12p40, C15.6/C17.8 (BD Biosciences);
IL-17A, 17CK15A5/17B7 (eBioscience); IL-4, 11B11/BVD6-24G2 (BD
Biosciences). The ELISA Ready-SET-Go!® kit for IL-1β cytokine detec-
tion was purchased from eBioscience and the BD OptEIA mouse IFN-γ
ELISA Set for IFN-γ fromBDBiosciences, with both being used according
to the manufacturer's instructions.

2.10. In vitro DNase treatment and DNA quantification

The peritoneal lavage supernatant was incubated with DNase I
(5 μg/mL) and MnCl2 (0.01 M) (both at final concentration) for
45 min at 37 °C. This reaction was stopped by adding EDTA (25 mM
as final concentration). dsDNA was quantified by Quant-iT dsDNA BR
Assay Kit (Life Technologies) under the established manufacturer's
protocols.

2.11. Determination of the concentrations of ALT, AST and LDH

These assays were performed using an enzymatic standard bio-
chemical kit (Wiener Lab, Rosario, Argentina) under the established
manufacturer's protocols.

2.12. Immunizations

Micewere subcutaneously immunized with a solution of OVA, OVA/
Coa-ASC16 or OVA and CpG-ODN formulated with Coa-ASC16 (OVA/
CpG-ODN/Coa-ASC16). Immunizations were performed at days 0, 7
and 14. Eachmousewas immunizedwith an entire dose (250 μL) equal-
ly distributed at five sites: tail, back, neck region and both hind limbs
(50 μL/site). The OVA dose injected was 6.6 μg/mouse/dose. CpG-ODN
was administered at 75 μg/mouse/dose.

2.13. Splenocyte preparation and ex vivo restimulation

Spleen cell suspensions were obtained after lysing the red blood
cells using the RBC lysing buffer (Sigma-Aldrich). Splenocytes
(1 × 106 cell/well) were incubated for 72 h in a 96-well U-bottom
plate (Greiner Bio One) with medium or OVA (100 μg/mL) at 37 °C
and 5% CO2. The GIBCO® RPMI 1640 medium (Life Technologies)
was used supplemented with 10% heat-inactivated fetal bovine
serum (PAA Laboratories GmbH, Linz, Austria), 2 mM GIBCO®
Glutamax, 100 U/mL penicillin, 100 μg/mL streptomycin (all from
Life Technologies) and 50 μM 2-mercaptoethanol (Sigma-Aldrich).
Supernatants were collected at 72 h to determine cytokine produc-
tion by ELISA.

2.14. Specific-OVA antibody titers by ELISA

The specific-OVA antibody titers weremeasured by ELISA according to
[7]. The antibodies used were HRP-conjugated anti-mouse IgG1 (X56)
and IgG2a/c (R19-15) (both from BD Biosciences). Titer was considered
to be the reciprocal of the last plasma dilution that yielded an absor-
bance value 490 nm greater than that of twice the mean value of
blank. The plasmas from non-immunized mice were not reactive to
OVA.
2.15. Statistical analysis

Statistics were performed using GraphPad Prism software. The one-
way ANOVA followed by Bonferroni post-test selected comparisons and
the unpaired Student's t- test were used. p values b0.05 were consid-
ered significant.

3. Results

3.1. Characterization of empty and OVA loaded Coa-ASC16

Coagels aremade up of densely packed lamellar layers of surfactants
interlocked by hydrophilic regions that contain a specific amount of
strongly bound water molecules [2]. We studied the ultrastructure of
coagels by E-SEM. An E-SEM micrograph of Coa-ASC16 (Fig. 1C) con-
firmed the presence of a 3D-network of entangled crystalline plates
that entrapped water. This 3-D network was clearly a consequence of
the rapid growth of rigid plates from the gel at the critical micelle tem-
perature [25]. In this sense, thewater structure played a key role related
to the coagel self-aggregation. A representative E-SEM picture of OVA
antigen formulated with Coa-ASC16 is also shown in Fig. 1C with no
changes being observed in the lamellar structure, suggesting that OVA
is in the aqueous environment of the coagel.

Coa-ASC16 revealed a homogeneous appearance, and no phase sep-
arationwas observed over a period of at least 15 days (data not shown),
thus indicating that it is temporally stable. Coa-ASC16 appeared as
white, rather soft curds, with a node being formed immediately after
subcutaneous injection in mice. In Fig. 1D, the nodule retrieved at 43 h
after injection is shown. Next, the in vitro release profile of OVA from
Coa-ASC16 was studied and Fig. 1E reveals that Coa-ASC16 controls
the OVA release pattern.

To attempt to unravel the underlying mechanisms that enhanced
the immune responses in vivo elicited by Coa-ASC16, we investigated
antigen persistence at the injection site. To carry this out, the duration
of dye-OVA at the vaccine site was compared after subcutaneous injec-
tion of dye-OVA solution or dye-OVA formulatedwith Coa-ASC16, using
in vivo near-infrared fluorescent imaging (Fig. 1F). Inmice injectedwith
soluble dye-OVA,within 0.3 days thefluorescence signal at the injection
site decreased to less than 5% of its initial value, indicating that unfor-
mulated protein was cleared rapidly from the injection site. In contrast,
dye-OVA formulated with Coa-ASC16 was removed from the injection
site more gradually remaining there for several days. This result sug-
gests that Coa-ASC16 effectively serves in vivo as a depot (slow
sustained release of loaded molecules) to maintain the antigen at the
site of injection, thereby prolonging its interaction with the immune
system.

3.2. Study of inflammatory events triggered by Coa-ASC16 in MyD88- or
TLR-deficient mice

We have previously shown that Coa-ASC16 alone parenterally
administered induces a local inflammatory response at the injection
site [7]. Here, we examined how Coa-ASC16 interacts with the innate
immune system. In order to evaluate this,WTor knockoutmicewere in-
traperitoneally injected with Coa-ASC16 or dextrose (control group)
and then peritoneal lavages were analyzed. Coa-ASC16 promoted in
WT mice cellular recruitment initiated by neutrophils (2 h after injec-
tion) followed by Ly6Chigh monocytes (6 h after injection), with this
leukocyte infiltrate being accompanied by IL-1β (detected in all experi-
ments at 2 h and in some experiments also at 6 h), IL-6 and IL-12 (both
detected at 2 h and 6 h) (Fig. 2). Prior studies have reported that some
materials that did not contain any known PAMPs (aluminum salts,
MF59, nitrogen bisphosphonates or ISCOMATRIX) were able to activate
the immune system through a mechanism that required MyD88, a
critical adaptor protein in innate immunity [26–29]. MyD88 adaptor
protein mediates TLR and IL-1R receptor families signaling [30].
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Therefore, we examined how MyD88 deficiency affects inflammato-
ry events elicited by Coa-ASC16. Our results revealed that Myd88−/−

mice had reduced leukocyte recruitment and cytokine production
(IL-1β, IL-6 and IL-12) in response to Coa-ASC16 (Fig. 2).

Next, we decided to focus on the study of the innate response ob-
served at 6 h after injection of Coa-ASC16 and investigate the pathways
contributing to this response. Thus, we tested the impact of TLR signal-
ing on the Coa-ASC16-mediated inflammatory response. We found that
the Tlr2−/−, Tlr4−/−mice, and those pretreatedwith TLR7 inhibitor (IRS
661) were able to induce an inflammatory response that was triggered
after Coa-ASC16 administration (Supplementary Figs. 1 and 2), thereby
indicating that TLR2, TLR4 and TLR7 were not involved in these events.
In addition, in Tlr9−/− mice (Fig. 3) or in mice pretreated with TLR9 in-
hibitor (IRS 869) (Supplementary Fig. 3), leukocyte recruitmentwas not
modified. In contrast, we found in Tlr9−/− mice as in mice pretreated
with IRS 869 that the IL-6 and IL-12 production was abolished after
Coa-ASC16 injection (Fig. 3 and Supplementary Fig. 3).

Taken together, these findings demonstrate that MyD88 adaptor
protein is indispensable for a Coa-ASC16-mediated inflammatory re-
sponse. Moreover, the production of IL-6 and IL-12 is a consequence of
TLR9-dependent signaling.

3.3. Evaluation of recruitment of LyC6highmonocytes induced by Coa-ASC16
in IL-6-deficient mice

Many different cell types, including those derived from bone-marrow
as well as stromal cells, have been identified as sources of IL-6. Further-
more, there are several lines of evidence suggesting that IL-6 plays a piv-
otal role during the transition from innate to acquired immunity [31].

Considering that Coa-ASC16 triggered a robust production of IL-6
and that innate cells accumulated at the injection site, we searched for
potential sources of IL-6 and found that all the neutrophils and half of
the Ly6Chigh monocytes produced IL-6 (Fig. 4A).
Coa-ASC16 induces an inflammatory response characterized by an
initial infiltration of neutrophils, which is then followed by Ly6Chigh

monocytes. Prior studies reported that the IL-6/soluble IL-6Rα complex
can mediate the transition from neutrophil to monocyte accumulation
in inflammation [32]. Therefore, we examined how IL-6 deficiency af-
fects the recruitment of monocytes induced by Coa-ASC16 injection.
Notably, in our study, the analysis of peritoneal inflammation in
Il-6−/−mice revealed that IL-6was not necessary for Ly6Chighmonocyte
influx after injection of Coa-ASC16 (Fig. 4B–C).

3.4. Study of inflammatory events triggered by Coa-ASC16 in CCR2-
deficient mice

It has been previously shown that Ly6Chigh monocytes cannot egress
from the bone marrow in the absence of the CCR2 chemokine receptor
[33]. To determine whether Ly6Chigh monocytes could influence the
profile of the cytokine response induced by Coa-ASC16, the Ccr2−/−

mice were injected with Coa-ASC16. It was found that neutrophils
were recruited into the peritoneum of WT and Ccr2−/− mice, whereas
Ly6Chigh monocytes were only recruited in WT mice. At the same
time, the absence of Ly6Chigh monocytes in the peritoneum correlated
with lower concentrations of IL-6 and IL-12 in Ccr2−/− mice compared
with WT mice (Fig. 4D–E). Collectively, these results indicate that in
our experimentalmodel, CCR2-signaling contributed to the recruitment
of Ly6Chigh monocyte at the injection site, and they also reveal a role for
Ly6Chigh monocytes in IL-6 and IL-12 production.

3.5. In vivo DNase treatment reduces IL-6 and IL-12 production elicited by
Coa-ASC16

Coa-ASC16 is formed by ASC16, an amphiphilic molecule that be-
haves as a surfactant. Due to the fact that this nanostructure can interact
with biological and model membranes [34,35], we postulated that this
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interaction might be generating cellular damage at the injection site.
Therefore, we performed a cell viability assay and found that Coa-
ASC16 induced cell death (7AAD+AnnexinV− cells) (Fig. 5A) associated
with a transient decrease in the number of total leukocytes (Fig. 5B). At
the same time, a temporary accumulation of the intracellular proteins
alanine aminotransferase (ALT), aspartate aminotransferase (AST) and
lactate deshidrogenase (LDH) was detected in the cell-free supernatant
of the peritoneal lavage (Fig. 5C). This cell death was correlated with a
transient accumulation of double-stranded DNA (dsDNA) in the cell-
free supernatant of the peritoneal lavage, which was reduced by
treating the samples in vitro with DNase, thus revealing the specificity
of the method used (Fig. 5D). In addition, the treatment of mice with
DNase impaired the production of IL-6 and IL-12 but not the cell recruit-
ment triggered by Coa-ASC16 (Fig. 5E–F), similar to the pattern shown
previously in Tlr9−/− mice (Fig. 3). These findings demonstrate that
Coa-ASC16 induced local cell death and consequently dsDNA release
at the injection site. In conclusion, the host DNA, which acted as a
damage-associated molecular pattern (DAMP) associated with TLR9,
mediated IL-6 and IL-12 secretion after administration of Coa-ASC16.

3.6. Study of inflammatory events triggered by Coa-ASC16 in NLRP3-
deficient mice

The NLRP3 inflammasome is activated in response to infectious
stimuli or to a wide range of DAMPs [36] and has also been shown to
be related to the mechanism of action of some adjuvants that do not
contain known PAMPs [37]. We hypothesize that there could be a link
between NLRP3 inflammasome and the inflammatory activity of Coa-
ASC16. However, we found that injection of Nlrp3−/− mice with Coa-
ASC16 triggered an inflammatory response as efficiently as in WT
mice (Supplementary Fig. 4). This finding demonstrates that NLRP3
inflammasome was not critical for the generation of the inflammatory
response observed at 6 h after Coa-ASC16 injection.
3.7. Comparison of antigen-specific response in mice immunized with OVA
vs mice immunized with OVA formulated with Coa-ASC16

The mechanisms of action of vaccine adjuvants are poorly under-
stood. In some case, the success of some vaccine adjuvants consists in
the recruitment of innate immune cells at the site of injection and the
subsequent priming of the adaptive immune system (adjuvant effect)
[38]. To investigate if this occurs with Coa-ASC16, we decided to study
if it has intrinsic adjuvant activity alone. Therefore, mice were subcuta-
neously immunized with OVA alone or formulated with Coa-ASC16 and
the formulation OVA/Coa-ASC16 triggered antigen-specific IgG1, IgG2c
and IFN-γ production in WT mice (Fig. 6A–B). Recently, we have intro-
duced Coa-ASC16 as a platform for CpG-ODN and OVA, as it has the abil-
ity to induce strong antigen-specific antibodies (IgG1 and IgG2a/c) and
Th1/Th17 cellular responses in mice [7]. Here, we show that WT mice
immunized with OVA/CpG-ODN/Coa-ASC16 exhibited significantly
stronger titers of OVA-specific IgG2c compared with the WT mice im-
munized with OVA/Coa-ASC16 (p b 0.001) (Fig. 6A). In addition, immu-
nization with OVA/CpG-ODN/Coa-ASC16 induced a Th17 cellular
response [7] but this response was not seen in WT mice immunized
with OVA/Coa-ASC16 (data not shown).

Since the inflammatory activity of Coa-ASC16 depends on MyD88
adaptor protein, next we investigated whether MyD88 was required
for a Coa-ASC16 adjuvant effect. Although, immunization of Myd88−/−

micewith OVA/Coa-ASC16 did not induce anti-OVA IgG2c or IFN-γ pro-
duction, Myd88−/− mice were able to develop OVA-specific IgG1
(Fig. 6A–B).
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Next, we tested the adjuvant activity of Coa-ASC16 in mice deficient
in TLR4, and the adjuvant activity of Coa-ASC16 was found to be inde-
pendent of TLR4 signaling (Supplementary Fig. 5).

Coa-ASC16 promotes a robust production of IL-6. To determine
whether IL-6 has a role in the adaptive response induced by Coa-
ASC16, mice deficient in this cytokine were immunized with OVA or
OVA/Coa-ASC16. The Il-6−/− mice failed to produce anti-OVA IgG2c
after OVA/Coa-ASC16 immunization (Fig. 6C). Collectively, these results
demonstrate that Coa-ASC16 alone has adjuvant activity, with MyD88
protein and IL-6 being partially required for Coa-ASC16 adjuvanticity.

4. Discussion

Coa-ASC16 has the following advantages that make it a very attrac-
tive platform for biomedical use: (i) it is comprised of a single molecule
of an ester formed from ascorbic acid and palmitic acid, which are both
biodegradable molecules; (ii) ascorbic acid preserves its antioxidant
property [39]; (iii) ASC16 is listed as a Generally Recognized as Safe
(GRAS) substance; (iv) it is easy to prepare and inexpensive.

Although, we have previously described that the injection of
antigen/CpG-ODN formulated with Coa-ASC16 enhances specific im-
mune responses compared to antigen/CpG-ODN in solution [7], the
exact mechanism of action of Coa-ASC16 is still unknown [7]. In the
present study, we investigated how Coa-ASC16 operates in vivo when
used as a vaccine platform.

Our results indicate that the antigen was slowly released from Coa-
ASC16, not only under in vitro conditions but also at the injection site
of the mice (Fig. 1E–F). It is well known that prolonged exposition of
antigen to immune cells is propitious to inducing powerful immune re-
sponses. Additionally, this in vivo release behavior of antigen from Coa-
ASC16 may have an impact on the biodistribution results of all vaccine
components, which requires further research to resolve this issue.

We had been surprised when our previous studies had shown that
Coa-ASC16 injected alone (without antigen) was sensed by the innate
immune system triggering, per se, an early inflammatory response at
the injection site [7]. Here, we have reported that Coa-ASC16 has an in-
flammatory effect associatedwith a self adjuvanticity property. It is pos-
sible that this adjuvanticity property of Coa-ASC16 contributes to
enhance adjuvant activity of CpG-ODN. Although Coa-ASC16 alone is
sufficient to act as an adjuvant, we found that the formulation CpG-
ODN/Coa-ASC16 is much better than Coa-ASC16 at inducing anti-OVA
IgG2c (Fig. 6A) and the Th17 cell response [7], thus supporting distinct
immunogenic mechanisms for these two adjuvant strategies. In this
way, these findings show how different adjuvant strategies trigger dif-
ferent profiles of the adaptive immune response, thus offering the pos-
sibility to select one according to the required response. Taking all these
results into consideration, the present study suggested that Coa-ASC16
improves vaccine efficacy by a combination of various mechanisms, in-
cluding induction of an adequate immunocompetent environment and
an antigen depot at the injection site.

It has been shown that some adjuvants induce early immune cell re-
cruitment and cytokine milieu at the injection site. However, the rela-
tionship between this phenomena and adjuvant activity is still unclear
[38]. Here, we have shown that both Coa-ASC16 inflammatory activity
and its adjuvant effect depend onMyD88 signaling, with IL-6 appearing
to be one of themolecules that can create a link between both responses
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with its production requiring dsDNA (Fig. 5F). Therefore, these results
provide strong evidence that host DNA is a crucialmolecule for adjuvant
activity of Coa-ASC16. Related to this, previous studies have implicated
endogenous molecules such as uric acid, host DNA and ATP in the
adjuvanticity of aluminum salts andMF59 [26,40–42]. To our knowl-
edge, this is one of the first studies where a causal relationship be-
tween an inflammatory response and adjuvant activity has been
demonstrated.

The inflammatory response induced by Coa-ASC16 was entirely ab-
rogated in Myd88−/− mice (Fig. 2). MyD88 is a critical apical adaptor
protein in the signal transduction ofmost TLRs (except TLR3) and recep-
tors of the IL-1 cytokine family [30]. Here, we determined that the
inflammatory response does not require TLR2, TLR4 or TLR7 signaling
(Supplementary Figs. 1 and 2), but notably, TLR9 signalingwas involved
in IL-6 and IL-12 production but not in cell recruitment (Fig. 3). Since
TLR2 pairs with TLR1 and TLR6, TLR4 pairs with TLR6, TLR5 binds flagel-
lin, TLR8 is non-functional in mice, TLR11/TLR12 respond to T. gondii
profilin, and TLR13 responds to a defined sequence of the bacterial
rRNA, we consider that TLR-dependent signaling has been fully evaluat-
ed. However, we cannot exclude that members of IL-1R family may
contribute to Coa-ASC16 action since this was not evaluated in this in-
vestigation. Future studies are required to elucidate this aspect. In fact,
Coa-ASC16 is formed by an ester, which to date has not been described
as a PAMP. Nevertheless, it has been previously shown that one of its
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components, palmitic acid, can activate TLR2 and TLR4 [43–45]. In con-
trast, our results indicate that neither TLR2 nor TLR4was involved in the
inflammatory response induced by Coa-ASC16.

The results of our study provide strong evidence that the innate im-
mune response observed post Coa-ASC16 injection was triggered at
least in part by an indirect mechanism mediated by dsDNA (a DAMP),
with perhaps other DAMPs also being involved in its action. Peritoneal
cells exposed to Coa-ASC16 underwent a cell-death response, which
we propose initiated inflammatory events at the injection site. This
probably resulted as this nanostructure has the ability to interact with
the erythrocyte membrane and phospholipid monolayer [34,35]. Close-
ly related to this, Flach et al. reported that aluminum salt interaction
with dendritic cell membrane lipids is essential for its adjuvanticity
[46].

Previously, other authors have shown that in mice immunized with
T-dependent antigen plus TLRs agonists, the IFN-γ production by T cells
and the switching to IgG2a/c is dependent on MyD88 signaling [47,48].
Here, we have demonstrated that MyD88 is necessary for both the in-
nate and adaptive immune responses elicited by Coa-ASC16 (Figs. 2
and 6). If the adjuvant mechanism of Coa-ASC16 had been completely
due to the activation of the MyD88-dependent innate immunity, then
this response would have been expected to have been totally abrogated
in the absence of MyD88. However, Myd88−/− mice immunized with
OVA/Coa-ASC16 revealed that although the loss of MyD88 markedly
reduced anti-OVA IgG2c and IFN-γ production, some adjuvant activ-
ity was still maintained particularly for the generation of anti-OVA
IgG1 (Fig. 6A), thus indicating an additional role of a non-MyD88-
dependent adjuvant effect. This result was not unexpected because
in addition to the activation of the innate immunity, Coa-ASC16
also prolonged antigen availability at the injection site. Other studies
have reported that adjuvants that do not contain known PAMPs act
through amechanism that requiresMyD88 to induce an adaptive im-
mune response, with our results being in agreement with some of
these data. Seubert et al. reported that the antigen-specific IgG1,
IgG2b/c, and IgG3 production induced by MF59 (an oil-in-water
emulsion that consists of squalene oil, citrate buffer, and two non-
ionic surfactants) and IgG2b induced by aluminum salts were all af-
fected by a MyD88 deficiency [27]. Similarly, Wilson et al. showed
that cellular immunity was impaired in Myd88−/− mice immunized
with an ISCOMATRIX adjuvant (a saponin, phospholipid and choles-
terol components-based particulate adjuvant) [29]. In addition, our
data obtained with Tlr4−/− mice (Supplementary Figs. 1 and 5) indi-
cate that our formulation was not contaminated with endotoxin.

The innate immunity profiles developed by Coa-ASC16 in mice
pretreated with DNase and TLR9 inhibitor were similar to those in
Tlr9−/− mice (Fig. 5E–F, Supplementary Fig. 3 and Fig. 3). In all cases,
there was a deficiency in the production of IL-6 and IL-12 cytokines
but no impact on cell recruitment. Host dsDNA activates signaling path-
ways initiated by different receptors such as endosomal TLR9 via the
adaptor protein MyD88 [49,50] and several cytosolic sensors that signal
through the STING adaptor protein [51]. The results presented here
show that in our experimental model the TLR9-dependent pathway
was involved in the action of dsDNA. In contrast, dsDNA release by
other adjuvants such as aluminum salts operates following activation
of cytosolic sensors, because of the ability of aluminum salts to deliver
host DNA to the cytosol [40,41]. However, in the case of Coa-ASC16,
this probably does not occur, with it being very likely that dsDNA
reaches a high concentration in the extracellular space as a result of its
release by dead cells and possibly does not reach the cytoplasm. Accord-
ing to our knowledge this is the first report that shows a liquid crystal
nanostructure that has immune stimulatory effects able to activate the
TLR9 pathway (through the release of DNA).
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Several studies have shown NLRP3 inflammasome activation in re-
sponse to adjuvants that do not contain known PAMPs. However,
there are some conflicting results related to the involvement of NLRP3
inflammasome in vivo adaptive immunity, for example, in the role of
NLRP3 inflammasome in the adjuvant activity of aluminum salts [37].
Here, we have shown that the inflammatory response induced at 6 h
after Coa-ASC16 injection was NLRP3 inflammasome-independent.
This was probably due to mature IL-1β being produced by other
inflammasomes or by additional enzymes, including, proteases such as
proteinase-3, elastase and granzyme A [52]. However, this possibility
is still awaiting resolution.

There are several lines of evidence suggesting that IL-6 (one of the
most pleiotropic cytokines) plays a pivotal role during the transition
from innate to acquired immunity [31,53], which has resulted in the
growing interest in studying the role of IL-6 on adjuvant efficacy. Coa-
ASC16 promotes a robust production of IL-6, with the production of
this cytokine being specific to a dsDNA stimulus and completely depen-
dent TLR9 signaling (Figs. 5F and 3). In our system, IL-6 deficiency had
no impact on the recruitment of Ly6Chigh monocytes (Fig. 4B), but had
a profound effect on the antigen-specific IgG2c titers (the isotype regu-
lated by IFN-γ), while the titers of antigen-specific IgG1 were not re-
duced (Fig. 6C). This last observation is consistent with a report by Hui
et al., where the authors demonstrated that MPL-type adjuvants in-
duced lower levels of IgG2a in Il-6−/− mice compared with WT mice.
However, the addition of QS21 (a saponin derivative) into the formula-
tion restored the ability to produce IgG2a in Il-6−/−mice at comparable
levels to those observed in WT mice. In contrast, Il-6−/− mice receiving
MF59 had antibody titers significantly higher in IgG1 butwith less IgG2a
than WT mice [54]. Interestingly, Nish et al. recently showed that a de-
fective IL-6 signaling in CD4+ T cells affected predominantly the titers of
IgG2c, while the titers of IgG1 were only modestly reduced after immu-
nization with OVA and LPS in IFA [53]. Taken together, these results
show that an adjuvant may rely on one of the biological activities of
IL-6 more than another adjuvant formulation, depending on its ability
to drive compensatory pathways.

5. Conclusions

The results of thiswork highlight new insights regarding themanner
inwhich Coa-ASC16works.We have shown here that Coa-ASC16 creat-
ed an antigen depot and immunocompetent environment at the
injection site. Our results also indicate that this immunocompetent en-
vironment is mediated at least in part by TLR9 (through the release of
self DNA). In addition, we found that Coa-ASC16 presents an adjuvant
activity associated with its inflammatory effect, with both depending
on the MyD88 adaptor protein. IL-6 cytokine linked the innate and
adaptive immune responses, thus Coa-ASC16 has not only a platform
capacity but also exhibits an intrinsic adjuvant property when adminis-
tered by the parenteral via. This improved understanding of how Coa-
ASC16 operates could allow this novel vaccination tool to be used in a
more rational way. Our results are particularly relevant in the current
context, where it has been found that some biomaterials are not immu-
nologically inert and therefore may be possible candidates for use as
adjuvants.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2015.07.008.
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